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Abstract  

Nowadays society is highly sensitive towards contaminants in water and foodstuff 

due to their harmful properties to humans and animals. For the detection of these 

contaminants in low concentration ranges fast and sensitive analytical tools are 

required especially in environmental and food analysis. Molecularly imprinted 

polymers (MIPs) have been used as synthetic materials mimicking molecular 

recognition by natural receptors e.g. antibodies due to their ability to recognize 

selectively a wide range of analytes, their stability and ease of synthesis. They 

have been used already as separation material in chromatography for a long time, 

however, have gained more and more attention in chemical sensing as receptor 

material for the detection of suitable groups of analytes at low concentrations 

especially in combination with fluorescence due to the latter’s high sensitivity. 

This work aimed the development of optical sensor materials using MIPs as 

recognition elements connected with fluorescence for the sensitive detection of 

herbicides and antibiotics in water and food samples. More generally, the 

combination of a MIP-based sensing platform with various device formats for the 

future detection of a wide range of analytes of interest was aspired. Such systems 

are applicable for fast and sensitive on-site analysis in the areas of food control 

and environmental monitoring, that is, portable and robust against chemical and 

thermal influences. Fluorescent indicator dyes were incorporated into a thin MIP 

shell on supporting silica particles which lights up upon binding of the analyte of 

interest in an organic solvent. Detailed investigation of the receptor materials’ 

optical response, sensitivity and selectivity led to a combination with a droplet-

based 3D microfluidic system and integration into fiber optic bead-based arrays, 

which allows the determination of oxoanionic analytes of interest at sufficiently 

low concentrations directly in a sample. 
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Zusammenfassung  

Heutzutage ist die Gesellschaft gegenüber Verunreinigungen im Wasser und in 

Lebensmitteln sehr aufmerksam aufgrund ihrer schädlichen Eigenschaften für 

Mensch und Tier. Für den Nachweis dieser Schadstoffe in niedrigen 

Konzentrationsbereichen sind insbesondere in der Umwelt- und 

Lebensmittelanalytik schnelle und empfindliche Analysemethoden erforderlich. 

Molekular geprägte Polymere (MIPs) wurden als synthetische Materialien 

entwickelt, um die molekulare Erkennung von natürlichen Rezeptoren, z.B. 

Antikörper, nachzuahmen, aufgrund ihrer Fähigkeit, selektiv eine Vielzahl von 

Analyten zu erkennen, ihre Stabilität und ihrer einfachen Herstellung. Sie wurden 

bereits als Trennmaterial in der Chromatographie verwendet, sind jedoch 

zunehmend in der chemischen Sensorik als Rezeptormaterial für den Nachweis 

bestimmter Analyten bei niedrigen Konzentrationen zu finden, insbesondere in 

Kombination mit Fluoreszenz aufgrund dessen hoher Empfindlichkeit. 

Ziel dieser Arbeit war die Entwicklung von optischen Sensormaterialien 

unter Verwendung von MIPs als Erkennungselemente im Zusammenhang mit 

Fluoreszenz zum sensitiven Nachweis von Herbiziden und Antibiotika in Wasser- 

und Lebensmittelproben. Allgemeiner wurde die Kombination einer MIP-basierten 

Sensorplattform mit verschiedenen Vorrichtungsformaten für die zukünftige 

Detektion einer breiten Palette von wichtigen Analyten angestrebt. Solche 

Systeme sind für schnelle und sensible Analysen vor Ort in den Bereichen 

Lebensmittel- und Umweltüberwachung anwendbar, und sollten tragbar und 

robust gegenüber chemischen und thermischen Einflüssen sein. Fluoreszierende 

Indikatorfarbstoffe wurden in eine dünne MIP-Schale auf Silikatpartikel 

eingearbeitet, die bei der Bindung des Analyten in einem organischen 

Lösungsmittel aufleuchten. Die detaillierte Untersuchung der optischen Reaktion, 

der Empfindlichkeit und der Selektivität der Rezeptormaterialien führte zu einer 

Kombination mit einem tröpfchenbasierten 3D-Mikrofluidiksystem und der 

Integration in faseroptische Bead-basierte Plattform, was die Bestimmung von 

oxoanionischen Analyten bei ausreichend niedrigen Konzentrationen ermöglicht. 
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1 General Introduction 

Sensors are used in almost all areas of our daily life and their progress has 

fundamentally changed our professional and private life with breathtaking speed. 

At work and at home, even in our free time, sensors make our life easier, safer 

and more comfortable. Exemplarily, sensors can initiate the switch-on of light, 

music and heater. Even the refrigerator can recognize finished food and directly 

order fresh products online. Some time ago, such ideas of a smart home were 

already developed by the film industry, however, they were ahead of their time. In 

many movies, technical progress has been shown to make life more comfortable. 

The design of such scripted innovations was not always convincing, but some 

examples have been overtaken already partially by the reality. The movie “The 

fifth element” showed flexible flat furniture to create more space which is 

important especially in big metropolitan areas with limited space. In “Back to the 

future 2” from 1989, Marty McFly travels to the future and jumps into self-closing 

shoes. Almost 30 years later, a big US American sporting goods manufacturer 

brought such shoes to the market. A sensor recognizes the heels and closes the 

shoes automatically by a mechanism. Even in 1966, in “Star Trek”, a small gadget 

to record and analyze data as well as for sensing was presented. Today, everyone 

is using smartphones with hundreds of apps which can do many of those things as 

well. “Minority report” in 2002 and “Iron Man” in 2008 demonstrated already the 

world of touchscreens including sensor technology which is common today in 

many areas of our life.  

It is obvious that the development of sensor technology dreamt up by 

writers and directors of the “dream factory” became to some extent reality. With 

the help of these sensors, it is possible to increase the functionality and thereby 

the worth of many products, without significantly raising the production costs. For 

instance, also modern cars have been developed by integrating various physical 

sensors. An end to this development trend is not seen yet.1,2 

Sensors have also very high importance in chemical, food, health, and, 

pharmaceutical industries, as well as environmental, clinical, and indoor 

monitoring applications.3 Despite today’s advancements in technology, the simple 
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and on-site detection of environmental pollutants like antibiotics, pesticides, 

insecticides, and herbicides remains a challenge. Current analytical techniques for 

such pollutants generally have high sensitivity, but are complex, expensive and 

require skilled technicians and large laboratory based instrumentation. 

Additionally, most of these techniques need sophisticated and time-consuming 

extraction procedures prior to the indication step. Extrapolating the urge 

illustrated above with the example of scripted sensor reality, there is a strong 

trend since more than a decade to bring the “lab to the sample rather than the 

sample to the lab”.4 One of the current focus in analytical chemistry thus is the 

development of rather simple, miniaturized, and robust chemical sensors that 

could detect such species with the necessary sensitivity and selectivity on-site or 

in the field.  

The main element of such a sensor is the detection element (receptor), 

which is directly coupled to the chemical signal converter (transducer). The 

recognition element is responsible for the specific binding of a target molecule 

from a complex sample. This binding event is converted by the transducer to a 

readable chemical signal (Fig. 1). 

 

 

Fig.1: Illustration of a chemical sensor. 

 

Chemical sensors can be divided into solid, liquid and gas sensors based on the 

phases of the analyte. An overview regarding this possible classification of 

chemical sensors and the corresponding operating principles are shown in Tab. 1. 
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Tab. 1: The chemical sensors classification proposed in 1991 by IUPAC 

Analytical chemistry division.5 

Class of Sensors Operating Principle 

Optical devices Absorbance 

Reflectance 

Luminescence 

Fluorescence  

Light scattering 

Electrochemical 

devices 

Voltammetry and amperometry 

Potentiometry 

Chemically sensitized field effect transistor 

Potentiometry with solid electrolytes for gas sensing 

Electrical devices Metal oxide semi-conductivity 

Organic semi-conductivity 

Electrolytic conductivity 

Mass sensitive 

devices 

Piezoelectric 

Surface acoustic wave propagation 

Magnetic devices Changes of paramagnetic gas properties 

Thermometric devices Heat effects of a specific chemical reaction 

 

However, compared with the development of physical sensors, the development 

of chemical sensors for actual (bio)chemical substances is relatively slow. This is 

mainly because such sensors commonly do not only have to recognize a 

compound (or a class of compounds) specifically, but that this encounter has to be 

transformed into a measurable signal. Furthermore, since sensing is usually a 

continuous process of acquiring information, the molecular chemical interaction 

has to be reversible.6 In addition, the recognition sites have to be at best 

embedded into a matrix that can be interfaced with the physical detection system. 

Further important requirements pertain to robustness, format adaptability and 

modularity with regard to targeting various compounds with a single technology, 

the major areas of application certainly stretching. 

There are already many biosensors using antibodies and enzymes as 

recognition elements. However, numerous drawbacks like instability in changing 

physical and chemical conditions, expensive preparation, low yield, and the use of 

animals make them inconvenient for the use in sensor materials. 
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An elegant way to overcome this problem is molecular imprinting. The imprinting 

of a template molecule with functional monomers into a polymer matrix leads to a 

material with comparable function as biological receptors found in nature.7 With 

such stable and tailor-made materials for the specific recognition of analytes, the 

possibility to change properties to adapt to their environment depending on their 

future uses is ensured.8 Even though they can have applications in many fields of 

chemistry, biology and medicine compared to natural receptors, however, there 

are some limitations. For instance non-interaction, slow kinetic as well as poor 

recognition in water.9 Nevertheless, due to the spatial fixation of the functional 

groups good selectivity for small molecules could be obtained.  

The history of molecularly imprinted polymers (MIPs) can be traced back to 

the earlier 1930s. Polyakov and Dickey observed preferential adsorption of small 

molecules in a silica matrix and set the stage for the molecular imprinting 

approach.10,11 However, the pioneer works of Wulff, Mosbach, and Shea made the 

method more popular. In the earlier 1970s, Wulff used organic polymers as 

backbone for imprinting and renewed the interest in MIPs.12 Not quite a decade 

later, Mosbach propelled the field significantly when introducing the concept of 

non-covalent imprinting which is up until now the most popular and versatile 

approach to polymer-based artificial receptors.13 Shea and a constantly growing 

number of scientists worldwide devoted their attention to this field and made MIPs 

an attractive material for a broad range of applications, including separation, solid 

phase extraction, catalysis, and chemical sensing.14-17 

Despite the enormous potential of MIPs for various technical applications, 

they are just limited to a few special applications with very manageable economic 

effect.18 To establish more promising systems, the development of new synthesis 

methods and more accurate characterizations of the MIPs are required closely tied 

to the needs of the application technologies. 
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2 Theoretical Background 

2.1 Molecularly imprinted polymers (MIPs) 

The molecularly imprinted polymers are prepared by polymerization of various 

functional monomers and cross-linkers that are complementary to the functional 

groups on the target species in the presence of the latter, i.e., the so-called 

template (Fig. 2). Following this strategy, the self-assembled complexes of 

functional monomers and template molecules are copolymerized in the presence 

of a cross-linker and suitable solvent leading to an imprinting of the shape of the 

complexes into a cross-linked and durable matrix. After preparation, the template 

is removed by extraction, leaving imprinted cavities in the matrix, which can 

specifically rebind the target analyte in the analytical process.19 Free radical 

polymerization is typically the method of choice for the MIP synthesis. The 

polymerization can be initiate photochemically or thermochemically. The reaction 

is usually performed under mild conditions (low temperature and atmospheric 

pressure) in bulk or solution which favours a better stability of the 

monomer/template complex.20 With this imprinting process, functions of biological 

receptors are imitated by synthetic polymers. This is the reason why MIPs are 

often referred to as “artificial antibodies”.7 In comparison to biological receptors, 

MIPs are more stable and robust combined with the possibility to imprint small 

molecules as well as larger molecular structures, ultimately proteins or viruses, 

which leads to their ability to recognize a wide range of target analytes. 21 

 

Fig. 2: Illustration of the steps in the synthesis of MIPs. 
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2.1.1 Different binding site interaction in MIPs 

Depending on the future application of the MIP, the interaction between the 

template molecule and the functional monomer must be considered. Wulff et al. 

were the first to report on the covalent strategy (Fig. 3) where the template 

molecule is covalently bound to polymerizable functional groups, forming highly 

specific and selective binding sites in the network.7, 22-24 After cleavage of these 

labile bonds by e.g. hydrolysis to remove the analyte, it can covalently rebind to 

the cavity in case of new contact. For this purpose, only a few systems like boron-

diols, Schiff bases and amides have been proven to be effective.25 However, the 

strong binding often worsen the kinetic (slow elution, as well as the rebinding 

process).26-27 

In semi-covalent imprinting (Fig. 3), a template molecule is covalently 

bound to polymerizable groups. This ensures that the binding functionalities, 

responsible for selective binding, are only in the cavities. After the polymerization 

and removal of the template, it can rebind to the cavity via non-covalent 

interactions.28 This strategy offers a good stability between template and 

functional monomer as well as a fast rebinding step.29-30 Whitcombe et al. used a 

4-vinylphenyl carbonate ester of the target analyte which functions as a covalently 

bound template monomer which can be removed easily with the loss of CO2 (Fig 3 

C).31 The remaining non-covalent recognition site, bearing a phenolic residue, can 

interact with the cholesterol through hydrogen bonding. Often such a spacer is 

used, which connects the template molecule and functional monomer and extends 

the binding between these components to improve the rebinding step in the 

cavity.32-35 This spacer is removed during the cleavage step. Like the covalent 

imprinting, this strategy is limited to a number of analytes. 

Non-covalent imprinting is by far the most widespread strategy in MIP 

synthesis firstly described by Mosbach and his group (Fig 3). During the pre-

polymerization and imprinting step as well as during the later rebinding, only non-

covalent interactions are dominating e.g. van der Waals forces, electrostatic 

interaction, π stacking, and hydrogen bonding.36-37 The preparation is simple 

because only mixing of the chemicals is necessary without any chemical 
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modification. In addition to that, a higher number of functional monomer types 

can be used. However, the formed interactions between the template molecule 

and the functional monomer are often weak, thus a larger amount of functional 

monomer has to be added to the reaction mixture in order to shift the binding 

equilibrium to the side of the complex which can, however, lead to larger 

heterogeneity of binding sites.24, 38 Also monomers could be developed with more 

binding possibilities and higher binding affinities to the analyte of interest which 

also offers fast extraction.24 

 

Fig. 3: A) covalent interaction; B) non-covalent interaction ; C) semi-covalent 

interaction.23, 39,31, 40 
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2.1.2 Components for MIP synthesis 

Functional monomer 

For molecular imprinting processes the functional monomer as the main 

component has to be chosen based on its interaction with the template in order to 

give a high stability of the polymer. The functional monomer contains at least two 

functional groups. One reacts with the template through covalent or non-covalent 

interactions and the other one is polymerized with the cross-linker.20, 41 For a 

stable complex the monomers should have functional groups that are 

complementary to those of the template. The combination of two or more 

functional monomers leads to higher recognition properties of the MIP. After the 

polymerization, the template should be completely removed and binding sites 

complimentary to the analyte should remain for a reversible rebinding step. 

However, an excess of functional monomer leads to an increase of the number of 

non-selective binding sites, which reduces the selectivity of MIPs.42,43  

For non-covalent imprinting polymerization, vinyl and acrylate monomers 

are normally used, which can be divided into basic, acidic and neutral ones. Most 

of them shown in Fig. 4 are commercial available.44 

 

Fig. 4: Functional monomers.44 

In the case of the presented work, the commercially available monomers 

were only employed as co-monomers to a functional monomer. Furthermore, 

small amounts of functional indicator monomer compare to the co-monomer were 

used to avoid self-aggregation.  
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Template 

Many templates have been used for imprinting, including amino acids, proteins, 

nucleotide derivatives, pollutants, pesticides and drugs.45-47 It is important to 

choose the template molecule based on the size, the interaction with the 

monomers and the solubility in the preparation solvent. The molecule must 

contain functional groups which can interact with the functional monomer leading 

to a stable complex. Naturally, the template should not offer any polymerizable 

group which would trap it irreversibly in the network and make extraction 

impossible. 

Large molecules such as longer peptides and proteins cannot diffuse very 

well through the highly cross-linked polymer matrix to reach the binding sites 

which make the corresponding MIP synthesis very difficult, often including 

additional preparation steps or restricting the strategy to surface imprinting.48-50 

This is the reason why most systems are employed for small organic molecules, 

ions or short peptides.  

The interaction between the template molecule and the functional monomer 

must be stable during the entire polymerization process. Normally, hydrogen 

bonds are used for the interaction, however, electrostatic interactions become 

more important. The combination of several different interactions can lead to 

better binding sites and increases the affinity to the monomer and the recognition 

properties of the MIP, exemplifying multivalent imprinting.7 

Cross-linker 

The cross-linker has a high influence on the chemical and physical properties of 

the polymer. It controls the morphology of the polymer matrix, provides 

mechanical stability and stabilizes the molecularly imprinted binding sites.20, 41 In 

addition, the type and amount (typically 60-90 %) is crucial for the selectivity of 

the MIP.43, 51 Furthermore, the cross-linker ensures that the imprinted polymer is 

insoluble in different solvents which facilitate practical application. 

These cross-linkers contain minimum two polymerizable groups like ethyleneglycol 

dimethacrylate (EGDMA) and divinylbenzene (DVB) (Fig 5). EGDMA is often used 
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for non-covalent and methacrylate-based approaches providing a good stability, 

wettability in most rebinding solvents and fast mass transfer with good 

selectivity.52  

However, a smaller amount leads to an increase of the recognition of the 

analyte.53 Other multifunctional cross-linkers like trimethylolpropane 

trimethacrylate (TRIM) and pentaerythritoltriacrylate (PETRA) were also 

successfully exploited in the MIP field. The higher number of polymerizable groups 

often improves the sample load capacity and the efficiency of the MIP due to its 

better anchoring in the MIP network.52 

 

Fig. 5: Most common used cross-linkers for MIP synthesis. 

The reactivity of the cross-linker and the functional monomer must be 

similar to ensure an efficient imprinting and a homogeneous polymer network. 

Sellergren showed that the ratio of both molecules is crucial for the selectivity.39 

The selectivity of an EGDMA/methacrylic acid system with L-phenylalanine (L-phe) 

as a template molecule39 increased up to 30 mol.-% of functional monomer. 

Above 50 mol.-%, the selectivity was reduced because no stable polymer network 

was formed. 

Initiator 

Azo initiators such as azobisisobutyronitrile (AIBN) and 2,2'-azobis(2,4-

dimethyl)valeronitrile (ABDV) (Fig. 6) are primarily used for the initiation of the 

free radical polymerization because the resulting radicals show a low reactivity 

against hydrogen bonds.20, 53 The ability of the photochemical decomposition of 

those initiators allows the production of polymers at low temperatures, and thus, 

with an increased specificity due to a thermal stabilization of the template-
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monomer complex.54 The decomposition of AIBN and ABDV starts at 60 °C and 

40 °C, respectively. Due to the lower temperature needed, ABDV was used in this 

study.  

Benzoyl peroxide and lauroyl peroxide are examples for thermal initiators 

whereas benzophenone and 2,2'-dimethoxy-2-phenylacetophenone are used as 

photo initiators for the preparation of MIPs.55-57 

 

Fig. 6: Most commonly used initiators in MIP synthesis. 

Solvent 

The choice of the right solvent is crucial for the MIP synthesis showing influence 

on the polymerization procedure and the structure of the whole polymer network. 

The main task of the solvent is, to combine and dissolve all the components that 

are used for the MIP preparation. The most used solvents are typically chloroform, 

acetonitrile (MeCN), toluene, and dichloromethane.58 

In MIP studies, the solvent is usually called porogen because it generates 

the porous structure in the imprinted polymer, and thus, influences the formation 

of the imprints.59 During the polymerization the solvent molecules are 

incorporated in the polymer matrix being removed from their position in the 

network during the post treatment step, and pores remain in the polymer. If the 

porogen volume is lower than the monomer volume, only a polymer with poor 

porosity can be obtained which leads to slow template extraction and recognition 

properties.53  

The porogen can influence the functional monomer-template complex as 

well. MIPs are often compared to natural antibodies, but there is a big difference. 

Most imprinted polymers can only be prepared and used in organic solvents, 

however, antibodies bind only in aqueous medium. Current studies focus on 

water-compatible MIP systems but there are still significant challenges. In non-

covalent imprinting polymerization, more protic solvents can interfere with 
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hydrogen bonds in the complex. In addition, the selective binding ability decreases 

with increasing polarity of the solvent, because hydrophobic interactions are too 

weak. In contrast, less polar solvents do not form competing bonds and promote 

non-covalent interactions between the monomer and the template.60-62 However, 

with either stronger non-covalent monomer-template interaction with for example 

electrostatic attraction or with multivalent imprinting, the step to work in more 

polar solvents can become possible.63-65 

2.2 MIP formats 

2.2.1 Bulk MIPs 

In the field of MIPs, various formats have been established. Bulk polymers are the 

most commonly used type due to their facile preparation by mixing all 

components of the MIP reaction (functional monomer, template of interest, cross-

linker and initiator) in the solvent or porogen without using expensive 

instrumentation or additional chemicals. The free radical reaction can be initiated 

by temperature or UV light.54, 66 However, after the preparation, the monoliths are 

grounded and sieved which is time-consuming and leaves particles with different 

shapes and sizes.67 Moreover, binding sites can also be destroyed during 

processing and often a significant number of them is difficult to access for the 

analyte when buried deeply in the bulk. However, for high-performance sensing 

MIPs, a homogeneity of material shape, size and binding cavities is mandatory. In 

addition, inaccessible cavities shall be avoided since they contribute to a non-

specific background signal. 

In many cases the diffusion time of the analytes to the recognition sites of 

the rather compact particle monolith is quite slow. In addition, quantitative 

extraction of template after the preparation is also often tedious. When the 

incorporation of dyes into MIP bulk particles is concerned, the use of high 

concentrations of fluorescent dye can further initiate reabsorption or self-

quenching effects which are detrimental to straight-forward analyte quantification. 
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2.2.2 MIP films 

As an alternative, MIP films and MIP membranes can be used. Their planar 

structure is often obtained by synthesis in a casting mold or on the plane surface 

of a supporting medium.68-69 The opportunity to prepare them on a surface by e.g. 

spin-coating or surface polymerization allows to directly integrate these films into 

chemical sensors. Sergeyeva et al. demonstrated thin, stable and flexible MIP 

membranes for the detection of atrazine. They were integrated as the recognition 

element and showed good selectivity and sensitivity.68  

Ton et al. also studied an integration of a thin polymer layer into an optical 

sensor for the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D).70 For the 

detection as well as for the polymerization of the MIP onto an optical fiber, 

evanescent wave spectroscopy was used yielding a thin homogeneous MIP layer. 

The entire ensemble is compatible with commercial instruments. Unfortunately, 

the thickness control during the synthesis is still a challenge. It is complicated to 

obtain a reproducible uniform thickness and to prevent irregularities. The fragility 

of such films makes them quite unstable against external influences such as 

mechanical impact. 

2.2.3 MIPs-containing micro- and nanoparticles 

Since organic polymer, magnetic and especially silica micro- and nanoparticles 

became very important in sensor techniques, MIP-based sensor research shifted 

the focus on grafting the MIP as a thin layer onto the surface of such supporting 

materials.17, 71-72 The core defines the shape and size, with often good and precise 

control over these parameters. The usually very thin MIP film largely avoids 

influences through mechanical damage which is advantageous for many 

applications. In addition, the use of porous support materials can enable the 

grafting of thin films onto the inner pore walls and thus a higher mass transfer. 

Compared to the other formats discussed before, thin MIP shells on carrier micro- 

or nanoparticles or on the walls of porous particles generally guarantee a faster 

response. Additionally, the extraction of the template molecule after MIP 

preparation is usually completed in much shorter time and in quantitative fashion. 



Theoretical Background 

14 

 

The surface of silica particles can be modified with polymerizable vinyl 

groups as well as with initiators to ensure the covalent grafting of the MIP layer. 

The group of Zhang grafted a MIP layer onto the surface of spherical silica 

particles which were previously modified with 3-methacryloxypropyl 

trimethoxysilane (MPS) to introduce the vinyl groups.73 In that study, vinyl-

substituted zinc(II) protoporphyrin (ZnPP) was presented as fluorescent reporter 

and functional monomer at the same time. The template molecule atrazine can 

coordinate to the Zn2+ ion forming a complex during the MIP synthesis. Upon 

binding the fluorescence properties of ZnPP are changed leading to a detectable 

fluorescence signal. Furthermore, Gao et al. prepared silica core-MIP shell 

particles for the detection of λ-cyhalothrin (λ-cy).74 In order to synthesize the MIP 

shell, acrylamide (AM) was copolymerized with allyl fluorescein using λ-cy as 

template. MIP showed a stronger fluorescence enhancement upon addition of λ-cy 

then the control non-imprinted polymer (NIP) particles. However, the control of 

the polymerization process, chain length and MIP layer thickness in this ‘grafting 

to’ method is difficult, because MIP formation can also take place in solution due 

to remaining initiator in the solvent. In addition, the anchoring of new chains on 

the surface is hampered by previously formed chains. 

Therefore, the “grafting from” technique was established to prevent these 

problems and prepare a dense MIP layer onto a material’s surface. In the 

beginning, azo initiators were immobilized which on one hand could improve the 

mass transfer but on the other hand did not inhibit the polymerization in solution. 

Sulitzky et al. demonstrated MIP layer preparation using the radical initiator 4,4´-

azobis(4-cyanopentanoic acid) which is covalently bound to amino-functionalized 

silica particles.75 The same group introduced benzyl-N,N-diethyldithiocarbamate as 

initiator for the polymerization which decreased the propagation of the polymer 

chains in solution.76-77 
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Fig. 7: Schematic illustration of the different MIP formats. 

In recent years, the focus shifted more to the controlled/living free radical 

polymerization (CLRP), including reversible addition-fragmentation chain transfer 

(RAFT) polymerization, metal-catalyzed atom transfer radical polymerization 

(ATRP) and nitroxide-mediated polymerization (NMP).78-82 These methods lead to 

more homogenous polymer layers on the surface and a better control over 

molecular weight, composition and network structure.83  

The RAFT polymerization is by far the most commonly used method of 

CLRP. In comparison to traditional azoinitiators, dithiocarbonyl compounds define 

the reversible chain transfer group. During the polymerization process, the radical 

is formed through thermal or photo dissociation of the initiator in the bulk solvent. 

The formed radical is deposited on the C=S double bond of the RAFT reagent to 

form a stabilized radical intermediate. The add-on rearrangement leads to a 

release of the other growing chain whereby the polymer chains can grow from the 

surface with similar lengths. With the recombination of two radicals the growth of 

the chain is terminated.84,85 The process is schematically shown in Fig. 8. 
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Fig. 8: Mechanism of RAFT polymerization. 

This process can be applied to a wide diversity of monomers under mild reaction 

conditions.86 Exclusively, the RAFT technique gives the possibility to control the 

polymerization of reactive monomers such as vinyl compounds. Pan et al. 

demonstrated water-compatible MIP microspheres with good recognition 

properties by using RAFT polymerization for synthesis.87  

Except for the use of these sulfur-containing compounds that can lead to 

undesirable odors, this technique offers great control over molecular weight and 

reduction of the heterogeneity in the polymers and thus, the possibility to create a 

homogeneous MIP layer on silica particles.88,17 

However, the used RAFT agents have to be adapted to the monomers. 

These transfer agents are not commercially available and must be prepared in 
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often demanding laboratory work. Dithioesters are perhaps used most widely 

because they are suitable for a large number of monomers.89 Due to the intense 

color of the RAFT agent, usually a red polymer is formed which indicates the 

preservation of the active sites on the substrate.  

Lu et. al. used RAFT polymerization to coat a thin homogeneous MIP layer 

onto the surface of silica particles obtaining a fast and selective response to 

sulfadiazine.72 The integration of these core-shell MIP particles into (micro)fluidic 

assays or fibre optics can produce suitable sensors for monitoring the analyte in 

real time and on-site.  

2.3 Applications of MIPs 

The detection of contaminants in air, water and food is crucial to ensure human 

health. In addition, health authorities and industries are interested in fast, simple 

and accurate methods for contaminants such as herbicides, pesticides and heavy 

metals. Therefore, various applications based on MIPs to separate and purify, 

detect and determine the contaminants have been developed in recent years. 

2.3.1 Separation 

Especially separation techniques came to the fore. In 1994, MIPs were used as 

sorbent solid-phase extraction (SPE) for the first time by Sellergren.90 With 

molecularly imprinted solid-phase extraction (MISPE), the analyte is extracted 

from a mixture by the imprinted polymer. The sample is cleaned up and pre-

concentrated since the analyte may exist in low concentration.15, 91 Theodoridis et 

al. demonstrated a MIP for caffeine as the target molecule which is used as a 

selective sorbent for solid-phase extraction (SPE), within an automated on-line 

sample preparation method.92 

The use of molecular imprinted chiral stationary phases (MICSPs) offers an 

efficient way to produce binding sites for a specific enantiomer which binds to the 

stationary phase while the other one is eluted earlier. This method is used for the 

separation of various species of drugs, peptides, amino acids and other chiral 

compounds and often shows higher selectivity than those obtained with 
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conventional CSPs.93 Furthermore, the high mechanical stability due to the high 

crosslinking degree of MIPs und thus, stability against high pressure and wide pH 

range makes them applicable under extreme conditions. Compare to conventional 

adsorption methods, these MISPs do not lose their performance over long time. 

However, problems associated with leakage of remaining imprinted 

molecules during sample pre-concentration can occur.94 Even after an intensive 

extraction step, template molecules can still remain in the polymer network. This 

leads to an adverse effect particularly when the MIPs are used in trace and ultra-

trace analysis. To solve that problem, a close structural analogue of the analyte 

can be used as the imprinted species.94 

2.3.2 Binding assay 

With immunoassays analytes in liquid phase can be detected by the binding of an 

antigen to an antibody. However, the preparation of these systems are time-

consuming and expensive.95 Therefore, MIPs are increasingly considered as an 

alternative to bio-macromolecular recognition units such as antibodies or enzymes 

due to their facilely tailorable selectivity towards certain analytes or a group of 

structurally related species, low production costs, stability and robustness.96 In 

addition, no time-consuming conjugation step with larger carrier molecule for the 

antibody production is necessary. In first experiments, dealing with bronchodilator 

theophylline and the tranquilizer diazepam, antibodies in radio- and enzyme 

immunoassays have been successfully replaced by MIPs. For theophylline, the 

analyte was detected in blood in linear range of 14 –224 μM. Serums from 32 

patients were tested and showed excellent accordance with enzyme-multiplied 

immunoassay technique (EMIT) as well as cross-reactivity against other 

compounds.97 However, this method is more complex than EMIT. Prior the 

analysis, an extra extraction step of analyte from the biological sample was 

necessary because MIPs give the best binding results und thus, selectivity in 

organic solvents. MIPs as plastic antibody for in-vivo applications was performed 

by Hoshino et. al., who used imprinted nanoparticles to capture the cytotoxic 

peptide melittin in the blood of living mice and thus, mortality and peripheral toxic 
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symptoms of melittin were significantly decreased.98 Meanwhile, there are 

immunoassays with MIPs for other drugs and herbicides.99,100 

2.3.3 Catalysis 

MIPs can also be used as catalysts where catalytic groups, which are similar to the 

active site of an enzyme, are integrated to the binding sites of the MIPs.101 Such 

enzyme-mimics for hydrolysis of p-nitrophenyl acetate was firstly shown by 

Robinson et al..102 Here, an imprinted polymer was prepared which is specific for a 

transition state analogue (TSA) p-nitrophenyl methyl phosphonate. Due to this 

imprinting, the rates of hydrolysis of p-nitrophenol acetate is increased and can be 

inhibited by addition of the p-nitrophenol methyl phosphonate. An catalytical 

effect of kimp/knon-imp=1.6 (k, rate of hydrolysis of p-nitrophenol acetate) could be 

reached. Further TSA approaches were used for aldolase reactions, transamination 

and diels-alder-reaction.103-105  

2.3.4 Sensors 

Compared to the other presented application fields, the use of MIPs as artificial 

receptors in sensing applications develops more slowly due to the challenging 

preparation of MIP-based chemical sensors. The sensing response has to be 

governed by the interaction of the MIP and the template in one step and the MIP 

has to be coupled to a suitable transducer obtaining the chemical response. 

Meanwhile, there are many different areas for MIP sensor applications. Especially 

in chemical industry normally harsh conditions are used, for instance strong acidic 

and basic solvents as well as high temperature. Due to their high stability, MIPs 

can stand these extreme environments and thus are suitable for being immobilized 

on sensor surfaces. In addition to this, investigations of molecularly imprinted 

sensors are increasing year by year, which is shown in Fig. 9. 

Furthermore, the low material cost, facile preparation process and high 

selectivity of MIPs make them suitable as artificial recognition element in 

biomimetic sensor materials in medical and therapeutic areas to bind bioactive 

molecules under specific conditions. Like antibodies, MIPs can exhibit selective 



Theoretical Background 

20 

 

binding for an analyte. Recently, many MIP-based biosensors have been 

developed for different small molecules. 
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Fig. 9: The number of published papers about “molecularly imprinted sensors” in the last 

16 years (Google Scholar). 

 

In recent years, more and more researchers have started to investigate the 

combination of the advantages of MIPs and optical sensors. Such an optical MIP 

sensor can measure the changes of the optical properties e.g. surface plasmon 

resonances (SPR) or fluorescence. Due to the high sensitivity and the feature to 

assess the MIP’s structural and binding properties, especially fluorescence 

spectroscopy is often used in optical MIP sensor technology.106-109  

2.4 Fluorescence 

2.4.1 Background 

In the last two decades, an growth in the use of fluorescence probes for 

fluorescence sensing and reporting in various fields of science has been observed. 

It is a powerful and essential method for clinical diagnostics, biotechnology, 

molecular biology and biochemistry, materials and environmental sciences.110 

Compared for example with electrochemical detection or NMR (nuclear magnetic 

resonance), fluorescence offers a more powerful detection mechanism to report 

chemical recognition events especially at low concentrations and with rather 

moderate instrumental effort. Using fluorescence with its high sensitivity and 
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specificity single molecules can be detected.111 Thus, fluorescence is one of the 

most important methods for future miniaturized detection and sensing technology. 

Mechanistically in the absorption/fluorescence cycle, the incoming light raises the 

energy of an electron in the fluorophore molecule to the excited state 

(absorption). The electron then loses some energy due to relaxation of the 

Franck-Condon excited state into the lowest vibrational state of the excited 

molecule, eventually returning to the ground state accompanied by emission of a 

photon. The emitted light has less energy than the absorbed light due to the loss 

of energy between the absorption of the photon and its emission, termed the 

Stokes shift. Furthermore, the direct proportionality of the fluorescence intensity 

to the absorbed excitation light allows to a certain extent to reduce detection 

limits by increasing the excitation power (yet photobleaching has to be avoided). 

There are already hundreds of commercially available fluorophores for many 

different applications in the field of chemical sensing due to their absorption and 

emission at characteristic wavelengths. However, in fluorescent sensors an 

excitation wavelength in the green to red wavelength region of the visible 

spectrum is preferred because of the availability of economical light sources and 

the suppression of matrix autofluorescence. This background fluorescence often 

stemming from fluorescent groups on bioorganic material is commonly reduced 

beyond 350 nm. 

2.4.2 Design principles of common fluorescent probes 

Fluorescent probes or indicators commonly consist of a fluorophore and a receptor 

unit that are either directly linked by a covalent bond or through a linker unit. The 

photophysical communication of the two subunits that is important for the 

spectroscopic response is commonly achieved by excited state mechanisms. The 

receptor recognizes the analyte with its binding sites, while the fluorophore as the 

fluorescent reporter moiety translates the binding event between the analyte and 

the receptor into a fluorescent signal. The linker or spacer insulates the 

fluorophore and the receptor but is able to allow for long-range photophysical 

process to happen.112 The sensing response of the fluorescent probe can be 
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measured through changes in absorption and emission spectra, fluorescence 

intensities (or quantum yields) and lifetimes. 

Photoinduced electron transfer (PET) is a widely used process to implement 

fluorescence intensity changes into a fluorescent probe. Such a PET system 

usually contains an electron-deficient fluorophore, an electron-rich receptor (often 

an aliphatic amine) and an alkyl chain as the insulating linker between both units. 

The receptor acts as the electron donor and commonly quenches the fluorophore’s 

fluorescence in the unbound state of the probe. However, as soon as an electron-

poor analyte binds to the receptor unit, the PET process becomes energetically 

less favored and is blocked, reviving fluorescence. The mechanism can be 

explained using frontier orbital theory (Fig. 10). In order to reach a PET, the 

HOMO† (highest occupied molecular orbital) of the electron donor (receptor) has 

to be energetically higher-lying than the HOMO of the electron acceptor 

(fluorophore).  If the HOMO of the fluorophore is then again fully occupied after 

electron transfer, the excited electron cannot relax back from the fluorophore’s 

LUMO into its HOMO, meanwhile emitting a photon, but has to sidestep into the 

half-emptied HOMO† of the receptor, which commonly is a “dark” process. No 

fluorescence can be observed.113 If the HOMO† of the receptor is energetically 

decreased, e.g. by the binding of an analyte, no electron can be transferred from 

the HOMO† into the HOMO of the fluorophore, and fluorescence is restored (Fig 

10). Of course, the architecture can also be reversed for electron-rich analytes. In 

such a case, the receptor’s HOMO† can only donate an electron into the half-

emptied HOMO of the excited fluorophore when an electron-rich analyte is 

bound.114 Such a system would indicate the analyte through ON–OFF fluorescence 

switching. Leung et al. demonstrated a fluorescent organosilane in which the 

sensing was based on PET quenching suppression upon protonation of the tertiary 

amine as soon as the analyte binds to the MIP. As the result of this effect, the 

fluorescence is enhanced. That system was applied for a sol-gel 2,4-D-imprinted 

polymer which showed a 2,4-D concentrations dependent fluorescence 

enhancement with a LOD of 45 µM.115 
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Fig. 10: Quenching of fluorescence by PET (left) and obtained fluorescence after binding 

of the analyte • (right).112 

 

The other widely employed photophysical signaling principle is based on an 

intramolecular charge transfer (ICT), which is often considered in push-pull--

systems linking an electron donating and an electron withdrawing (acceptor) 

group (without a spacer).116 Here, HOMO and LUMO are commonly localized on 

different fragments of a fully -conjugated molecule. As soon as the light 

excitation takes place, an ICT proceeds from the electron-rich (HOMO) to the 

electron-poor (LUMO) fragment of the probe which changes the dipole moment 

significantly. Normally, such mechanism is noticeable in spectral shifts of both 

absorption and emission, also changing the Stoke shifts. As shown in Fig 11., the 

position of the receptor defines whether a red or blue shift can be observed in the 

spectra.112 The former is obtained when the analyte interacts with the electron-

accepting group. On the other hand, the connection of the receptor group to the 

electron-donating group leads to a reduction of the donating character and thus to 

a blue shift in the emission as well as absorption spectra.117 
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Fig. 11: ICT system: the analyte interacts with the donor group (top) and acceptor group 

(bottom).117 

The design and development of novel probes with suitable fluorescence properties 

guaranteeing high sensitivities in combination with recognition elements with high 

selectivity are highly desired, especially to detect molecules in a simple manner at 

low concentrations in the environment.  

2.5 Fluorescent MIP (fMIP) sensor 

Chemical sensing using fluorescence to report the molecular recognition by MIPs 

was firstly demonstrated by Mosbachs group during the 1990´s.118 They 

developed a MIP based fiber-optic sensing device for the detection of an amino 

acid derivatized with a fluorescent labeling group dansyl-L-phenylalanine 1 with 

good enantiospecific discrimination by using MAA and 2-vinylpyridine (2-VPy) as 

the functional monomers and EGDMA as the cross-linker. Fiber optics were used 

to assess the fluorescence of the MIP upon analyte binding in MeCN. It could be 

shown that the fluorescence enhancement upon addition of the analyte is a 

function of the concentration of the fluorescence-labeled derivative. Subsequently, 

various fluorescent or chromogenic molecules have been incorporated into sensing 

MIPs. 

A fluorescent sensor has to be developed in a way, that the target binding 

generates a fluorescence signal. One way to signal the target binding in the MIP is 

the direct measurement of a fluorescent analyte. Rachkov et al. combined 

fluorescence sensing and high-performance liquid chromatography (HPLC) 
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separation. The fluorescence method was used for the detection of the steroid 

hormone -estradiol.119 For the preparation MAA and EGDMA in the presence of 

the target molecule were used.  

However, because fluorescent analytes are in general very rare, a tailor-

made fluorescent template analog as a probe can be used in a competitive assay 

like in competitive immunoassays. Such an assay has been established for 2,4-D 

using 4-vinylpyridine (4-VPy) as the functional monomer and EGDMA as the cross-

linker.96 A 7-carboxymethoxy-4-methylcoumarin (CMMC) 2 was used as the non-

related fluorescent probe. With this assay a good limit of detection (LOD) of about 

100 nM were reached but with a bad cross-reactivity against other analogs.96 The 

MIP functioned as selective recognition element for analyte binding in such 

pseudo-immunosensors, however, the polymer itself is non-fluorescent. The 

fluorescent signal has to be produced by something external to the sensor. The 

right choice of the labeled analog and the synthesis of such tailor-made 

fluorescent analyte analog can be complicated. 

 

 

Fig. 12: Chemical structures of 1, 2 and 2,4-D. 

To circumvent these extra time-consuming steps, a fluorescent reporter 

(fluorophore) sensitive to the interaction with an analyte can be used. Here, the 

interaction or the binding event with the analyte is converted into an output signal 

which is related to the analyte concentration. The fluorophore is incorporated into 

the polymer matrix by a polymerizable linker and offers to use the response to the 

binding of the target molecule directly for identification and quantification. This 

approach leads to many possibilities of integrating different fluorescent dye or 

probe monomers.  
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2.5.1 Fluorescent dyes as monomer and their interaction with analytes 

Wu et al. have reported the synthesis of a polymerizable dansyl-based monomer 3 

through coupling of 3,3-dimethylacrylic acid and dansylchloride. 3 was used to 

prepare fluorescent MIP nanoparticles by precipitation polymerization to finally 

detect bisphenol A (BPA) in tap and river water.120 Upon binding of BPA via its 

phenolic groups, a significant fluorescence quenching was shown. In contrast to 

that, the NIP as well as analytes with similar structure showed less response. The 

LOD and the limit of quantification (LOQ) were 3 and 10 μg L-1, respectively. 

 

Fig. 13: Chemical structure of 3 and respective template. 

Analysis like gas chromatography-mass spectrometry (GC–MS), liquid 

chromatography-tandem mass spectrometry (LC–MS/MS) or high-performance 

liquid chromatography (HPLC)-UV detection were applied to determine BPA in 

aqueous samples at ng/L to μg/L levels.121,122,123 Thus, the fluorescent MIP 

nanoparticles can match with these other techniques. 

Nguyen et al. used cocaine as the template and acrylamidofluorescein 4 as 

fluorescent monomer with a polymerizable group for integration into the MIP 

matrix.124 The fMIP film was grafted onto an optical fiber. When the fMIP-coated 

optical fiber was dipped into a water–acetonitrile mixture containing cocaine, a 

fluorescence enhancement was observed with 0.5 mM template.  

 

Fig. 14: The anticipated interaction of 4 with cocaine. 
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Furthermore, Lavignac et al. prepared a fluorescent monomer 5 by coupling of 4-

chloro-7-nitrobenzofurazan (NBD-Cl) with allylamine.125 The monomer was then 

copolymerized with MAA and  EGDMA into bulk fMIPs for atrazine. Although a high 

dissociation constant of logKD = 4.75 ± 1.98 was determined by batch rebinding, 

the fluorescence response was not reported, suggesting that the interaction 

between both partners is too weak to overcome the absence of designated 

binding modes. 

 

Fig. 15: Synthetic scheme for 5 and respective template. 

Additionally, coumarin was introduced by the groups of Nguyen and Ansell for the 

preparation of fluorescent monomers 6 and 7 for sensing the target molecule 

(−)-ephedrine.126 6 and 7 (Fig. 16), differing in both electronic nature and the 

length of linker, have been investigated for their fluorescence response toward 

chiral amines. When studied in solution, both fluorescent monomers show blue-

shifted fluorescence and quenching (7) as well as enhancement (6) on interaction 

with the analyte. If the carboxylic acid group of the coumarin moiety interacts 

with the amino and hydroxyl groups of (−)-ephedrine as proposed by the authors, 

the charge transfer character in the chromophore is diminished, leading to the 

blue shift. Moreover, such interactions are expected to entail a reduction of the 

twisting angle between the chromophore (here coumarin) and an appended 

phenyl ring (here the vinylphenyl group only in 6), thus leading to higher 

fluorescence of 6 compared to 7. However, once incorporated into the fMIPs, both 

6 and 7 show fluorescence quenching after binding to (−)-ephedrine, with binding 

constants of 105 M–1. Such a strong binding constant demonstrates a high affinity 

of the analyte to the MIP. Apparently, the rotational freedom is reduced in the 

polymer matrix and the overall environment is less polar than the bulk solvent. 

Nguyen and Ansell suggested that the addition of a co-monomer such as MAA or 

methyl methacrylate (MMA) can amend the recognition ability, yet the 
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experimental results point against this supposition. The fMIP prepared from 7 

exhibit the highest imprinting effect and quenching efficiency of up to 59% with 1 

mM (−)-ephedrine. The poorer performance of 6–fMIP compared with 7–fMIP is 

not fully understood. A disadvantage is the poor fluorescence response of both 

fMIPs in aqueous buffer. 

 

 

Fig. 16: Chemical structure of 6 and 7 and respective template. 

In addition, Kubo et al. have prepared a 2-acrylamidoquinoline monomer 8 for 

imprinting cyclobarbital. This barbiturate belongs to anticonvulsant drugs and has 

sedative and hypnotic properties.127 The monomer forms two directional hydrogen 

bonds (H-bonds) with the target molecule cyclobarbital for a stable complex which 

also reduces the rotation in the MIP cavity (Fig. 17).128 After binding of the target 

molecule, a 3-fold increase in fluorescence intensity was observed. The NIPs 

showed less fluorescence enhancement. They have also found that the 

fluorescence response is in good correlation to the batch rebinding results. This 

indicates that the fluorescent probe molecule is mostly located in binding cavities. 

 

Fig. 17: Chemical structure of 8 and binding mode of 8 and cyclobarbital. 

The group of Rathbone prepared a fMIP using benzylidine 3-acrylamidorhodanine 

9, TRIM as cross-linker and (Z)-N´-cyclododecylidenepicolinohy-drazonamide as 

the template (Fig. 18). The binding of the target molecule via H-bonds can be 

detected through a 2-fold decrease of the fluorescence signal.129 
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Fig. 18: Chemical structure of 9 and template. 

However, often H-bonds are not optimal for the detection in aqueous solution. To 

prevent the competition of the water molecules with the analyte for the 

fluorescent monomer, electrostatic interactions are better suited. Turkewitsch et 

al. have prepared a fluorescent monomer trans-4-[p-(N,N-dimethylamino) styryl]-

N-vinylbenzylpyridinium chloride 10 for the recognition of cyclic monophosphate 

neucleotide.130 Due to electrostatic interactions between these compounds a 

location of probe molecules inside the cavity is preferred for better signaling in 

water samples. Upon addition of the analyte, the fluorescence is quenched by 

20% while it remains unchanged upon addition of the structurally similar molecule 

as well as for the fNIP samples.  

 

Fig. 19: Chemical structure of 10 and components of corresponding MIP system. 

Another study was performed by Chen et al., whereby dianionic pyrene-based 

monomer 11 and the herbicides paraquat and diquat as templates were used for 
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imprinting in water.131 Again, fluorescence decrease could be observed after 

binding of the analytes. 

 

Fig. 20: Chemical structure of 11 and respective templates. 

2.5.2 Fluorescent probes as fluorescent monomers 

As described in the previous section, polymerization of fluorescent dyes into the 

MIP matrix is a promising option to obtain an optical signal upon binding of the 

analyte. However, up to this point no designated binding site able to change the 

signal intensity has been directly integrated. To solve this problem, fluorescent 

probe monomers with four (or more) subunits, e.g., fluorophore-linker-receptor-

linker polymerizable (FLRLP) unit can be used instead of the regular fluorophore–

linker–polymerizable unit architecture.114 

Inoue et al. prepared the functional monomer 12, O-acryloyl L-

hydroxyproline conjugated with dansyl ethylenediamine. The pyrrolidine moiety 

responsible for binding proteins via H-bonds is separated from the dansyl moiety 

by a spacer to place it precisely at the hydrophobic regions of human serum 

albumin (HSA).132 The fMIP films show fluorescence quenching upon binding HSA 

which was used as template molecule. The study revealed significant cross-

sensitivity only for bovine serum albumin and that the fluorescence method is 

more selective than a surface plasmon resonance method. 

 

Fig. 21: Chemical structure of 12. 

However, more popular than this FLRLP unit approach, is the usage of 

fluorophore-linker-receptor-polymerizable (FLRP) units due to their smaller sizes 
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as well as the direct coupling of receptor and fluorophore which leads to an 

immediate signal. In the literature, the use of a urea moiety as a suitable receptor 

has been proven. The two NH groups are able to form two direct H-bonds with 

anionic species.  

Wagner et al. presented a naphthalimide-based fluorescent monomer 13 

for the integration into a MIP network.133 The deprotonated N-carbobenzyloxy-L-

phenylalanine (Z-L-Phe) template molecule can bind to the urea binding site of the 

monomer in MeCN via non-covalent H-bonds, resulting in a bathochromic shift in 

absorption and fluorescence quenching. 

 

Fig. 22: Chemical structure of 13. 

In previous work by Wei et al. suitable fluorescent units for the detection of small 

organic molecules via MIP technique were synthesized. In addition, a fluorogenic 

NBD-based monomer 14 with an urea group was designed as recognition element 

for oxoanions e.g. tetrabutylammonium (TBA) salt of Z-L-Phe.17 Upon the analyte 

binding to the functional monomer via H-bonds, a prominent fluorescence 

enhancement can be observed. An imprinting factor of 3.6 could be obtained as 

well as the fMIP showing a higher response for the TBA salt of Z-L-Phe than for 

the corresponding enantiomer N-carbobenzyloxy-D-phenylalanine (Z-D-Phe) and 

N-(carbobenzyloxy)-L-glutamic acid (Z-L-Glu) as conformationally closely related 

compounds. With this method, it is possible to detect small organic molecules with 

LODs down to 60 nM. The 10 nm thin MIP film on the RAFT agent coated silica 

particles offers high diffusion rates of the analyte in the cavity and signal 

saturation in about 20 seconds. 
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Fig. 23: Chemical structure of 14 and its binding mode with Z-L-Phe. 

2.5.3 Excited-state proton transfer (ESPT) 

Compared to the previous systems, another signal transduction mechanism is 

invoked in this Chapter, excited-state proton transfer (ESPT). Proton transfer 

reactions are very important in chemistry and biology.134-137 Especially, increasing 

attention has been paid to ESPT in recent years. Due to the straightforward 

initiation by photoexcitation, this mechanism has become more and more 

important in fluorescence sensing and imaging applications.136, 138-140 Various multi 

proton-transfer reactions have been investigated, however, excited state double 

proton transfer (ESDPT) in a complex bound through two hydrogen bonds is one 

of the most fascinating processes.141-146 In ESDPT, both partners carry a proton 

donating and a proton accepting site that are usually tightly bound in a double Y-

shaped motif.. 

There are three possible theories about the movement of the two protons 

(Fig. 24. It can happen concerted or stepwise. In the first ESDPT process (A), 

both protons are transferred coincidentally along the intermolecular hydrogen 

bonding paths and the tautomer is immediately formed after excitation. The 

stepwise mechanism proceeds in two cycles. In the first step (B), one proton 

moves from the hydroxy group of the acid to the ring nitrogen of the 2-

aminopyridine to create an ion-pair intermediate. After this transfer, the second 

proton from the amino moiety starts to move to the acid, forming an imino 

tautomer. The second cycle (C) proceeds in the opposite order of proton 

transfers. Previous works of Ishikawa et al. and Chai et al. already reported the 

ESDPT reaction of an intermolecular hydrogen-bonded 2-aminopyridine/acid 
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system in hexane.147 The stepwise mechanism of the ESDPT for 2-aminopyridines 

in acids was confirmed by experimental and theoretical methods. It was 

demonstrated that the proton transfer along the intermolecular hydrogen bond O–

H…N takes place first. Subsequently, after the first proton transfer was completed, 

the second proton moved along the intermolecular hydrogen bond N–H…O. 

 

 

Fig. 24: Concerted (A) and stepwise (B, C) ESDPT reaction mechanism.147 
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3 Objectives 

The aim of this thesis was to develop fluorescence-based optical sensors based on 

MIPs as the recognition element for the detection of small analytes. 

In the first step, new fluorescent functional monomers/ cross-linker were designed 

and synthesized containing a polymerizable group to incorporate these dyes into a 

MIP matrix and offer a sensitive and selective recognition towards small target 

analytes of environmental interest. These fluorescent MIPs were transferred as a 

thin shell to silica particles to obtain a high surface area and thus, a fast sensing 

response. 

By combining the MIP shell/ silica core particles with the field of microfluidic 

systems and optical fibers in the second step, the sensing and selective 

determination of small analytes in low concentration ranges for real-life 

applications were obtained and thus, showed a new way to extend the MIP 

applicability towards a new generation of optical sensing.  
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4 Material and Methods 

4.1 Reagents and materials 

Chloroform, acetonitrile, methanol, ethanol, dimethyl sulfoxide (DMSO) 

tetrahydrofuran (THF), dichloromethane, cyclohexane, toluene, pyridine, acetone, 

hexane, ethylchloroformate, ethyl ether, acetic acid, 4-cyano-4-

(thiobenzoylthio)pentanoic acid (CPDB), aminopropyltriethoxysilane (APTES), 

ampicillin (AMPI), amoxicillin (AMOX), benzylmethacrylate (BMA), 3,5-

dihydroxybenzyl alcohol, enoxacin (ENOX), enrofloxacin (ENRO), ethylene glycol 

dimethacrylate (EGDMA), (1E,4E)-N,N'-Dichloro-2,5-cyclohexadiene-1,4-diimine, 2-

amino-4-bromopyridine, 4-ethynyl-N,N,-dimethylanilin, 2-[4-(2-hydroxyethyl)-1-

piperazinyl]-ethanesulfonic acid (HEPES, >99.5%), 2-hydroxyethyl  methacrylate 

(HEMA), 2-isocyanatoethyl methacrylate, methacryl amide (MAAm), triethylamine 

(TrEA), tetrabutylammonium hydroxide (TBA-OH), tetraethylammonium hydroxide 

(TEA-OH), tetramethylammonium hydroxide (TMA-OH), tetrahexylammonium 

hydroxide (THA-OH), tetraocylammonium hydroxide (TOA-OH) and Z-D-glutamic 

acid (Z-D-Glu), 2,4-dichlorophenoxyacetic acid (2,4-D) and 2-(2,4-

dichlorophenoxy)propionic acid (2,4-DP), copper(I) iodide (CuI) were purchased 

from Sigma Aldrich, tetraethylorthosilicat (TEOS) from Merck, methanol (MeOH) 

with HPLC gradient grade from J.T.Baker, ethylchloroformate, 2,6-di-tert-butyl-4-

methylphenol and 4-(2,4-dichlorophenoxy)-butanoic acid (2,4-DB) from Fluka, 

ammonium acetate (NH4Ac), hydrochloric acid (HCl) and glacial acetic acid (AcOH) 

from Fisher Chemicals and ammonia (32%) from Applichem. 1,2,2,6,6-

Pentamethylpiperidine (PMP) and 4-vinylpyridine (4-Vy) were purchased from Alfa 

Aesar. N-Carbobenzyloxy-D/L-phenylalanine (Z-D/L-Phe) and Z-D-tyrosin (Z-D-Tyr) 

were obtained from ABCR, 4-,4-(dimethylamino)-pyridine (DMAP) from Janssen 

Chimica, bis(triphenylphosphine)palladium(II) dichloride ((Pd(PPh3)2Cl2) from 

Chempur and pyridine from Lancaster. Milli-Q water was drawn from a Milli-Q® 

ultrapure water purification system (Millipore Synthesis A10). 2,2'-Azobis(2,4-
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dimethyl)valeronitrile (ABDV) was used from Wako Chemicals. 14 was received 

from Dr. Wei Wan17 and 16, 19 and 22 from modified in-house procedure. 

4.2 Preparation of phenoxazinone-based monomer 16 

 

Fig. 25: Synthesis of 16. 

754 mg of 7-amino-1-methyl-3H-phenoxazin-3-one 15 (3.3 mmol) (prepared 

following the procedure of Descalzo et. al.)148 and 8 mL methylacrylic acid-2-

isocyanato-ethyl-ester (56.6 mmol) were dissolved in 18 mL pyridine, 470 mg 

DMAP (3.8 mmol) was added into the solution and the mixture was stirred at 85°C 

for 7 h. After cooling to room temperature (RT), 50 mL hexane were added into 

the solution and a black solid as raw product precipitated. The raw product was 

purified by column chromatography on Alox (neutral Al2O3) with CH2Cl2: ethanol 

(5:0.05) to obtain 500 mg (39%) as black powder.  

1H-NMR (500 MHz, DMSO-d6) δ: 1.90 (s, 3H), 2.34 (s, 3H), 3.43 (q, J = 9 Hz, 2H), 

4.15 (t, J = 4,5 Hz, 2H), 5.71 (t, J = 2.5 Hz, 1H), 6.09 (m, 1H), 6.17 (d, J = 3.5 

Hz, 1H), 6.63 (m, 2H), 7.28 (dd, J1 = 4 Hz, J2 = 18.5 Hz, 1H), 7.688 (s, 1H), 7.73 

(t, J = 3.5 Hz, 1H), 9.47 (s, 1H).  

13C-NMR (DMSO-d6) δ: 16.80, 18.47, 64.14, 94.38, 103.10, 105.39, 115.62, 

126.49, 127.86, 131.33, 131.83, 136.25, 143.31, 145.32, 145.72, 150.65, 155.07, 

167.00, 185.31, 215.68. 
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4.3 Preparation of phenoxazinone–based crosslinker 19  

 

Fig. 26: Synthesis of 19. 

71.6 mg of (1E,4E)-N,N'-Dichloro-2,5-cyclohexadiene-1,4-diimine 17 (0.41 mmol) 

and 51.0 mg of 3,5-dihydroxybenzyl alcohol (0.36 mmol) were heated in ethanol 

(5 mL) at 85 °C for 3 h.149 After solvent concentration and drying under vacuum, 

the crude product 18 was re-dissolved in 2.4 mL dry pyridine with 68.0 mg DMAP 

(0.56 mmol) and 50.0 mg 3,5-dihydroxybenzyl alcohol (0.23 mmol). 2-

Isocyanatoethyl methacrylate (200 μL, 1.42 mmol) was added to the solution 

under argon (Ar) atmosphere and the mixture was heated at 85°C for 7 h. 

Subsequently, the crude product 19 was precipitated in cyclohexane (50 mL), 

washed with cyclohexane (2 x 50 mL) and toluene (3 x 50 mL). The black solid 

was dissolved in CH2Cl2/methanol (25:1) and poured into water. The organic layer 

was dried with anhydrous Na2SO4, filtered and the solvent was evaporated under 

reduced pressure. The crude product was purified by column chromatography on 

silica gel with CH2Cl2/ethanol (25:1) as eluent. After concentration and drying 

under vacuum 19 was obtained as a dark purple solid with a yield of 28 %.  

19 (R = Cl) HRMS m/e (MH+) 587.1530 (calculated 587.1539) 

NMR characterization was not possible because 19 is insoluble in apolar 

solvents and at the concentrations required for NMR. The molecules underwent -

-staking even in DMSO, which made unequivocal signal assignment impossible. 

Beside the main molecular peak of the chlorinated compound 19, mass 

spectrometric analyses also showed the presence of a minor co-product 2H (H 

instead of Cl, ca. 5%) HRMS m/e (MH+) 553.1921 (calculated 553.1929), which 

could not be separated despite multiple column runs. However, this minor species 
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did not impinge any problems on MIP synthesis or performance and further, more 

elaborate purification steps were not considered. 

4.4 Preparation of 2-aminopyridine–based monomer 22  

 

Fig. 27: Synthesis of 22 

161.2 mg of 2-amino-4-bromopyridine 20 (0.91 mmol), 148.7 mg 4-ethynyl-N,N,-

dimethylanilin 21 (1.02 mmol), 30.5 mg (PPh3)2Cl2 (0.04 mmol) and 16.8 mg CuI 

(0.09 mmol) were heated at 60°C overnight in 8 mL TrEA. Subsequently, the 

crude product 22 was extracted in diethylether/water. The crude product was 

purified by column chromatography on silica gel with CH2Cl2/methanol (5:0.1) as 

eluent. After concentration and drying under vacuum 22 was obtained as a green-

yellow solid with a yield of 83 %.  

1H-NMR (500 MHz, CDCl3) : 3.01 (s, 6H), 4.52 (s, 2H), 6.67 (d, J = 7.0 Hz, 2H), 

6,78 (m, 2H), 7.42 (d, J = 7.0 Hz, 2H), 8.12 (m, 1H). 

13C-NMR (CDCl3) : 40.13, 85.06, 85.68, 94.49, 108.81, 111.71, 133.11, 133.66, 

147.74, 150.52, 158.37. 

4.5 Preparation of CPDB-coated SiO2 particles with various 

sizes 

Firstly, monodisperse and spherical SiO2 particles with a diameter of 0.35 µm were 

prepared by the Stöber method, involving the hydrolysis and condensation of 

TEOS in the presence of water and ammonia as a catalyst. The preparation route 

was adopted from Wan et al. by mixing 32% ammonia solution (9 mL) and 99.9% 

pure ethanol (16.25 mL) in the presence of Milli-Q water (24.75 mL) and stirring 

at 1000 rpm, followed by the addition of a mixture of TEOS (4.5 mL) and ethanol 
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(45.5 mL) and further stirring at 500 rpm for 2 h. The particles were washed with 

Milli-Q water and ethanol and dried in a vacuum overnight.150,17 

The activation procedure of the core particles was also adapted from Wan et al. 

by adding 3 g silica particles and 12 mL APTES into 140 mL anhydrous toluene.17 

The mixture was refluxed for 12 h under dry Ar atmosphere. The resulting APTES-

modified silica particles were separated by centrifugation, washed with toluene, 

and dried in a vacuum.17 

During the last years, controlled radical polymerization methods, e.g., 

reversible addition-fragmentation chain transfer (RAFT) polymerization, have been 

widely used to graft polymeric chains onto solid supports. Hence, we used this 

method to synthesize a homogeneous MIP layer onto silica particles. These RAFT 

agent-functionalized particles were prepared according to the protocol reported by 

Wan et al. by mixing CPDB as RAFT agent, ethylchloroformate and 60 mL 

anhydrous THF.17 The silica particles are varying in size so that the amount of the 

components during the synthesis were adjusted as can be seen in Tab. 2. The 

mixture was purged with Ar and cooled to –78°C for 40 min. Subsequently, 3.5 g 

APTES-modified SiO2 particles were added at –10 °C and the mixture was stirred 

at room temperature overnight. The particles were precipitated in 200 mL hexane, 

washed with acetone and THF and dried in a vacuum overnight.17  

Tab. 2: Modification of SiO2 particles with various sizes. 

size SiO2 

core 

APTES-

SiO2 

CPDB Ethylchloro

-formate 

TrEA THF 

[µm] [g] [mg] [µL] [µL] [mL] 

0.35 3.50 822.0 282 411 60.0 

0.60 0.35 75.0 26.0 39.0 5.70 

0.90 0.35 73.0 24.0 37.0 5.50 

2.06 0.18 35.0 11.0 16.0 2.70 
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4.6 Preparation of core/shell (CS) particles 

4.6.1 MIP(14)-Z-D-Phe/TXA@SiO2 particles (0.35 µm size) with 14 

To synthesize MIP-Z-D-Phe@SiO2 particles, the following protocol was used:17 For 

template preparation, Z-D-Phe (2.9 mg) and tetraalkylammonium hydroxide (TXA-

OH) were combined in 100 µL acetonitrile (MeCN) and dried in a vacuum for 20 h. 

For the synthesis of the core/shell MIP-Z-D-Phe/TXA@SiO2 particles, 50 mg of 

RAFT-agent functionalized SiO2 particles and 4.5 mg ABDV were stirred in 5 mL 

anhydrous chloroform (CHCl3) for 30 min at 50°C. BMA (18.6 µL), EGDMA (104.0 

µL), the template and NBD-based monomer 14 (2.23 mg) (prepared following the 

procedure of Wan et. al.)17 were added and further stirred for 18 h at 50°C and 

then for 2 h at 70°C for polymerization. After adding 10 mL of hexane, the 

synthesized particles were washed once with chloroform and three times with 

MeCN. For the removal of the template, a methanol/acetic acid (99/1) mixture 

was used. Subsequently, the particles were washed again with MeCN. The NIP 

control particles were synthesized under simultaneous conditions but without 

using the template. 

4.6.2 MIP(16)-2,4-D@SiO2 and MIP(19)-2,4-D@SiO2 particles (0.35 µm 

size) with 16 and 19 

The TBA salt of 2,4-D as template was prepared for the synthesis of silica 

core/shell MIP-2,4-D@SiO2 particles. 30 mg of RAFT-agent functionalized SiO2 

particles and ABDV (2.5 mg) were stirred in anhydrous CHCl3 (3.5 mL) for 30 min 

at 50°C. 4.78 µL MAAm, 57.6 µL EGDMA, the template and 5.8 mg of monomer 

16 (for MIP(16)-2,4-D@SiO2) or 8.9 mg cross-linker 19 (for MIP(19)-2,4-

D@SiO2) were added and further stirred for 18 h at 50°C and then for 2 h at 70°C 

for polymerization. After adding 10 mL of hexane, the synthesized particles were 

washed once with chloroform and three times with MeCN. For the removal of 

template, methanol/acetic acid (99/1) mixture was used. Subsequently, particles 

were washed with MeCN again. The SiO2@NIP control particles were synthesized 

under same conditions but without using the template. 
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4.6.3 MIP(19)-AMPI@SiO2(n) particles  

In this part different MIP shell/silica core particles were synthesized with the same 

template AMPI/TBA but in different solvents and with different sizes. To 

differentiate the sensor particles better, we introduced (n) into the nomenclature 

(Tab. 3). The TBA salt of AMPI as template was prepared for the synthesis of silica 

core/shell MIP(19)-AMPI@SiO2(n) particles with different sizes (n) (Tab. 3). 

RAFT-agent functionalized SiO2 particles and ABDV were stirred in anhydrous 

solvent for 30 min at 50°C. MAAm, EGDMA, the template and cross-linker 19 were 

added and further stirred for 18 h at 50 °C and then for 2 h at 70°C for 

polymerization. After adding 10 mL of hexane, the synthesized particles were 

washed once with chloroform and three times with MeCN. For the removal of 

template, methanol/acetic acid (99/1) mixture was used. Subsequently, particles 

were washed with MeCN again. The NIP(n)@SiO2 control particles were 

synthesized under similar conditions but without using the template. 

Tab. 3: Modification of 19-based MIP particle with different sizes, AMPI/TBA was used as 

template in all cases. 

n size 

SiO2 

core 

RAFT-

agent 

functiona

lized SiO2 

ABDV Solvent/ 

Volume 

MAAm EGDMA Cross-

linker 

templ

ate 

 [µm] [mg] [mg] [mL] [µL] [µL] [mg] [mg] 

1 0.35 30.0 2.50 CHCl3/ 3.5 5.70 68.4 9.80 6.40 

2 0.35 30.0 2.50 MeCN/ 3.5 5.70 68.4 9.80 6.40 

3 2.06 30.0 2.50 MeCN/3.5 4.06 48.9 7.60 7.89 

 

4.6.4 MIP(22)-2,4-D@SiO2 particles  

For the synthesis of the core/shell MIP(22)-2,4-D@SiO2 particles, 30 mg of RAFT-

agent functionalized SiO2 particles and 2.8 mg ABDV were stirred in 3 mL 

anhydrous chloroform (CHCl3) for 30 min at 50°C. BMA (13.24 µL), EGDMA (74.31 

µL), the 2,4-D (1.5 mg) and the monomer 22 (2.3 mg) were added and further 
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stirred for 18 h at 50°C and then for 2 h at 70°C for polymerization. After adding 

10 mL of hexane, the synthesized particles were washed once with chloroform 

and three times with MeCN. For the removal of the template, a methanol/acetic 

acid (99/1) mixture was used. Subsequently, the particles were washed again with 

MeCN. The non-imprinted polymer (NIP) control particles were synthesized under 

simultaneous conditions but without using template. Subsequently, Soxhlet 

extraction with CH2Cl2 for 4 h was performed. 

4.7 Spectroscopic studies 

Absorption spectra and UV/vis-spectrophotometric titrations were carried out with 

a Specord 210 Plus absorption spectrometer (Analytik Jena), using dilute solutions 

with an absorbance of less than 0.1 at the absorption maximum. In case of 

spectra normalization, the maximum absorption was normalized to 1. The binding 

constant was assessed using HyperSpec software from Protonic software 

(Leeds).151 For the measurement of the pre-polymerization mixture with much 

higher concentration a very thin micro-cell with a path length below 100 μm was 

used. 

Fluorescence spectra and titrations were carried out with a FluoroMax 4 

spectrofluorometer (Horiba Jobin Yvon) using standard 10 mm path length quartz 

cuvettes. The slit widths of the excitation and emission monochromators were 2 

nm.  

4.8 Fluorescence measurements of MIP sensor particles in 

CHCl3 

The binding properties of the MIP and NIP particles were investigated by 

fluorescence measurements. Typically, 2 mg core/shell particles were suspended 

in 2 mL solvent in a 10 mm quartz cell. The suspension was titrated with 1 mM 

TBA salt of the template and structurally similar compounds. After each step of 

addition, the suspension was allowed to equilibrate for 2 min by stirring before 

measuring the fluorescence spectra. 

Plotting the reduced fluorescence change dF/F0 (F0 = fluorescence in 

absence of analyte; dF = fluorescence enhancement at the various titration steps) 
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of the MIP and NIP particles against the concentration of the analyte allows 

assessment of the sensing performance. This normalization is important to avoid 

experimental influences related to slight polydispersity of the microparticles or 

minimize errors arising from different shell thicknesses. 

4.9 Two phase extraction assay 

Typically, 3 mg particles were suspended in 2 mL CHCl3 and 1 mL Milli-Q water 

was added in a 10 mm quartz cell creating a two-phase assay. 5 mM 2,4-D salt 

was added into the aqueous phase steadily. The suspension was stirred for 5 

minutes to reach the equilibrium before each fluorescence measurement. The 

remaining 2,4-D/TBA in the aqueous phase was quantified by HPLC for validation. 

4.10 Droplet-based modular microfluidic system 

4.10.1 Set-up design and fabrication 

The microfluidic device is based on our previously described set-up for mercury 

detection in water samples (Fig. 28).152 The system was designed and set up 

using commercially available low pressure fittings and polytetrafluoroethylene 

(PTFE)– perfluoroalkoxy alkanes (PFA) tubes (OD, 1.6 mm, ID 500 μm). Two inlet 

tubes (PTFE) for introducing the water sample containing the analyte (2,4-D) and 

the MIP sensory particles (1 mg mL–1 in CHCl3) were connected to syringes placed 

on standard syringe pumps (Chemyx Fusion 100 Touch). The pump for the MIP 

containing syringe stood in vertical position to avoid sedimentation. Via these two 

inlet tubes, both solutions were injected into a T-shaped micro-droplet generator 

(IDEX P-890 MicroTee) to produce homogeneous and stable droplets (110 nL, 1.4 

Hz) as a result of shear forces and interfacial tension at the fluid-fluid interface. 

The droplets went through a reactor tube (transparent PFA) which was wrapped 

around a metallic bar to ensure droplets mixing by chaotic advection as well as 

the phase transfer of 2,4-D in the organic phase.  
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Fig. 28: Modular microfluidic platform for extraction and detection of 2,4-D in water 

samples using the MIP(19)-2,4-D@SiO2 particles. 

Fluorescence intensity changes were read out with a modular set up based on a 

standard opto-mechanical filter cube crossed by the microfluidic tube. Excitation of 

the fluorescent particles was achieved with a light emitting diode (LED, Everlight 

Opto 264-7SUGC/S400-A4) powered with 3.5 V DC. A band pass interferential 

filter (Semrock FF01 510/42) centered at 510 nm was positioned between the LED 

and the lens used to focus the beam into the microfluidic tube. In 90° to 

excitation, the fluorescence light was focused through a bundle of six optical fibers 

(core diameter 400 μm, external diameter 440 μm) and collected through a band 

pass filter (Semrock FF01 590/104) into an Ocean Optics spectrometer USB2000+ 

(tint = 5 ms, background, linearity, dark current and residual light corrections). 

Treatment of the fluorescence signal was achieved in two steps. First, like 

for conventional fluorometers, fluctuations of the light source, here the LED and 

its power supply, were accounted for by collecting directly the excitation light as a 

reference into the seventh fiber of the optical fiber bundle through a short-pass 

filter (Semrock FF01 440/SP). Secondly, fluorescence signal from the organic 

phase was extracted by applying a logic formula (see below). When solely water 

or chloroform were circulating through the tube, there was no detectable 

fluorescence. 
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4.10.2 Signal treatment 

MIP particles fluorescence signal (organic phase) was extracted from the recorded 

raw signal using the following logic equation (Eq. 1) and conditions: 

𝐼𝐹 =  𝐼0  × (𝐴⋀𝐵⋀𝐶) 

Eq. 1:  Extraction of the MIP particles’ fluorescence signal in the organic phase from the 

recorded raw signal (see Tab. Tab. 4 for the detailed mathematical conditions) 

 

Tab. 4: Conditions for validation of the signal treatment logic equation 

Formula Operation 

A: I0 > ∑ I0

100

i=1

 
Separation in two samples (organic phase/aqueous phase), 

above and below signal averaged at least over 100 s. 

𝐵: 
120 − 𝜏

∑ A100
𝑖=1

> 𝐼0

>
125 + 𝜏

∑ A100
𝑖=1

 

Cleaning of the two samples using empiric bounds and a 

variable rate τ, fixed at 2 for these experiments. Removal of 

outliers coming from gas bubbles, dust or aggregates. 

C: E{Bn, . . , Bn+12} = 

12 

Second cleaning, value kept only when 12 successive values 

were found. Removal of artefacts as a droplet correspond to 

15-20 points.  

 

Calculation of uncertainties153 

𝑢𝑟𝑒𝑙
2 = 𝑛 × 𝑢𝑟𝑒𝑙

𝑤 2
+ 𝑝 × 𝑢𝑟𝑒𝑙

𝑠 2
+ 𝑞 × 𝑢𝑟𝑒𝑙

𝑑 2
+ 𝑢𝑟𝑒𝑙

𝑎 2
+ 𝑢𝑟𝑒𝑙

𝑟 2
 

 

Eq. 2: Total relative errors for each sample taking in account the errors coming 

from the different steps.153 

with  

- n x weighting of the products: 𝑢𝑟𝑒𝑙
𝑤 = 0.02% 

- p x dissolving of the products: 𝑢𝑟𝑒𝑙
𝑠 = 0.5% 

- q x dilution of mother solution: 𝑢𝑟𝑒𝑙
𝑑 = 0.5% 

- Fluorescence analysis and numerical treatment: 𝑢𝑟𝑒𝑙
𝑎 = 0.7 − 0.8% 

- Repetition of the experiment (N = 3): 𝑢𝑟𝑒𝑙
𝑟 = 0.4 − 5.6% 
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Tab. 5: Total relative errors calculated (Eq. 2) for ground water samples: A. Santa Fe 

River, Florida, USA; B. Mississippi, Minneapolis, USA; C. Hàn River, Da Nang, Vietnam; D. 

Lake Nghệ An, Vietnam; E. Teltow Canal, Berlin, Germany; F. Teltow Canal, spiked with 

0.2 µM of 2,4-D; G. Rio Paranapanema, Salto Grande, Brazil. 

Water 

sample 

Preparation 

error % 

Analysis 

error % 

Repetition 

error % 

Total relative 

error % 

A 0.9 0.7 2.2 2.5 

B 0.9 0.8 1.7 2.1 

C 0.9 0.8 0.4 1.3 

D 0.9 0.8 1.2 1.7 

E 0.9 0.8 5.4 5.5 

F 0.9 0.7 5.6 5.7 

G 0.9 0.7 4.0 4.2 

 

4.10.3 Titration of water samples collected worldwide 

Traces of 2,4-D were investigated in samples collected around the world following 

a standard spiking method with aliquots of 20 to 60 nM of the analyte. No further 

preparation of the samples was required.  

4.11 HPLC measurement 

An Agilent 1200 Series LC system with a quaternary pump, degasser, 

autosampler, column heater and UV-detector was used with a Kinetex XB C18, 2.6 

µm, 150 mm x 3 mm (Phenomenex, Aschaffenburg, Germany) analytical LC 

column with a UHPLC C18, 3 mm (Phenomenex) column guard. The software 

OpenLAB (CDS) ChemStation Edition for LC & LC/MS systems was used for 

operation and evaluation. The injection volume was 20 µL. The mobile phases 

were ultrapure water with 10 mM NH4Ac and 0.1% (v/v) acetic acid (A) and MeOH 

with 10 mM NH4Ac and 0.1% (v/v) acetic acid (B). The flow rate was 350 µL min–1 

and the column heater temperature was 50°C. An elution gradient was applied, 

starting with 80% A, held for 3 min. Afterwards A was decreased to 5% within 5 
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min and held constant for the next 4 min, increased back to 80% A within 2 min 

and held for the next 8 min to re equilibrate the column. 

4.12 ELISA Test 

For method validation with regard to the quantitative determination of 2,4-D in 

water samples a commercial ELISA test for 2,4-D (Abraxis  2,4-D ELISA–Microtiter 

Plate) was used. 

4.13 Fiber-optic array 

4.13.1 Fiber-optic microarray fabrication 

Microarray fabrication was adapted from references Nie et al. and Carrasco et 

al..40, 154 The two ends of optical fibers were polished with diamond lapping films 

with varying abrasive sites (30, 15, 9, 6, 3, 1, 0.5, 0.1 and 0.05 µm, Allied High 

Tech) using a fiber polisher (Allied High Tech, Ranch Dominguez).  

 

Fig. 29: Bead-based microarrays using fiber optic bundles; MIP/NIP sensor particles 

randomly loaded into the etched wells of an optical fiber bundle.155-156 
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The distal end was sonicated 20 s in DMSO as well as in EtOH and subsequently 

etched by immersing it into a 0.025 M HCl solution for 1 min 20 s to create 

microwells of 3.1 µm in depth. After sonication in distilled water for 5 s, the fiber 

was washed and immediately dried in an Ar stream. 1 µL of a 0.25 mg mL–1 MIP 

or NIP particle solution in MeCN was placed on the etched end of the fiber and left 

for the solvent to completely evaporate. This process was repeated 10 times to 

ensure an efficient loading into the microwells. To remove the excess of particles, 

the distal end was wiped with a cotton swap. 

4.13.2 Assay protocol 

The distal end of the fiber containing the MIP or NIP sensor particles was 

incubated in 1.5 mL of abs. MeCN or (25:75, v/v) MeCN:HEPES 25 mM, pH 7.5, 

(incubation solvent) while shaking for 15 min at 80 rpm several times to ensure 

the removal of monomer residues obtaining similar background signal for all fibers 

before incubating with the analyte. The fiber was placed vertically in a home-built 

fiber holder in the epi-fluorescence microscope (Olympus BX51) and the 

background signal images were recorded. Subsequently, the fibers were incubated 

in 1.0 mL solutions containing different concentrations of AMPI (0–25 nM) while 

shaking for 15 min at 80 rpm. After incubation, the fiber was washed with 1.5 mL 

of MeCN or working buffer ((25:75, v/v) MeCN:HEPES 25 mM, pH 7.5)) for 15 min 

at 80 rpm and then dried. 

4.13.3 Image Capturing and Data analysis  

The optical fibers were placed in a home-build fiber holder in the vertical direction 

whereby the microarray side (distal end) was opposite to the microscope 

objective. The proximal end was cleaned again with ethanol using a cotton swap 

to remove impurities which can decrease the image quality. Subsequently, six 

images of each fiber, containing the respective magnified views (insets), were 

recorded using an epi-fluorescence microscope (Olympus BX51). The microscope 

was equipped with a 16-bit charge-coupled device (CCD) camera (Infinity 3, 

Lumenera Corporation) and a 100 W halogen lamp (operating at 6 V to acquire 

bright field images and 12 V for fluorescence images). Both fluorescence and 
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bright field micrographs (1392 × 1040 pixels) were acquired using a 16 bit output 

format. The interference filter used was set at 470 nm, dichroic mirror was set at 

490 nm and a 500 nm cut-off was selected, exposing the sample to light during 3 

s. 

For data analysis, fluorescence micrographs were set as RGB images and 

deconvoluted in their respective channels. Green and blue channels were 

discarded and the analysis was performed in the red channel. A threshold for 

intensities (15–255 a.u.) was applied and the microspheres were analyzed by 

displaying the measurements inside their size range of 30–130 pixel with a 

circularity of 0.7–1.0. The tri-mean criterion (see section 4.4.3) was employed 

instead of conventional mean statistics to avoid outliers, which gives more 

importance to the center of the population than to extreme points and thus 

provides a more robust analysis. The mathematical model is based on the 

weighted average of the distribution median distributing the population into 

quartiles: Q1, Q2, and Q3 are the 25%, 50% and 75% points in the 

distribution.154 The experimental signals were normalized by the same 

mathematical procedure as described in 3.8. 

4.14 TGA measurement 

TGA measurements were performed on an instrument from Mettler-Toledo, 

equipped with a single-arm balance TGA/SDTA 851 and an autosampler. The 

implementation was based on the standard DIN EN ISO 11358:1997 standard 

instrument. For each case, around 10 mg of sample was heated from 25°C to 

700°C with 10°C min–1 in a nitrogen flow of 30 mL min–1. 

4.15 ATR-FTIR spectroscopy 

ATR-FTIR spectra were measured on a Nicolet 8700 Thermo Scientific 

spectrometer with smart orbit diamond cryo 2012 equipped with an IR light 

source, a MCT/A detector in the range of 650 to 3800 cm-1. The measurements 

were performed using Omnic version 7.3 software (Thermo Electron Corporation). 
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Each spectrum is the average of 32 scans with a measurement time of 32 s and a 

resolution of 3800 cm-1 using auto baseline correction. 

4.16 TEM and SEM measurement 

High-resolution scanning electron microscopy (SEM) was performed on a Zeiss 

Supra 40 equipped with a high-resolution cathode (Schottky field emitter), an In-

Lens SE secondary electron detector used in the high-resolution mode, and single 

unit transmission set-up. Transmission electron microscopy (TEM) was conducted 

with a FEI Tecnai G2 20 S-TWIN or Philips CM200 microscope operating at 200 

kV. 

Samples for the measurement were prepared on carbon thin film-modified copper 

grids (200 mesh) by drying 2 μL of a 0.1% (w/v) dispersion in ethanol. ImageJ 

software (National Institute of Health, US) was used for calculating the diameters 

of the particles. The diameters of the cores were subtracted from those of the 

core-shell hybrids. 

4.17 Crystal structure 

Crystal structure ORTEP plots were generated with ORTEP-III (Oak Ridge National 

Laboratory, Tennessee, USA) by Werner Kraus (BAM Federal Institute for Materials 

Research and Testing, Berlin, Germany) and generated by Katherine Chulvi Iborra 

(BAM Federal Institute for Materials Research and Testing, Berlin, Germany) using 

Mercury Software. 
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5 Results and Discussion 

5.1 On the Role of Counterions in Molecularly Imprinted 

Polymers for Anionic Species 

5.1.1 Introduction 

Anion sensing has received strongly increasing attention over the past three 

decades, because anions are of paramount importance in all biological systems, 

most of all in the form of nucleotides and amino acids.157-159 Furthermore, 

important ingredients of industrial products such as pesticides and fertilizers are 

also often potentially anionic in nature.160 The detection and quantification of 

anionic species is thus an essential task in many areas ranging from medical 

diagnostics to environmental monitoring.161-162 However, the detection of anions is 

comparatively difficult, because of their significantly lower charge density 

compared to isoelectronic cations and their rather complex shapes, often 

precluding strong electrostatic interactions.163 The structural variety of anions also 

greatly increases the difficulty in receptor design. Especially for synthetic 

molecular receptors, advanced synthesis knowledge and skills are often required 

to obtain binders with appropriate selectivity. Biological receptors such as 

antibodies on the other hand generally possess a high affinity to the respective 

anionic species, yet the high costs and chemical/thermal instabilities of these 

materials limit their application range.21, 164 As we could already see in the 

introduction, MIPs can be used as artificial receptors due to their outstanding 

properties. 

The abundance of commercially available and custom-designed monomers 

enables the preparation of a vast number of MIPs for targeting a wide range of 

species. For example, functional urea-based monomers are promising candidates 

for MIPs targeting oxoanionic species.17, 133, 165-166 Their high selectivity stems from 

the fact that urea can provide two directional H-bonds through its NH groups 

toward the two oxygen atoms of the carboxylate group. Ghosh and Boiocchi 

recently reported that the binding affinity between a urea and an oxoanion 
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depends on the charge density on the oxygen of the anion and its basicity as well 

as the acidity of the urea NHs.167-168 However, MIPs are often prepared in organic 

solvents in which ionic species are not well solvated. This in turn means that also 

the type, electronic and chemical nature of the counterion might become decisive 

for successful receptor preparation. Surprisingly, very little research has been 

undertaken to elucidate the role of counterions in the preparation of MIPs toward 

anions. Here, we will explore the effects of counterions in MIP synthesis by both, 

experimental and theoretical means, and correlate these findings to the results 

obtained from analytical rebinding studies. 

Fig. 30 gives an overview of the key components and synthetic steps of the 

system studied here.  

 

Fig. 30: Synthesis of RAFT agent-coated SiO2 particles (0.35 µm) and silica core/MIP 

shell nanoparticles using TMA, TEA, TBA, THA and TOA as counterions (TXA). 

First, we opted for MIPs that contain a fluorescent probe monomer as the 

designated binding partner, because besides the fact that fluorescent MIPs are 

very attractive sensor materials, such a functional monomer is able to report on its 

status (bound or not bound, microenvironmental polarity as well as 

acidity/basicity) at any time during the pre-polymerization, polymerization and 
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rebinding steps simply through the band maxima in absorption and/or 

fluorescence and its fluorescence yield.169-170 Second, we investigated a format 

that recently proved to possess superior sensing performance in the 

enantioselective recognition of amino acids, that is, a few-nanometer thin MIP 

layer grown by RAFT polymerization of a fluorescent monomer (NBD-

functionalized urea 14), a skeletal comonomer BMA and a cross-linker EGDMA 

from the surface of aminopropyltriethoxysilane (APTES)- and RAFT agent-

functionalized silica microparticles.17 Z-D-Phenylalanine (Z-D-Phe) was chosen as 

the template/analyte here because it is a suitable model amino acid and because 

these investigations allowed to countercheck previous results obtained for the L-

analogue.17, 171-172 The cations investigated in this study were tetramethyl- (TMA), 

tetraethyl- (TEA), tetrabutyl- (TBA), tetrahexyl- (THA) and tetraoctylammonium 

(TOA; the latter three as linear n-alkyl variants) as permanent cations and 

pentamethylpiperidine (PMP) as protonatable cation. These cations are by far the 

most frequently used counterions when MIPs are developed for carboxylate-

containing small-molecule analytes. 

5.1.2 Binding studies with Z-D-Phe with different counterions 

When carefully screening the literature, the use of counterions during the 

characterization of the (isolated) host-guest pairs, as well as during the stages of 

choosing components for a MIP, MIP preparation and rebinding studies, is not 

always consistent. For instance, PMP was used frequently for the in situ 

deprotonation of acidic templates to imprint the corresponding anions, yet the 

host-guest features, that is, the binding constant of template and functional urea 

monomer, were reported for the TBA salt, respectively.173-174 Memory effects for 

the counterion have also been observed accordingly.174 Thus, the counterion 

seems to have a more important role than simply acting as a cation that 

guarantees solubility of the carboxylate salt and maintains charge neutrality during 

polymer preparation. Moreover, when developing MIPs for optical sensing 

applications one has to rely on as strong as possible interactions between 

template and functional monomer, not only for efficient binding but also for 
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achieving the best possible spectroscopic response. The detailed study reported 

here thus lay the focus on both, the influence of the counterion on the formation 

of the preassembled complex in the pre-polymerization mixture, and the rebinding 

performance of the resulting crosslinked polymer matrix.  

Monomer 14 was synthesized as described previously.17 The urea moiety 

endows the monomer with a considerably high affinity for carboxylates. In 

addition, the directly fused NBD chromophore is sensitive to the change of the 

electron density on the urea’s NH group and can thus respond to the binding of a 

carboxylate through two directional H-bonds by a modulation of the NBD’s 

absorption and fluorescence. The methacrylate group helps to embed the complex 

covalently into the polymer matrix. UV-Vis absorption and fluorescence titrations 

were used to assess the binding affinity between anionic guest and fluorescent 

host in dilute solution. Due to the rather acidic character of the NBD urea, anions 

with a high charge density or high partial charges on the oxygens can deprotonate 

the monomer, especially in organic solvents. Usually, only weak bases form H-

bonds with the urea group of 14 and induce a bathochromic shift in absorption 

and an increase in fluorescence as a result of the reinforcement of an 

intramolecular charge transfer (ICT) process that is operative with the 

chromophore upon optical excitation. The influence of the different counterions on 

these features is discussed in the following. The use of PMP to deprotonate Z-D-

Phe, and hence HPMP+ to act as the counterion, led to a red-shift of the 

absorption spectra of 14 by ca. 20 nm in CHCl3 (Fig. 31).  
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Fig. 31: Normalized absorption spectra (A) and the species distribution during the 

titration of 14 (5 µM) with Z-D-Phe/HPMP in CHCl3 (B, free 14, back square and H-

bonded complex, red circle). 

The fluorescence increased accordingly, as expected for NBD dyes with reinforced 

ICT character.175 Since PMP itself does not have an influence on the spectroscopic 

properties of 14, the spectral changes are attributed to the formation of the 14:Z-

D-Phe/HPMP ternary complex or ensemble. A binding constant of 

logK = 2.55 ± 0.01 was determined through fitting the titration results with the 

software HyperSpec. For the calculation the maximum absorption at defined 

wavelength are used. Only two UV/vis-spectroscopically active species were found 

to be involved in the whole titration process, free 14 and 14:Z-D-Phe/HPMP). Fig. 

31 B illustrates that the relative concentration of 14 decrease as soon as Z-D-

Phe/HPMP start binding to 14, while the relative concentration of this H-bonded 

complex is increased.  

In a second step, monomer 14 was titrated with the different 

tetraalkylammonium (TXA) salts of Z-D-Phe, varying from TMA to TOA. Also for 

these counterions, strong fluorescence enhancement was observed upon addition 

of the templates as shown exemplarily in Fig. 32. Fig. 32 further reveals that 

addition of Z-D-Phe/TXA leads to a bathochromic shift of the absorption maximum 

of 14 from 405 to ca. 440 nm with a concomitant appearance of a new, red-

shifted band at 510 nm. Based on work from others and ours, the latter species is 

ascribed to the deprotonated form 14—.17, 167-168, 176  
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Fig. 32. Fluorescence (A) and absorption (B) spectra of 14 (5 µM) in CHCl3 in the 

absence and presence of 0–250 µM Z-D-Phe/TBA (increasing concentrations in grey, start 

point spectrum in blue and end point spectrum in red, steps of 0, 1.0, 5.0, 9.9, 19.6, 

33.8, 47.6, 69.8, 90.9, 130.4, 250 µM are shown). Species spectra (C) and the species 

distribution (D) during the titration calculated by HyperSpec (free 14 in blue; H-bonded 

complex in black and 14– in red). 

Since the urea unit is electronically conjugated to the NBD chromophore and 

forms the electron donating part of a donor–acceptor π system, an increase of the 

electron richness at the urea by deprotonation of one NH leads to an increase in 

donor strength and hence to a strong bathochromic shift. The absence of well-

defined isosbestic points on the other hand, suggests that not only a single acid-

base reaction is taking place but that most likely two competing reactions are 

involved, presumably hydrogen bond-mediated complexation and deprotonation. 

Comparing all the different TXA counterions, the deprotonation tendency increases 

from Z-D-Phe/TMA to Z-D-Phe/TOA. Especially in case of Z-D-Phe/THA and Z-D-
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Phe/TOA, deprotonation starts already at very low analyte concentrations. Data 

analysis with the HyperSpec software supports our phenomenological 

interpretation, that is, three species are required to obtain a good fit. Thus, during 

titration of 14 with the various salts, the free monomer is first converted into the 

H-bonded complex with an absorption maximum at 440 nm and then into the 

anion 14–. The logK data derived from the fit for 14:Z-D-Phe complex formation 

are given in Tab. 6. 

Tab. 6: Binding constant of 14:Z-D-Phe complexes with HPMP+ and different TXA+ 

counterions in CHCl3 as derived from HyperSpec fits. 

Counterion logK a 
(∆𝝀𝟏𝟒:𝑷𝒉𝒆−𝟏

𝒂𝒃𝒔 )
𝒅
 /nm b (∆𝝀𝟏𝟒:𝑷𝒉𝒆−𝟏

𝒂𝒃𝒔 )
𝒑𝒑

 /nm b 

HPMP+ 2.55 ± 0.01 21 – 

TMA+ 4.32 ± 0.03 29 12 

TEA+ 4.43 ± 0.04 34 14 

TBA+ 4.75 ± 0.02 35 16 

THA+ 4.92 ± 0.01 38 18 

TOA+ 5.06 ± 0.03 40 20 

a: Obtained at diluted concentrations.  b: Difference between absorption maxima of 14:Z-

D-Phe and 14, at dilute (d) and prepolymerization (pp) concentrations. 

Comparison of these data with those of PMP/Z-D-Phe mentioned above 

suggests that in contrast to several published works, PMP is not as effective as the 

TXAs counterions for Z-D-Phe imprinting because of the lower affinity (that is, 

smaller logK) of the salt Z-D-Phe/HPMP to 14 in CHCl3. This is also reflected by 

the distinctly smaller template-induced absorption shift in the case of PMP. 

Apparently, HPMP+ resides in closer vicinity to the anion center, possibly due to 

stronger electrostatic interactions. Such behavior would result in competition 

between the two H-bonds pointing from the urea NH to the carboxylate oxygens 

and the single H-bond that can be formed between the proton on the PMP and the 
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carboxylate, leading to an overall decreased basicity and a weaker fluorescence 

response. 

For successful imprinting, high affinity between the functional monomer and 

the template is necessary. In addition, binding constants logK higher than 3 are 

preferred to reach stoichiometric and noncovalent imprinting whereby over 95% 

of template is complexed in the pre-polymerization mixture.17,24,177 Stronger ion-

pairing and enhanced ternary complex formation in the pre-polymerization mixture 

might in turn have an adverse effect on designated cavity formation during the 

polymerization step. Moreover, since the features reported for dilute 

concentrations in Tab. 6 are retained at higher concentrations under pre-

polymerization conditions (Fig. 33), though to a lesser extent, we set out to 

prepare a series of MIPs and studied in detail their rebinding behavior as a 

function of the chain length on the ammonium-N of the TXA cations. It should be 

kept in mind that pre-polymerization conditions do not only mean higher 

concentrations but also the presence of an excess of co-monomer and cross-

linker. In our case, the latter are more polar than CHCl3 and can thus also 

influence the interaction between fluorescent monomer and template and hence 

the shift in absorption. With respect to optimum imprinting it is additionally 

important to avoid any non-directional electrostatic interactions due to species’ 

deprotonation, because non-directional interactions can lead to a higher 

heterogeneity of the cavities. Fig. 32 demonstrates as well that with increasing 

size of the counter ion, the deprotonation tendency increase under pre-

polymerization condition with can be observed by the second band at higher 

wavelengths. 
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Fig. 33: Normalized absorption spectra of 14 (1 mM) in CHCl3 (black), 14 with various Z-

D-Phe/TXA in CHCl3 and in the presence of BMA and EGDMA at pre-polymerization 

conditions; with TXA = TMA (red), TEA (blue), TBA (yellow), THA (dark blue) and TOA 

(green). 

5.1.3 Preparation and performance of the MIP particles 

MIP shells on silica particles were prepared by RAFT polymerization employing the 

pre-polymerization mixtures containing 14 and the various Z-D-Phe/TXA salts as 

mentioned above. The coating of the surface with the RAFT agent ensures the 

formation of a ca. 5 ± 2 nm thin and homogeneous MIP film on the core particles 

(Fig. 34). Non-covalent complex imprinting is mediated by EGDMA as the cross-

linker. Finally, Z-D-Phe/TXA is removed from the MIP network by washing with 

acidic methanol, leaving specific cavities with binding sites in the shell that are 

complementary to the template molecule. 
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(A)        (B)  

              Scale = 100 nm                                  Scale = 50 nm 

Fig. 34: Representative TEM images of core-shell particles prepared with Z-D-Phe/TEA. 

Before analyzing the effect of the different TXA counterions in detail, it is 

important to assess the overall performance of the system. In the present case of 

imprinting amino acids, the most important figures of merit are the 

(enantio)selectivity, that is, the discrimination of the core-shell (CS) sensor 

particles MIP(14)-Z-D-Phe/TXA@SiO2 between Z-D-Phe and its enantiomer Z-L-

Phe, and the selectivity with regards to chemically competing amino acids such as 

Z-D-Glu, possessing two carboxylate moieties, or Z-D-Tyr, able to undergo π-

stacking interactions with the co-monomer BMA. Rebinding titrations were thus 

performed with Z-D-Phe/TXA, Z-L-Phe/TXA, Z-D-Glu/TXA and Z-D-Tyr/TXA. Here, 

we show a representative binding behavior of Z-D-Phe to MIP(14)-

Z-D-Phe/TBA@SiO2 and NIP@SiO2 nanoparticles using TBA as counterion, and the 

corresponding cross-sensitivity studies with Z-L-Phe/TBA, Z-D-Glu/TBA and Z-D-

Tyr/TBA. 

According to Fig. 35, MIP(14)-Z-D-Phe/TBA@SiO2 nanoparticles obviously 

show a better sensing response to Z-D-Phe/TBA compared to the enantiomer and 

the other amino acids. This high selectivity is attributed to the formation of rather 

well-matching cavities during the imprinting process and the retention of the 

directed H-bonding between the carboxylate group of the analyte and the NH 

groups of the urea. Thus, the enantioselectivity factor EF = dFZ-D-Phe/dFZ-L-Phe was 

determined to 5.6. Apparently, Z-L-Phe does not fit well into the specific cavity 

due to its different stereoisomeric structure compared to Z-D-Phe. The MIP 
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showed also a good discrimination against Z-D-Glu/TBA and Z-D-Tyr/TBA with a 

discrimination factor DF = dFZ-D-Phe/dFanalogues) of 3.7 for both analytes. The 

NIP@SiO2 particles show only a very weak effect, stressing the fact that non-

specific binding is negligible in this case. The difference in selectivity between 

MIPs and NIPs results in a high imprinting factor IF = dFMIP/dFNIP of 9.6. 

Compared to previous study with these systems, the imprinting effect could be 

further enhanced due to the thinner MIP shell and a presumable reduction of 

heterogeneity among the cavities.17  
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Fig. 35: Sensing response of MIP(14)-Z-D-Phe/TBA@SiO2 (1 mg mL–1) in CHCl3, toward 

template (red squares), corresponding enantiomer Z-L-Phe (blue circles) and two other 

selected amino acids Z-D-Tyr (dark blue down-triangle) and Z-D-Glu (yellow diamonds) 

and response of NIP(14)@SiO2 (1 mg mL–1) toward template (black up-triangles). 

5.1.4 Influence of the counter-ion during imprinting 

Having established the favorable performance and repeatability of our approach, 

we proceeded to investigate whether the counterion effect seen in the pre-

polymerization mixture can also influence the imprinting process during the MIP 

synthesis. We studied the impact of the counterion on carboxylate imprinting, and 

if the use of the different TXA salts governs the MIP’s selectivity in the analytical 

reaction. 

Fig. 36 reveals that the MIPs which were prepared with smaller counterions 

like TMA showed lower sensing responses after titration with the corresponding Z-
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D-Phe/TXA stock solutions.1 The sensing response increases from TMA to TOA, 

reflecting well the order of logK values in Tab. 6. The weaker fluorescence 

enhancement found in the presence of TMA suggests that also in the MIP TMA 

approaches closer to the carboxylate center, leading to weaker interaction with 

the NBD’s urea binding site as was discussed before. In contrast, the larger 

counterions seem to stay farther away from the 14:Z-D-Phe complexes also in the 

cavities, entailing a more pronounced spectroscopic response due to stronger H-

bonding between 14 and Z-D-Phe (Fig. 34). Analysis of the curves in Fig. 36 

yielded binding constants (by non-linear fitting) for the MIP particles as collected 

in Tab. 7. The data show that the logK of the MIP particles increases from TMA to 

TOA, consistent with the trend of the logK in Tab. 6. 
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Fig. 36: Sensing response of the various MIP(14)-Z-D-Phe/TXA@SiO2 CS particles (1 mg 

mL–1) in CHCl3 with X = M (red square), E (blue circle), B (green up triangle), H (dark 

blue down triangle) and O (yellow diamond) toward the respective template Z-D-Phe/TXA 

used for imprinting and NIP(14)@SiO2 (black left triangle); the response of NIP(14)@SiO2 

to all species is identical within uncertainty. 

The results in Fig. 36 immediately trigger the question whether only the TXA-

modulated interaction between carboxylate and urea is decisive or whether the 

cavities as such have a major influence, that is, whether in all cases Z-D-Phe/TXA 

is imprinted or whether for instance for the larger counterions only Z-D-Phe is 

                                                           
1
 To avoid confusion, MIP-Z-D-Phe/TMA@SiO2 were titrated with Z-D-Phe/TMA, MIP-Z-D-Phe/TEA@SiO2 

were titrated with Z-D-Phe/TEA, etc. 
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imprinted and the lipophilic TXA is sitting close in the polymer network (for 

electroneutrality), yet not necessarily directly in the cavity. 

Tab. 7: Binding constants for MIP(14)-Z-D-Phe/TXA@SiO2 and corresponding Z-D-

Phe/TXA in CHCl3; the counterion used in imprinting and for rebinding was always 

identical. 

Counteriona logK 

TMA+ 4.10 ± 0.01 

TEA+ 4.98 ± 0.02 

TBA+ 5.16 ± 0.02 

THA+ 5.39 ± 0.01 

TOA+ 5.71 ± 0.01 

 

We thus performed another series of experiments by titrating each MIP(14)-Z-D-

Phe/TXiA@SiO2 CS particle solution with the different tetraalkylammonium salts 

TXrA of Z-D-Phe to screen for possible recognition patterns among the MIP sensor 

particles. The results of these titration experiments are collected in Fig. 37. The 

different subscripts of TXiA and TXrA refer to the use of the different counterions 

during the imprinting (TXiA) and the rebinding titration (TXrA). 
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Fig. 37: Sensing response of each MIP(14)-Z-D-Phe/TXA@SiO2 (1 mg mL–1) in CHCl3 

titrated with each tetraalkylammonium salt of Z-D-Phe/TXA (at 0.048 mM). 

Fig. 37 allows to draw the following conclusions. 

- The nature of the counterion of the analyte Xr is least decisive when the 

smallest Xi = M is used. 

- The nature of the counterion of the analyte Xr is most decisive when the 

largest Xi = O is used. 

- In all cases of TXiA, the best response is found when TOA salts are used as 

TXrA. 

- Counterion selectivity is only found for the pair MIP-Z-D-Phe/TOiA@SiO2 and 

Z-D-Phe/TOrA.  

- In all cases, a good response is found for all TXrA with a size that is larger 

than or equal to that of the TXiA used.  

Considering the system of moderately polar template/analyte, fairly polar 

fluorescent monomer, slightly polar polymer matrix and counterions ranging from 

polar (TMA) to largely non-polar (TOA), the following two embedding scenarios 

are principally possible (Fig. 38). First, regardless of the polarity of the counterion 

and because of electrostatic attraction, the cavity is always formed around both, 
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template and counterion (scenario A). Second, due to the fact that TBA, THA and 

especially TOA are rather lipophilic and possess a low charge density, these 

counterions are not necessarily co-embedded into the cavity but can reside in the 

porous polymer network close by (scenario B). In case A, the size of the cavity 

should increase monotonically as Xi is changed from M over E, B and H to O. For 

scenario B, the cavity size first increases for the more tightly bound and polar M 

and E but then levels off for the fairly non-polar counterions when these are 

located in the network nearby; for B, H and O, the size of the cavity should then 

match rather closely that of Z-D-Phe alone. In the next section we will discuss in 

detail the responses to be expected in these two cases. 

 

Fig. 38: Graphical representation of the two imprinting scenarios A (top) and B (bottom) 

described in the text with increasing size of counterion from left (TMA) to right (TOA). 

The size of all the relevant partners is roughly proportional, the greyish ball denoting the 

TXA counterions. 

Response expected for scenario A. For Z-D-Phe/TMiA@SiO2, Z-D-Phe/TMrA should 

reoccupy the cavity best. All the other Z-D-Phe/TXrA should bind to a 

(progressively) lesser extent or not at all. For Z-D-Phe/TEiA@SiO2, Z-D-Phe/TErA 

should bind best, Z-D-Phe/TMrA to a lesser degree and Z-D-Phe/TBrA,Z-D-Phe/THrA 

and Z-D-Phe/TOrA even less or not at all, etc. A response pattern such as in Fig. 

38 would be expected.  

Response expected for scenario B. In this scenario, the cavity size would 

only increase from TMA to TEA because these counter-ions bind tightly enough to 
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14:Z-D-Phe so that the ternary complexes are only fully imprinted for Xi = M, E. 

For TXiA with Xi = B, H and O, these more lipophilic counterions retreat into the 

porous polymer network already during MIP formation and the cavities formed in 

all these cases reflect the size of Z-D-Phe alone. Upon rebinding to Z-D-

Phe/TMiA@SiO2 and Z-D-Phe/TEiA@SiO2, largely similar results as in scenario A 

would be expected. For the larger TXiA, however, the influence of the counterion 

should be much less prominent once the ability of Xr for ternary complex 

formation is low; a response as in Fig. 40 would be expected. 

 

Fig. 39: Hypothetical sensing response according to scenario A sketched in the main text 

for MIP(14)-Z-D-Phe/TXiA@SiO2 assuming the formation of progressively increasing, rigid 

cavities with increasing Xi and rebinding studies with the various tetraalkylammonium 

salts of Z-D-Phe/TXrA. Values on Y axis arbitrarily chosen. 

Expected vs observed responses. According to Fig. 37, all the data on the right 

side of the diagonal described by the data points TXiA = TXrA indicate 

progressively stronger binding when Xr> Xi. A pure size effect of a (considerably 

rigid) cavity as expected for scenario A thus does not seem to be the key decisive 

factor. This part of Fig. 37 suggests that scenario B might be effective, that is, 

that the larger TXrA could penetrate into the network and responses would be 

generally high. However, scenario B does not account for the left side of the line 

TXiA = TXrA in Fig. 37, the weak response for essentially all cases of Xr< Xi (cf. 

Fig. 39).  
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Fig. 40: Hypothetical sensing response according to scenario B sketched in the main text 

for MIP(14)-Z-D-Phe/TXiA@SiO2 assuming the progressive retraction of the counterions 

into the polymer network as the alkyl chains on the ammonium ion become increasingly 

lipophilic and rebinding studies with the various tetraalkylammonium salts of Z-D-

Phe/TXrA. Values on Y axis arbitrarily chosen. 

Ternary complex imprinting into a flexible cavity in a porous network (scenario C). 

If we assume that the cavity is not as rigid as it might intuitively seem from the 

point of view of imprinting, enantioselectivity or discrimination factors, but rather 

flexible, the right side of Fig. 41 can be understood by analogy with a very well-

known biological behavior, the induced fit of enzyme–substrate 

complementarity.178 If we assume that cavities in MIPs are embedded into a 

porous network—like here, guaranteeing macroscopic equilibration and response 

times on the order of seconds—and are flexible, the slightly increasing size of the 

counterion might progressively be accommodated by an adaptive cavity. Since the 

counterion’s increase in size correlates with an increase in spectroscopic response, 

the gradually and moderately increasing data bars on the right side of the 

diagonal in Fig. 39 seem to match well with this model. However, the distinctly 

weaker response on the left side can still not fully be explained by fit-induced 

cavities because an adaptive cavity should also accommodate ternary complexes 

with smaller counterions (at least in a progressive manner, see left side of Fig. 

38). However, if we take into account that Fig. 37 shows the spectroscopic 
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response of the system, that is, the fit into the cavity plus the designated 

hydrogen bonded interaction between monomer and template, a weak signal in 

case of a smaller counterion can either mean that the ternary complex (or the 

template) is not significantly bound or that the ternary complex resides in the 

cavity, although its rather large size and flexibility still allows for more efficient ion 

pair formation than interaction between template and monomer (Fig. 41). Uptake 

would thus happen in all cases, yet would largely escape spectroscopic detection 

for TXrA < TXiA. This scenario would also be stressed by the previously 

determined binding constants of the MIP particles.  

 

Fig. 41: 1. A) Case of only Z-D-Phe fitting tightly into a cavity with counterion residing in 

the network. B) Case of cavity being too large for Z-D-Phe/counterion pair so that the 

attractive forces exerted on Z-D-Phe/TXrA are not strong enough to dissociate the ion 

pair; Z-D-Phe is thus largely unable to H-bond to the urea moiety. 
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5.1.5 Control experiments by HPLC 

To further probe the afore mentioned considerations, the binding capacity of the 

cavities was determined by HPLC. If uptake happens also for ternary complexes 

with TXrA < TXiA but remains spectroscopically silent, this should be seen in the 

HPLC experiments. Applying the same conditions as for the spectroscopic titration 

experiments, a solution of 1 mg mL–1 MIP sensor particles containing 0.048 mM of 

Z-D-Phe/TXrA was prepared and equilibrated for 14 min. After centrifugation, the 

concentration of Z-D-Phe/TXrA in the supernatant was quantified by HPLC 

measurements. Back calculation allowed the determination of the adsorbed 

amount of analyte independent of the analyte’s influence on the spectroscopic 

properties. The calculated concentrations for the MIPs prepared with TMiA, TBiA 

and TOiA are presented in a 3D diagram (Fig. 42). It can be seen, that for Z-D-

Phe/TMiA@SiO2 a somewhat higher amount of Z-D-Phe/TBrA is bound to the MIP 

and even a slightly higher amount of Z-D-Phe/TOrA is retained. Apparently, the 

mechanism of fit-induced cavity formation allows the ternary complex with TBrA to 

be efficiently retained, and even the much bigger TOrA does not aggravate 

retention when the smallest counterion is used during imprinting. In addition, 

considering the magnitude of the spectroscopic responses (e.g., Fig. 36 for all the 

optimal pairs), less retained Z-D-Phe/TOrA can induce a higher spectroscopic 

response than better retained Z-D-Phe/TBrA, and especially than strongly 

interacting TMrA, arriving at an order as in Fig. 37. For Z-D-Phe/TBiA@SiO2, the 

HPLC data show that Z-D-Phe/TOrA can also be accommodated to a sizeable 

degree, though Z-D-Phe/TMrA in particular is efficiently retained. Comparison with 

the fluorescence response in Fig. 8 then immediately suggests that indeed the 

binding scenario B in Fig. 39 sketched in Fig. 41 seems very plausible. Finally, the 

data shown for Z-D-Phe/TOiA@SiO2 in Fig. 42 nicely complement this mechanistic 

explanation.  
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Fig. 42: Quantitative analysis of Z-D-Phe/TXrA adsorption into MIP(14)-Z-D-

Phe/TXiA@SiO2 sensor particles (1 mg mL–1) in CHCl3 by HPLC. For better illustration, the 

Z axis (rebinding) was reversed, as compared to Fig. 37. 

5.1.6 Enantioselectivity control studies 

Fit-induced cavity formation is also supported by the enantioselectivity patterns of 

the MIP sensor particles as determined from titrations with the TXrA salts of Z-D-

Phe and the corresponding L-isomer as the enantiomeric twin. Tab. 8 shows 

representative enantioselectivity factors of MIP(14)-Z-D-Phe/TEiA@SiO2, MIP-Z-D-

Phe/THiA@SiO2 as well as MIP(14)-Z-D-Phe/TOiA@SiO2, which were calculated 

according to EF = dFZ-D-Phe/TXA/dFZ-L-Phe/TXA. 

Tab. 8: Enantioselectivity factors of MIP(14)-Z-D-Phe/TXiA@SiO2 with X = E, H and O. 

Salt used for 

rebinding 

EFMIP-Z-D-Phe/TEiA@SiO2
 EFMIP-Z-D-Phe/THiA@SiO2

 EFMIP-Z-D-Phe/TOiA@SiO2
 

Z-D-Phe/TMrA
 1.1 1.4 1.1 

Z-D-Phe/TErA
 2.3 1.5 1.2 

Z-D-Phe/TBrA
 2.4 1.7 1.3 

Z-D-Phe/THrA
 2.8 5.8 1.7 

Z-D-Phe/TOrA
 2.5 5.4 5.6 
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If a considerably small cavity is imprinted like in case of MIP(14)-Z-D-

Phe/TEiA@SiO2, the enantiomeric selectivity is largely similar regardless of TXrA 

when Xr ≥ E. On the contrary, in presence of the smaller TMrA, no 

enantioselectivity is found; the ternary complex is obviously too mobile and TMrA 

interacting too strongly with Z-D/L-Phe so that no preference is found for Z-D-Phe 

compared to Z-L-Phe. On the other hand, MIP(14)-Z-D-Phe/THiA@SiO2 as well as 

MIP(14)-Z-D-Phe/TOiA@SiO2 can receive all the Z-L-Phe/TXrA (TXrA < THiA or 

TOiA) into their considerably large cavities, revealing absence of enantioselectivity. 

Enantioselectivity is only found when the counterions are big enough to closely fill 

the space in the adaptive cavity. In addition, this enantioselectivity is distinctly 

higher than the one found for the smaller counterions, suggesting that although 

the cavity is adaptive, it is still sufficiently small to prevent accommodation of 

species that have a stereoisomerically different preferential orientation. 

5.1.7 Control studies with NIP(14)@SiO2 

Until now, we have only discussed the various scenarios pertaining to MIPs and 

TXiA/TXrA pairs. Tab. 9 collects the IFs for all TXrA, that is, their responses when 

bound by the corresponding MIP(14)-Z-D-Phe/TXiA@SiO2 compared to the 

responses found by binding to NIP(14)@SiO2 (see also Fig. 35 above). It should 

be mentioned that because the application-oriented background is sensing, we 

only considered here spectroscopic imprinting effects. 
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Tab. 9: Imprinting factors for Z-D-Phe/TXrA and MIP(14)-Z-D-Phe/TXiA@SiO2 (Xr = Xi) 

referenced against NIP(14)@SiO2. 

TXi/rA IF 

TMA 4.1 

TEA 4.8 

TBA 9.6 

THA 8.9 

TOA 6.2 

 

The imprinting effect has been already introduced and discussed above for 

MIP(14)-Z-D-Phe/TBiA@SiO2 (Fig. 35), which showed a favorable IF = 9.6. Tab. 9 

reveals that MIPs imprinted with smaller TXiA gave lower IF values, most likely 

due to the stronger interaction with the anion and the consequent reduced 

response. The decrease of the imprinting effect when considering the more 

lipophilic counterions from TBiA to TOiAis then tentatively attributed to a higher 

non-specific binding in the moderately low-polar organic NIP network or on its 

surface. 

5.1.8 Molecular dynamics simulations  

To go more in detail and to prove the spectroscopic studies of the counterion 

effect, molecular dynamic simulations of the pre-polymerization have been carried 

our as well. The calculations were performed by Carlos Zapata and Marcus Weber 

from the Zuse Institute Berlin (ZIB). This analysis should offer quantitative 

information about the binding stability, the molecular interactions as well as 

chemical affinity between different components in the pre-polymerization mixture 

when it is supposed that the fluorescent monomer–template complex still moves 

freely. However, it was figured out that the molecular effects derived from the 

changes in counterion size are not strong enough to change the stability of the 
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complex but the size tuning can definitively improve the template binding with the 

consequent improvement of the MIP sensing response. 

5.1.9 Conclusion 

The binding between the functional monomer 14 and the target molecule is an 

impotent factor in MIP syntheses. In the current work, the high affinity of the 

deprotonated analyte Z-D-Phe to the urea-containing fluorescent monomer 

increased by decreasing its basicity using counter-ions ranging from TMA+ to 

TOA+ with different chain length. For the first time, we could show that the 

deliberate use of counter-ions offers control over selectivity features through their 

influence on the cavity size and thus the recognition behavior of MIP shells on 

particles. Larger counter-ions employed in the preparation step of the MIP-based 

sensor materials lead to larger cavities, but still show excellent discrimination 

features for instance against enantiomers. For broad-band sensing features, i.e., 

for sensing a specific anionic species in a sample of unknown (counter-ion) 

composition, however, the use of tetraalkylammonium ions with chain length of 

four and longer are not advantageous. In such cases, either lower responses have 

to be accepted or a phase-transfer (ion-exchange) step has to be implemented. 
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5.2 Integrating fluorescent molecularly imprinted polymer 

(MIP) sensor particles with a modular microfluidic platform 

for nanomolar small-molecule detection directly in aqueous 

samples 

5.2.1 Introduction 

In many parts of the world, most prominently in South Asia, North and South 

America and Australia, the herbicide 2,4-dichlorophenoxyacetic acid (2,4-D) is 

used extensively in agriculture for the control of weeds, preventing crop 

production from potential losses.179-182 Following the recent development of new 

herbicide-resistant crops, it is further expected that the use of 2,4-D will increase 

dramatically in the nearer future.183 Unfortunately, this kind of herbicide can 

infiltrate into ground and surface water, potentially contaminating drinking 

water.184-185 If treated plants are used as animal feed, residues can also end up in 

meat, milk or eggs. To prevent water and food from contamination, potentially 

entailing various adverse health effects, health and environmental agencies such 

as the WHO and the EPA set maximum acceptable concentrations in drinking 

water to 30 μg L–1 (136 nM) or 70 μg L–1 (317 nM) (U.S. EPA, 2008).186-188 For 

optimum prevention, the monitoring of 2,4-D levels in aqueous environments 

would thus be desirable, especially during and after pesticide application periods. 

Consequently, rapid, sensitive and selective analytical tools for herbicide residue 

monitoring in aqueous environments at best in a miniaturized format for in-the-

field use are urgently required. Lab-based methods involving chromatography and 

mass spectrometry or requiring rather controlled conditions as for immunoassays 

largely disqualify for such purposes. An alternative would be microfluidic devices in 

combination with suitable recognition matrices. As the latter, molecularly 

imprinted polymers (MIPs) are very attractive. Accordingly with 2,4-D being a 

prominent analyte of global environmental concern, MIPs for extraction, 

separation and detection of 2,4-D have already been developed.189-195 The latter 

examples constitute few reports on electrochemical as well as optical approaches, 
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all of them showing one or the other drawback when aiming at fast, potentially 

on-site sensing of the analyte without sample pre-treatment or conditioning in the 

relevant concentration range.196-203 An overview of reported MIP sensors for 2,4-D 

are shown in Tab. S1. 

Particularly interesting for such purposes are optical sensing technologies, 

because they are ideally suited for the design of powerful miniaturized detection 

devices.204 Until today, MIPs have only considerably scarcely been used in 

combination with microfluidic devices. Moreover, although microfluidic chips have 

been frequently employed for the synthesis of MIP particles, thin films have 

almost exclusively been used in MIP-based microfluidic sensory devices for 

instance with a quartz crystal microbalance, as conducting MIP films or for 

detection via surface plasmon resonance colour reactions or of fluorescently 

labelled analytes.205-213 Only very recently, two examples of luminescent quantum 

dots coated with a molecularly imprinted silica shell have been reported for MIP-

based sensing in a microfluidic device.214-215 

In this chapter, the development of a new fluorescent probe cross-linker 

that is incorporated into a thin MIP layer grafted from the surface of few hundred 

nanometre-sized silica particles is reported. These core-shell particles should be 

combined with a droplet-based 3D microfluidic system that allows the 

determination of the analyte at low concentrations directly in water samples 

without pre-treatment or clean-up. 

5.2.2 Binding studies with 2,4-D 

The first step in the sensor development was the design and synthesis of a 

fluorescent molecular probe that can translate the target binding event into an 

optical signal. Besides binding to the analyte, the probe should ideally give a 

response in the visible spectral range, to avoid interference by scattering and 

allow for the use of cost-effective equipment. Moreover, an essential requirement 

pertains to the fact that the signalling mechanism upon binding the target 2,4-D in 

a non-covalent fashion should not involve any molecular motions or electronic 

processes that require large spatial volumes, which a polymeric sensor matrix can 

simply not offer; nonetheless, the aspired response shall be pronounced to 
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guarantee high sensitivity.169-170 Based on our previous experience in confining 

indicator dyes in mesopores of silica host materials, we chose the merocyanine-

type phenoxazinone skeleton for our present purpose.148 Phenoxazinones are not 

only promising with respect to signal generation in rigid matrices, but possess 

sufficient synthetic flexibility to not only prepare probe monomers but also a probe 

cross-linker and assess the latter’s performance in view of improving a MIP’s 

response. Two phenoxazinone derivatives were thus synthetized, fluorescent 

monomer 16 and cross-linker 19, both carrying a urea group as binding motif for 

the carboxylate group of 2,4-D (Fig. 43).  

While monomer 16 was obtained directly from a commercial 

phenoxazinone by reaction with isocyanate, the cross-linker 19 was obtained from 

a home-made phenoxazinone with an additional primary alcohol, which could then 

react a second time with an isocyanate. The second methacrylate group of cross-

linker 19 was added to embed the complex into the polymer matrix more 

efficiently, leading to a better stability by reducing the possibility for a free dye 

rotor attached only through one anchor point into the matrix to create a distinctly 

larger cavity.  

 

Fig. 43: Molecular architectures of the phenoxazinone derivatives monomer 16 and 

cross-linker 19 as well as structures of 2,4-D and closely related compounds 2,4-DP and 

2,4-DB. 



Results and Discussion 

80 

 

 

The complexing urea moiety with good affinity towards carboxylate was positioned 

at one terminus of the phenoxazinone’s π system. Thus, any electron density 

changes at the urea upon H-bonding interactions with a carboxylate-expressing 

analyte like 2,4-D should influence the chromophore’s properties. 

Indeed, upon addition of 2,4-D in CHCl3 the broad and non-structured 

absorption bands with maxima at 472 and 485 nm for 16 and 19, respectively, 

were shifted to 479 and 516 nm accompanied by an increase of the molar 

absorption coefficient (Fig. 44). These red shifts of the absorption bands were in 

accordance with the formation of H-bonded complexes.148 
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Fig. 44: Absorption titration spectra of 5 µM 16 (A) and 19 (B) in the absence and in the 

presence of 0–250 µM 2,4 D/TBA in CHCl3 (increasing concentrations in grey, start point 

spectrum in blue and end point spectrum in red, steps of 0, 1.0, 5.0, 9.9, 19.6, 33.8, 

47.6, 69.8, 90.9, 130.4, 250 µM are shown).  
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Fig. 45: Species normalized spectra and the species distribution during the titration of 16 

(A) and 19 (B) with 2,4-D/TBA in CHCl3 calculated by HyperSpec (free 16 and 19 in 

black; complex in red). 

Clear isosbestic points at 474 and 486 nm were observed from the species spectra 

and numerical treatment of the data allowed us to verify a distinct 1:1 

stoichiometry and calculate binding constants for [162,4-D]– and [192,4-D]– of 

logK = 3.88 ± 0.02 and logK = 3.92 ± 0.03 (Fig. 45), which is ideal for 

stoichiometric imprinting whereby over 95 % of the template molecules are 

complexed under typical pre-polymerization conditions.24, 177
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Fig. 46: Fluorescence (A) and (B) titration spectra of 16 and 19 (5 μM) in the absence 

and in the presence of 0–250 µM 2,4-D/TBA in CHCl3 (increasing concentrations in grey, 

start point spectrum in blue and end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 

19.6, 33.8, 47.6, 69.8, 90.9, 130.4, 250 µM are shown).  
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Furthermore, as was expected from our earlier works, the emission of 

phenoxazinones 16 and 19 was strongly enhanced after excitation at the 

isosbestic points and red-shifted by ca. 15 nm in the presence of 2,4-D, stressing 

the suitability of such molecular probe architectures for optical detection of a non-

fluorescent analyte like 2,4-D (Fig. 46). 

5.2.3 Preparation and performance of the MIP particles 

Following recent success in devising thin MIP layers as potent sensing matrices, 

silica core-MIP shell microparticles were prepared (Fig. 48). Few-nanometre thin 

MIP phases excel over more traditional formats especially in terms of quantitative 

extraction of template, reducing unwanted background signals, and fast diffusion 

of the analyte to the binding pockets, accelerating response times.17 For control 

purposes, NIP CS particles were also prepared, following the same synthesis 

procedure but without the template. For spectroscopically signalling MIPs it is 

important to guarantee that the complex between indicator monomer (or cross-

linker) and template is stable under pre-polymerization conditions (Fig. 47). Here, 

transfer of the dilute system to pre-polymerization conditions had to include some 

optimization steps before polymerization. In neat solvent (CHCl3), both absorption 

bands of free probes and complexes at 1 mM remained almost identical (472 and 

499 nm in case of 16 and 487 and 513 nm for 19), confirming the formation of 

complexes via hydrogen bonding. However, the addition of EGDMA as (co-)cross-

linker and various co-monomers to the mixture seemed to influence the probe–

analyte interactions. Lower band shifts were observed after addition of HEMA, 

BMA or 4-VPy, yielding absorption maxima at 487, 496, 498 nm for 16 and 496, 

503 and 505 nm for 19, respectively, indicating weaker binding in the presence of 

these components (Fig. 47). These species were thus unsuitable for the current 

MIP preparation. On the other hand, MAAm as co-monomer led to a band centred 

at 499 nm and 513 nm, rendering it an ideal candidate for the synthesis of MIP 

layers in both cases (Fig. 47).  
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Fig. 47: Normalized absorption spectra of 16 (A) and 19 (B) in CHCl3 (black) with 1 mM 

2,4-D/TBA in CHCl3 (red) and in the presence of various co-monomers at pre-

polymerization conditions, HEMA/EDGMA (green), 4-Vy/EDGMA (blue), BMA/EDGMA 

(yellow) and MAAm/EDGMA (dark-blue). 

As supporting core material, we used 0.35 µm silica particles prepared according 

to the Stöber method.17,150 Since RAFT polymerization is a suitable method to coat 

thin MIP layers onto SiO2 particles, the surface was first functionalized with amino 

groups before a RAFT agent was covalently bound to it and finally thin 

homogenous polymer shells of approximately 7±1 nm were grown from the 

surface (Fig. 48 and Fig. 49).  
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Fig. 48: TEM images of the SiO2 (A,B), MIP(16)-2,4-D@SiO2 (C) and NIP(16)@SiO2 (D) 

and MIP(19)-2,4-D@SiO2 (E) and NIP(19)@SiO2 (F).  
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                                         Scale = 20 nm 

Fig. 49: TEM image zoom of shell region or a representative NIP(19)@SiO2 particle 

Thermogravimetric analyses (Fig. 50) of the APTES-SiO2, RAFT agent coated 

APTES-SiO2, MIP(19)-2,4-D@SiO2 and NIP(19)@SiO2 particles showed first a 

weight loss of ca. 3-4 % at 200 °C caused by the evaporation of remaining water 

or organic solvent. For APTES-SiO2 particles, higher temperatures led to a 

degradation of the APTES layer and a weight loss of 9 % in total, while for the 

MIP(19)-2,4-D@SiO2 and NIP(19)@SiO2 particles weight losses of ca. 11–12% 

were found, respectively, corresponding to the polymer shells’ degradation. These 

similar weight losses confirmed the comparable shell thicknesses of MIP and NIP 

particles already observed by TEM (Fig. 48, 49). Also, the FTIR measurement (Fig. 

50) shows that the silica particles were successfully functionalized. After RAFT 

agent coupling two new bands are formed at 2499 and 2605 cm–1. After 

polymerization, both bands disappeared which is in good agreement with our 

previously reported study. Finally, the 2,4-D/TBA imprinted particles were washed 

to remove any non-covalently bound template from the polymer network, leaving 

specific cavities with binding sites complementary to the desired analyte.  
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Fig. 50: TGA curves (A) and ATR-FTIR (B) of APTES-functionalized silica (red), RAFT 

agent coated silica (green) and MIP(19)-2,4-D@SiO2 (blue) and NIP(19)@SiO2 (dark 

blue). In (B) red, blue and dark blue bands are overlapping significantly. Relevant bands 

of APTES-functionalized silica (green spectrum) are distinctly recognizable. The two steps 

found for CPDB-functionalized silica indicate that the RAFT agent is bound in two different 

ways, presumably physically adsorbed as well as chemically conjugated (in a ratio of ca. 

1.3:1), leading to an apparent overall highest weight loss.17 

Assessment of the sensing performance of the prepared particles was conducted 

in the solvent used for imprinting, i.e., CHCl3, titrating with 2,4-D/TBA (Fig. 51). In 

the absence of template/analyte, the fluorescence emission of MIP and NIP CS 

particles prepared from monomer 16 and cross-linker 19 exhibited maxima at 

600 nm upon excitation at 475 nm. Upon addition of 2,4-D/TBA, the fluorescence 

maxima were not dramatically altered, yet an intensity enhancement much higher 

than that for NIP CS particles was observed for MIP CS particles from both, 16 

and 19. Kinetically, this enhancement reached a plateau already after 15 s upon 

addition of 20 µM of 2,4-D/TBA, confirming the fast diffusion of the analyte to the 

binding sites in the thin MIP shell (Fig. 51). 
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Fig. 51: Fluorescence spectra of 1 mg mL–1 MIP(16)-2,4-D@SiO2 particles (A) and 

MIP(19)-2,4-D@SiO2 particles (B) in CHCl3 in the presence of 1 mM 2,4-D/TBA (increasing 

concentrations in grey, start point spectrum in blue and end point spectrum in red, steps 

of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). Sensing response of MIP(16)-

2,4-D@SiO2 (C) (1 mg mL–1) in CHCl3 toward template (red squares) and to the closely 

related compound 2,4-DP (blue circle), NIP(16)@SiO2 toward template (dark blue down 

triangles); Sensing response of MIP(19)-2,4-D@SiO2 (D) (1 mg mL–1) in CHCl3 toward 

template (red squares) and to the closely related compounds 2,4-DB (yellow up triangle) 

and 2,4-DP (blue circle), NIP(19)@SiO2 toward template (dark blue down triangles). 
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Fig. 52: Time course of the rebinding kinetics of 1 mg mL-1 MIP(19)-2,4-D@SiO2 (red) 

and NIP(19)@SiO2 (blue) without (dark) and with 2,4-D/TBA (bright) (20 μM) in CHCl3.  

The favourably high imprinting factors of 3.9 and 4.8, respectively, calculated 

from the ratio of the sensing responses for 16- and 19-containing MIP(n)-2,4-

D@SiO2 relative to the respective NIP(n)@SiO2, indicated the presence of specific 

molecular recognition sites. In presence of two close competitors, 2,4-DP and 

2,4-DB (as TBA salts), whose structures are very similar to the targeted analyte 

(Fig. 43), only weak changes were noticed, the minor structural differences of 

these species already leading to an important mismatch and distinctly less 

favourable binding in the cavities (Fig. 51). Discrimination factors DF 

(dF2,4-D/dFanalogues) of 2.7 and 2.8 against 2,4-DB and 2,4-DP were calculated, 

respectively. As expected the better anchoring of cross-linker 19 in the polymer 

matrix, and thus the higher stability of the imprinted cavities, led to a two-fold 

stronger response. This improved sensing behaviour and outstanding sensitivity in 

the organic solvent with a limit of detection (LOD, calculated again as three times 

the standard deviation 3) of 6.2 μg L–1 (28 nM) let us choose MIP(19)-2,4-

D@SiO2 for the next steps of the sensor development. 
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5.2.4 Phase transfer assay and droplet-based modular microfluidic 

platform 

The development of water compatible MIPs dedicatedly binding through non-

covalent forces such as hydrogen bonds is still a tremendous challenge. This 

impediment is even higher when the signalling response relies on the H bonding 

of a dye with another small organic molecule. Moreover, besides water as a 

prominent H bond competitor for the monomer–template complex as such, 

especially the fact that, when MIP synthesis has to be conducted in organic 

solvents, rebinding experiments in water often lead to dramatically different 

swelling effects are a major obstacle on the way to capture phases operating in 

aqueous systems.216 As recently shown by authors, a first approach to overcome 

such problems is the use a phase-transfer assay in conventional quartz cells (Fig. 

53).17  

 

Fig. 53: Sensing design of phase-transfer assay in conventional quartz cells. 

Accordingly, sensor particles (3 mg) were firstly suspended in 2 mL CHCl3 before 

1 mL of Milli-Q® water was added, followed by the addition of an aqueous stock 

solution of 2,4-D/TBA into the water phase. Then, the fluorescence intensities of 

the organic phases were measured 5 min after addition of the analyte and 

continuous stirring. In agreement with the monophasic results discussed above, 

the fluorescence intensity of the organic phase containing MIP(19)-2,4-D@SiO2 

increased as a function of the amount of 2,4-D/TBA added into the water phase, 

confirming the extraction of the analyte from the aqueous phase. In addition, the 

aqueous phases containing residual 2,4-D/TBA not transferred into the organic 
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phase were analysed by HPLC for validation. These results indeed indicated a 

partition coefficient higher than 2.5 (Tab. 10) and, therefore, a favourable transfer 

of the analyte from the aqueous to the organic phase.  

Tab. 10: Partition coefficient (P) of 2,4-D in aqueous (1 mL) and organic phases (2 mL) 

determined by HPLC analyses. 

n2,4-D added 

mmol 

n2,4-D H2O 

mmol 

C2,4-D H2O 

mol L-1 

n2,4-D CHCl3 

mmol 

C2,4-D CHCl3 

mol L-1 

PCHCl3/H2O 

0.12 0.01 0.01 0.11 0.05 4.4 

0.29 0.05 0.04 0.24 0.12 2.4 

0.55 0.09 0.07 0.46 0.23 2.6 

0.78 0.13 0.1 0.66 0.33 2.6 

1.00 0.18 0.15 0.82 0.41 2.3 

  𝑃𝐂𝐇𝐂𝐥𝟑/𝐇𝟐𝐎 = 2.5* 

*not taking into account the 1st concentration 

 

The NIP control particles did not show any fluorescence enhancement in this 

assay configuration, indicating a dramatic reduction of non-specific binding.  
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Fig. 54: Fluorescence spectrum (A) from the organic phase (CHCl3) containing 1 mg mL–1 

MIP(19)-2,4-D@SiO2 particles upon addition of 2,4-D in the upper water phase 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 50, 120, 230, 330, 411 µM are shown). Biphasic sensing response (B) of 

MIP(19)-2,4-D@SiO2 particles towards 2,4-D (red square) to the closely related 

compounds 2,4-DB (yellow up triangle) and 2,4-DP (blue circle) as well as NIP(19)@SiO2 

particles towards 2,4-D (black down triangle). 
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An imprinting factor of 6.9 was calculated for this protocol, being much higher 

than for the monophasic assay. The discrimination against 2,4-DB and 2,4-DP 

remained largely unchanged with comparable discrimination factors of 2.0 and 3.0 

(Fig. 54). Unfortunately, for the biphasic assay in cuvettes, a much higher LOD of 

884 μg L–1 (4 µM) (3) was calculated. Since such LOD hardly meets the 

requirement for trace analysis, it deemed essential to us to improve the extraction 

step dramatically while at the same time miniaturizing the entire assay.  

Today, analytical tool integration and miniaturization has reached a certain 

level of maturity. However, with respect to exploitation of the synergisms that can 

be expected to emerge from a combination of the chemical sensing power of 

indicator particles with the processing opportunities that miniaturized analytical 

systems offer, a wealth of possibilities remains to be uncovered. Powerful 

microfluidic devices combined with fluorescent indicators have proven beneficial in 

the last years, not only because of their miniaturized size and low probe as well as 

sample volumes, but also because of their almost immediate response and the 

short measurement times without sample pre-treatment that can be realized.217-218 

Combining fluorescent MIP indicator particles with a prototype microfluidic system 

for the real-time measurement of aqueous samples without pre-treatment 

therefore seemed very appealing to us. We thus designed a robust and 

miniaturized microfluidic setup for use with our sensor particles in an in-line two-

phase assay (Fig. 28). Relying on droplet-based extraction, the phase-transfer 

efficiency should be dramatically enhanced, lowering LODs for 2,4-D analysis 

directly in aqueous samples while guaranteeing fast assay times.152 The 3D 

modular microfluidic system devised here utilizes direct injection of the aqueous 

sample and a suspension of MIP(19)-2,4-D@SiO2 in CHCl3 (1 g L–1), the latter in 

vertical position to reduce the influence of sedimentation, into a commercially 

available micro T-cross via standard PTFE tubing. Homogenous water droplets 

were successfully generated and injected into PFA tubing rolled on a metallic bar, 

acting like a micro-extractor for droplet mixing and analyte extraction by chaotic 

advection.219 The intrinsic modularity of the looped tubing extraction system 

greatly facilitated the matching of the requirements to ensure a high extraction 
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and detection efficiency.220 Flow rates of 15 and 10 µL min–1 for the aqueous and 

organic phase, respectively, were found to be optimal to guarantee an efficient 

recognition process. The length of the tubing, i.e., the size of the extractor was 

then adapted for an extraction time of 30 s (2x equilibrium time). Highly 

transparent PFA tubing permitted direct fluorescence signal collection with a 

preferred 90° angle between exciting beam and emission collection optics (Fig. 28 

and 55).  

 

Fig. 55: Picture of the optomechanics cube with light excitation of the microfluidic tubing 

and perpendicular emission collection and (right) fluorescent droplets signals vs time. 

This miniaturized optical setup was organised around a standard optomechanics 

cube with the microfluidic tube passing through, a mounted LED excitation source 

and, perpendicularly to it, an optical fibre bundle connected to a USB 

spectrometer to collect the emission. This optical fibre bundle was also used to 

measure back-scattered light of the LED, to account for LED fluctuations in the 

numerical data treatment. Such a setup allowed us to perform promising 

experiments in Milli-Q® water, detecting concentrations of 2,4-D down to 4.4 μg 

L–1 (20 nM) with a linearity range up to 5 µM, thus matching the WHO and EPA 

requirements (Fig. 56).  
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Fig. 56: Response of sensor towards 2,4-D ([particles] =1 mg mL–1). 

Because of the inert PTFE–PFA wall of the tubing used, highly reproducible 

experiments were obtained and no memory effects were found, even without any 

(regular rinsing of the fluidic system. Like for the cuvette assay, an increasing 

concentration of the analyte induced an enhancement of the fluorescence signal 

coming from the chloroform droplets containing the MIP particles. An acquisition 

of the signal over 100 s coupled with an integration time of 5 ms was sufficient to 

obtain a stable and acceptable standard deviation for the fluorescence 

measurement (0.5–1 %). This led to a total analysis time of 130 s, perfectly 

suitable for real-time monitoring, e.g., by replacing the syringe pump for the 

sample by a bypass from a drainage system or any other outlet of a potentially 

contaminated water body/system. 

5.2.5 Analysis of water samples collected worldwide 

To assess the possibilities for actual 2,4-D monitoring, various water samples from 

Asia, Europe and America were investigated, following a standard addition method 

(DIN 32633:2013-05). Aliquots of 2,4-D/TBA from 0 to 60 nM were directly added 

into the water samples, which were analysed without any further pre-treatment. 

Certain matrix effects were observed for the different samples, leading to 

somewhat enhanced background signals in some cases without any dramatic 

consequences on the ability of the MIP particles to detect the analyte. In all cases, 

signal intensities and titration plots from the analytes were similar and allowed us 

to detect 2,4-D containing samples (Tab. 11, Fig. 57). 
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(A) Santa Fe River, Florida, USA (B) Mississippi, Minneapolis, USA 
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(C) Hàn River, Da Nang, Vietnam  (D) Lake, Nghệ An, Vietnam 
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(E) Teltow Canal, Berlin, Germany (F) Teltow Canal, Berlin, Germany (spiked 0.2 µM) 
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(G) Rio Paranapanema, Salto Grande, Brazil 

Fig. 57: Analyses of real water samples from Florida (A), Minnesota (B), Vietnam (C) and 

(D), Germany ((E) and (F), while (F) was pre-spiked with 0.2 µM of 2,4-D) and Brazil (G), 

following a standard addition method. Aliquots of 2,4-D/TBA from 0 to 60 nM were directly 

added into the samples.  
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Tab. 11: Found 2,4-D concentrations in ground water samples: A. Santa Fe River, 

Florida, USA; B. Mississippi, Minneapolis, USA; C. Hàn River, Da Nang, Vietnam; D. Lake 

Nghệ An, Vietnam; E. Teltow Canal, Berlin, Germany; F. Teltow Canal, spiked with 0.2 µM 

of 2,4-D; G. Rio Paranapanema, Salto Grande, Brazil. 

Water samples Concentrations (nM) 

Found Corr. from NIP Reported ELISA 

A < 20 - < 0.02 n.d. 

B < 20 - 0.14 n.d. 

C 22.3 ± 0.3 - - n.d. 

D 26.0 ± 0.4 - - 13.7 ± 5.8 

E < 20  < 0.09 n.d. 

F 239.4 ± 13.6 194 ± 11.6 - n.d. 

G 27.6 ± 0.1 17.8 ± 0.8 - 18.4 ± 2.3 

 

In accordance with the reported values from various water quality control 

agencies for 2016, samples from North America (Florida Department of 

Environmental Protection and Minnesota Department of Health) and Europe 

(Berliner Wasserbetriebe) showed only slight responses which were below the 

LOD. In contrast, in samples taken rather soon after the common herbicide 

application season from lakes and rivers in Vietnam and Brazil, where 2,4-D was 

and/or is used regularly in agriculture, 2,4-D was detected, but still far below the 

(maximum acceptable concentration) MAC devised by the WHO. These positive 

samples were analysed in parallel with a commercial ELISA test for 2,4-D (Abraxis 

2,4-D ELISA–Microtiter Plate) to confirm independently our results. The 

concentrations found by this procedure were in good agreement with those found 

with the microfluidic sensor system, the slightly lower values presumably resulting 

from the different cross-reactivities any metabolites or closely related substances 

have with either the “artificial antibody” (= MIP) or the real antibody of the ELISA. 

These results clearly stress the potential that the combination of fluorescent MIP 

particles with a microfluidic sensor setup harbours for the detection of herbicide in 

real water samples. Finally, to simulate a water sample distinctly exceeding the 
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WHO limit, 200 nM of 2,4-D/TBA were spiked to the European sample before 

being injected into the sensor. Also in this case, the analyte was easily detected, 

the certain overestimation most likely being related to the fact that the Teltow 

Canal sample showed the most pronounced matrix effects. Indeed, after 

subtraction of the signal coming from the non-specific interactions (obtained from 

titration with the NIP(19)-2,4-D@SiO2) the 2,4-D concentration was found to be 

194 nM.  

5.2.6 Conclusion 

In this work, a fluorescent indicator monomer and a fluorescent indicator cross-

linker were designed, synthetized and integrated into thin MIP shells on silica 

microparticles for the selective determination of 2,4-D. Both probes presented 

high affinity for the target analyte together with a favourable turn-on fluorescence 

response even when confined in a rigid matrix. After incorporation into a thin MIP 

polymer layer on a silica carrier particle, the cross-linker probe exhibited better 

imprinting effects, i.e. higher imprinting factors, presumably due to its more stable 

anchoring into the polymer matrix. Upon application of the sensory core-shell 

particles in a biphasic extraction assay, 2,4-D could be selectively determined in 

water. Integration of the MIP particles into a modular microfluidic platform 

allowed for efficient extraction of the analyte from untreated water samples and 

sensitive detection through analyte-induced fluorescence enhancement. The assay 

allows for the determination of 2,4-D between 20 nM and 5 µM, well complying 

with the WHO or EPA requirements for drinking water, and was successfully 

employed on actual river and lake water samples from various regions of the 

world. The work presented here shows for the first time that the step from a 

fluorescent probe monomer to a cross-linker can improve significantly the 

performance of fluorescent MIPs and that the combination of tailored core-MIP 

shell microparticles with a droplet-based microfluidic system can yield a simple yet 

very powerful miniaturized analytical tool for environmental analysis. Given the 

modularity of the particle platform, the MIP matrix and the microfluidic part, this 

toolbox harbours enormous potential for the development of integrated chemical 

sensors for the monitoring of a larger number of relevant, less hydrophilic 



Results and Discussion 

97 

 

chemical parameters in liquid samples of not only environmental but also 

pharmaceutical, food chemical, biochemical or medical interest.
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5.3 Fluorescent MIP Sensor Particles for the Detection of 

Antibiotics   

5.3.1 Introduction 

For a long time, antibiotics have been used in medicine and factory farming for 

treating diseases. The widespread administration of those drugs, especially in the 

latter, may lead to the presence of antibiotic residues in food products like e.g. 

milk, eggs and meat which causes a negative effect on human health, while 

increasing drug resistances and decreasing the disease treatment efficacy.221 

There are different groups of antibiotics, for instance, tetracycline, macrolide, 

aminoglykoside, fluoroquinolone and -lactams.222 The most common ones belong 

to the -lactams, one of the most relevant being ampicillin (AMPI). This 'broad 

spectrum' penicillin is used in high amounts against many Gram-positive and 

Gram-negative microorganisms in human and veterinary medicine. In addition, 

maximum residue limits (MRLs) of AMPI have been set by the European 

Commission to 4 μg kg−1 in milk and in muscle, fat, liver and kidney to 50 μg 

kg−1.223 

Because of the low concentration level of AMPI, a fast, sensitive and 

selective recognition method and sensing device for the determination of AMPI in 

food products in a convenient functional format for daily use is urgently required. 

Several analytical screening tests have been developed for the detection of AMPI 

including tests based on enzyme assays, immunoassays or receptor binding 

assays.224-226 There are already miniaturized and commercially available test kits 

used for milk samples e.g. the Beta-Star (Neogen Corporation), TwinSensor Milk 

&TwinExpress Milk (Unisensor s.a.) or Charm MRL Beta-Lactam/Tetracycline 

Combo Test & Charm MRLBLTET2 (Charm Sciences Inc.). However, such tests 

suffer from their high costs, preparation effort and limited application solvent. 

Indeed, the last few decades in sensing science and the previous chapter 

4.2 showed that miniaturizing of devices can improve their features,  not only with 

regard to the response and measuring time but also in terms of a decrease of the 

probe and sample volume.227 A promising alternative for a fast and rapid 
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recognition system for small-molecule analytes in food is the combination of 

functionalized particles as sensor platforms with optical detection. Thus, also in 

this chapter MIPs are used for targeting analytes. These “artificial antibodies” in 

combination with the integration of a specific tailor-made fluorescent indicator 

cross-linker in a thin polymer network coated on silica particles via RAFT 

polymerization are used again to proof the method before and show a promising 

detection method for AMPI.  

5.3.2 Binding studies with AMPI/TBA in CHCl3 

As we could observe in the previous study (Chapter 4.2), 19 is the most 

successful fluorescent cross-linker that can be incorporated into a thin MIP layer 

grafted from the surface of silica particles for the detection of small analytes. In 

the next step, the procedure should be validated by exchanging the small 

carboxylate containing model analyte 2,4-D to AMPI for its detection in food 

products e.g. milk or cream (Fig. 58).  

 

Fig. 58: Molecular architecture of the phenoxazinone cross-linker 19 as well as structures 

of AMPI and closely related compounds AMOX (amoxicillin), ENOX (enoxacin) and ENRO 

(enrofloxacin). 
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To investigate the behaviour in solution, first, the receptor cross-linker was 

titrated with 1 mM AMPI/TBA in CHCl3. Fig. 59 illustrates the change in 

absorbance upon addition of the analyte. These results were used again to 

calculated the binding constant for [19AMPI]– of logK = 3.83 ± 0.01 with 

HyperSpec. In agreement with the previously observed results (Chapter 4.2.2), 

the cross-linker formed a stable complex with AMPI/TBA like with 2,4-D/TBA. A 

red-shift of the absorption band from 486 nm to 521 nm could be observed as 

well as an isosbestic point at 495 nm, which was used as the excitation 

wavelength. The emission intensity (Fig. 60) is enhanced with a shift from 584 nm 

to 600 nm. These results show that the fluorescent cross-linker can be used for 

signalling a wide range of carboxylate containing analytes in organic solvents. 
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Fig. 59: Absorption titration spectra of 5 µM 19 (A) in the absence and in the presence 

of 0–250 µM AMPI/TBA in CHCl3 (increasing concentrations in grey, start point spectrum 

in blue and end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6, 

69.8, 90.9, 130.4, 250 µM are shown). Species normalized spectra and the species 

distribution (B) during the titration of 19 with AMPI/TBA in CHCl3 calculated by HyperSpec 

(free 19 in black; complex in red). 
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Fig. 60: Fluorescence titration spectrum of 19 (5 μM) in the absence and in the presence 

of 0–250 µM AMPI/TBA in CHCl3 (increasing concentrations in grey, start point spectrum 

in blue and end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6, 

69.8, 90.9, 130.4, 250 µM are shown). 

5.3.3 Fluorescent core-shell MIP sensor microparticles in CHCl3  

Here, MIP(19)-AMPI@SiO2(1) and NIP(19)@SiO2(1) were prepared following a 

similar procedure like described in the chapter before, however, using AMIP/TBA 

as the template molecule. For better understanding and differentiation of the 

prepared MIP and NIP particles following different synthetic conditions (Tab. 3, 

chapter 3.6.3) we used MIP(19)-AMPI@SiO2(n) and NIP(19)@SiO2(n) as 

abbreviations. Again, 0.35 µm RAFT agent modified silica particles were used as 

the support material. As co-monomer and co-cross-linker, MAAm and EDGMA 

were used as well. Fig. 61 shows that a thin polymer shell of 10 ± 1 nm could be 

created on the surface according to the TEM images, which is, compared to the 

previous study, slightly thicker. Although the synthesis was performed under the 

same and best possible controlled conditions, the use of a different analyte for 

imprinting can influence the shell thickness.    

 



Results and Discussion 

103 

 

(A)    (B)  

    Scale = 50 nm                                     Scale = 20 nm 

Fig. 61: TEM images of the MIP(19)-AMPI@SiO2(1) (A) and NIP(19)@SiO2(1) (B) 

prepared with 19 in CHCl3. 

Fluorescence spectroscopy was used to characterize the interaction between the 

analyte with the prepared receptor material. In the absence of the analyte 

AMPI/TBA the fluorescence of the MIP and NIP CS particles prepared with 19 

show maxima at 600 nm upon excitation at 475 nm (Fig. 59). After addition of the 

analyte, the fluorescence maxima were not shifted strongly, however, the 

intensity increased much more for the MIPs than for NIPs until saturation was 

reached. The sensing response of the MIP and NIP sensor particles were not only 

investigated by the addition of the imprinted AMPI/TBA but also by the addition of 

the structurally similar compound AMOX/TBA, differing only in a single p-hydroxy 

group. It is obvious that the emission intensity of the MIP particles increased 

much stronger upon addition of the imprinted analyte than with AMOX/TBA. A 

LOD of 21 nM (3) was obtained. In contrast, the titration with AMOX/TBA 

resulted in a weaker sensing response of slightly mismatching AMOX/TBA with a 

cavity formed by AMPI/TBA resulting in a discrimination factor DF of 2.1. A good 

specificity of binding of the analyte to the polymer network can be seen by the 

lower analyte binding tendency to the NIP particles in Fig. 62; non-specific binding 

is not very pronounced. An IF of 3.5 was obtained.  

However, compared to the previously studied system in chapter 4.2 

(MIP(19)-2,4-D@SiO2 and NIP(19)@SiO2 in CHCl3, IF=4.8) the lower value could 
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stem from two factors. First, the thicker shell can contain some deeper lying 

binding sites in the matrix that are not reachable for the analyte and second, the 

imprinting of the larger anion template leads to a larger cavity, potentially allowing 

for more unspecific binding in the polymer matrix. Chapter 4.1 demonstrated 

already that the affinity of the anion template to the urea group of the fluorescent 

monomer or cross-linker depends on the basicity of the anion. AMPI (pka = 2.5) is 

somewhat less basic than 2,4-D (pka = 2.7) which can also have an effect on the 

affinity to the binding site and reduce the sensing response. 
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Fig. 62: Fluorescence spectra of 1 mg mL–1 MIP(19)-AMPI@SiO2(1) particles in CHCl3 in 

the presence of 1 mM AMPI/TBA (A) and to the closely related compound AMOX (B) as 

well as of 1 mg mL–1 NIP(19)@SiO2(1) particles (C) in the presence of the template, 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown); Sensing response (D) 

of 1 mg mL–1 MIP(19)-AMPI@SiO2(1) in CHCl3 toward template (red squares) and to the 

closely related compound AMOX (blue circle) as well as of NIP(19)@SiO2(1) toward 

template (dark-blue up triangles). 
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5.3.4 Phase transfer assay  

It was already pointed out that the detection in water using MIPs reveals some 

problems due to swelling effects and competition of the water molecules to the 

urea binding moiety. Thus, a two-phase transfer assay seems to be a good 

method to overcome these problems (Chapter 4.2.4). To find out if this method is 

suitable for the prepared MIP system, the protocol was adapted from the previous 

study (Fig. 54). 3 mg Particles were suspended in 2 mL CHCl3 and 1 mL buffer of 

pH 10 was added forming the second upper phase. Different concentrations of 

AMPI/TBA were added to the aqueous phase and after 5 min equilibration time 

the fluorescence was recorded. The remaining analyte concentration in buffer 

phase was determined with HPLC (Tab. 12). Obviously, the saturation was 

reached earlier compared to the 2,4-D study before. The hydrophilic character of 

AMPI makes it stay in the more aqueous phase and impede the transfer. 

Tab. 12: Partition coefficient (P) of AMPI in aqueous (1 mL) and organic phases (2 mL) 

determined by HPLC analyses 

nAMPI added 

mmol 

nAMPI H2O 

mmol 

cAMPI H2O 

mol L-1 

nMPI CHCl3 

mmol 

CAMPI CHCl3 

mol L-1 

PCHCl3/H2O 

0.06 0.01 0.01 0.05 0.03 3.0 

0.12 0.01 0.04 0.11 0.06 6.0 

0.29 0.05 0.17 0.24 0.12 2.4 

0.55 0.2 0.18 0.35 0.17 0.9 

0.78 0.28 0.24 0.5 0.25 0.9 

1 0.39 0.33 0.61 0.30 0.8 

  𝑃𝐂𝐇𝐂𝐥𝟑/𝐇𝟐𝐎 = 0.9 

*not taking in account the first three concentration due to the strong scattering 

Fig. 62 shows the sensing response of the MIP and NIP particles against the 

analyte. dF/F0 was used again to express the sensing response. This relative 

quantity reduces greatly uncertainties from weighting errors of the particles in the 

different assays. Indeed, the imprinting factor increased to 4.8, mainly by 

suppressing non-specific binding. However, it is still not as good as in the 2,4-D 

case before. 
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Unfortunately, the LOD of 78 µM (3) was worsened as well. Besides the thicker 

shell, the inferior transfer of the more hydrophilic AMPI to the organic phase due 

to its stronger affinity to the aqueous phase emerged as another problem. It is 

obvious that the biphasic assay works preferably for more hydrophobic analytes, 

moving easier into the organic phase and leading to a higher fluorescence 

enhancement.  
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Fig. 63: Fluorescence spectrum from the organic phase (CHCl3) containing 1 mg mL–1 

MIP(19)-AMPI@SiO2(1) (A) and  NIP(19)@SiO2(1) particles (B) upon addition of AMPI in 

the upper water phase (increasing concentrations in grey, start point spectrum in blue 

and end point spectrum in red, steps of 0, 30, 60, 120, 170, 250, 300 µM are shown). 

Biphasic sensing response (C) of MIP(19)-AMPI@SiO2(1) (red square) and 

NIP(19)@SiO2(1) particles (black circles) towards AMPI.  
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5.3.5 Binding studies with AMPI/TBA in MeCN 

Because the phase transfer assay was not successful from the point of view 

of the final application, we repeated the experiments but used MeCN as a more 

polar solvent for preparation and the titration experiments. First, UV-Vis 

absorption and fluorescence titrations were used to assess the binding affinity 

between anionic guest and fluorescent host in pure MeCN. The fluorescence 

increased accordingly with a 15 nm shift, as expected for dye 19 (Fig. 63). A 

binding constant of logK = 3.61 ± 0.03 was determined through fitting the 

absorption titration results with the software HyperSpec, and only two UV/vis-

spectroscopically active species were found again to be involved in the whole 

titration process, free 19 and H-bonded complex (Fig. 65). 
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Fig. 64: Absorption titration spectra of 5 µM 19 (A) in the absence and in the presence 

of 0–250 µM AMPI/TBA in MeCN (increasing concentrations in grey, start point spectrum 

in blue and end point spectrum in red, steps of 0, 5.0, 9.9, 19.6, 33.8, 47.6, 69.8, 90.9, 

130.4, 250 µM are shown). Species normalized spectra and the species distribution (B) 

during the titration of 19 with AMPI/TBA in MeCN calculated by HyperSpec (free 19 in 

black; complex in red). 
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Fig. 65: Fluorescence titration spectrum of 19 (5 μM) in the absence and in the presence 

of 0–250 µM AMPI/TBA in MeCN (increasing concentrations in grey, start point spectrum 

in blue and end point spectrum in red, steps of 0, 5.0, 9.9, 19.6, 33.8, 47.6, 69.8, 90.9, 

130.4, 250 µM are shown). 

The MIP and NIP sensor particles were prepared again similarly to the protocol 

applied before but using MeCN as solvent. Subsequently, we examined the sensor 

particles’ performance in the simple cuvette experiment in MeCN and mixtures of 

MeCN/MeOH and MeCN/H2O in different ratios. In MeCN, the sensor particles 

fluoresce at 600 nm after excitation at the isosbestic point, and after adding 

increasing concentrations of AMPI/TBA, the fluorescence of the MIP particles 

increased much stronger compared to the NIP particles (Fig. 66). A LOD of 13 µM 

(3) was derived. In addition, a favorable DF (against AMOX/TBA) of 2.1 and an 

IF of 5.2 which is even higher than in case of the particle measurements in CHCl3 

were obtained.  
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Fig. 66: Fluorescence spectra of 1 mg mL–1 MIP(19)-AMPI@SiO2(2) particles in MeCN in 

the presence of 1 mM AMPI/TBA (A) and to the closely related compound AMOX (B) as 

well as of 1 mg mL–1 NIP(19)@SiO2(2) particles in the presence of the template (C), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown); Sensing response (D) 

of 1 mg mL–1 MIP(19)-AMPI@SiO2(2) in MeCN toward template (red squares) and to the 

closely related compound AMOX (blue circle) as well as of NIP(19)@SiO2(2) toward 

template (dark-blue up triangles). 

From TEM measurements (Fig. 67) a thinner shell of around 5 ± 1 nm can be 

observed when particles are prepared in MeCN instead of CHCl3. Apparently, a 

thinner shell results in a higher analyte-induced signal in general due to the better 

access of the analyte to the binding pockets. 
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(A)     (B)   

     Scale = 20 nm                                    Scale = 20 nm 

Fig. 67: TEM images of the MIP(19)-AMPI@SiO2(2) (A) and NIP(19)@SiO2(2) (B) 

prepared with 19 in MeCN. 

Unfortunately, as it can be seen in Fig. 68, less or no fluorescence response of the 

MIP sensor particles against AMPI/TBA could be observed when turning to 

mixtures of MeCN and hydrogen bonding solvents, i.e., the MeCN/MeOH and 

MeCN/H2O mixtures also used above, due to the competition of methanol or water 

molecules with the urea and carboxylate groups as H bond partners.  
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Fig. 68: Sensing response of 1 mg mL–1 MIP(19)-AMPI@SiO2(2) core/shell particles 

toward template in different mixtures of MeCN/H2O (A) and MeCN/MeOH (B); 100/0 (red 

square), 99/1 (blue circle) and 90/10 (black up triangle). 
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5.3.6 Conclusion 

MIP and NIP shell/silica core particles have been synthesized with the aim of 

detecting AMPI in aqueous solution and later on in food samples. The thin MIP 

shell on silica particles resulting from RAFT polymerization and the use of 19 as 

fluorescent cross-linker, MAAm as co-monomer and EGDMA as co-cross-linker in 

CHCl3 demonstrated a high potential for the selective detection of the TBA salt of 

AMPI in the organic solvent with good imprinting effect. Application of the method 

developed in the previous chapter to transfer the analyte from an aqueous phase 

to an organic phase containing the MIP particles however has failed in the sense 

that analytically relevant sensitivities could not be reached. This can be mainly 

ascribed to the more hydrophilic character of AMPI compared with 2,4-D which 

precludes quantitative phase transfer and the induction of a correspondingly 

strong fluorescent signal. In conclusion, this phase transfer assay and thus the 

established microfluidic set-up cannot be used for such hydrophilic analytes. Even 

when the MIP and NIP particles were prepared in a more polar solvent such as 

MeCN, favorable results could only be obtained in the organic phase alone. The 

presence of MeOH and H2O suppressed a response dramatically. These 

experiments showed the limits of the previously developed strategies. 
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5.4 Fluorescent Sensor Particles based on Molecularly 

Imprinted Polymers for the Detection of Antibiotics integrated 

in Fiber Optic Microarrays 

5.4.1 Introduction 

It was well-demonstrated that the fMIP-based sensor particles, prepared in 

previous sections, showed their best performance in CHCl3 and similarly apolar 

solvents which were also used for their preparation. Apolar media are a suitable 

environment for the H-bonds between the analyte and the urea-based fluorescent 

monomer or cross-linker and reduce the swelling effect which can impede the 

binding strength. However, efficient binding in water-rich media is required to 

construct MIP-based sensors capable to analyse hydrophilic analytes in real 

samples, such as foodstuff or environmental samples. The previous chapters 

showed that integrating apolar-like MIP particles into a microfluidic platform is not 

sufficient to overcome the problem of measuring hydrophilic analytes, such as 

AMPI. In this context, the challenge for fMIP-based sensors is the detection of 

polar molecules under aqueous conditions while still benefitting from the strong H-

bonding-induced fluorescence response and thus generating a suitable analytical 

signal.  

Fiber optic (FO) sensors are perhaps the most exploited platform in the 

development of opto-chemical sensors due to their cheap preparation, ease of 

miniaturization and integration, minimal loss of light and the possibility to measure 

over long distances.156 Fiber optic sensors have been extensively studied in the 

last decades, however, studies involving fiber optic sensors and MIPs as 

recognition elements are still rather scarce, especially in which the MIPs are 

integrated into the fiber.70, 124, 154, 202, 228 The combination of fMIP microspheres 

with fiber optic arrays represents a potential solution to overcome the 

aforementioned problem. Indeed, the use of optical fiber bundles and arrays of 

microspheres, decorated with biorecogntion elements, has been a powerful tool 

for many practical fluorescent (bio)sensing applications (ref). The sensor 

described here combines the advantages of MIP sensor particles with optical fiber 
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bead-based microarrays for the detection of AMPI at low concentrations directly in 

milk samples. 

5.4.2 Preparation and performance of the MIP particles 

For the imprinting and detection of AMPI, the fluorescent cross-linker 19 

based on phenoxazinone was used as well in this study due to its promising 

sensing ability against carboxylic acids.229 19 exhibits fluorescence which was 

shown by fluorescence titration experiments in MeCN in the chapter before. 

Fluorescence enhancement of 19 was observed with increasing concentration of 

AMPI/TBA in pure MeCN, confirming that 19 could be used as suitable fluorescent 

functional cross-linker to imprint the analyte in MeCN as well. The maximum 

excitation wavelength of 19 was found to be 485 nm and its emission wavelength 

600 nm, which is perfectly suitable for optical sensing applications. 

In respect of the further application of the MIP particles in combination with 

the fiber-optic microarray, our aim for this chapter is the preparation of MIP 

sensor particles which exhibit the correct size to be deposited in the microwells of 

the fiber-optic bundle as well as show a change in fluorescence properties in the 

presence of the target analyte.40, 154, 230 This platform has been developed in 

collaboration with Prof. Moreno-Bondi’s Group at Complutense University of 

Madrid who previously developed a fiber-optic array using molecularly imprinted 

microspheres for enrofloxacin analysis.154 

The preparation of MIP(19)-AMPI@SiO2(2) and NIP(19)@SiO2(2) particles 

of 0.35 µm size in MeCN resulted in promising sensing response against the target 

analyte; however,. this particle size does not fit to the microwells created at the 

distal end of the FO bundle available that were 3.1 µm diameter. The synthesis 

strategy for the 0.35 µm particles was adapted to larger commercially available 2 

µm silica particles. MIP(19)-AMPI@SiO2(3) and NIP(19)@SiO2(3) 2.0 µm (n=3) 

were thus prepared in MeCN. The MIP composition includes AMPI/TBA as 

template, 19 as fluorescent cross-linker, MAA as co-monomer and EGDMA as co-

cross-linker. The effective coating of the MIP shell onto the silica particles was 

verified by SEM, TGA and ATR-FTIR. Fig. 69 shows SEM images of the blank 

commercially available silica particles and MIP silica particles. It is obvious, that a 
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nanometer-thin MIP shell is hardly discernible on the surface of the 2 µm particles 

because of the poor contrast emanating from the large size difference.  

The FTIR measurement (Fig. 69) shows that the silica particles were successfully 

functionalized. After the RAFT agent coupling two new bands are formed at 2499 

and 2605 cm-1. After polymerization, these two bands disappeared which is in 

good agreement with our previously reported study. Fig. 69 collects the 

thermogravimetric analyses of the APTES-SiO2, RAFT agent coated APTES-SiO2, 

MIP(19)-2,4-D@SiO2(3) and NIP(19)@SiO2(3) particles.  
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Fig. 69: SEM images (Scale = 100 nm) of blank SiO2 particles (A) and MIP(19)-

AMPI@SiO2(3) (B). TGA curve (C) and ATR-FTIR (D) spectra of APTES-functionalized 

silica (red line), RAFT agent coated silica (green) and MIP(19)-2,4-D@SiO2(3) (blue line) 

and NIP(19)@SiO2(3) (dark blue line). In (D) red, blue and dark blue bands are 

overlapping significantly. Relevant bands of APTES-functionalized silica (green spectrum) 

are distinctly recognizable. 
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In all cases, a weight loss of ca. 2-3 % at 200 °C is obtained due to the 

evaporation of remaining water or organic solvent. For APTES-SiO2 particles, 

higher temperatures led to a degradation of the APTES layer and a weight loss of 

4 % in total, while for the MIP(19)-2,4-D@SiO2(3) and NIP(19)@SiO2(3) particles 

weight losses of ca. 10–11% were observed, respectively, corresponding to the 

polymer shells’ degradation. Based on this data, a 30 nm polymer shell on the 

silica particles was estimated by calculation if a density of silica of 1.8 g cm-3 and 

a weight of 10 mg was assumed.231 

The recognition properties and the selectivity of these MIP sensor particles 

were evaluated again by cuvette-based fluorescence titration experiments in pure 

MeCN which was also used for their synthesis. The MIP and NIP particles were 

titrated with AMPI/TBA. As illustrated in Fig. 70, MIP(19)-AMPI@SiO2(3) show 

fluorescence enhancement upon addition of the imprinted analyte yielding a limit 

of detection (LOD) of 51 nM (3) in MeCN. For NIP(19)@SiO2(3), the fluorescence 

enhancement upon analyte addition was significant lower, resulting in an IF of 

2.4. In order to determine the selectivity of the MIPs, the particles were also 

titrated with the structurally similar compound AMOX/TBA. The measurement 

show that the MIP fluorescence enhancement is 1.6-times less than with AMPI, 

which demonstrated an acceptable selectivity of the sensor particles. 

However, if we recall the results for MIP(19)-AMPI@SiO2(2) and 

NIP(19)@SiO2(2) (IF=5.8, DF=2.1), the smaller MIP(19)-AMPI@SiO2(2) 

responded stronger to AMPI/TBA than the larger MIP(19)-AMPI@SiO2(3) and a 

better imprinting effect was achieved. Due to the more planer surface of the 

larger silica particles, the polymer coating compared with 0.35 µm particles is 

challenging. It seem to be a thicker shell, however, the non-specific interaction in 

case of NIP particles could be attributed to larger cavities due to the larger 

porosity of the polymer network. 
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Fig. 70: Fluorescence spectra of 1 mg mL–1 MIP(19)-AMPI@SiO2(3) particles in MeCN in 

the presence of 1 mM AMPI/TBA (A) and to the closely related compound AMOX (B) as 

well as of 1 mg mL–1 NIP(19)@SiO2(3) particles in the presence of the template (C), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown); Sensing response (D)  

of 1 mg mL–1 MIP(19)-AMPI@SiO2(3) in MeCN toward template (red squares) and to the 

closely related compound AMOX (blue circle) as well as of NIP(19)@SiO2(3) toward 

template (dark-blue up triangles). 

The binding kinetics of AMPI/TBA to the sensor particles is depicted in Fig. 71. The 

signal response increased in the presence of 20 mM AMPI/TBA and leveled off 

after ca. 5 s. No signal variation was observed in the absence of analyte.  The 

outstanding sensing kinetic is the result of the use MeCN as solvent and the more 

porous polymer network which greatly reduces the diffusion time of the analyte to 

the binding cavities. 
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Fig. 71: Time course of the rebinding kinetics of MIP(19)-AMPI@SiO2(3) with none (blue 

square) and 20 mM AMPI/TBA (red down triangle) in MeCN. 

5.4.3 Fiber-optic microarray based on fluorescent MIP microparticles 

A MIP-based sensing platform that combines the MIP(19)-AMPI@SiO2(3) 

microparticles with bead-based microarrays was then fabricated, aspiring to 

improve the performance of the larger MIP-coated beads. This technology was 

available and applied at Prof. Moreno-Bondi Laboratory in Complutense University 

of Madrid as part of a research collaboration. 

The 3 cm long optical fiber bundles, containing approximately 50 000 

individual optical fibers (with diameters of 3.1 µm), are chemically etched with an 

acidic solution to create a two-dimensional array of microarrays. Then, the 

fluorescent MIP(19)-AMPI@SiO2(3) are placed (1 µL of 0.25 mg mL–1 MIP 

particles solution) onto the etched distal end of the fiber to form a randomly and 

highly dense ordered array, addressable thanks to the intrinsic fluorescent 

properties of the particles. The fiber was kept in the dark until complete 

evaporation of the solvent and adequate incorporation of the particles into the 

wells. The process was repeated 10 times to increase loading efficiency and the 

excess of microspheres, those not loaded into the microwells, were removed using 

a cotton swab.154 

Image capturing was performed in an epi-fluorescence microscope 

(Olympus BX51) by vertically placing the fiber-optic microarray in a home-built 

adaptor. The microscope was equipped with a 16-bit charge-coupled device (CCD) 

camera (Infinity 3, Lumenera Corporation) and a 100 W halogen lamp (operating 



Results and Discussion 

119 

 

at 6 V to acquire bright field images and 12 V for fluorescence images). The fibers 

were imaged with 20x magnification the fluorescence filter set for monitoring fMIP 

microparticles includes an excitation interference filter 470/10, a dichroic mirror 

490DCXR, and a cut-off emission filter of 500LP. Acquisition time was set at 3 s. 

Images of representative portions of the fiber bundles were analyzed using a 

home-made algorithm designed in ImageJ (v.1.44p, Wayne Rasband, National 

Institutes of Health, USA). The tri-mean criterion was employed instead of 

conventional mean statistics to avoid outliers. The mathematical model is based 

on the weighted average of the distribution median distributing the population into 

quartiles: Q1, Q2, and Q3 are the 25%, 50% and 75% points in the distribution, 

respectively.154 

Before incubation with the analyte, the distal end of the fiber that holds the 

microspheres was washed several times with 100% MeCN. After solvent 

evaporation, background imaging acquisition was performed to confirm that the 

signal from the fiber-optic bundle was negligible.  

For calibration purposes, the MIP(19)-AMPI@SiO2(3) and the 

NIP(19)@SiO2(3) were incubated in pure MeCN containing increasing 

concentrations of AMPI/TBA salt (0-25 nM). Fig. 72 shows that the recognition of 

the MIP microparticles is much larger than the corresponding NIP particles which 

is in good agreement with the previous cuvette experiments. The detection limit, 

estimated according to the IUPAC criteria as the AMPI concentration producing an 

analytical signal that is three times the standard deviation of the blank signal, was 

0.72 nM (10 times for the quantification limit, LOQ=2.39 nM) which is much lower 

than in the cuvette titration experiment. Calibration curves were also obtained 

after incubating newly assembled MIP/NIP microarray in 1.5 mL of native AMPI 

standards without previous deprotonation, with concentrations ranging from 0 to 

7.5 nM prepared in aqueous-rich media (25:75 (v/v) MeCN:HEPES (25 mM, pH 

7.5)). As shown in Fig. 72, also under these conditions, the MIP sensor particles 

show the best response in comparison to the NIP particles resulting in a LOD and 

LOQ of 0.40 nM and 3.24 nM, respectively. The solvent evaporation avoids the 

disruption of the interaction between 19 and the analyte and enables a more 
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stable embedding of the analyte in the cavity. These results are promising for 

applying the developed platform for the analysis ampicillin residues in foodstuff, 

such as milk samples. 
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Fig. 72: Sensing response when MIP(19)-AMPI@SiO2(3) (red square) and 

NIP(19)@SiO2(3) (black circle) were deposited onto fiber microwell arrays and incubated 

with AMPI/TBA in MeCN (A) and AMPI in 25:75 MeCN:HEPES (25 mM pH 7.5) (B). 

Furthermore, under the same conditions as described before, a cross-reactivity 

study was performed to investigate the selectivity of the sensor particles. 

Therefore, native AMOX and the fluoroquinolones ENOX and ENRO standards were 

incubated using concentrations ranging from 0 to 7.5 nM. Fig. 73 demonstrates 

the excellent selectivity of MIP(19)-AMPI@SiO2(3) for the template molecule 

(50%, 7.5 nM) and AMOX (20%, 7.5 nM), structurally similar to AMPI. Responses 

of the other antimicrobial tested were negligible (<10%, 7.5 nM). 
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Fig. 73: Cross-reactivity (A and B) with different antibiotics (AMPI (red square), AMOX 

(blue circle), ENOX (green up triangle) and ENRO (dark blue down triangle) in 25:75 

MECN:HEPES (25 mM pH 7.5). 

5.4.4 Conclusion 

In this Chapter, we described a fiber-optic microarray platform using MIP particles 

for detecting AMPI in milk samples. For this study, larger MIP and NIP 

microparticles had to be synthesized fitting into the microwells of the optic fiber 

bundle. For that reason, the synthesis protocol of the 0.35 µm MIP and NIP 

particles was adapted to create a thin MIP layer onto 2.0 µm silica particles. These 

particles showed not only an outstanding fast response for AMPI and good 

selectivity in pure MeCN in the cuvette experiment but also using the optical fiber 

assay after optimization of image processing and data analysis.  

This combination of a fiber-optic microarray and fluorescent MIP sensor 

particles as well as epi-fluorescence imaging detection, improved not only the 

imprinting effect but also the LOD compared to the cuvette titration experiment. 

These results are promising for applying the developed platform for the analysis of 

ampicillin residues in foodstuff, such as milk samples. Due to the flexible assay 

design, this application can be also transfer to further MIP particles, containing 

other fluorescent dyes, for the detection of an analyte of interest.
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5.5. Detection of the herbicide 2,4-D through excited-state 

double proton transfer using thin MIP layer 

5.5.1 Introduction 

We have already discussed that still today, the on-site detection of environmental 

pollutants like herbicides remains a challenge. It was further elaborated that 

chemical sensors are a promising approach, especially when miniaturized. In 

addition, we have demonstrated that the robustness of MIPs combined with their 

ability to effectively recognize dedicated target analytes makes them very 

attractive in the context of chemical sensors, likewise, only few examples have 

shown promise for real sensing applications.21  

The above works in this thesis were focused on the preparation and use of 

MIP-based sensor systems for the specific detection of carboxylate anions using 

designed functional fluorescent urea monomers based on phenoxazinone- and 

nitrobenzoxadiazole dye scaffolds.17, 229 However, the synthesis of such 

polymerizable indicator molecules can be cumbersome and, quite frequently, the 

resulting compounds show rather limited solubility behaviour, also in many organic 

solvents. We were thus interested in elucidating the possibility of sterically 

imprinting a fluorescent probe–analyte complex into a polymer matrix without 

forming a single covalent bond between the polymer backbone and the indicator 

molecules. Besides the advantage of avoiding complicated synthesis, the 

combination of a rather simple dye with a single anion interaction site with a 

tailored pocket was envisioned to couple simplicity with synergism. Herein, we 

present for the first time a novel fluorescent probe, carrying a 2-aminopyridine 

unit as spectroscopically active binding site, as sterically imprinted signal 

transducer. Moreover, the dye was chosen in such a way that directional hydrogen 

bond-mediated binding of organic acids, respectively herbicides, is possible 

without previous deprotonation. Again, after incorporation into the polymer, the 

extent to which the analyte interacts with the chemical recognition phase 

determines the magnitude of the signal.  
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Beside this study, there are only few fluorophores in literature which show ESDPT. 

Herein, our fluorophore should fulfil the requirement. The 2-aminopyridine moiety 

was integrated into a chromophoric system that absorbs in the UV/visible range 

compatible with laser sources widely used in analytical instruments and that 

produces an enhanced fluorescence signal upon interaction with the guest 

molecule 2,4-D. 

5.5.2 Binding studies with 2,4-D in different solvents 

Fig 74. shows the absorption and emission spectra of 22 in various solvent as well 

as in presence of 2,4-D. The absorption spectra of 22 are similar in shape and 

position in solvents with different polarity and proticity. Due to the 

functionalization of 2-aminopyridine on the C3 position (see Fig. 75 below) and 

the additional conjugation, the absorption is more shifted to the visible range, 

which makes this dye more suitable for real applications. 

Upon binding to the model analyte 2,4-D at lower concentrations, these 

maxima were slightly red-shifted. With further increasing the concentration of 2,4-

D, a second absorption band at 400 nm was formed in all cases which is 

characteristic of the formation of intermolecular H-bonds between the 

aminopyridine moiety of the dye and the carboxyl group of the 2,4-D.146-147 

Isosbestic points were observed at 363, 365 and 366 nm in toluene, chloroform 

and MeCN. Based on these results the binding constants were evaluated by 

nonlinear regression fitting (Fig 74, Tab. 13). The affinity of 2,4-D to 22 is 

decreased in more polar solvents, which is again in good agreement with previous 

studies.147 The small binding constant in MeCN suggest that the respective polar 

solvation of 22 and 2,4-D by MeCN disrupts the formation of intermolecular 

double hydrogen bonds between the components. 
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Fig. 74: Absorption (left) and fluorescence (right) spectra of 22 (2 µM) in toluene (top), 

CHCl3 (middle) and MeCN (bottom) in the absence and presence of 0-2.5 mM 2,4-D 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, titration concentrations are shown in plot). 
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The fluorescence behavior of 22 depends on the solvent polarity (Fig. 74). The 

wavelengths of fluorescence maxima increase with the polarity of the solvent 

(Tab. 13). 

Tab.13: Spectroscopic properties and binding constants of 22 in selected solvents. 

solvents abs /nm 
em /nm logK 

Toluene 342 387 3.53±0.04 

CHCl3
 348 418 3.46±0.06 

MeCN 342 466 2.63±0.08 

 

After complexation with the analyte via hydrogen bonds, the bands at lower 

wavelengths in toluene and CHCl3 decrease strongly while new weaker 

fluorescence bands at 500 and 544 nm are formed indicating the ESDPT 

reaction.146-147 However, only an isoemissive region can be observed at 470 nm in 

toluene. The corresponding fluorescence excitation spectra suggest that the two 

emission bands emerge from unbound 22 and the 22/2,4-D complex. However, 

based on our observation and reported studies, the second band belongs to the 

double proton-transferred 22 imino tautomer, and not to a single proton-

transferred 22 cation. Fig. 75 summarizes the ESDPT of the 22/2,4-D system in 

CHCl3 again for a better overview.147 Before excitation, 22 and 22/2,4-D are in an 

equilibrium. However, as soon as the 22/2,4-D complex is excited with the 

wavelength at the isosbestic point, the proton moves from the hydroxyl group of 

2,4-D to the ring nitrogen of 22, forming an ion-pair intermediate with a 

protonated 22 cation and a 2,4-D anion, showing small fluorescence shift to 

422 nm, which commonly decays on the order of a few ps. At the same time, the 

imino tautomer is formed while the second proton is transferred from the 

deprotonated 2,4-D to 22. ESDPT here thus seems to proceed stepwise. The 

excited imino tautomer then relaxes under emission of green fluorescence.146 
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Fig. 75: Schematic energy diagram illustrates the dynamics of the excited-state double 

proton-transfer reaction of 22 and 22/2,4-D complex in CHCl3.
146 

In contrast, in the more polar solvent MeCN, this emission intensity is strongly 

suppressed. After increasing the concentration of the analyte, the fluorescence is 

slightly enhanced but at higher concentrations quenched again. The ESDPT imino 

tautomer band is presumably absent. 

5.5.3 Crystal structure analysis  

We successfully synthesized 22 in a moderate yield and obtained good-quality 

single crystals of 22 as well as the hydrogen-bonded 22/2,4-D complex. The 

crystallographic data of these two crystals are summarized in Tab. S2 This X-ray 

analysis of 22 shows that the dye crystallized in triclinic space group P-1 with four 

molecules in the unit cell. In the asymmetric cell, two molecules of 22 and two 

molecules of solvent were obtained. The tree-dimensional structure of 22 is 

illustrated in Fig. 76 including the atomic labelling scheme. The two aromatic rings 
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are coplanar. In contrast, Fig. 77 shows the tree-dimensional structure of the 

hydrogen-bonded complex 22/2,4-D. This crystal structure is monoclinic, in Pa 

21/c space group. Again, there are four molecules in the unit cell and two 

molecules in the asymmetric unit. In this case, there are no disordered solvent 

molecules, consequently the R factor is much better than before in 22. The 

structure of 22 is still planar in the complex, however, the analyte binds not in the 

same plane with 22 but with at a 20° angle to the plane due to the additional 

week interaction of halogen atoms of 2,4-D with the -system of 22. 

 

Fig. 76: Crystal structure of 22 as derived from X-ray analysis. 

 

 

Fig. 77: Crystal structure of hydrogen bonded 22/2,4-D as derived from X-ray analysis. 

The formation of two intermolecular hydrogen bonds between the carboxyl group 

of 2,4-D and the 2-aminopyridine moiety determine the bond lengths which are 

summarized in Tab. 14. The O(1)-H(1)...N(1) hydrogen bond is formed by the OH 

group of 2,4-D and the pyridine hydrogen atom (2,69 Å). N(2)-H(2)…O shows a 

length of 2.821 Å between the amino NH group and the carbonyl oxygen of 2,4-D. 

As soon as the analyte binds to the dye, the length of the C(1)-N(2) bond in 
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22/2,4-D is reduced to 1.328 Å compared to 22 (C(4)-N(1)) with 1.348 Å while 

the length of the N(1)-C(1) bond in 22/2,4-D is lengthened to 1.357 Å. The angle 

of N-C-N is increased from 116.5° to 118.24° after hydrogen bond formation 

which is as well in good agreement with comparable studies.232  

Tab. 14: Hydrogen-Bond Geometries of Donor (D) and Acceptor (A) for 22/2,4-D 

complex. 

D-H….A d (D-H) d (H…A) d (D…A) < (DHA) 

O(1)-H(1)...N(1) 0.840 Å 1.871 Å 2.694 Å 165.91° 

N(2)-H(2)…O(2) 0.880 Å 1.943 Å 2.821 Å 175.65° 

 

The interatomic distances of 2,4-D before and after the formation of the two 

obviously moderate hydrogen bonds with 22 are changed as well (Tab. 15).233 

Smith et al. already reported the structure of 2,4-D and the respective bond 

lengths and angles.234 Due to the double hydrogen bonds the covalent 

C(16)=O(2) double bond and the C(16)-O(1) are lengthened. Thus, by 

investigating the bond lengths, hydrogen bond formation between both 

components can be shown. 

Tab. 15: Hydrogen-Bond Geometries of Donor (D) and Acceptor (A) for 22/2,4-D 

complex. 

compound d (C=O) d (C-O) 

2,4-D 1.217 Å 1.304 Å 

22/2,4-D complex 1.243 Å 1.259 Å 

 

5.5.4 Preparation and performance of MIP particles 

Before 22 was used for the synthesis of MIP(22)-2,4-D@SiO2 and NIP(22)@SiO2 

sensor particles for the detection of 2,4-D, pre-polymerization studies were 

performed in CHCl3. As shown above, 2,4-D forms a stable H-bonded complex 

with 22 in rather apolar solvents. Here, we investigated the influence of different 
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co-monomers and EGDMA as cross-linker in the pre-polymerization mixture (Fig. 

78). The addition of only different co-monomers and cross-linkers to 22 under 

pre-polymerization conditions showed no or only minor changes of the absorption 

maximum of 22. After addition of 2,4-D a stable H-bonded complex with 22 

under these conditions is formed indicated by a red shift in the absorption spectra. 

The addition of both, a co-monomer and cross-linker EGDMA has different 

influences. The largest red shift is only observed in case of BMA and EGDMA. 

These conditions were thus used for the sensor particle preparation. Indeed, the 

band is formed in case of MAAm as well, but with a weaker red-shift of the 

absorption band and with still a small shoulder 360 nm. Compared to that, the use 

of 4-Vy and HEMA leads to almost no red-shift and H bonded complex. 
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Fig. 78: Normalized absorption spectra of 22 in CHCl3 (black) before (A) and after 

addition (B) of 2,4-D (red) in the presence of various co-monomers at pre-polymerization 

conditions, HEMA/EGDMA (green), 4-Vy/EGDMA (blue), BMA/EGDMA (yellow) and 

MAAm/EGDMA (dark blue). 

The preparation protocol for the synthesis of MIP(22)-2,4-D@SiO2 and 

NIP(22)@SiO2 sensor particles followed our previous works using the dye and 

template, co-monomers and cross-linkers for their incorporation into the polymer 

network. SiO2 particles (0.35 µm) were used as support material. Their surfaces 

were functionalized with APTES and subsequently, a RAFT agent was again 

covalently coupled to the silica surface through an amide bond. The RAFT agent 

functionalized particles were mixed with the pre-polymerization mixture in CHCl3 
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to create a 4 ± 1 nm thin, homogeneous MIP or NIP shell onto the core’s surface 

(Fig. 79).  

(A)  (B)  

    Scale = 50 nm                                  Scale = 20 nm  

(C)  (D)  

              Scale = 50 nm                                  Scale = 20 nm 

Fig. 79: TEM images of the MIP(22)-AMPI@SiO2 (A, B) and NIP(22)@SiO2 (C, D) 

prepared with 22 in CHCl3. 

In contrast to the previous studies, 22 or better the H-bonded complex was only 

sterically imprinted which means that the dye is not polymerized into the polymer 

matrix but only entrapped into it. To investigate the sensing performance of the 

MIP and NIP particles, fluorometric response tests were carried out following the 

same procedure like in the previous chapters and using CHCl3 as solvent.  

In the absence and after addition of the analyte, fluorescence emission of the 

MIPs exhibited maxima at 503 nm upon excitation at 365 nm (Fig. 80).  
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Fig. 80: Fluorescence spectra of 1 mg mL–1 MIP(22)-2,4-D@SiO2 particles in CHCl3 in the 

presence of 1 mM 2,4-D (A) and the closely related compound 2,4-DB (B) and 2,4-DP (C) 

as well as of 1 mg mL–1 NIP(22)@SiO2 particles in the presence of the template (D), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 10, 25, 50, 100, 196, 338, 476, 698 µM are shown). 
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Fig. 81: Sensing response of 1 mg mL-1 MIP(22)-2,4-D@SiO2 core/shell particles in CHCl3 

toward 10 mM template analyte 2,4-D (red square) and the closely related compounds 

2,4-DB (blue circle) and 2,4-DP (dark blue up triangle) as well as of NIP(22)@SiO2 toward 

template (black down triangles). 
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It is obviously that only one band at 503 nm is formed. It seems that both bands 

observed in titration study overlap in this sensing study due to the changing 

environment.  

The polymer leads to a less polar environment which leads to an increase 

of the formation of the increasing second band at higher wavelength. Fig. 80 and 

Fig. 81 reveal that the MIPs showed the highest sensing response after titration 

with the corresponding analyte solution. The weaker fluorescence enhancement 

that was observed in the presence of the closely related compounds 2,4-DB and 

2,4-DP suggests that these analytes do not fit into the cavity leading to weaker 

interactions with 22. DFs (dF2,4-D/dFanalogues) of 2.8 and 2.9 against 2,4-DB and 

2,4-DP were calculated, respectively. The imprinting factor of 10.3 was 

determined as well again as the quotient of the fluorescence response (dF/dF0) of 

the MIP and NIP. This value is obviously much higher compared to the studies 

using polymerizable fluorescent monomers or cross-linkers before. Compared to 

the previous chapters, there is no covalent incorporation of the dye into the 

polymer network due to the missing polymerizable methacrylate groups. In order 

to investigate the efficiency of the MIP particles prepared with such fluorescent 

dye, we introduced an additional washing step by Soxhlet extraction for 4 h in 

DCM and investigated the binding behavior again. As it can be observed in Fig. 82, 

the fluorescence intensity of the MIP particles in CHCl3 without the analyte did not 

change after this washing step, which indicates that 22 was stably imprinted into 

the polymer network and is not washed out. However, upon titration with the 

analyte 2,4-D under the same conditions as before, the fluorescence did not reach 

the same endpoint, but the maximal enhancement was less. We tentatively 

assume that the binding environment for the analyte has changed due to the 

rugged treatment of the MIP shell during the washing procedure. Apparently, the 

number of intact cavities is lower so that less 2,4-D can bind resulting in a worse 

IF of 3.2. In order to determine the selectivity of the MIP particles, they were also 

titrated with 2,4-DB and 2,4-D. Fluorescence measurements showed that the MIP 

sensor particles are still selective against these structurally similar compounds, yet 

DFs were lower with 1.5 and 1.7. 
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Fig. 82: Fluorescence spectra of 1 mg mL–1 MIP(22)-2,4-D@SiO2 particles in CHCl3 after 

4 h Soxhlet washing in the presence of 1 mM 2,4-D (A) and the closely related compound 

2,4-DB (B) and 2,4-DP (C) as well as of 1 mg mL–1 NIP(22)@SiO2 particles in the 

presence of the template (D), (increasing concentrations in grey, start point spectrum in 

blue and end point spectrum in red, steps of 0, 10, 25, 50, 100, 196, 338, 476, 698 µM 

shown).  
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Fig. 83: Sensing response of 1 mg mL-1 MIP(22)-2,4-D@SiO2 core/shell particles in CHCl3 

after 4 h Soxhlet washing toward 10 mM template analyte 2,4-D (red square) and the 

closely related compounds 2,4-DB (blue circle) and 2,4-DP (dark blue up triangle) as well 

as of NIP(22)@SiO2 toward template (black down triangles). 
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5.5.5 Conclusion 

The present work reports the design and synthesis of a new 2-aminopyridine-

based fluorescent probe 22 that complexes the model analyte 2,4-D without 

previous deprotonation showing intermolecular ESDPT mechanism. The first part 

has proven the stepwise ESDPT in non-polar solvents with the ion-pair 

intermediate being identified using absorption and fluorescence titration 

experiments. Crystal structures of 22 and the hydrogen bonded complex are 

presented as well and clarified 22 as a favorable complementary module to 

carboxylic acids and as co-crystal agent forming O-H...N and N-H…O hydrogen 

bonds. A thin signaling MIP layer was coated on silica particles which could bind 

specifically and selectively 2,4-D in CHCl3, indicating the good sensitivity of our 

sensor. This binding was monitored with strong fluorescence enhancement of the 

MIP. The use of an additional washing step did not remove the dye from the 

cavity, however, the binding environment for the analyte was changed and 

reduced the efficiency and selectivity of the sensor particles. Our results are very 

promising for further applications as such sterically imprinted dye-analyte 

complexes might show even better imprinting effects than covalent imprinted 

complexes and the wealth of fluorescent probes that can be used is potentially 

much higher. 
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6 General Conclusion and Outlook 

In conclusion, several innovative optical sensing methods based on MIPs as 

recognition elements in combination with fluorescence for the detection of 

analytes, have been shown. To demonstrate the importance of the project by the 

relevance of the model analytes chosen, we were primarily targeting specific small 

organic molecule contaminants which play an important role in food safety and 

environmental monitoring such as antibiotics and pesticides. The development of 

new optical sensors, their miniaturization by the use of microfluidics, and the 

fabrication of sensor arrays have been demonstrated as well. 

Fluorescent monomers and cross-linkers based on nitrobenzoxadiazole- and 

phenoxazinone-ureas as well as a 2-aminopyridine-based dye are the basis of this 

project for the preparation of MIP shell/silica core particles which show high 

affinity for the model acidic target compounds used for imprinting. Such 

chromophores satisfy the spectroscopic criteria of detection in the green-to-red 

visible range with changes in fluorescence. Optical spectroscopy was used for 

showing the binding behavior and binding constant in dilute and under pre-

polymerization conditions. The latter directly indicated the analytical response to 

be expected from the materials. These dyes show different responses e.g. 

fluorescence enhancement and spectral shifts or ESDPT. These fluorescent 

monomers or cross-linkers were incorporated into thin MIP layers grafted from the 

surface of silica microparticles with various sizes following a RAFT polymerization 

protocol based on further studies in our group. The thin fluorescent MIP shell 

lights up upon binding of the analyte of interest in an organic solvent. The 

prepared thin MIP sensor particles were investigated for their optical response, 

sensitivity and selectivity. As well NIPs, which are prepared from the same 

polymerization mixture in the absence of the template, were used for control 

experiments. 

The first chapter investigated the binding between the deprotonated target 

molecule Z-D-Phe to the urea-containing functional monomer 14 in an organic 

solvent and during MIP shell synthesis in the presence of different counter-ions 

ranging from TMA+ to TOA+ with different chain length. The use of the different 
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counter-ions influenced the selectivity of the MIPs due to the increasing 

deprotonation tendencies, their different influences on the cavity sizes and thus 

the recognition behavior.  

The next chapter describes the synthesis, characterization and sensing 

properties of fluorescent monomer 16 and cross-linkers 19 in the presence of the 

TBA salt of 2,4-D. Due to the modification and introduction of a second 

polymerizable group in 19, the sensing response could be enhanced dramatically 

which was shown by spectroscopic titration experiments. Obviously, direct 

measurements in water samples were not possible. Thus, the MIP sensor particles 

were combined with a miniaturized modular microfluidic platform based on a 

biphasic extraction assay which allowed the sensitive and selective detection of 

2,4-D from untreated water samples from all over the world between 20 nM and 5 

µM. Such a microfluidic system is a very promising sensing system for other 

analytes of biological and environmental interest for the future. 

However, the subsequent chapter showed that this method is not 

applicable for hydrophilic analytes like AMPI due to their limited transfer ability to 

the organic, sensor particle containing phase. Thus, another approach based on a 

fiber-optic microarray was demonstrated in this thesis to solve this problem and 

offer a new way for its direct detection in food samples. 2 µm MIP shell/ silica 

core sensor particles composed of phenoxazinone-based fluorescent cross-linker 

were placed on a fiber-optic microarray which showed fluorescence enhancement 

upon binding with AMPI. The sensor detected AMPI with a LOD of 0.72 nM in 

MeCN and a LOD of 0.4 nM in 25:75 (v/v) MeCN:HEPES (25 mM, pH 7.5). 

Selectivity studies showed that the MIPs are highly selective for AMPI. The 

concept of this sensing method was well demonstrated, however, still need 

investigations regarding sensing medium (food samples). The assay design is 

flexible and should be applicable with other MIP sensor particles selective to other 

environmental and biological carboxyl-containing analytes. For a fiber-optic-based 

multiplexed microarray platform, MIP sensor particles based on different 

fluorescent monomer and cross-linkers showing emission at different wavelength 

selective to various analytes can be used as well. Another method would be also 
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the direct immobilization of a thin MIP layer onto the optical fiber to improve the 

performance of the fiber. 

The last chapter presented a 2-aminopyridine-based fluorescent probe 22 that 

complexes 2,4-D via H-bonds without previous deprotonation in organic solvents 

showing a typical ESDPT emission band after guest binding. After imprinting 

22/2,4-D-compelx into the thin MIP shell fluorescence band caused by ESDPT 

could be observed at 503 nm in CHCl3. Upon addition of 2,4-D to the particles this 

fluorescence increased. The particles showed good imprinting effect and 

selectivity. To further improve the imprinting effect and the discrimination against 

similar compounds the two-phase experiment can be used in future. Of course, 

there is also still space for the dye design. The previous sections demonstrated 

that sensor particles prepared with fluorescent monomers or cross-linkers in the 

MIP matrix showed promising sensing responses. The introduction of a 

polymerizable group and thus, the covalent integration into the network can 

increase the potential of the MIP sensor particles and would be an interesting 

study for the future.  

A more sophisticated system based on mesoporous silica nanoparticles 

(MSNs) can be used as carrier material in future as well. Their ordered and one-

dimensional pores would provide an even larger surface area for (bio)molecular 

recognition if a thin MIP layer is coated onto their inner pore walls and offer a 

higher sensing response. 

A second protective and switchable layer can be grafted the MIP sensor 

particles or MIP@MSNs to allow the expose (active state) or the block (inactive 

state) of the binding sites. This layer should be controllable like for instance 

thermo-responsive polymers having either a lower or an upper critical solution 

temperature (LCST/UCST). Especially, MSNs would be a perfect platform for 

having such a protective shell on the outer surface. The switchable outer layer will 

be designed so that it can control the access to the pores.
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Fig. S84: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/TMA@SiO2 particles 

particles in CHCl3 in the presence of 1 mM Z-D-Phe/TMA (A), Z-D-Phe/TEA (B), Z-D-

Phe/TBA (C), Z-D-Phe/THA (D) and Z-D-Phe/TOA (E) and NIP(14)-Z-D-@SiO2 titrated with 

1 mM Z-D-Phe/TMA (F), (increasing concentrations in grey, start point spectrum in blue 

and end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are 

shown). 
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Fig. S85: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/TEA@SiO2 particles in the 

presence of 1 mM Z-D-Phe/TMA (A), Z-D-Phe/TEA (B), Z-D-Phe/TBA (C), Z-D-Phe/THA (D) 

and Z-D-Phe/TOA (E) and NIP(14)-Z-D-@SiO2 titrated with 1 mM Z-D-Phe/TEA (F), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 

 

 



Supplementary Information 

169 

 

 (A)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 (B)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 

(C)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
(D) 

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 

(E) 

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

0.5

F
 [

a
.u

.]

 [nm]
(F)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 

Fig. S86: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/TBA@SiO2 particles in the 

presence of 1 mM Z-D-Phe/TMA (A), Z-D-Phe/TEA (B), Z-D-Phe/TBA (C), Z-D-Phe/THA (D) 

and Z-D-Phe/TOA (E) and NIP(14)-Z-D- @SiO2 titrated with 1 mM Z-D-Phe/TBA (F), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 
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Fig. S87: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/THA@SiO2 particles in the 

presence of 1 mM Z-D-Phe/TMA (A), Z-D-Phe/TEA (B), Z-D-Phe/TBA (C), Z-D-Phe/THA (D) 

and Z-D-Phe/TOA (E) and NIP(14)-Z-D- @SiO2 titrated with 1 mM Z-D-Phe/THA (F), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 
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Fig. S88: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/TOA@SiO2 particles in the 

presence of 1 mM Z-D-Phe/TMA (A), Z-D-Phe/TEA (B), Z-D-Phe/TBA (C), Z-D-Phe/THA (D) 

and Z-D-Phe/TOA (E) and NIP(14)-Z-D- @SiO2 titrated with 1 mM Z-D-Phe/TOA (F), 

(increasing concentrations in grey, start point spectrum in blue and end point spectrum in 

red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 
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Fig. S89: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/TEA@SiO2 particles in the 

presence of 1 mM Z-L-Phe/TMA (A), Z-L-Phe/TEA (B), Z-L-Phe/TBA (C), Z-L-Phe/THA (D) 

and Z-L-Phe/TOA (E), (increasing concentrations in grey, start point spectrum in blue and 

end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 

 

 

 



Supplementary Information 

173 

 

 (A)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
(B)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 

(C)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
(D)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 

(E)

450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

F
 [

a
.u

.]

 [nm]
 

Fig. S90: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/THA@SiO2 particles in the 

presence of 1 mM Z-L-Phe/TMA (A), Z-L-Phe/TEA (B), Z-L-Phe/TBA (C), Z-L-Phe/THA (D) 

and Z-L-Phe/TOA (E), (increasing concentrations in grey, start point spectrum in blue and 

end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 
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Fig. S91: Fluorescence spectra of 1 mg mL–1 MIP(14)-Z-D-Phe/TOA@SiO2 particles in the 

presence of 1 mM Z-L-Phe/TMA (A), Z-L-Phe/TEA (B), Z-L-Phe/TBA (C), Z-L-Phe/THA (D) 

and Z-L-Phe/TOA (E), (increasing concentrations in grey, start point spectrum in blue and 

end point spectrum in red, steps of 0, 1.0, 2.5, 5.0, 9.9, 19.6, 33.8, 47.6 µM are shown). 
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Tab. S1. Overview of sensing performance of MIP systems for 2,4-D published so far (abbreviations: LOD = limit of detection; PBS = 

phosphate buffered saline; Tris = tris(hydroxymethyl)-aminomethan, used with HCl; AuNP-PPy = gold nanoparticle-polypyrrole; CNT = 

carbon nanotube; PVC = polyvinylchloride; µCP = micro-contact printed; QD = quantum dot) 

Ref. MIP matrix / format Detection mode Sample medium Clean upa LOD /nM Assay time In-field useb 

200 Silica (sol gel) /  

crushed monoliths 

Fluorescence  

(UV range) 

Water (PBS pH 7, Triton) c 45,000 >30 min d 

197 Polymer /  

film coated onto filter paper 

Conductometry Water (Tris pH 8) c 1,000 Partly very lowe d 

196 Polymer /  

film electrodeposited on electrode 

Cyclic  

voltammetry 

Water (PBS pH 6.9, N2 

purged),  

tap water 

c 830f 15 min g 

201 Polymer /  

film coated onto filter paper 

Chemiluminescence  

(indirect competitive assay with 

enzyme conjugate) 

Water (PBS pH 7.4),  

tap water 

c 0.001f >10 min 

(multi step incl. washing 

and reagent handling) 

d 

202 Polymer /  

film coated onto optical fibre 

Fluorescence  

(visible range) 

MeOH:water 4:1 c 2.5 5–20 min incubation (plus 

rinsing and drying steps) 

+ 

198 Polymer /  

AuNP-PPy MIP hybrid casted onto 

electrode 

Photoelectrochemical Water (Tris pH 7),  

soil 

Ethanol 

extract of soil 

0.2f 25 min incubation d 

199 Polymer /  

thin layer grafted onto CNT; 

objects embedded into PVC 

membrane 

Potentiometry Tap and ground water 

(Tris pH 5) 

– 1.2 7 min d 

235 Polymer /  

µCP grating layer on glass slide 

Refractive index (diffraction 

efficiency of surface relief grating) 

MeOH:water 4:1 c 10,000 12 min (equilibration time 

only) 

d 

203 Silica (sol gel) /  

thin layer grafted onto QD 

Fluorescence  

(visible range) 

Water (PBS pH 7.5),  

tap and lake water 

microfiltration 140f 5 min (response time only) + 

236 Polymer /  

film electrodeposited on electrode 

Cyclic  

voltammetry 

Water (PBS pH 7),  

tap water 

Oxidation 

(pH = 12, 

1.3V, 600s) 

0.1 5 min h 

This 

work 

Polymer /  

thin layer grafted onto SiO2 

particle 

Fluorescence  

(visible range) 

Lake and river water – 20 2 min + 

a: When real samples were analyzed.  b: Potential for in-the-field or on-line use.  c: Model studies only.  d: Only with major modifications.  e: Response times partly very low as written by the 
authors.  f: LOD calculated from 3σ of noise which is largely instrument-determined and known to generally result in too low values, see.237  g: Purging step very impractical. h: Low selectivity  
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Tab. S2: Crystal data and structure refinement for 22 and 22/2,4-D complex 

Name  22 22/2,4-D 

Empirical formula  C22 H23 B F2 N3 O2 C23 H21 Cl2 N3 O3 

Formula weight  410.24 458.33 

Temperature  150(2) K 154(2) K 

Wavelength  0.71073 Å 0.71073 Å 

Crystal system  Triclinic Monoclinic 

Space group  P-1 P2(1)/c 

Unit cell 

dimensions 

a = 9.5310(4) Å a = 21.1447(10) Å 

 b = 11.8271(5) Å b = 10.9956(5) Å 

 c = 13.8876(7) Å c = 9.2217(4) Å 

 = 70.7875(18)°. = 90°. 

 = 84.9987(19)°. = 92.6920(19)°. 

  = 83.9194(18)°.  = 90°. 

Volume 1467.68(11) Å
3
 2141.67(17) Å3 

Z 4 4 

Density 

(calculated) 

1.857 Mg/m
3
 1.421 Mg/m

3
 

Absorption 

coefficient 

0.136 mm-1 0.334 mm-1 

F(000) 860 952 

Crystal size  0.32 x 0.28 x 0.18 mm
3
 

Theta range for 

data collection 

2.58 to 29.63°. 2.67 to 28.73°. 
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Index ranges -13<=h<=13, -16<=k<=16, -

19<=l<=19 

-28<=h<=28, -14<=k<=14, -

12<=l<=11 

Reflections 

collected 

88116 27669 

Independent 

reflections 

8283 [R(int) = 0.0502] 5316 [R(int) = 0.0778] 

Completeness to 

theta = 29.63 + 

28.73° 

99.8 % 95.8 % 

Absorption 

correction 

 Semi-empirical from equivalents 

Max. and min. 

transmission 

 0.2970 and 0.2028 

Refinement 

method 

Full-matrix least-squares on F
2
 

 

Full-matrix least-squares on F
2
 

Data / restraints / 

parameters 

8283 / 0 / 355 5316 / 0 / 280 

Goodness-of-fit 

on F2 

1.809 1.025 

Final R indices 

[I>2sigma(I)] 

R1 = 0.1140, wR2 = 0.4010 R1 = 0.0498, wR2 = 0.1275 

R indices (all 

data) 

R1 = 0.1426, wR2 = 0.4299 R1 = 0.0621, wR2 = 0.1366 

Largest diff. peak 

and hole 

1.848 and -0.643 e.Å
-3
 0.668 and -0.656 e.Å

-3
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