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Introduction 

Environmental pollution has continued to be a global concern due to the large 
categories of organic and inorganic pollutants escaping into the environment, 
heightened by increasing urbanization and industrialization. A larger share of these 
environmental pollutants end up in water bodies through treated and untreated 
wastewater disposals. Pesticides and pharmaceuticals make up one of the largest 
group of water pollutants because of their increasing usage in agriculture and 
medicines [1]. Of the groups of pharmaceutical pollutants being constantly released 
into water body, antibiotics constitute a major class owing to their increasing 
utilization in human and veterinary medicines, escape from sewage treatment plants 
(STPs) as well as waste disposal from various industrial processes [2]. Consequently, 
antibiotics have been detected in water bodies and wastewater treatment plants 
(WWTPs) effluents in many part of the world [3-7]. Antibiotic water pollution 
constitutes a global threat to public health and aquatic ecosystem. For instance, the 
persistence of antibiotics in the environment has been linked to the developments of 
virulent strains of pathogens that are resistant to antibiotics (antibiotics resistance) [8]. 
Antibiotic resistance jeopardizes the effectiveness in the treatment and prevention of 
infections caused by pathogenic microorganisms. This may be seen in the ruin of 
surgery, HIV or malaria therapy and cancer chemotherapy achievements. It could also 
lead to prolonged illness duration, increased cost of healthcare and permanent 
disability and death1.  

Therefore, monitoring and detection of antibiotic molecules in environmental 
water is highly significant to the protection of aquatic life while ensuring water safety 
for human consumption and thus, deserves an unrelenting research attention. Most 
traditional analytical techniques targeted towards environmental pollutants 
monitoring consisted primarily of chromatography and/or mass spectrometry or their 
couple. However, these methods demand huge immobile instrumentation, complex 
sample preparation, and specialized training before operation. More critical is the lack 
of specific compound selectivity that limits single analyte analysis in real samples, due 
to the complexity of the sample matrix in which the target pollutant is present with 
other numerous non-target molecules [9]. Thus, sensing of these substances in their 
matrices of occurrence is a challenge for contemporary analytical chemists, but 
urgently demanded because of its potentially broad impacts on human and animal 
health. As a result, there still exists a current trend and demand for sensitive, selective, 
simple, portable, but cost effective analytical devices for detection of pollutants in 
aquatic environments. 

To meet up with these demands, recent research has focused on the design and 
application of selective sorbents for monitoring environmental pollutants. Molecular 
imprinting techniques (MITs) present synthetically tailor-made receptors called 
molecularly imprinted polymers (MIPs) for various analytical applications. Molecular 
imprinting is one of the state-of-the-art techniques to generate robust materials with 
antibody-like ability to bind and discriminate between molecules [10]. MIT can be 
defined as the process of template-induced formation of specific molecular recognition 

                                                                 
1 WHO media centre, Antimicrobial resistance, fact sheet. Retrieved from: 

http://www.who.int/mediacentre/factsheets/fs194/en/. Accessed 12th of April, 2018. 

http://www.who.int/mediacentre/factsheets/fs194/en/
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sites in a polymer matrix. Specific interests in MIP research stem from the outweighing 
advantages of MIP over natural receptors. Such advantages include high stability, 
improved shelf life, ease of preparation, low preparation cost, and target directed 
detection for analytes for which no natural receptor is available. Hence, MIPs have 
been shown to be promising alternatives to natural receptors in biosensors [11, 12]. 
Inevitably, applications of MIP have been extended to the selective detection of 
environmental water pollutants including pesticides and antibiotics [9, 13-18].  

However, in the design of a MIP-based sensor, a robust interfacing or integration of 
MIP with a sensor transducer constitutes an important step. The transducers permit an 
accurate analysis of MIP performance by converting the molecular recognition events 
occurring on the MIP surface to a processable signal in the form of either optical, 
electrochemical, piezoelectric, magnetic, thermometric signals. Label-free sensor 
transducers such as quartz crystal microbalance (QCM), surface plasmon resonance 
(SPR), and surface acoustic wave (SAW) are significant to MIP performance analysis 
because they support a quick signal generation and real-time analysis. More 
importantly, the label-free environment provided by such sensing platforms permits 
accuracy of measurement results by preventing potential alteration to the intrinsic 
properties of biomolecules by compounds used as labels. Howbeit, these sensor 
platforms bear similarities in their non-utilization of labels and real-time analysis, they 
differ in their basic principles of transduction of the molecular recognition activities. 
While QCM utilizes bulk acoustic wave and quartz piezoelectric properties to monitor 
the change in mass of an adsorbed material through a corresponding change in 
frequency, SPR uses an evanescent wave to monitor changes in the refractive index 
(R.I) occurring on the sensor surface due to adsorption events and/or a change in 
medium properties, which are then observed as signal changes. SAW on the other 
hand, though similar to QCM in its intrinsic composition of piezoelectric substrate, 
differs in its operation at higher frequency (50 MHz to a few GHz as compared to 5 to 
20 MHz in QCM) [19] and utilization of a surface acoustic wave (either Rayleigh or Love 
waves) propagating between two sets of interdigitated transducers (IDTs). This wave is 
sensitive to changes in the properties of medium occurring on the sensor surface, thus 
modulating both the velocity and amplitude of the wave, which are read as phase and 
amplitude shifts respectively.  

To ensure a robust interface of MIP with various transducers, varying approaches 
can be employed depending on the intended usage and final configuration of the 
recognition layer. Thus, MIP exists in several formats, including thin film, particles, 
membranes, monoliths, and nanowires [20]. Thin film constitutes the best 
configuration for sensing, especially with label-free detection platforms. This is 
because of the short diffusion path length through which the analyte must travel to 
the binding sites existing in the MIP layer interfaced with the transducer, thereby 
leading to a faster recognition (higher sensitivity) [21]. As a result, several techniques 
were developed for fabricating thin MIP film and integrating the same on sensor 
electrodes to ensure a close contact between the MIP and the transducer surface. 
These techniques can be categorized into two main approaches involving either in-situ 
polymer synthesis on the surface of transducer (e.g., electropolymerization, 
photopolymerization), or interfacing a preformed polymer with the transducer by the 
sol-gel technique, followed by coating or screen printing. Of these, 
electropolymerization and sol-gel processing provide a very simple and direct 
methodology for the synthesis of a robust polymer on the surface of a conducting 
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transducer. This is because they allow a good control of polymer growth rate (by 
selecting appropriate synthesis conditions) and film thickness (by using an appropriate 
electrical charge dosage in electrosynthesis or by adjusting coating speed in sol-gel 
processing). Also, the inner morphology of the final polymer could be easily controlled 
by these techniques [22-25]. Furthermore, in meeting the demand of a simple and 
portable sensing device for low molecular weight environmental pollutants such as 
antibiotics, an electrochemically synthesized or sol-gel derived MIP film on a sensor 
transducer provides a considerable option for obtaining a lab-on-chip analytical device. 
Nevertheless, electrosynthesis technique is limited by the requirement of a conducting 
surface and electropolymerizable monomers, which are not as numerous as acrylic 
monomers and may therefore limit the choice of functional monomers. The overall 
effects of these may be observed as a constraint in the fabrication of certain improved 
MIP films such as organic-inorganic hybrid MIPs. However, to overcome this challenge, 
the sol-gel technique provides an easy means of combining organic and inorganic 
polymer in a hybrid form. When coupled with coating techniques, it provides an 
alternative way of obtaining thin MIP films on sensor surfaces. Consequently, several 
reports are also available for the integration of MIP films with the sensor transducers 
by spin coating, dip coating and/or casting techniques [26, 27]. 

Although MIPs have witnessed a wide utilization in diverse applications; however, 
in the field of environmental analysis, application of MIPs for sensing system is far 
from being fully explored. Likewise, the current status in the development of low-cost 
MIP-based sensors for accurate and fast detection of environmental contaminants, 
especially antibiotic water pollutants, is still in their developing stages. This is mostly 
due to some of the challenges of MIP when operated in natural media. Such challenges 
have their limitations as regards ruggedness, long term stability and sensitivity [28]. 
Notwithstanding, antibiotics detection using MIP techniques deserves increasingly 
critical research focus owing to the tremendous growth in the usage of antibiotics and 
their continuous identification as potential danger due to the spread of antibiotic 
resistant genes. 

The research described in this thesis aims at developing antibiotic-imprinted 
polymer (antibiotic-MIP) films for the selective detection of antibiotic water pollutants 
utilizing specific molecules from two large antibacterial families as modelled targets. 
Preparation of such films should permit their integration with different label-free 
sensor transducers such as QCM, SPR and SAW to ensure the design of a sturdy and 
reproducible analytical sensor applicable for use in environmental water. A combined 
use of computational and experimental studies was employed for the optimal 
selection of functional monomers for antibiotics-MIP synthesis. Thin MIP films having 
selective cavities for specific antibiotic(s) recognition were interfaced with the sensor 
surfaces. The QCM, SPR and SAW sensors provided platforms for a direct and real-time 
monitoring of the molecular recognition interactions occurring on the antibiotic-MIPs 
as well as the assessment of their sensitivity and selectivity towards the target 
analytes. The prepared antibiotic-MIP sensors were also characterized in terms of their 
suitability and repeatability of usage in the prospective aqueous media, and the limit 
of detection. Lastly, an experimental protocol was exemplified as a window of 
opportunity to further improve the sensor performance.   
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1. Theory and literature review 

1.1 Environmental pollution 

Environmental pollution has been reported to be the most critical of all environmental 
challenges, posing vital threats to human health as well as to the global ecosystem 
[29]. Pollutants can be described as any substance which when released into the 
environment accumulate at the rate exceeding the ecosystem neutralizing capacity; 
hence, it alters the physical, chemical or biological characteristics of the environment 
such that human, animal and plant lives are affected [30]. Environmental pollution has 
varying classification systems but a more general classification may be based on the 
environment of occurrence, e.g., air, water, soil and/or the nature or type of 
pollutants, e.g., organic/inorganic, biological, radiological pollutants. Environmental 
pollutants continue to contribute to the list of human health hazards with many 
studies demonstrating the link between these pollutants and the development and/or 
influence of several sicknesses or diseases. Specifically, the disorders of immune 
system, energy metabolism and nutrient adsorption have been linked to the effects of 
pollutants on gut microbiota [31]. Also, pollutants effects have been identified in 
breast cancer, due to pollutants acting either as mammary gland carcinogens or 
activating carcinogenesis within mammary gland [32]; hypertension and cardiovascular 
diseases in which pollutants increase sensitivity to certain hormones and altering the 
expression of molecules involved in blood pressure regulation [33], and adverse 
influence of lung function in asthmatic patients [34].  

From the foregoing, environmental pollution is increasingly becoming a global 
concern; hence, soliciting for a constant review of environmental monitoring and 
protection regulations [35]. Although numerous pollutants exist in the air and soil, the 
water bodies could contain a larger share of pollutants. The reason is that the majority 
of air and soil pollutants would eventually end up in the water by dissolution, runoff or 
erosion until they ultimately arrive at the water body [36]. Owing to the direct and 
indirect utilization of environmental water by humans, animals, plants or other 
microorganisms, monitoring of environmental water body is significant to human, 
animal and ecological well-being. However, a routine monitoring of environmental 
water is yet to be attained [36]. 

1.2 Antibiotics as environmental water pollutants 

Pesticides and pharmaceuticals are major contributors to the list of environmental 
pollutants, undoubtedly because of their landmark influence in agriculture and 
medicines. Unfortunately, these can enter into surface and groundwater through both 
treated and untreated waste disposals [1]. However, the elevated number of such 
compounds, their persistence in the environment as well as the potentially dangerous 
effects of their transformation products have made them a matter of increasing 
concern. Antibiotics comprise one of the most popular pharmaceutical agents because 
of their wide prescription in the treatments of various diseases caused by many 
pathogenic microorganisms. Antibiotics inhibit the growth of pathogens by hindering 
either protein synthesis or cell wall formation [37, 38]. Ever since penicillin was 
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discovered in the 1940s, the utilization of antibiotics in medical treatments and 
prevention of bacterial diseases has greatly advanced antibiotic market. Apart from 
the use in human and veterinary medicines, they are also used regularly as growth 
promoters in agriculture, specifically, livestock, apiculture (beekeeping) and 
aquaculture [39, 40]. As a result, the development of a huge number of these 
pharmaceutical products has taken place globally over many decades [41]. Thus, 
numerous antibiotics exist, some bearing broad spectrum over both gram-positive and 
gram-negative bacterial.  

Howbeit, because most antibiotics are relatively water soluble, they show partial 
absorption in the guts; hence, up to about 80% of ingested antibiotics may be released 
through urine or feces in their original form or as a metabolite, which may also be 
further transformed to the original drug or other active substances [42-44]. In addition, 
some antibiotics are unknowingly passed together as effluents directly to the river due 
to their escape from sewage treatment plants (STPs), as reported in [4, 39, 45-47]. 
Furthermore, antibiotics used in veterinary medicines may be directly passed to 
surface or groundwater, e.g., in aquaculture or indirectly by drainage or runoff of 
contaminated sewage sludge and manure used on farms [48, 49]. Consequently, 
varying concentrations of antibiotics have been detected in lakes, rivers, surface water 
and wastewater in many countries [31, 50, 51]. Water quality is a major concern in 
many countries because of the challenges encountered in providing safe drinking 
water owing to the contamination of tap water by antibiotics in some of these 
countries [52-54]. Sulfonamides and beta-lactams probably constitute two of the 
major antibiotics classes commonly found in water. These drugs are used as 
herbicides, as potent treatment and prevention of respiratory and urinary infections in 
human and veterinary medicines, as well as in aquaculture [55]. 

The concern about antibiotic pollution is not exclusively due to the high production 
volume but more importantly about the environmental persistence and chemical 
activity of such pollutants that may affect vital biological functions. Consequently, 
exposure to antibiotic pollutants has potential toxic effects in humans, animals, plants 
as well as microorganisms [56]. Thus, there is an ongoing indication of the link 
between antibiotics pollutants and organisms DNA damage, change in enzyme 
activities, alteration of plant cellular protein synthesis, plastid division, photosynthesis 
and growth [57-63]. Also, its effects on gut microbiota and human susceptibility to 
diseases and infections have been reported. For example, very low concentration of 
certain antibiotics could alter the composition of microbiomes within the gut of an 
animal leading to microbial imbalance (dysbiosis) and health challenges [31]. 

Notwithstanding, the clearest and most widely known effect of antibiotic pollution 
is the selection and development of resistant strains of microorganisms (antibiotic 
resistance) [64]. Antibiotic resistance has accentuated the study of the impact of 
antibiotics in the environment, resulting in an increasing volume of scientific 
publications. With pathogenic and environmental antibiotic resistant bacterial strains 
in the ecosystem, an increasing number of infections would no longer be curable with 
the currently prescribed antidote. This will compromise the treatments of infections 
and diseases caused by these pathogenic microorganisms, thus, prolonging illness and 
increasing the cost of healthcare. As a result, individual resistance and multiple 
resistances have been observed for certain bacteria causing epidemic diseases, as 
reported by Fent K. et al. [48]. The need for urgency in the current study is evident in a 
very recent report released by the British Food Standard Agency on antimicrobial 



 

15 
 

resistance, indicating record levels of antimicrobial resistant campylobacter in fresh 
whole chickens at retail supermarkets in UK2. According to the report, up to 55% of the 
test samples demonstrated antibiotic resistance to some of the strongest antibiotics 
tested. Besides the resistance of bacteria to known antidotes, more noteworthy is the 
fact that an increasing population of antibiotic resistance genes in the environment by 
itself have intrinsic potential to serve as environmental pollutants [65]. A good 
illustration of this is the recent determination of antibiotics resistant genes in treated 
tap water in China and US [66, 67]. Therefore, although antibiotics such as beta-
lactams represent the commonest antidote for bacterial infections, they are also the 
pronounced causative agents of resistance among gram-negative and gram-positive 
bacteria and as a result, their utilization must be cautiously met with an appropriate 
standard to detect their presence and monitor their interaction with the ecosystem. 

1.3 Antibiotic detection methods 

From the foregoing, the environment deserves a critical and unrelenting monitoring to 
guarantee safety of humans, animals, plants as well as the sustainability of the natural 
ecosystem. To that effect, there exist continuously reviewed laws and regulations in 
many countries enforced to ensure cleanliness and safety of drinking water, 
prevention of pollution as well as protecting water bodies and drinking water sources. 
Also, on the European and global scale, monitoring of the environment is prioritized 
owing to the identified relationship existing between human health, socioeconomic 
growth and pollution [68]. A major aspect in environmental water monitoring is the 
detection and/or separation of pollutants and substantial research efforts are being 
put into designing fast, cost effective, sensitive, and selective analytical techniques for 
routine assay of environmental water pollutants. Currently, several techniques are 
employed, including solid phase extraction, chromatography and mass spectrometry  
to determine such pollutants [69-72]. However, these traditional techniques show 
some disadvantages either in relation to the expensive instrumentation involved or the 
requirement of complex sample preparation procedures and well trained operation 
personnel. Other more critical limitations include the immobility of the analytical 
equipment that prevents on-site analysis, hence, delay and time wastage.  

Therefore, the use of such traditional techniques for the analysis of these 
pollutants constitutes a significant limitation to the desired routine assay. In response 
to this, other technologies, mainly biosensors and enzyme-linked immunosorbent 
assay, were developed as alternative methods that appear more suitable as analytical 
methodology to meet these needs [73]. Although there is no doubt that biosensors 
hold potentially beneficial properties in terms of sensitivity and selectivity, 
nevertheless, biosensors usage in environmental monitoring still suffers certain 
setback. This is because of the inherent limitations of the biological recognition 
elements used in biosensors. Such limitations include short term stability, short shelf 
life, loss of sensitivity of immobilized biological elements as compared to the free 
analogue, as well as the time wastage in recovery of the active biomolecule [74, 75]. 
Thus, the design of robust analytical devices that combine high sensitivity and 

                                                                 
2 FSA Project FS241044 Antibiotic Resistance Report for FS241044 - Sept 2016 

(Final). Retrieved from: https://www.food.gov.uk/sites/default/files/phe-report-
amr.pdf 
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selectivity with high stability, cost effectiveness, ease of operation, and portability 
potentials are still very urgently required. 

1.4 Molecularly imprinted polymers  

Nature, by its intrinsic characteristics, consists of biological systems that have a 
remarkable ability to recognize certain molecules while discriminating against others. 
This term called molecular recognition is important to life because they play vital roles 
in biological processes of humans and other living organisms. However, some 
molecules, which are of interest to humans, do not have these natural receptors for 
their recognition. Hence, research community has been fascinated by the possibility of 
fabricating artificial biomimetic recognition materials for such molecules. More so, 
natural biological recognition elements suffer from a low stability or short shelf life 
when used outside their natural environment. Molecularly imprinted polymers (MIPs) 
are tailor-made receptors prepared through the widely expanded technology called 
molecular imprinting. Molecular imprinting is said to be part of the most prominent 
technology for achieving a definite molecular recognition [76]. 

1.4.1 Principles of molecularly imprinted polymers 

Molecularly imprinted polymers (MIPs) are functional materials consisting of synthetic 
polymeric matrix with pre-formed selectivity for detecting any given analyte. MIPs 
could mimic natural receptors including antibodies and biological receptors in 
discriminating between molecules; thus, they could be potentially suitable for 
fabricating state-of-the-art analytical devices [10, 77]. MIPs are prepared by the 
molecular imprinting technology in which molecular cavities of specific recognition are 
created within synthetic polymers. This is achieved by polymerizing suitable functional 
monomers in the presence of relevant target analyte(s) or similar molecules 
(surrogate) acting as template molecules [78]. Removing the template molecules after 
polymerization reveals binding sites which are complementary to the target molecules 
in shape, size and coordination of functional groups. The scheme for the molecular 
imprinting development is shown in Fig. 1.1. 

Prior to the polymer synthesis, the template molecules and the carefully selected 
functional monomers (based on the consideration of their capacity to interact with 
functional groups existing on the template molecules) are brought together in a 
porogenic solvent that permits chemical interactions between them to form a pre-
polymerization complex. Polymerization of the solution complex in the presence of a 
cross-linking agent and an appropriate polymerization initiator generates the 

 
Figure 1.1. Schematic protocol of molecular imprinting. 
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reticulated network of the polymer with an embedded template molecules, which, 
when removed or washed out with a suitable washing solution yield a robust polymer 
matrix with specific cavities for the target molecules. In summary, creating an MIP for 
specific recognition of a target molecule involves the generation of physicochemical 
interactions between the target molecule and the selected polymer matrix. This is 
achieved by memorizing, cementing and activating these interactions during the pre-
polymerization stage, polymerization and/or cross-linking, and after template 
extraction, respectively [79]. Generally, the key factors to be considered in MIP 
preparation entail the nature of the target, accurate selection of monomers, porogenic 
solvent as well as the polymerization conditions. 

1.4.2 Imprinting strategies 

From the foregoing, it is apparent that pre-polymerization chemical interactions 
between the template and functional monomers are essential to the performance of 
MIP; hence, several interaction approaches called imprinting strategies are employed 
in MIP preparation. Five major imprinting strategies exist, including non-covalent, 
covalent, semi-covalent, ionic, and metal center coordination [78]. Of these strategies, 
about three are very commonly reported. These include either covalent imprinting in 
which the complex formation entails reversible covalent bond formation between the 
template and functional monomers, or noncovalent imprinting where the bonds 
formed are either based on hydrogen or van der Waal interactions or their 
combination. A third intermediate strategy, semi-covalent imprinting, uses a 
combination of both covalent and noncovalent bonds to ensure a good interaction 
between the template and monomers. Notably, of these three methods, the 
noncovalent imprinting is the most commonly used [9]. This is both due to the greater 
choice of functional monomers and the simple chemistry involved, thus, aiding 
flexibility of preparation [80, 81]. However, in the noncovalent approach, a greater 
number of functional groups must be present on the template molecules to ensure an 
optimum interaction between the template and monomers [82]. These preformed 
imprinted binding sites of MIP could demonstrate affinities and selectivities similar to 
natural recognition molecules such as antibodies; hence, MIPs were earlier referred to 
as antibody mimics [77, 83]. 

1.4.3 MIP applications  

The highly cross-linked MIP polymer matrix attributes to the final material its 
robustness, stability and the possibilities to use under very harsh environmental 
conditions, including acidic and basic solutions [11]. Also, the ease in preparing the 
synthetic recognition materials by adopting several already well-established 
polymerization techniques, the low cost involved as well as the high miniaturization 
possibilities, makes MIPs potentially suitable for generating state-of-the-art 
recognition devices. Therefore, as a result of the many interesting features of MIPs, an 
increasingly wide number of research laboratories are adopting the molecular 
imprinting technology to design novel functional materials for different analytical 
applications, including catalysis, separation, drug delivery, and chemical sensors [84-
87].  
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Furthermore, interest in MIP research has seen a drastic shift from the solely 
laboratory research into future commercialized materials for industrial applications. 
This is in response to the persistent growth of research in molecular imprinting 
development, which has allowed for the acquisition of established knowledge suitable 
for scaling up to its industrial demands in various applications [88]. Consequently, 
advanced progress has been recorded in the use of MIP for applications, including 
chromatographic separation, solid phase extraction for sample preconcentration and 
selective extraction. Also, MIPs for chiral separation of drugs, plastic antibodies in 
pseudo-immunoassays, enzyme mimics, therapeutics, and chemical/biological sensors 
for many relevant analytes of diverse industrial applications have been developed. To 
demonstrate the innovativeness of the MIP technology, its applications are already 
becoming the core processes and procedures of several companies, including Semorex 
Inc., Sphere Medical Ltd., Biotage, and Toximet Ltd. These companies, the heart of 
which are experienced MIP researchers, provide notable services in solid phase 
extraction, food security, cancer targeted drug release, or point of care diagnostics 
[88].  

1.4.4 Configuration of MIP matrices 

As indicated above, the influential importance of MIPs in many research fields has 
generated rapid interest in academic community and even in industries for several 
targeted applications. However, to ensure an effective utilization of MIPs for these 
purposes and for a successful commercial implementation, different configurations 
(formats) of MIPs are required. As a result, increasing efforts are put into the 
generation of protocols for preparing different MIP polymer matrices. Such efforts 
would, as a matter of importance, consider improvement in the creation of receptor 
sites and polymer optimization for imprinting and subsequent rebinding. Previously, 
early imprinting researchers most commonly utilized bulk polymerization to generate 
polymeric materials in the form of monoliths that are subsequently ground into 
smaller particles. Although this approach is interesting, more rational MIP designs are 
needed to meet up with the industrial scale. Concerted efforts of many researchers 
have resulted in several MIP formats suitable for different applications. These formats 
are generally classified based on their appearance or preparation into: nanoparticles, 
membranes and thin films [89]. 

Nanoparticles 

Generally speaking, nanomaterials display interesting properties much better than the 
material at macroscale; therefore, it was believed that MIP at the nanoscale would 
yield better imprinting results. This is observed in nanoparticles in which their large 
surface area enables their surface functionality to be exploited. The growth of 
knowledge in polymer chemistry has permitted various nanoparticles with improved 
properties that are suitable for MIP nanoparticle synthesis to be achieved. Therefore, 
uniform MIP nanoparticles or beads in the form of core-shell, nanosphere and hollow 
spheres are now achievable using established polymerization methods such as 
precipitation, solution and mini-emulsion polymerizations. Precipitation 
polymerization appears to be the simplest of the three methods and helps to easily 
achieve uniform and narrow size particle distribution after careful control of 
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polymerization parameters. Also, it is well suited for polymerization in aqueous media 
to yield water soluble MIP nanoparticle which can be adopted as enzyme inhibitor 
[90]; however, it is deficient in the use of excessive amount of solvent. With a 
continued progress in imprinted nanoparticles, some of the challenges encountered in 
the practical applications of MIPs can be easily overcome. While monoliths are mainly 
used in SPE, chromatography and SPE are two of the most common applications of 
MIP nanoparticles. However, MIP nanoparticles are also widely employed in 
bioseparation, controlled delivery, catalysis, as well as sensing [81].  

Membranes 

Molecularly imprinted membrane (MIM) is another format suitable for MIP 
application. Generally, membrane can be described as a barrier or interphase existing 
between adjacent phases that allows or regulates the selective transport and 
permeation of some materials between the different phases while holding on to 
certain others [91]. Transport of a molecule through a membrane is influenced by the 
nature of the barrier, either microporous or nanoporous; its potential gradient driven 
passive diffusion, as well as the shape, size and electronic charge of the molecule [79]. 
Hence, membranes are adapted for applications involving separation of materials 
because of their unique mass transport processes involving both adsorption of 
molecules and diffusion into the membrane core. Nevertheless, to introduce molecular 
recognition ability into and facilitate the selectivity of a membrane, specific binding 
sites must be created within the material [79, 92]. MIMs can be classified, as a function 
of their structural barrier (porosity), in the form of dense (pore sizes are < 1 nm) and 
porous adsorbents (pore sizes are > 1 nm) for separating large or small molecules or as 
films deposited on previously formed membrane substrates. They are formulated 
using 3D or 2D imprinting methods by techniques including in situ polymerization, 
membrane deposition, grafting etc. [92].  

MIMs have been quite well reported in literature with common examples including 
antibody (IgG) imprinted membrane via grafting [93], polypropylene hydrogel and 
electrospun fiber membranes for bovine serum albumin and hemoglobin [94], chitosan 
imprinted membrane [95], polysulfone imprinted polymer membrane for polycyclic 
aromatic hydrocarbons. 

Thin films 

MIPs configurations also exist in the form of thin films ( < 100 nm) immobilized on the 
surface of sensor transducers that allow the monitoring of binding interactions using 
different transduction techniques. Such transduction techniques include 
piezogravimetric, e.g., quartz crystal microbalance (QCM) and surface acoustic wave 
(SAW); optical, e.g., surface plasmon resonance (SPR); electrochemical (voltammetry, 
amperometry, capacitive impedimetry etc.) transducers. Thin film is of particular 
significance in environmental monitoring because of its suitability for producing 
portable pollutant detection devices. As a result, in sensing applications, selective thin 
film of MIP based sorbents is used in the analysis and detection of various targets, 
ranging from small, (e.g., environmental pollutants), to large (e.g., proteins), molecular 
weight analytes [9, 96-101].  

Although thick MIP films can also be prepared and integrated with a transducer, 
binding events occurring on imprinted sites at certain distances beyond the region of 
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transduction of the particular sensor, may not be detected by the transduction system, 
hence, leading to low signal and improper analysis of sensor performance. Also, such 
films may reduce the ease of diffusion of analyte through the polymer matrix unto the 
active sites that are located deep within the matrix. Thus, loss of signal and the long 
diffusion path through which an analyte may have to travel constitute the limitation in 
the use of a thick MIP film for recognition. Therefore, in designing MIPs for sensor 
application, thin film format offers the best compatibility with the available sensor 
transducers. This is also in part because of the possibility to control and obtain a high 
value for the surface-area-to-volume ratio, which helps to improve the sensor 
sensitivity by introducing porosity into the film [92, 102]. Thin MIP film also facilitates a 
better control of binding kinetics by simply altering the film thickness. Thin MIP films 
can be prepared and integrated on the transducer surface using two general 
approaches including immobilization of previously prepared MIP by physical or 
chemical means [103, 104] and in situ polymerization of MIP directly on the transducer 
surface [9, 105]. A number of well-established methods are available for in situ 
polymerization of thin MIP film on different transducers. They include 
photopolymerization, electropolymerization, lithography, sol-gel technology etc.. The 
potential application of a thin MIP film for environmental pollutant detection is 
evident in the increasing number of publications existing on the subject. 

1.5 MIP preparation methods 

A MIP preparation method is one of the factors that determine the properties of any 
fabricated MIP. Polymerization methods used for MIP synthesis could be generally 
classified into free-radical polymerization and sol-gel processing techniques [78]. A 
more broad classification may be based on the expected configuration (format) and/or 
the intended application. Thus, bulk polymerization exists for monolithic MIP 
preparation while for MIP particles, suspension, emulsion, multi-step swelling and 
precipitation polymerizations are generally used. However, in preparing MIP films to 
be used in sensor applications, electrochemically induced free-radical polymerization 
and sol-gel processing techniques offer easy MIP fabrication at room temperature and 
the possibility of its integration on various sensor transducers. These, coupled with 
other advantages of both methods, constitute the basis for their utilization in this 
work.  

1.5.1 Electrosynthesis of thin MIP films 

Electropolymerization is a facile technique for generating thin polymer films with 
controlled thickness and morphology [106]. It involves the anodic oxidation of an 
electropolymerizable monomer employing different modes of potential stimulus to 
form radical cation. These unstable radicals quickly react with other monomers 
thereby forming oligomers and subsequently the final polymer chain. Such 
polymerization requires an electrolyte in the form of a solvent containing a doping salt 
or an ionically conducting medium. With electropolymerization, polymer films can be 
directly obtained on the surface of any flat conducting electrode, such as gold, 
platinum, glassy carbon, tin, with a robust adherence [107].  

Electropolymerization is beneficial to MIP synthesis because of the ease involved in 
the experimental set-up, fast operation and minimal technical intervention and the 
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possibilities to control MIP thickness by simply adjusting charge dosage [23, 108]. The 
room temperature operation of the technique also makes it very attractive to MIP 
researchers. However, to obtain a good imprinting efficiency, it is essential to ensure 
the preservation of the structural integrity of the template molecules during the 
electrosynthesis by excluding the possibility of template oxidation during the 
electropolymerization [98]. Though electrosynthesis presents an interesting 
technology for a robust MIP fabrication, its polymerization parameters require careful 
control for an optimal performance of the electrosynthesized MIP. Furthermore, to 
ensure its excellent performance, the choice of monomer(s) is very essential; 
thankfully, a variety of electropolymerizable monomers are available. Of these, pyrrole 
(Py) [23, 109], aniline [110], thiophene [111], 3,4-ethylenedioxythiophene (EDOT) [112] 
and their derivatives, are among the most commonly used in MIP research. 

1.5.2 Sol-gel synthesis of MIP films 

Sol-gel is a common synthesis method that utilizes hydrolysis and polycondensation of 
alkoxide precursors to form a polymer. Sol-gel technique is very attractive and widely 
used for diverse applications due to its room temperature preparation and ease of 
fabrication on various substrates [113]. In MIP research, the application of sol-gel 
derived polymer is due to its low preparation cost, long shelf-life and good optical and 
mechanical properties. Moreover, the flexibility in the design of sol-gel MIP promotes 
host-guest interaction, hence, an improved recognition [114]. More importantly, sol-
gel processing permits the synthesis of hybrid MIP materials possessing improved 
properties as compared to a solely organic acrylic polymer. For example, a hybrid MIP 
could possess an improved porosity, thus, a higher specific surface area as well as a 
localized concentration of functional groups with an overall effect of sensor sensitivity 
and selectivity [115]. 

Consequently, a sol-gel fabricated hybrid MIP is reported to be more favorable 
than the solely organic acrylic polymer due to the ease of preparation and faster 
diffusion times through which analytes have to travel to the polymer active sites and 
reduction of nonspecific binding [116]. In an environmental monitoring system, silica 
hybrid MIP is reasonable because of the relatively inert nature of the silica as 
compared to a totally acrylic based sensor. Furthermore, since sensor development 
requires the integration of a recognition layer with the sensor transducer and the 
conversion of chemical interaction into a processable signal, the optical transparency 
of sol-gel derived silica hybrid MIP film could permit its suitability for use with optical 
sensors such as SPR to monitor molecular detection [117]. Luckily, there exists a 
window of possibility to design portable SPR sensor; thus, interfacing a sol-gel derived 
MIP with a portable SPR sensor will further enhance on-site environmental monitoring 
[118, 119]. 

1.6 MIPs for antibiotics detection. A brief overview 

Using the molecular imprinting technology, MIP can be prepared for detecting a wide 
range of molecules or families of molecules possessing a very definite arrangement of 
functional groups. Since antibiotics are usually identified and classified by their unique 
possession of distinctly arranged functional groups, their detection using molecular 
imprinting could be easily achievable. Consequently, the detection of antibiotics using 
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MIPs has been a subject of several research laboratories and increasing publications 
are available on the subject for different applications. High performance liquid 
chromatography (HPLC) and solid phase extraction (SPE) represent the techniques 
where MIP separation applications have been mostly employed. This is probably due 
to the ease involved in preparing bulk polymer matrix that is easily ground into smaller 
monoliths suitable for easy parking into chromatography columns. It could also be due 
to the identifiable magnified recognition properties of MIP in these techniques 
because of the high number of theoretical plates existing in the column [120]. As a 
result, almost all of the early reports of antibiotics detection by MIP have been based 
on their utilization in either HPLC or SPE.  

The first recorded antibiotic MIP report was made in 1997 by the Klaus Mosbach 
group [121] where selective erythromycin, tylosin and oleandomycin imprinted 
polymers were prepared for use as stationary phases in high performance liquid 
chromatography (HPLC). These imprinted polymers were prepared as bulk materials 
subsequently ground into smaller particles suitable for parking in HPLC column. By 
employing the noncovalent imprinting approach, interaction complex was formed 
between methacrylic acid-ethylene glycodimethacrylate functional monomer and the 
antibiotic template molecules in an organic solvent. Shortly afterwards, a 
chloramphenicol MIP combined with HPLC was reported by another group [122] for 
successful detection of chloramphenicol in patient’s serum. Similar to the previous, the 
MIP was built as bulk polymers, grounded and parked into HPLC column for analysis. 
Although functional monomers consisting of methacrylate unit and noncovalent 
imprinting strategy were used, the target molecule was detected in the 
chromatography column by a competitive displacement of a chloramphenicol-dye 

Table 1: Reports of antibiotic-imprinted polymer from 1997 to 2005  
Template Functional 

Monomer 
Imprinting 
Strategy 

Format Application Ref 

Erythromycin, 
tylosin, 
oleandomycin 

Methacrylic acid-
ethylene 
glycoldimethacrylate 

Noncovalent Bulk HPLC stationary phase [121] 

Chloramphenicol MAA, DEAEM, 4-VP Noncovalent Bulk HPLC stationary phase, 
HPLC + fluorescent assay 

[122, 
123] 

Penicillin V, 
oxacillin, 
 penicillin G 

MAAM, 4-VP, 
EDMA, MAA-co-
TRIM 

Noncovalent Bulk HPLC stationary phase, 
Radioligand binding 
assay 

[124, 
125] 

Sulfamethazine, 
sulfamethoxazole 

MAA, 4-Vpy,  
MAAM,  

Noncovalent Bulk HPLC stationary phase [126-
128] 

Vancomycin, 
phenethicillin 

Cyclodextrins  Bulk HPLC [129] 

Ampicillin  Noncovalent Bulk HPLC + UV detector [130] 
Cefaclor Silica gel Noncovalent Bulk HPLC stationary phase [131] 
Cephalexin 2-trifluorom-ethyl 

acrylic acid (TFMAA) 
Noncovalent Bulk solid phase extraction 

(MISPE) 
[132] 

Labelled  
penicillin G 

MAAM, 4-VP Noncovalent Bulk bifurcated quartz bundle 
(optical fibers) 

[133] 

Tetracycline, 
oxytetracycline 

MAA Noncovalent Bulk HPLC stationary phase [134] 

Cefathiamidine 4-VP Noncovalent Bulk MISPE [135] 
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conjugate from the imprinted polymer. Following these pioneer reports, many other 
interesting articles on the HPLC analysis of antibiotics using MIP in the bulk polymer 
particle formats (Table 1) were increasingly reported. About a decade after the first 
report, the in situ synthesis method of MIP monolithic stationary phase was developed 
by Liu et al. [136] for detecting sulfamethoxazole. The MIP showed high surface area 
and demonstrated selectivity for the target rather than structurally similar analogue. 

More recently, Marco Frasconi et al. [137] were probably the first to report about 
the analysis of antibiotic MIP on a lab-on-chip label-free optical platform such as SPR. 
In their work, gold nanoparticles (AuNPs) were modified with electropolymerizable 
monomer and ligands for the association of the target antibiotics (neomycin, 
kanamycin and streptomycin). The boronic acid-functionalized AuNPs were utilized so 
as to amplify the surface plasmon resonance after analyte binding, thereby obtaining 
an enhanced recognition signal. After this, increasing outstanding attempts are being 
reported on label-free detection platform such as SPR, SAW and QCM. 

MIPs are very promising and attractive materials for antibiotics detection due to 
their relatively low cost of fabrication, robust stability, and selective properties similar 
to those of natural recognition molecules (e.g., antibody). However, commercializing 
MIP for general individual usage is still far from being realized. On the one hand, this 
could be a result of the intrinsic challenges encountered in MIP design including mass 
transfer limitations, binding sites heterogeneity etc. [138]. Another conceivable 
obstacle could be the challenge of using these materials within the natural matrix or 
media where the targets antibiotics are found owing to incompatibility and/or cross 
reactivity. Therefore, vigorous and continual research efforts are still needed in MIP 
synthesis to achieve its aim within the shortest space of time. 

1.6.1 Sulfamethizole and amoxicillin as antibiotic target molecules 

Antibiotics represent a very large family of drugs, which when administered, alter the 
growth of microorganisms. Various classifications exist for antibiotics and could either 
be based on their mechanism of action, including inhibitors of cell wall synthesis, 
protein synthesis, DNA synthesis, RNA synthesis, mycolic acid synthesis, and folic acid 
synthesis. They could also be classified based on similarities in their chemical structure 
into beta-lactams (including penicillins and cephalosporins), tetracyclines, 
sulfonamides, amphenicols, quinolones etc. Because of this wide classes emanating 
from their varying chemical nature, simultaneous analysis of all these molecules by a 
single analytical methodology may be almost impossible [120]. 

 
Figure 1.2. Molecular structures of the selected antibiotic target molecules. 
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Therefore, the antibiotic targets studied in this thesis comprise two widely used 
antibiotic drugs, sulfamethizole (SMZ) and amoxicillin (AMO), Fig. 1.2. They were 
selected from two large groups of antibiotics, sulfonamides - SMZ and penicillins - 
AMO. They possess a broad spectrum of activity; hence, they are used for preventing 
or treating varying bacterial infections and diseases. Expectedly, their wide usage will, 
on the contrary, lead to their increasing release or escape into the environment; thus, 
it is required to monitor their environmental occurrence. Therefore, their selection as 
modelled antibiotic environmental pollutants for this thesis is anticipated to be a 
beneficial contribution to the most sought-after detection of such pollutants in the 
aquatic environment. 

Sulfamethizole (SMZ) 

Sulfamethizole is extensively prescribed for the prevention and cure of infections 
caused by both gram positive and gram negative bacteria in humans and animals 
[139]. It is a short-lived sulfonamides (serum half-lives of 5 - 10 hrs) and poorly soluble 
antibiotic drug commonly used to treat urinary tract infections in humans, especially 
those caused by Escherichia coli [140, 141]. It is also a major antibiotic prescribed to 
pregnant women for the treatment of urinary tract infection within the first two 
trimesters, although an increased risk of miscarriage has been suggested to exist with 
sulfamethizole administration in such pregnant women [142]. In veterinary medicines, 
SMZ is used for aquatic and terrestrial animals to protect or cure them of infectious 
diseases [143]. Its mechanism of action is by competing with p-aminobenzoic acid, a 
metabolite that is needed for synthesizing folic acid in the pathogen [144]. SMZ has 
low absorption in the body, thus about 80% of the original medication can be excreted 
via urine and faeces [42]. This fact, coupled with its wide administration in human and 
veterinary medicines, leads to the increase in their environmental presence. SMZ 
pollutants were previously detected in wastewater, surface and groundwater and 
sometimes in bottled mineral water [145-147]. Detection or monitoring of SMZ is 
important to prevent possible danger of its constant exposure. For example, the report 
of sulfamethizole induced liver injury exists in literature [148]. 

Amoxicillin (AMO) 

Amoxicillin is a semi synthetic broad spectrum antibiotic characterized by the presence 
of a beta-lactam ring, a carboxyl, an amino and a hydroxyl group. It is a similar 
analogue of ampicillin, differing only in the inclusion of a p-hydroxyl group in its side 
chain. Amoxicillin is widely prescribed for the treatment of infections, mainly sinusitis, 
otitis media (inner ear infection), tonsillitis, respiratory tract infections, typhoid fever 
and other Salmonella infections. It is also commonly used either alone or in 
combination with other antibiotics for the treatment of infections of skin, lungs etc. 
[149]. Due to the low metabolism rate of amoxicillin in the body, its continuous 
excretion is expected to reach levels that could be of environmental concern [150]. As 
a consequence, amoxicillin contaminated water has been reported for surface and 
ground water at concentrations higher than some other pharmaceutical pollutants 
[151]. Amoxicillin, as well as other aminopenicillins, are not frequently detected in 
environmental water or wastewater but its increasing usage suggests large chances of 
escape into the environment. Therefore, non-frequent detection of amoxicillin in 
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environmental water could be a result of analytical methods incompatibility, or its ring 
opening degradation process by beta lactamase [152]. 

Analytical methods mostly used in amoxicillin detection include high performance 
liquid chromatography (HPLC), capillary electrophoresis and diffuse reflectance 
infrared Fourier transform spectroscopy. However, these methods may not show high 
efficiency and the use of toxic agents in the form of solvents, makes these techniques a 
disadvantage; hence, it is necessary to develop efficient but environmental-friendly 
approaches [149]. 

1.7 Evaluation of MIP analytical performance 

MIPs by their nature are capable of selective recognition of the target molecules in a 
matrix mixture with non-target molecules. But in order to evaluate the performance of 
MIP, characterizing the chemical interactions occurring on the imprinted sites is 
paramount. Since MIPs are solid materials, characterization methods that may require 
polymer solutions, such as gel permeation chromatography or solution NMR 
techniques, may not be adaptable to probing MIP binding sites. Likewise, MIPs’ 
amorphous nature prevents employing crystallographic or efficient usage of 
microscopic methods. Therefore, physical characterization of MIP is limited to IR 
spectroscopy, surface area and porosity and/or solid state NMR measurements [153]. 
Notwithstanding, limited information on the binding sites is obtainable from these 
techniques.  

MIPs are generally heterogeneous in nature. This implies that the binding sites 
occurring on a MIP material may not all be identical. Heterogeneity in MIP may arise 
from incomplete utilization of all monomers in pre-polymerization complex formation, 
thus presenting in the final polymer diverse areas differing in monomer-template 
complexation units. Also, post-polymerization processes of MIP may contribute to MIP 
sites heterogeneity, e.g., by binding site damage during template removal, or 
incomplete template removal at certain sites as compared to others. Nevertheless, 
characterization of these sites to generate average properties of all existing sites is 
essential to the investigation of MIP performance [154]. To confront the heterogeneity 
nature of MIPs while analyzing their binding properties, affinity distribution (plot of 
number of binding sites versus the association constant) calculation was proposed 
[155] but the complexity of the method and its sensitivity to experimental errors limit 
its continuous utilization [156].  

To accurately analyze the recognition performance of MIP and optimize its 
synthesis for improving their overall utility, binding assays that generate binding 
isotherms that can be modelled by established mathematical equations of binding 
interactions are essential. Fitting experimental data of binding interactions to 
appropriate models enables the determination of the properties of the imprinted 
binding sites, including affinity, kinetic, equilibrium parameters as well as the 
selectivity of the imprinted material. Moreover, a critical interpretation of such binding 
parameters requires its comparison with those obtained from a reference material in 
the form of a non-imprinted polymer (NIP) that is prepared similar to the MIP but 
excluding the template molecule in the preparation protocol. The NIP, by the virtue of 
the polymer surface random functionality, is expected to display some weak 
interaction (binding) with the analyte. Thus, while the MIP response consists of a 
combination of both specific and nonspecific analyte interactions, the NIP would be 
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more indicative of nonspecific binding and their differences would therefore portray 
only specific binding due to the imprinted sites on the MIP. Thus, in sensing 
applications, a major goal is to maximize the specific interactions by ensuring a higher 
binding response on the MIP with reference to the NIP. Below, common parameters 
and interesting properties obtainable from a MIP binding sites are described in brief. 

1.7.1 Kinetics 

Determination of the binding kinetics is often vital to the evaluation of the strength or 
affinity of interaction in a molecular binding process. Many sensor developments 
generally require a short analysis time, hence, fast recognition, and a slow rate of 
dissociation when exposed to the trace concentration of an analyte. Binding kinetics 
can provide useful information about the rate constants of reaction, thermodynamics, 
as well as equilibrium parameters, thereby giving details about the speed and 
generating data for further analysis. A molecular recognition can be modeled as a 
reversible interaction between an analyte A, and a receptor surface S, and can be 
summarized as follows: 

    ka 
𝐴𝐴 + 𝑆𝑆 ⇌ 𝐴𝐴𝑆𝑆     (1) 

   kd 

 
where AS is the complex formed between A and S, ka (mol-1s-1) is the rate of complex 
formation per unit concentration of A and S, and kd (s-1) is the rate of AS dissociation 
back into the reactants A and S.  

At the beginning of the reaction and before complex formation, association and 
dissociation rates are at the highest and lowest values, respectively. As the reaction 
progresses and more AS is formed, the association rate slows down while the 
dissociation rate gradually increases. At a particular point in the reaction sequence, a 
dynamic equilibrium would be reached in which the rate of complex formation will be 
equal to that of dissociation. Experimentally, to obtain rate constants from a MIP 
sensor, the rebinding process is monitored and recorded as a plot of binding signal 
versus reaction time, which can be further analyzed by fitting to an appropriate 
mathematical model. A typical binding signal generally consists of two phases: an 
association and a dissociation phase. Since the association phase consists of 
simultaneous complex formation and dissociation, fitting this part of the signal to a 
non-equilibrium rate model will generate the rate constants and extrapolate 
equilibrium concentration of the analyte. To simulate MIP adsorption behavior in this 
non-equilibrium condition, the first and second-order kinetics (Table 2) [157, 158] are 
commonly used because of their capacity to model both the rapid initiation and the 
slow tendency towards a plateau [159].  

1.7.2 Adsorption isotherms 

Binding or adsorption isotherm refers to the measurement of a polymer binding 
efficiency over a range of concentration at a fixed temperature. It is usually expressed 
as a plot of bound analyte concentration against the concentration of free analyte in 
solution at equilibrium over the range of tested concentration [160]. With an 
adsorption isotherm, the relationship existing between equilibrium concentrations of 
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bound and free analytes can be easily estimated by conducting a batch rebinding 
experimental study within a range of analyte concentration [156]. Fitting of the 
experimental data points on the binding isotherm to an appropriate theoretical model 
allows further understanding of the molecular recognition process. This permits the 
determination of more interesting parameters, including maximum saturation signal 
(Qmax) and equilibrium dissociation constant (KD). These parameters have been 
proposed as a common measure of affinity of molecularly imprinted polymers [161]. 
Several theoretical models are available for fitting binding isotherm data and the 
choice of an ideal model could be either empirical based or by theoretical knowledge 
of the properties of binding sites created within the polymer matrix. Generally 
speaking, MIP binding sites are characterized by heterogeneity, in which case the 
binding sites may differ in the geometry of functional groups, accessibility or polarity 
of its local environment [154], which in turn leads to variation in the binding capacity 
across the matrix. 

The Langmuir and Freundlich isotherm models (Table 2) are two mathematical 
models commonly employed in evaluating molecular recognition. While Langmuir 
isotherm is strictly based on the assumption of homogeneity of adsorption sites, 
Freundlich isotherm fits heterogeneous binding surfaces much better. Thus, since MIPs 
generally have a certain degree of heterogeneity, the Langmuir model may not give a 
good fit to the experimental data. Although the Freundlich isotherm model provides a 
much better fit to lots of MIPs’ experimental data, it is limited to a certain range of 
concentrations. Likewise, its inadequacy to accurately model the saturation region of 
the adsorption isotherm and inability to describe the behavior of MIPs with increased 
homogeneity constitute its restrictions [156]. Notwithstanding, a composite model of 
these two namely Langmuir-Freundlich (LF) isotherm (Table 2) was shown to define 
more accurately both homogeneous and heterogeneous MIP surfaces even at 
extremes of concentrations [101]. This is because the LF isotherm model may reduce 
to either the Langmuir or the Freundlich model at certain conditions and thus could be 
successfully used in modeling the adsorption behavior of MIPs. 

The equilibrium dissociation constant KD, (the analyte concentration which gives 
50% of maximum adsorption response) is an important parameter that reveals the 
affinity of the MIP receptor sites for the analytes. A lower KD value indicates a lower 
dissociation tendency, hence, a higher affinity. Thus, a fit of an adsorption isotherm 
can give information relating to the affinity of the imprinted cavities created within the 
polymer matrix during MIP preparation. 

Table 2: Mathematical equations of kinetic and equilibrium adsorption models 
commonly employed in characterizing MIP recognition properties 
 Equation 
Kinetic Model  
First-order Q = Qeq[1-e−kobs*t] 
First-order with bulk shift Q = Qeq[1-e−kobs*t] + BS 
Second-order Q = [Qeq2k2t]/[1+Qeqk2t] 
Isotherm Model  
Langmuir Q = QmaxC/(C+KD) 
Freundlich Q = QmaxCm 
Langmuir-Freundlich Q = QmaxCm/(Cm+KD) 
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1.7.3 Imprinting factor 

A common parameter for estimating the performance of an imprinted recognition 
material is the imprinting factor (IF). It describes the adsorption capacity of a MIP 
towards a target relative to the NIP; thus, it is mathematically calculated as the ratio of 
an analyte binding capacity on the imprinted polymer to that on the non-imprinted 
reference under identical conditions (Eq. (2)). In this equation, QMIP and QNIP may either 
be the maximum or equilibrium adsorption capacities on both MIP and NIP surfaces. 

IF = QMIP/QNIP      (2) 

It is expected that an MIP should display IF greater than 1. This is because the NIP is 
envisaged to have a greater monomer self-association during the pre-polymerization 
stage than the MIP, thereby reducing the number of free functional groups, hence, 
exhibiting lower analyte recognition. More significantly, the preformed imprinted sites 
existing on the MIP should further provide a stronger affinity to the target molecules, 
thus increasing analyte binding on the MIP. Therefore, IF could be a rough validation of 
the presence of imprinted sites in a MIP.  

Although the IF allows a quick estimation of the relative adsorption capacity of the 
imprinted polymer, it may not be sufficient for indicating the overall performance of 
MIP. It has been suggested that the polymer matrix resulting in a high efficient MIP for 
a particular target analyte may also display a correspondingly increased interaction on 
the NIP [162]; therefore, further estimation of MIP binding characteristics combined 
with the IF is essential in MIP evaluation. 

1.7.4 Selectivity 

Another very important parameter for evaluating MIP performance is the selectivity. 
Selectivity of a sensor determines its ability to identify and bind the target analyte in a 
solution mixture with other molecules (interferents), while discriminating against 
others. To obtain information about the MIP sensor selectivity, the selectivity 
coefficient/factor, k or ᾳ is usually calculated. This is computed by the ratio of 
response resulting from the rebinding of interferent molecules on the MIP to that of a 
target analyte under identical experimental conditions Eq. (3): 

k = (Qi)/(Qt)     (3) 

where Qi and Qt are adsorption responses of MIP towards the interferent and target 
molecules, respectively. 

The selectivity factor could also be calculated from the ratio of IF values of an 
interfering substance to that of the target molecules. The IF values for both interferent 
and target molecules could be calculated from their binding responses on the MIP and 
NIP using Eq. (2) as described previously. 

1.8 Label-free sensor platforms 

Analytical chemists are continually faced with the challenge of developing accurate, 
reliable, cost effective and quick detection methods for analysis of substances for 
several aims, such as environmental monitoring, among others. However, as stated 



 

29 
 

earlier, the disadvantages inherent in the traditional analytical techniques limit their 
potential utilization. More so, some developed techniques including enzyme-linked 
immunosorbent assays (ELISA) and radioimmunoassay could still present easily 
automated analytical methods; they require the use of labels as indicators, thus 
demanding more time and increased cost of analysis, an undesirable effect in sensor 
development. More limiting is the fact that these methods may not differentiate 
between association and dissociation stages of binding interactions [163]. Label-free 
detection provides an alternative approach without requiring the use of chemical 
labels, hence, saving time and cost. Label-free detection ensures a simple protocol for 
sensing by eliminating the complexity that may be encountered in the use of labelling, 
such as the interaction of label with binding sites, inhomogeneous distribution of label 
around the target molecule (e.g., in large protein molecules) and disruption of labels 
by the analysis condition (e.g., fluorescence label quenching). Also, labels were found 
to modify the chemical structure of the analyte (e.g., native proteins) and influence 
their hydrophilic-lipophilic balance in aqueous media, thereby altering the interfacial 
activity of such labelled protein [164]. Essentially, label-free detection techniques 
unlike the labelled ones do not simply establish the presence of detector molecules. 
Rather, they allow a direct and real time monitoring of binding interaction occurring on 
the sensor surface [165]. This is realized by converting the chemical interaction 
between the analyte and the receptor to measurable signals, including changes in the 
optical, piezoelectric or electrochemical properties of the sensor. Furthermore, such 
label-free sensor platforms as quartz crystal microbalance (QCM), surface plasmon 
resonance (SPR) and surface acoustic wave (SAW) have demonstrated high efficiency 
in the analysis of both association and dissociation stages of molecular interaction. As 
a result, kinetic and equilibrium data can be quickly obtained within a short period of 
time with an acceptable level of accuracy. Therefore, combining such label-free 
sensors with thin MIP films certainly holds a great beneficial potential for 
environmental monitoring and detection. 

1.8.1 Acoustic wave sensors 

Acoustic wave sensors including QCM and SAW, enable to modulate acoustic waves 
propagating through or on the surface of the sensor tansducer. These waves interact 
with the surrounding in a way to supply measurable information regarding the 
properties of the medium. The medium around the vicinity of the wave propagation 
can affect the travelling wave either by perturbing its velocity or damping its amplitude 
[166]. Information obtainable from such interactions may include density, viscosity, 
surface mass, and temperature of the medium. Likewise, information about biological 
interactions can be obtained following sensor surface functionalization by appropriate 
receptors for the target analytes [167]. Varying categories of these sensors exist, 
differing in the nature of wave propagation but similar in decreasing frequency 
(frequency shift) in relation to an adsorbed mass [168]. However, based on the 
utilization of the piezoelectric effect, two major categories can be observed, bulk 
acoustic wave (BAW) and the surface acoustic wave (SAW). While BAW propagates 
through the entire interior of the substrate, the propagation of the SAW waves is 
confined to the surface. 
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Quartz crystal microbalance (QCM) 

Quartz crystal has unique properties discovered by Jacques and Pierre Curie, in which 
the application of a mechanical stress unto a quartz generates an electrical potential 
across the material whereas a mechanical strain is produced after an electrical 
potential is applied to it [169]. This effect called the piezoelectric effect is the basic 
principle for the operation of the quartz crystal microbalance (QCM). QCM generates 
bulk acoustic wave (BAW) oscillating in a mechanically resonant shear mode by the 
application of an alternating high frequency electric field unto electrode metallic layers 
(e.g., gold), which are usually deposited onto both sides of the disk (Fig. 1.3). This 
piezoelectric property of quartz is used to measure the mass of a material deposited 
on its surface by a corresponding change in frequency. The resultant resonant 
frequency of QCM after mass deposition would be a combined influence of the 
thickness of the quartz, the underlying electrode and the deposited mass. Therefore, a 
difference (frequency shift) between the unloaded fundamental frequency of QCM 
and the resultant frequency after mass deposition would only be due to the influence 
of the deposited mass. Interestingly, the Sauerbrey’s equation (Eq. (4)) established the 
relationship between the frequency and mass changes taking place on QCM: 

Δf = -(f02Δm)/Nρ =-Сf Δm    (4) 

where Δf is the resonant frequency change (Hz), fo, fundamental frequency of the 
crystal (Hz), Δm, mass change (g/cm2), N, frequency constant for quartz (167 kHz·cm), 
ρ, density of quartz (2.65 g/cm3), Cf, sensitivity factor (for 5 MHz quartz crystal, 56.6 
Hz·μg-1·cm2). 

QCM sensor has been used for measurements in vacuum and gas. Similarly, 
because the thickness-shear mode is predominant in QCM, its operation in liquid is 
made possible, in which case the frequency shift is a function of the viscosity and 
density of the liquid [170]. Furthermore, the possibility of combining the QCM 

 
Figure 1.3. Schematic of QCM operating principle. 
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technique with electrochemistry to obtain an electrochemical QCM system (EQCM) 
facilitates a simultaneous evaluation of mass and electrochemical data in one 
experiment. 

However, QCM measurements are mostly carried out at room temperature with 
few reports to indicate their potential utilization for high and very low temperature 
environment [171, 172]. This is because at low temperature, quartz displays excellent 
properties, such as high mechanical quality factor (i.e., high sensing precision), high 
electrical resistivity and low temperature coefficient [173] which disappear at very high 
or low temperature. Due to the distinctly sharp nature of the resonance frequency; 
hence, a high precision in the sample analysis, detection and/or resolution of trace 
amounts of deposited material per unit area of the surface is made possible. Thus, 
QCM in combination with a flow injection analysis (QCM-FIA) is known as a simple but 
powerful technique for the in situ monitoring of binding interaction between an 
analyte and a recognition layer on the quartz crystal [174]. Owing to the adaptability of 
QCM in sensor analysis and the ease of interfacing with the MIP recognition layer, the 
use of QCM interfaced with MIP in the detection of numerous analytes including 
antibiotics has been broadly reported and reviewed [98, 99, 165, 175, 176]. Moreover, 
the possibility to design and use portable, energy efficient piezoelectric sensors in 
environmental monitoring makes QCM combined with MIP attractive for antibiotics 
detection in this research [165]. 

Surface acoustic wave (SAW) 

In a SAW sensor device, the acoustic wave is generated by the application of an AC 
voltage to the interdigitated transducer (IDT) that is composed of two interlocking 
comb-shaped metallic electrodes patterned on the piezoelectric substrate (Fig. 1.4) 
[177]. Similar to QCM, an adsorbed or accumulated mass will influence a frequency 
shift. Notably, a higher sensitivity may be obtained in a SAW sensor as compared to 
QCM because the former operates at a higher frequency (100 MHz to a few GHz) and 
its surface bound acoustic wave should be more easily perturbed by surface 
interactions as compared to the bulk wave. 

The Rayleigh acoustic wave appears to be the most commonly used in SAW sensor 
devices; however, due to losses from radiation, they are unsuitable for liquid operation 
[168]. Love waves, on the other hand, are adaptable for utilization in liquid operation 
because they consist of shear-mode vibrations, and hence are found in many SAW 
devices adapted for liquid measurements [178, 179]. For sensing purposes, SAW 
devices are usually coated with a thin film of molecular receptor (e.g., MIP) and 
connected to a frequency counter. Interaction between the acoustic wave and a 
medium leads to a corresponding change in wave velocity and amplitude. The phase is 
shifted in response to velocity change and amplitude shift respond to the attenuation 
of the wave; thus, both changes are monitored in a measurement experiment [177]. 
SAW sensors have been shown to be extremely useful for the analysis of any kind of 
target molecules, including organic vapors [180], inorganic gases [181] and bioanalytes 
[100]. 
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1.8.2 Surface plasmon resonance (SPR) 

Surface plasmon resonance (SPR) belongs to the group of sensors generally referred to 
as optical sensor transducers. Optical transducers operate based on the principle that 
molecular recognition reactions cause alteration in the structural properties of certain 
substances, leading to a corresponding change in their optical properties [182]. SPR 
spectroscopy monitors biomolecular interactions taking place at a close vicinity on the 
surface of a transducer by following the change in the refractive index corresponding 
to the binding interaction [183]. The SPR set-up has a basic configuration shown in Fig. 
1.5 where a monochromatic plane polarized light is shone through a prism unto a 
sensor containing a thin metal film, sandwiched between the sensor and an external 
medium of different refractive indices. Because part of the incident light is reflected by 
the metal at angles dependent on the incident angle, the plane polarized light can be 
incident at an angle in which the reflected light is a minimum, i.e., when total internal 
reflection occurs. 

At this angle, called the resonance or SPR angle, the electrons from the metal are 
excited (surface plasmon) and oscillate in a wave-like manner (evanescent wave), 
propagating perpendicular to and with energy concentrated at the close vicinity of the 
metal surface [184]. The energy transfer between the incident beam and excited 
surface plasmons reduces the reflected light intensity, which is measured as the SPR 
signal or sensorgram, a plot of response unit (RU or RIU) against real time, in seconds 
by a photodetector. 

 
Figure 1.4. Schematic of the basic operating principle of SAW sensor. 
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Because the SPR angle is closely related to the refractive index on the immediate 
environment of the sensor, the angle and the SPR signal changes could be related to 
the binding adsorption or change in medium properties [185]. With SPR sensor, 
information regarding the amount of bound analyte, binding affinity and kinetics of 
interactions can be easily obtained [186]. However, like other sensing platforms, SPR 
requires surface modification to allow its selective recognition. For this purpose, MIP is 
a well suitable recognition layer that can be easily immobilized on the SPR sensor. This 
accounts for the plethora of publications for SPR detection using MIP as the selective 
elements [187]. Furthermore, the possibility to produce SPR in miniaturized or 
portable formats may have contributed to the wide utilization of SPR by numerous 
research groups [188] and their suitability for antibiotics environmental monitoring. 

1.9 Summary of the literature review and objectives of the study 

Environmental pollution is a well-established global challenge. The water body may 
contain a larger share of pollutants due to the eventual end up of most pollutants in 
environmental water. Thus, exposure of humans, animals and other organisms to 
contaminated water may constitute a potential threat to human health and ecosystem 
sustainability. Antibiotics have been identified as a group of pharmaceuticals with 
environmental water pollution potential. This is an effect of their wide utilization in 
human and veterinary medicines as well as agriculture. Antibiotics-contaminated 
water is hazardous to humans and the ecosystem in general, due to their known 
inhibition of biological functions. Hence, a prolonged exposure to antibiotics even at 
low concentration could result in acute or chronic toxicity, thus, leading to the onset or 
deterioration of various disease conditions. Other than this menace, the most 
commonly known effect of antibiotics environmental pollution is the inducement 
and/or exacerbation of resistant strains of microorganisms that will eventually lead to 
the vicious cycle of constant vulnerability to infections and continuous production of 
more potent antibiotic medications. The overall effect of these may be observed in a 
prolonged duration of illness, increased cost of healthcare, disability, and death. 

From the foregoing, sensitive, selective and cost-effective analytical methods to 
monitor and detect antibiotics in aqueous environment are essential. Traditional 

 
Figure 1.5. Schematic of SPR configuration and working principle. 
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methods, such as solid phase extraction, chromatography, mass spectrometry, 
enzyme-linked immunosorbent assay, are currently employed in the determination of 
such pollutants. However, inherent disadvantages of such methods, including the 
requirement of large, immobile instrumentation, complex sample preparation, lack of 
target specific selectivity as well as low shelf-life, constitute their limitations. 
Molecularly imprinting technique presents a cost effective method to design very 
sensitive and selective robust recognition layer called molecularly imprinted polymers 
(MIPs). MIPs have been reported to demonstrate recognition potential similar to 
natural recognition elements with much better stability. Therefore, tailoring MIP 
design towards antibiotics detection in water could offer a prospective analytical tool 
for a reliable determination of such molecules in water. MIPs exist in several 
configuration formats yet, for sensing purposes, thin MIP film represents the best 
format mainly due to the low diffusion path through which an analyte has to pass into 
the binding sites existing in the MIP.  

To characterize thin films of MIP for analyte recognition capability, their integration 
with sensor transducers that convert the molecular recognition event to analyzable 
signals is very essential. Label-free sensing platforms provide a direct possibility to 
monitor molecular interaction occurring on the surface of a recognition layer 
interfaced with a sensor transducer. Thus, such label-free platforms allow the real-time 
monitoring and recording of analyte binding events on a MIP film deposited on its 
sensing surface with satisfactory precision. Piezoelectric (QCM, SAW) and optical (SPR) 
transducers are especially suitable for investigating MIP recognition since they present 
the ease of kinetic and equilibrium analysis and the feasibility to study the selective 
properties of a prepared MIP layer. Fortunately, several techniques exist for 
synthesizing and incorporating a thin film of MIPs on sensor transducers that will 
ensure a sturdy stability. Examples of such techniques include electrochemical 
synthesis and sol-gel synthesis coupled with spin/deep coating methodologies. The 
advantages of such methods, including fast synthesis, room temperature processability 
and the ease in controlling the deposition process, make these techniques quite 
outstanding. 

Since SMZ and AMO belong to two large antibiotic groups with wide utilization in 
medicines and agriculture, their escape into the environmental water body, hence, 
contamination of drinking water is highly probable. Thus, achieving MIP chemosensors 
with label-free sensor transducers such as QCM, SAW and SPR that are targeted 
towards detecting these antibiotic molecules in water may be a great feat that could 
constitute or contribute to the needed breakthrough in the fabrication of selective 
antibiotic pollutants detection. 
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The overall aim of this thesis research is to fabricate thin polymeric films as a 
recognition layer on QCM, SPR and SAW sensor transducers for a robust and selective 
antibiotic detection in aqueous media using molecular imprinting technology (Fig. 1.6). 
Thus, to achieve this aim, the following objectives are specified: 

a. To develop electrosynthesis and/or sol-gel methodologies that allow a direct 
fabrication of SMZ-MIP and AMO-MIP films on the surface of QCM, SAW and 
SPR. 

b. To probe and validate the recognition capabilities of the SMZ-MIP and AMO-
MIP by analyzing their responses upon interactions with both SMZ and AMO. 

c. To analyze the performance of SMZ-MIP and AMO-MIP in low analyte 
concentrations to determine their limits of detection.  

d. To analyze the selective properties of the SMZ-MIP and AMO-MIP in the 
representative or prototypical aqueous media so as to validate their suitability 
for use in the target environment. 

  

Figure 1.6. MIP-sensors as a tool to monitor antibiotic entry into the natural 
environment. 
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2. Experimental

2.1 Strategy for the preparation of the antibiotic MIP films 

The approach for fabricating the antibiotic MIP films is based on the principle of the 
molecular imprinting technology. The imprinting process can be categorized into the 
following consecutive methodological steps: 

a. Functional monomer selection
b. Polymer matrix formation
c. Interfacing of antibiotic containing films with sensor transducers
d. Formation of antibiotic molecular imprints in the polymer matrix
e. Evaluation of the antibiotic-MIP

2.2 Functional monomer selection 

The functional monomers used for optimal preparation of the antibiotic MIP films 
was chosen from randomly selected monomers including electropolymerizable 
monomers such as pyrrole (Py), 3,4-ethylenedioxythiophene (EDOT), and        
m-phenylenediamine (mPD). Adequate information guiding the rational selection of 
the optimal monomer for fabricating MIPs with specific antibiotic recognition 
properties were obtained by employing a combination of computational modeling 
and spectroscopic studies. For the computational study, monomer-antibiotic 
complexes were generated by GaussView 5.0.9 software followed by 
optimizing their geometries using the semi-empirical PM3 method with 
Gaussian’09 software so as to predict hydrogen bonds formation. Density 
functional theory (DFT) method at B3LYP/6-31+G level was utilized in calculating the 
conformational optimizations and binding energies for the complexes with the 
help of Gaussian’09 software. Spectroscopic study of the monomer-antibiotics 
interaction complex was achieved with nuclear magnetic resonance (NMR) 
employing the Bruker SMART X2S benchtop diffractometer model. Sample solutions 
of individual monomer and antibiotic target as well as their mixture (1:1 molar ratio) 
were prepared in deuterium oxide (D20) solvent. 

2.3 Polymer matrix formation 
Polymer matrices used for MIP preparation in this work were formed either by in-situ 
electrochemical polymerization or sol-gel technology. Electrochemical polymerization 
of m-PD was conducted in a custom-designed three electrode cell, in which the gold 
electrode of QCM or the gold sensing surface of SAW served as the working electrodes. 
A spiral shaped wire or rectangular shaped plate of platinum was used as counter 
electrode and Ag/AgCl/KClsat as the reference electrode. All three were connected to 
an electrochemical workstation (Reference 600, Gamry Instruments, Inc., USA). The 
synthesis of a hybrid sol that will form the hybrid polymer involves free-radical co-
polymerization of methacrylamide (MAAM), an organic monomer and 
vinyltrimethoxysilane (VTMOS), an inorganic coupling agent in the presence of the 
template molecules (AMO). The free alkoxy group of VTMOS located at the surface of 
the polymer was used for the subsequent sol-gel hydrolysis and co-condensation with 
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a functional alkoxide precursor, tetraethoxysilane (TEOS) to form a highly cross-linked 
hybrid sol. 

2.4 Interfacing of antibiotic containing films with sensor transducers 

Thin films of P(mPD) and P(mPD)/SMZ were electrodeposited on the sensing surfaces 
of SAW chip while P(mPD) and P(mPD)/AMO were electrodeposited on the gold 
electrodes of QCM sensor. Both QCM and SAW chips were placed into either 25 mL or 
2 mL electrochemical cell designed to expose only the gold electrode of either 5 MHz 
QCM (Max-tek, Inc.) or sensory elements of SAW chips (NanoTemper Technologies 
GmbH, München, Germany), respectively, to the synthesis solution. The 
electrodeposition on the electrodes was achieved by the application of a constant 
potential (0.6 V vs Ag/AgCl/KClsat) to the electrodes previously exposed to PBS buffer 
solutions containing either 5 mM mPD or mixture of 5 mM mPD and 5 mM AMO for 
the QCM or 5 mM mPD and 3.5 mM SMZ for the SAW.  

To monitor the electrodeposition on the QCM to ensure the same thickness of films 
for P(mPD) and P(mPD)/AMO, an electrochemical quartz crystal microbalance (EQCM) 
was utilized. This was performed by using the QCM100 system (Stanford Research 
Systems, Inc., Sunnyvale, CA, USA) that is connected to the reference 600TM 
potentiostat (Gamry Instruments, Inc.) and the PM 6680B counter (Fluke Corporation). 
The instrumental setup was previously described by Syritski, et al. 2008 [23]. Following 
this arrangement, the film deposition was continued until the required frequency shift 
was achieved, the thickness of which was estimated by the Sauerbrey equation (Eq. 4 
Section 1.8.1).  

To control the P(mPD) and P(mPD)/SMZ electrodeposition process at 0.6 V on the 
SAW surfaces, an electrical charge, previously obtained from spectroscopic 
ellipsometric calibrations of thickness vs applied charge, was passed through the 
electrode of the sensor. Measurement of film thickness was determined by a 
spectroscopic ellipsometer (SE 850, Sentech Instruments GmbH, Berlin, Germany). 
Ellipsometric Psi and Delta spectra (350 - 850 nm) at an incidence angle of 70° were 
measured in ambient air on three different spots of each film. SpectraRay 3 permitted 
spectra evaluation by a simultaneous fit on the film properties (thicknesses and 
dielectric function) utilizing air/film/gold optical layer model. The dielectric function of 
the film (Epsilon) was modeled using a constant part and a Gaussian oscillator to 
describe the electronic transitions in the benzene ring of the polymer. After 
electrodepositions, the electrodes of the sensors were rinsed with distilled water 
before drying under nitrogen stream. 

To interface a sol-gel derived hybrid film with the gold sensor of SPR chip, the 
prepared hybrid sol was spin coated and dried on the SPR sensor surface. The coating 
was performed in a nitrogen atmosphere by a dynamic dispense of the sol on the gold 
surface of SPR held by vacuum down the chuck of a Laurell spin coater (LAURELL WS-
650MZ-23NPPB spin coater). Following spin coating, the film was allowed to 
polymerize and dry in vacuum. To ensure a reproducible thickness of films, film 
thickness was controlled by varying the rotational speed (in RPM) of the spin coater 
and correlating the speed of deposition with spectroscopic ellipsometry 
measurements to obtain a calibration plot of thickness vs speed (in RPM) of spin 
coating. 
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2.5 Formation of antibiotic molecular imprints in the polymer matrix 

To reveal the imprinted binding sites, it is required to remove the entrapped template 
molecules. This is attained through the washing out procedure by selecting an 
appropriate washing solution. To remove SMZ or AMO from the P(mPD)/SMZ or 
P(mPD)/AMO films, respectively, their modified SAW or QCM electrodes were 
immersed in acetic acid-methanol (1:3) or (1:1) solution mixture under constant 
stirring for 24 hrs. By this procedure, SMZ-MIP or AMO-MIP films were generated. In 
the case of the hybrid film on the SPR sensor, removing the AMO molecules entails 
more harsh treatments, including the use of acetic acid-methanol (1:9) solution 
mixture under constant stirring and heating at 60 oC, to form a hybrid AMO-MIP film. 
After rinsing thoroughly by distilled water, the antibiotic-MIP films modified sensors 
were subjected to rebinding studies.  

2.6 Evaluation of the antibiotic-MIP 

2.6.1 Rebinding study by SAW 

The ability of the prepared SMZ-MIP to recognize SMZ was studied by a SAW sensor 
system (SamX, NanoTemper Technologies GmbH, München, Germany) at 25 oC. The 
system is able to handle two SAW chips, each with four sensing elements and its 
microfluidics (consisting of autosampler, syringe pump, internal valves, bottle holder 
with fluidic interconnects, as well as two fluidic cells) provide the possibility of 
delivering analyte solutions to the SMZ-MIP modified sensor elements either 
individually or in serial fashion. The modified SAW sensors, after loading into the SAW 
system, were equilibrated with running buffer (PBS, pH 7.4) at a flow rate of 25 μL/min 
until a stable baseline was established. Subsequent injections of PBS solutions 
containing SMZ concentrations of 10.2, 25.6, 64, 160, 400, and 1000 μM were realized 
and the response signals were monitored.  

The data of the recorded sensorgrams were analyzed using Origin 9.1 
(Northampton, MA) after data export. The analysis involves the fit of the data to the 
first order binding model to determine the equilibrium responses for SMZ-MIP and NIP 
films, which were later used to plot the adsorption isotherms. Maximum binding 
responses and the KD values were then obtained from the fitting parameters. After 
rebinding, surface regeneration was made possible by repeating the washing out 
process in the acetic acid-methanol (1:3) solution mixture.  

2.6.2 Rebinding study by QCM 

To study the rebinding of AMO target molecules on the QCM fabricated AMO-MIP film, 
QCM coupled with a flow injection analysis (QCM-FIA technique) was utilized. The 
QCM-FIA system comprises programmable precision syringe pumps (Cavro XLP 
6000®XLP 6000, Tecan Nordic AB, Mölndal, Sweden), a motorized six-way port 
injection valve (C22-3186EH, VICI®Valco Instruments Company Inc., USA) that is 
controlled by a microelectric actuator and a small volume (150 μL) axial flow cell 
attached to the QCM sensor holder (Stanford Research Systems, Inc.). Injection of 
analyte sample solution was achieved by a 5 mL disposable plastic syringe. The system 
has all its elements connected to a PC and is controllable using software written in 
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Labview. With this setup, real-time monitoring of molecular interactions occurring on 
the QCM sensor surface was achievable, studied at a constant temperature of 25 oC. 
To achieve a stable baseline before analyte injections, a degassed PBS buffer solution 
(pH = 7.4) was allowed to flow over the sensor at a rate of 25 μL/min until a consistent 
baseline of the resonance frequency was reached. After this, subsequent injection of 
AMO sample concentrations at 1.6, 8, 40, 200, and 1000 μM in PBS buffer was 
accomplished through an injection loop (500 μL). As described previously, the 
rebinding experiment follows after removing the template molecules in a washing out 
process in acetic acid-methanol (1:1). Data analysis is the same as described for the 
SAW rebinding study.  

Similar rebinding study was conducted for an SMZ-MIP-modified QCM sensor that 
was previously modified with a dextran layer (SMZ–MIP(Dex)). For this rebinding study, 
the QCM sensor modified with SMZ–MIP(Dex) film was loaded unto the QCM-FIA 
system. After equilibration and baseline stability with PBS (pH 7.4) buffer at a flow rate 
of 40 μL/min, injections of 0.04, 0.2 and 1 mM SMZ concentrations in PBS were 
performed and the changes in frequency (frequency shift) were monitored and 
analyzed. 

2.6.3 Rebinding study by SPR 

To evaluate the performance of the prepared hybrid AMO-MIP towards AMO target 
detection, the prepared film interfaced with the SPR sensor was characterized at a 
constant temperature of 25 oC for its AMO recognition properties. This was achieved 
by monitoring the binding events using a two channel SPR system (SR7500DC, Reichert 
Technologies Inc., Depew, NY, USA). PBS (pH 7.0) was used as the running buffer and 
to prepare the analyte solutions. After baseline stability, response signals induced by 
the refractive index changes were obtained and recorded, following the autosampler 
injection of analyte concentrations from 12.8 nM to 8 μM at a constant flow rate of 25 
μL/min. To further reduce nonspecific interaction,  0.02% Tween-20 was added to the 
PBS buffer (pH 7.0). The data were collected, exported to origin and analyzed by fitting 
to the first order kinetic model and the equilibrium responses obtained were used to 
plot adsorption isotherms, which were further analyzed by fitting to an adsorption 
isotherm model, as described previously.  
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3. Results and discussions 

3.1 Functional monomer selection 

The recognition performance and/or selectivity of a MIP greatly depend on the choice 
of a monomer. Thus, selecting monomer(s) possessing complementary chemical 
functionality to the template molecule, so as to form quite strong noncovalent 
interactions between them, is very critical. The noncovalent imprinting strategy is 
chosen instead of the covalent approach because the former does not restrict the 
choice of analyte and it allows easy removal of the template by the washing out 
process [189]. Therefore, to prepare antibiotics selective MIPs (SMZ-MIP, AMO-MIP), a 
study validating the molecular complexes existing between the template and potential 
functional monomer molecules is very important. This may be realized by combining 
theoretical computational modeling and experimental spectroscopic analysis [190]. To 
illustrate this, the choice of selecting the electropolymerizable monomer is briefly 
described. To select the optimal electropolymerizable functional monomer, a random 
collection of electropolymerizable monomers was executed. These monomers, 
including pyrrole (Py), 3,4-ethylenedioxythiophene (EDOT), and meta-
phenylenediamine (mPD) (Fig. 3.1), were studied as potential functional monomers for 
SMZ-MIP and AMO-MIP formation. 

3.1.1 Computational modeling 

To estimate the strength of interaction between SMZ or AMO template molecules and 
each monomer, the binding energies and hydrogen bond lengths of their 
prepolymerization complex were evaluated using the density functional theory (DFT) 
method. This computational method of estimating strength of interaction is very 
commonly used among MIP researchers. Using a semi-empirical PM3 method, an 
optimized geometry of the prepolymerization complexes was generated. An example 
is shown in Fig. 2, Paper I for SMZ-mPD interaction complex. This geometry permits the 
estimation of the lengths of hydrogen bonds and the binding energy, calculated using 
the DFT method. It was found that mPD generates the strongest interaction complex 
with both SMZ and AMO. This was observable from the higher values of total binding 
energy and the relatively shorter length of hydrogen bonds (Table 3). Thus, by the 
computational result, a more selective MIP is expected to be achieved using mPD as 
the functional monomer for SMZ-MIP and AMO-MIP preparation. 

 
Figure 3.1. Electropolymerizable monomers examined for the preparation of antibiotic 
MIPs. 
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Table 3. Total binding energies and hydrogen bond lengths of monomer-template 
interaction complex, as obtained from computation calculations 

Monomer 
Binding Energy of Template-

Monomer Complex  
 (kJ/mol) 

Lengths of hydrogen bonds of 
Template-Monomer Complex 

(Å) 
SMZ AMO SMZ AMO 

mPD 181.203 273.053 1.74 2.54 
Py 80.256 63.013 2.62 1.86 

EDOT - 8.401 2.79 4.15 

3.1.2 Spectroscopic study 

To further confirm the theoretical result, an experimental study of the molecular 
interactions existing between the template molecules (SMZ and AMO) and mPD was 
conducted. This included nuclear magnetic resonance (NMR) or Ultraviolet visible (UV-
Vis) analysis of the template/monomer complex. The 13C NMR analysis carried out on 
the solution of individual SMZ or AMO and mPD compounds as well as the template-
monomer mixture showed no appearance of new peak(s), hence, the absence of 
covalent interaction (Fig. 3.2(a) and (b)). This confirms that the SMZ-mPD and AMO-
mPD interactions are mainly due to noncovalent rather than the covalent bond 
formation. In addition, the UV-Vis study of the absorption spectra of AMO or mPD and 
their mixture (1:1 molar ratio) further confirmed the presence of prepolymerization 
complex formation, as indicated by the appearance of a new absorption band in their 
solution mixture (Fig. 3.3).  

Thus, by the combined computational and spectroscopic experimental studies, 
mPD was found to be the more suitable monomer for SMZ-MIP and AMO-MIP 
formation and was consequently selected as the functional electropolymerizable 
monomer for this work. 

Figure 3.2. (a) 13C spectra of mPD, SMZ and SMZ+mPD mixture (1:1 mass ratio) in D2O 
(Paper I)  (b) 13C spectra of the mPD, AMO and AMO+mPD mixture (1:1 mass ratio) in 
D2O (Paper II). 
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3.2 Polymer matrix formation and integration with sensor 

Thin films of polymer matrices to be used for antibiotic imprinting in this work were 
prepared either by electropolymerization or sol-gel synthesis techniques. A uniform 
(homogeneous) thin polymer film synthesis is required in the preparation of MIP 
chemosensor to be used for sensing purposes. This is essential to achieve a reliable 
characterization of MIP performance. Thus, during the synthesis of antibiotic-MIPs by 
electrochemical or sol-gel techniques, focus was on the formation of a homogeneous 
polymer film. 

3.2.1 Film formation by electrosynthesis 

Electropolymerization is a well-established method for interfacing a MIP film layer on a 
sensor transducer with a precise control over the deposited film morphology and 
thickness. To achieve an optimal condition to synthesize a homogeneous 
electropolymerized film, P(mPD) polymerization was conducted in both organic, e.g., 
acetonitrile (ACN) and aqueous (PBS buffer) solutions. The monomer concentrations 
and electrochemical conditions were also varied to obtain the optimal polymerization 
conditions. Thus, several modes of potential stimulus were applied, including potential 
pulse, cyclic voltammetry and potentiostatic modes. It was observed that a 
homogeneous film could not be achieved in ACN while in PBS buffer (pH 7.4), a very 
homogeneous film was obtained. Also, electrosynthesis utilizing the potentiostatic 
mode resulted in a significant increase in film growth rate as compared to potential 
pulse and cycling (Fig. 3, Paper II). 

Thus, for an optimal formation of P(mPD), the electrosynthesis was achieved in PBS 
solution using the potentiostatic method at 0.6 V. To ensure the preservation of the 
structural integrity of template (SMZ or AMO) molecules during polymerization, their 
redox activity within the potential window used for P(mPD) electropolymerization was 

 
Figure 3.3. UV-Vis spectra of mPD, AMO and their mixture in the concentration ratio 
1:1 in PBS buffer solution (pH 7.4) (Paper II). 
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elucidated by cyclic voltammetry (CV). It was observed that both SMZ and AMO 
molecules demonstrate no electrochemical activity at the potential used for P(mPD) 
formation. Therefore, the electrosynthesis and deposition of P(mPD), P(mPD)/SMZ and 
P(mPD)/AMO were achieved on the SAW and QCM sensors using the optimal 
parameters obtained. The synthesis of the polymer film in the presence or absence of 
the antibiotic molecules results in a non-linear, self-limiting growth (Fig. 3(a), Paper I 
and Fig. 4(b), Paper II). Moreover, this growth is much slower in the presence of the 
antibiotics, indicating that the antibiotics molecules affect the conductivity of the 
growing polymer as compared to the pure P(mPD) film, thus, resulting in a well-
pronounced self-limiting synthesis. 

In combining a MIP and a label-free sensor transducer, avoidance of nonspecific 
binding event is paramount. However, since the target molecule is expected to interact 
with the polymer matrix at random sites on the polymer other than the imprinted 
sites, a complete elimination of nonspecific binding may be difficult to achieve. To 
cater for this disadvantage, a similar polymeric material prepared in the absence of the 
template, a non-imprinted polymer (NIP), is usually prepared as a standard reference 
material. However, to serve as an appropriate reference, NIP must possess similarities 
to the MIP in terms of its thickness or surface area, to ensure comparable nonspecific 
contributions on both surfaces. Thus, to ensure the same film thickness for P(mPD) and 
P(mPD)/AMO on QCM, the electrodeposition was monitored by EQCM measurements 
to enable the continuous polymer film synthesis until a desired frequency shift (400 
Hz) was reached (Fig. 4(b), Paper II). To control the electrodeposition on the SAW 
sensor, an ellipsometric thickness measurement vs charge calibration plot was 
conducted (Fig. 3(b), Paper I). This allows the deposition of a precise film thickness on 
the electrode by passing an electrical charge that correlates to either P(mPD) or 
P(mPD)/SMZ through the sensor electrode. The calibration reveals an almost linear 
variation in their polymer growth with eventual thickness of SMZ-MIP and NIP films 
ranging from 1 to 24 nm.  

It is important to note that a greater surface area of the recognition layer could be 
more beneficial for the label-free detection of small molecular weight molecules such 
as antibiotics, e.g., SMZ and AMO. Thus, the thickest possible film thicknesses, 25 nm 
or 400 Hz, and 24 nm or 10 mC/cm2, were deposited on QCM and SAW sensors, 
respectively. 

3.2.2 Film formation by sol-gel technique 

With the sol-gel technique, a hybrid polymer matrix consisting of a composite mixture 
of organic and inorganic polymers could be easily prepared at room temperature. 
Thus, the sol-gel synthesis of hybrid AMO-MIP was carried out by the combination of 
free-radical polymerization of organic monomer, methacrylamide (MAAM) and 
hydrolysis/co-condensation of inorganic sol-gel precursor, tetraethoxysilane (TEOS) 
using an inorganic coupling agent, vinyltrimethoxysilane (VTMOS), in the presence of 
AMO molecules. This results in a highly cross-linked hybrid sol that is subsequently 
interfaced on the gold substrate of SPR by a spin coating technique to form the hybrid 
film (poly(MAAM-VTMOS-TEOS)/AMO). For proper referencing and for easy 
subsequent evaluation of the yet to be formed hybrid AMO-MIP performance, a 
reference film (poly(MAAM-VTMOS-TEOS)) to be used as NIP was also prepared 
following similar protocol but in the absence of AMO template molecules. Ellipsometry 
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measurements of thickness and its correlation with spin coating speed (in RPM) allows 
the reproducible generation of similar film thicknesses (ca. 65 nm) for both films. 

To ensure a robust integration of the film on the sensor, a thiolated silicon 
alkoxide, 3-mercaptopropyl trimethoxysilane (MPTMS) was included to the sol 
preparation that ensures a strong coordination of its terminal thiol (S-H) groups to the 
underlying gold surface of SPR. The robust adherence of the film to the gold electrode 
was confirmed by cyclic voltammetry (CV) measurements, following treatments with 
different buffer pH. The absence of a significant change in Faradaic current or a 
facilitated electron transfer that may result from film deterioration, as observed in Fig. 
3.4 indicate the film stability. Furthermore, the homogeneous morphology of the films 
was established by Atomic Force Microscopy (AFM). 

3.3 Removal of antibiotic template molecules from polymer matrix 

The removal of the antibiotic templates from the polymer matrices is essential to the 
formation of antibiotic-MIP films (i.e. SMZ-MIP, AMO-MIP, hybrid AMO-MIP). The 
washing solutions were selected so as to disrupt the noncovalent interactions existing 
between the templates and the polymer matrices. For this purpose, the PmPD/AMO, 
PmPD/SMZ and poly(MAAM-VTMOS-TEOS)/AMO were subjected to 
treatments in acetic-acid/methanol solutions with a volume ratio of 1:1, 1:3 
and 1:9, respectively. To ascertain template removal, the polymeric films were 
characterized using either IR microscopic or cyclic voltammetry (CV) 
measurements. By these methods, the successful removal of the template 
molecules was established. This could be seen as either a significant reduction or 
disappearance of template characteristic vibrational peaks in the IR region or an 
enhanced permeability of the polymer to ions of redox probe. As an illustration, the 
spectra of  P(mPD), P(mPD)/SMZ  and  SMZ-MIP are shown in  Fig. 4, Paper I, following

Figure 3.4. Cyclic voltammograms (CVs) of bare gold, Au; gold modified poly(MAAM-
VTMOS-TEOS) hybrid film, Au/film; and Au/films after treatments with buffer solutions 
of different pH. CVs were recorded in 1 M KCl containing 4 mM Fe(CN)63−/Fe(CN)64− at 
scan rate 50 mV/s. 
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IR measurements. As was observed, P(mPD) characteristic peaks were distinct, 
including aromatic vibration of strong C=N band at 1627 cm−1 and a weak C=C band at 
1496 cm−1. In the P(mPD)/SMZ spectra, new peaks likely related to the SMZ 
characteristic vibration of S=O stretching (1134 cm−1) in sulphonamides and N-H 
bending (1086 cm−1) in amine, aromatic vibration of thiadiazole ring (1442 cm−1) and 
secondary amine N-H bending (1600 cm−1) were seen. Thus, the decrease or 
disappearance of these peaks, as observed in the SMZ-MIP spectra, could most 
probably indicate an effective template removal (Paper I). 

3.4 Characterization of the antibiotic-MIP films 

To characterize the performance of the prepared antibiotic-MIPs, the films were 
evaluated for their binding capacity, selectivity as well as their performance in very low 
concentration of the target analytes. This was made possible by monitoring the 
analyte-induced signals following the injection of the analyte concentration samples 
on the respective antibiotic-MIP. For a reliable analysis and to account for the 
nonspecific contribution, a control experiment with the NIP was also executed. The 
advantage offered by the label-free platforms, SAW, QCM and SPR, allowed for the 
ease in monitoring, recording and subsequent analysis of the molecular recognition 
events. 

3.4.1 SMZ-MIP: rebinding study by SAW 

SMZ-MIP affinity and selectivity towards SMZ was evaluated by the SAW sensor 
platform. The SAW system had multichannel measurement possibilities, thereby 
allowing simultaneous monitoring of binding events on both MIP and NIP surfaces, 
thus excluding errors due to variation in measurement conditions. Adsorption 
isotherms (Fig. 3.5(a)) obtained from equilibrium responses on SMZ-MIP and NIP 
surfaces upon injection of increasing analyte concentrations were fitted to the 
Langmuir-Freundlich (LF) model (Table 2). From the resulting fitting parameters, the 
relative binding capacity represented by the imprinting factor (IF) was calculated. The 
calculated IF shows that SMZ-MIP has more than 8 times the binding capacity of NIP, 
thus revealing the influence of the preformed imprinted sites in the SMZ-MIP. 

Figure 3.5. (a) Adsorption isotherms of SMZ-MIP and NIP films on SAW sensor following 
the injection of 1.6 to 1000 µM of SMZ in PBS buffer (pH 7.4). Bold lines represent fits to 
the LF isotherm model. (b) Linear regression plot of SMZ-induced response on SMZ-MIP 
after low concentration (8 - 960 nM) injection (Paper I). 
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LoD = 3Sy/s/b (5) 

Moreover, the lower KD of SMZ-MIP as compared to the NIP reflects a higher 
affinity for the target molecule. When exposed to low analyte concentrations, SMZ-
MIP demonstrates a limit of detection (LoD) down to 1.7 nM, as calculated from the 
plot of the linear regression (Fig. 3.5(b)) using Eq. (5), where Sy/s is the standard 
deviation of the regression residuals and b is the slope of the regression line. 

In the aquatic environment, SMZ exists at the concentration ranging from 0.5 to 7 
nM, hence, the fabricated SAW modified SMZ-MIP chemosensor possessing an LoD of 
1.7 nM shows a potential for its immediate utilization for detecting SMZ. 

3.4.2 AMO-MIP: rebinding study by QCM 

AMO rebinding capability of AMO-MIP and NIP was studied by the QCM-FIA system. 
Signal fluctuations due to changes in temperature were minimized by conducting the 
rebinding experiments in a custom-designed insulating chamber. The adsorption 
isotherms obtained for AMO-induced response on both AMO-MIP and NIP films were 
well modeled by the LF equation (Fig. 3.6(a)). 

From the parameters obtained after LF fits of the AMO-MIP and NIP adsorption 
isotherms, it was observed that the imprinted polymer demonstrates a much higher 
adsorption for the target than the reference film. This is seen in the value of the 
calculated relative adsorption capacity where an IF of 7.2 was obtained. Furthermore, 
the effect of polymer thickness on the binding capacity of AMO-MIP was investigated 
with 6.3, 15.6 and 25.0 nm thickness of AMO-MIP and NIP films corresponding to −100, 
−250, and −400 Hz frequency shift of electrodeposition. It was found that an increase 
in thickness results in an increase in AMO adsorption on AMO-MIP but a decreasing 
adsorption on the NIP (Fig. 6, Paper II) and thus, a resultant increase in IF. This is 
possibly due to the increase in the surface area and number of binding sites on AMO-
MIP while the active surface area on the NIP decreases (Section 3.3, Paper II). 
Moreover, the performance analysis (Fig. 3.6(b)) of AMO-MIP in low analyte 
concentration indicates an LoD of 0.2 nM. This low detection limit is potentially 

Figure 3.6. (a) Adsorption isotherms of AMO-MIP and NIP films on QCM sensor 
following the injection of 1.6 to 1000 µM of AMO in PBS buffer (pH 7.4). Bold lines 
represent fits to the LF isotherm model. (b) Linear regression plot of AMO-induced 
response on AMO-MIP after low concentration (2 - 40 nM) injection (Paper II). 



 

47 
 

remarkable since AMO naturally exists in environmental water within the 
concentration range of 0.2–11 nM [191, 192]. 

3.4.3 SMZ-MIP(Dex): rebinding study by QCM 

To further demonstrate the possibility of improving the specific binding capacity of an 
electrodeposited MIP on a label-free sensor for detecting antibiotics or other small 
molecules, an approach aimed at enhancing the amount of the binding sites within the 
MIP film was experimented. This includes preconcentrating the template molecule on 
the sensor prior to the electropolymerization. This was illustrated by using SMZ-MIP 
electrodeposited on QCM. To achieve the template preconcentration, a monolayer 
assembly of a polycationic anion exchanger, Diethylaminoethyl-dextran (DEAE-Dex) 
was formed on the QCM sensor before electropolymerization (Fig. 1, Paper III). 

To study the influence of the dextran modification and SMZ-preconcentration on 
the binding capacity of the SMZ-MIP(Dex), the study of the target rebinding was 
conducted in a QCM-FIA system using SMZ concentrations of 0.04, 0.2 and 1 mM in 
PBS (pH 7.4) solution. For adequate comparison, similar analyses were also performed 
on the QCM modified NIP(Dex), SMZ–MIP, and NIP films. After analyzing the response 
by fitting to an appropriate kinetic model, the equilibrium signals on each surface were 
obtained at different analyte concentrations. Evaluation of the binding performance 
was achieved by the relative recognition capacity computed by the IF (Eq. (2)). By this 
evaluation approach, it is assumed that with a larger IF, more binding sites are present 
in the resulting imprinted polymer. As a result, it could be expected that MIP 
possessing a higher IF should also demonstrate a better selectivity towards the target 
analyte [99]. 

As seen in Fig. 3.7(a), the SMZ-MIP(Dex) exhibits relatively higher adsorption 
capacities at all concentrations as compared to the SMZ-MIP. On the contrary, the 
NIP(Dex) films showed a lower adsorption relative to the NIP film. Thus,  by the DEAE 
dextran modification, the nonspecific interaction could be greatly reduced while 
further enhancing the specific interaction of the analyte by the additionally created 
imprinted sites resulting from the SMZ template preconcentration. This is further 
revealed by the plot of IF (Fig. 3.7(b)). The IFs obtained for the dextran-modified 

 
Figure 3.7. (a) Graphical comparison of the equilibrium response signals and (b) the 
resulting imprinting factors (IF) for the prepared sensors as measured at different 
concentrations of the analyte (Paper III). 
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surfaces are noticeably higher than those of non-modified films beginning from the 
first analyte concentration. This difference increases with increasing analyte 
concentration. Thus, an enhanced relative adsorption, hence, a possibly increased 
sensitivity is obtainable by the DEAE-Dextran modification enabled SMZ pre-
concentration. The result therefore revealed that by immobilizing antibiotic (or other 
small molecular) templates on the sensor prior to the polymer deposition, more 
specific recognition sites could be created within the polymer film. This approach 
therefore demonstrates the possibility to further improve the detection of both SMZ 
and AMO on label-free sensors. 

3.4.4 Hybrid AMO-MIP: rebinding study by SPR 

Although a greater number of MIP publications are based on organic polymer 
matrices, hybrid organic-inorganic MIP can further improve MIP performances by 
supplying additional properties. Such properties may include high stability, flexibility, 
long shelf-life, larger surface area and more ordered imprinted cavities. To characterize 
the rebinding of AMO on the hybrid AMO-MIP, an SPR system was used. The SPR 
consisted of two channels that support simultaneous monitoring of duplicate 
measurements. Binding responses recorded after increasing AMO concentration 
injection were fitted to the pseudo-first order model. However, to account for bulk 
shift, a common effect in SPR, a bulk shift constant, BS was introduced into the fitting 
equation, as shown in Table 2. 

Plotting the adsorption isotherms and fitting the same to the LF model resulted in 
the achievement of maximum adsorption response of hybrid AMO-MIP for AMO. For 
comparison, the isotherms were also fitted to both the Langmuir and the Freundlich 
models but as observed (Fig. 3.8(a)), they do not provide very good fits to the 
experimental data. This confirms that the hybrid AMO-MIP, similar to most MIPs, 
possesses some degree of heterogeneity. The relative adsorption capacity, as 
calculated by the IF, indicates that the imprinted film has about 16 times higher 
adsorption than the NIP. Thus, it can be said that the hybrid MIP formation helps in 
generating a very good imprinting effect as compared to the solely organic polymer 
MIP. 

 
Figure 3.8. (a) Adsorption isotherms of hybrid AMO-MIP and NIP films on SPR sensor 
following the injection of 12.8 nM - 8 μM of AMO in PBS buffer (pH 7.0). The solid lines 
are fits to the LF model while the dash and dash-dot lines are fits to the L and F models 
respectively. (b) Analytical performance of the AMO-MIP modified SPR sensor at low 
concentration injections of AMO (0.1 to 2.6 nM). The solid line is a linear regression fit. 
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The low concentration performance of hybrid AMO-MIP was also investigated by 
injecting low concentrations (0.1 to 2.6 nM) of AMO on its surface. It was revealed that 
an LoD as low as 73 pM could be reached for the fabricated SPR chemosensor, as 
calculated from the plot of the linear regression (Fig. 3.8(b)). This result shows an 
improvement in the trace level detection of AMO when compared to the 
electrochemically immobilized AMO-MIP on QCM sensor. 

3.5 Selectivity of antibiotic-MIPs 

In developing sensors for environmental detection of pollutants such as antibiotics, a 
key aspect is the selectivity of the fabricated chemosensor. By the selectivity, the 
ability of the sensor to recognize the target molecule(s) while discriminating against 
others in a complex mixture is presented. Environmental water is a complex matrix of 
varying substances, some bearing close similarities with the target analytes. Therefore, 
to ensure a specific determination of the target(s) in the natural environment in which 
they are found, a sensor must demonstrates good selectivity towards the target 
molecules. 

To study the selectivity of the prepared chemosensors, their responses to the 
injections of several other antibiotics were studied in both PBS buffer and tap water 
samples spiked with the same analyte concentration. These responses were analyzed 
and compared to those of the target at the same experimental conditions. Antibiotic 
molecules chosen for this purpose consist of very similar analogue of either SMZ or 
AMO as well as non-closely related antibiotic molecules. They include sulfanilamide, 
sulfadimethoxine, ampicillin, norfloxacin, and doxycycline (Fig. 3.9). The selectivity 
investigations carried out on SMZ-MIP, AMO-MIP and hybrid AMO-MIP on either SAW, 
QCM or SPR sensors revealed that the developed sensors demonstrate notable 
selectivity towards the target as compared to other analytes. This is evident by the low 
values of the selectivity coefficients; from 0.1 to 0.5 (Figs. 7 and 8, Table 5, Paper I; 
Figs. 7 and 8, Table 4, Paper II) thus, indicating up to ten times discriminating 
recognition for the targets as compared to other interfering molecules. 

 
Figure 3.9. Structural formula of antibiotic molecules used in the selectivity study. 
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4. Conclusions 

This thesis presents a novel method for a robust and selective detection of antibiotic 
water pollutants using the molecular imprinting technology to generate antibiotic 
recognition cavities in synthetic polymer (MIP) films integrated with label-free sensors, 
QCM, SPR and SAW. SMZ and AMO were selected as representative antibiotic target 
pollutants owing to their popular utilization, thus, increased possibility of release into 
the environment. The following vital conclusions can be drawn from the study: 

● Electrosynthesis and sol-gel/spin coating techniques offer a controllable 
growth of robust and reproducible antibiotic-MIP films (SMZ-MIP, AMO-MIP 
and hybrid AMO-MIP) on label-free sensor surfaces at thicknesses in the 
range of 24-65 nm, as confirmed by the spectroscopic ellipsometry 
measurements. 

● Combined use of computational and experimental studies approved the 
selection of meta-phenylenediamine (mPD) as an excellent 
electropolymerizable functional monomer to synthesize thin SMZ-MIP and 
AMO-MIP films on SAW and QCM sensors, respectively. 

● Sol-gel coupled with spin coating techniques permits the synthesis of the 
organic-inorganic hybrid AMO-MIP film and its sturdy integration with the SPR 
sensor. 

● Binding properties of the prepared MIPs were best fitted to Langmuir–
Freundlich adsorption isotherm model as compared to either Langmuir or 
Freundlich models, indicating the heterogeneous nature of the prepared MIP 
films. 

● All prepared films: SMZ-MIP, AMO-MIP and hybrid AMO-MIP demonstrated 
relative adsorption capacities with imprinting factors (IF) ranging between 7.2 
and 16.0. These values represent a much better performance of the 
fabricated MIPs than those obtained from some recently reported antibiotic-
MIPs. 

● More specific recognition sites were further created in the electrodeposited 
films with dextran modification enabled template preconcentration, as 
demonstrated for SMZ-MIP(Dex) film on QCM. 

● All antibiotic-MIPs showed remarkable selectivity to the target antibiotic 
molecules with up to ten times preferential recognition as compared to other 
structurally related interfering antibiotics either in PBS or tap water samples. 

● Analytically relevant LoD from 1.7 nM down to 73 pM were obtained for the 
MIP films-modified sensors. 

● Repeated usage of the sensors were established for up to three (SMZ-MIP and 
AMO-MIP) or nine (hybrid AMO-MIP) regeneration-rebinding cycles. 

● The presented study demonstrates an easy and reliable manner for 
developing antibiotic-selective sensors involving the synthesis and robust 
interfacing of antibiotic-MIP films on SAW, QCM and SPR label-free sensor 
transducers to afford a direct and selective antibiotic water pollutants 
detection.   
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Abstract in English 

Molecularly imprinted polymers designed to detect antibiotic 
pollutants in water 
Antibiotics constitute a major class of environmental water pollutants due to their 
wide and increasing usage in human and veterinary medicines, agriculture, as well as 
the possibility of passing through sewage water treatment facilities. The potential 
detrimental effects of antibiotics pollution is seen in their environmental toxicity and 
the spread of antibiotic resistant strain, causing difficulties in the prevention and cure 
of microbial infections and diseases. This has an overall effect of jeopardizing the lives 
of human, animals and other organisms and ecosystem sustainability. Thus, to mitigate 
this menace, a routine monitoring of environmental water as well as potable tap water 
is essential. 

A critical aspect in this environmental monitoring would involve the detection of 
the pollutants. Such detection, however, requires the utilization of sensitive and 
selective analytical methods or devices capable of recognizing trace amount of the 
target analytes. In this respect, chromatography, mass spectrometry, solid phase 
extraction, biosensors or ELISA are traditionally used. Nevertheless, the known 
limitations of such techniques constitute their disadvantages for use in routine 
monitoring. 

Molecularly imprinted polymers (MIPs) are synthetic polymers that are tailored 
through utilizing natural molecular recognition mechanisms to detect target molecules 
within a complex matrix with other compounds, with potentially remarkable 
sensitivities. The beneficial importance of such materials is unquantifiable when 
channeled towards antibiotic environmental pollutants detection. However, to 
compete well with and outperform traditional methods of pollutant detection, MIPs 
should demonstrate functional, selective and reusable properties much better than 
the existing techniques.  

This thesis describes novel protocols to synthesize antibiotic imprinted polymers 
(antibiotic-MIPs) for detecting antibiotic targets in water. Thin antibiotic-MIP films are 
expected to be synthesized and interfaced with sensor surface of label-free 
transducers for a reliable and real-time monitoring of antibiotic recognition events 
occurring on the transducers. Different transducers including piezoelectric devices, 
such as surface acoustic wave (SAW) or quartz crystal microbalance (QCM), and an 
optical device, such as surface plasmon resonance (SPR), were selected to monitor the 
molecular interactions taken place on the antibiotic-MIP-modified transducer surfaces 
in a label-free manner. 

To interface the films with SAW, QCM or SPR transducers, very simple 
methodologies including electrochemical and sol-gel techniques that allow the 
synthesis of thin (24 - 65 nm) polymer films directly on the sensor surfaces were 
employed. Following the polymer synthesis and integration with sensor transducers, 
removal of the template molecules from the polymer matrix was achieved by washing 
in acidic solutions to disrupt noncovalent bonds existing between the template 
molecules and the polymer functional groups. While electrosynthesis permits the 
formation of organic polymer derived SMZ-MIP and AMO-MIP on SAW and QCM 
sensor transducers, the sol-gel technique was specially selected to enable the 
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synthesis of the organic-inorganic hybrid AMO-MIP film on the SPR sensor. The 
control of reproducibility of film thicknesses was achieved through either 
electrochemical quartz crystal microbalance (EQCM) analysis and/or 
spectroscopic ellipsometry measurements.  

The analysis of the recognition characteristics of all prepared antibiotic-MIPs 
carried out in SAW, QCM and SPR sensor platforms revealed promising properties. 
These include high relative adsorption capacities, estimated by the imprinting factor 
(IF) ranging from 7.2 to 16.0, detection limit (LoD) from 1.7 nM down to 73 pM, and a 
high selectivity for the target antibiotics (SMZ and AMO) as compared to other closely 
related antibiotic molecules. Moreover, the sensors were found to be reusable for up 
to three (electrosynthesized MIPs) or nine (sol-gel processed hybrid MIP) 
regeneration-rebinding cycles and retained their recognition capabilities and 
selectivities even in representative tap water samples. Also, the possibility to improve 
the performance of the chemosensors by a dextran-enabled template 
preconcentration was demonstrated. 

The presented approaches of preparing antibiotic-MIP recognition layers and their 
integration with label-free sensors allowed the real-time monitoring and detection of 
antibiotic pollutants in water at levels in which they naturally exist, with a potentially 
acceptable selectivity. Thus, these approaches and their consecutive protocols could 
lead to a promising breakthrough in the design of a portable analytical tool for 
sensitive and selective monitoring of antibiotic pollutants in aqueous environment. 
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Lühikokkuvõte 

Molekulaarselt jäljendatud polümeerid antibiootikumide määramiseks 
vesikeskkonnas 
Antibiootikume võib täna lugeda üheks peamiseks keskkonda saastavate ainete 
rühmaks, kuna nende kasutamine on märkimisväärselt suur nii meditsiinis, 
veterinaarias kui ka põllumajanduses väetiste ja jääkainete produktidena. Keskkonda 
sattunud antibiootikumide kahjulik mõju avaldub ennekõike nende toksilisuses ja 
inimorgamismi vastupanuvõime kahandamises erinevate mikroobsete haiguste suhtes. 
Pikemas perspektiivis võib see ohustada meie ökosüsteemi jätkusuutlikkust. 

Selleks, et seda potentsiaalset ohtu vähendada ja hoida kontrolli all on vajalik 
ümbritseva keskkonna pidev ja efektiivne monitooring erinevate saasteainete, 
sealhulgas antibiootikumide jääkide suhtes. Efektiivne monitooring eeldab tundlike ja 
selektiivsete meetodite kasutamist tuvastamaks ka väikeiseid jääkainete 
koguseid. Tänapäeval võimalikud analüüsi meetodid nagu kromatograafia, 
spektromeetria, tahke faasi ekstraktsioon, biosensorid või ELISA on küll täpsed, 
kuid kallid ja ei võimalda kiiresti ning vahetult sündmuskohal mõõtmisi teostada. 

Molekulaarselt jäljendatud polümeerid (MIP) on sünteetilised polümeerid, mis on 
kujundatud looduslike selektiivsete mehhanismide põhimõtteid järgides erinevate 
sihtmolekulide äratundmiseks ja sidumiseks spetsiaalselt kujundatud 
polümeeri maatriksis. Selle põhimõtte kasutamine erinevate keskkonna 
saasteainete, sealhulgas ravimijääkide ja antibiootikumide määramiseks, on äärmiselt 
perspektiivne. See eeldab aga, et MIP põhimõttel töötavad sensormaterjalid 
peavad olema võrreldes senikasutatavate meetoditega vähemalt sama tundlikud, 
funktsionaalsed ja samal ajal odavamad ning oluliselt lihtsamad kasutamiseks. 

Käesoleva doktoritöö eesmärgiks oli välja töötada uus tehnoloogia 
antibiootikumide suhtes jäljendatud polümeeride valmistamiseks eesmärgiga määrata 
antibiootikume vees. Õhukesed antibiootikumide suhtes molekulaarselt jäljendatud 
kiled sünteesiti vahetult sensori pinnale, mis võimaldas märgisevabalt jälgida 
sihtmolekuli kontsentratsiooni muutust ülekantuna loetava elektrilise signaali kujule. 
Muutuste jälgimiseks kasutati piezoelektrilise kvatrstkiristalli sageduskarakteristiku 
muutuse mõõtmist (QCM), pinna akustilise laine muutuse mõõtmist (SAW) või 
pinnaplasma resonantsi (SPR) muutuse mõõtmist sõltuvalt antibiootikumi 
kontsentratsioonist.  

Antibiootikumide suhtes jäljendatud õhukesed kiled (24 -65 nm) sünteesiti 
elektorkeemiliselt või „sool-geel“ meetodil vahetult sensori pinnale. Seejärel eemaldati 
sihtmolekulid sünteesitud polümeeri maatriksist katkestades happelahusega pesemise 
abil sihtmolekuli ja maatriksit siduvad mittekovalentsed sidemed. Elektrokeemiline 
süntees võimaldas sünteesida SMZ-MIP ja AMO-MIP vahetult SAW või QCM 
platvormidele, „sool-geel“ tehnoloogia valiti spetsiaalselt orgaaniliste – anorgaaniliste 
hübriid AMO – MIP kilede valmistamiseks SPR sensorile. Sünteesil valmistatud kile 
paksust kontrolliti spektroskoopilise ellipsomeetria abil või elektrokeemilise 
piezoelektrilise kvartskristalli meetodil (EQCM). 

MIP-kilega modifitseeritud SAW, QCM ja SPR sensorplatvormidel mõõdetud 
signaalid sõltuvalt antibiootikumide kontsentratsioonist olid väga iseloomulikud ja 
näitasid nimetatud tehnoloogia sobilikkust antibiootikumide määramiseks 
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vesikeskkonnas. Mõõtmistulemuste analüüsi alusel arvutatud sihtmolekuli sidumise 
efektiivsus (IF „imprinting factor“) oli vahemikus 7,2–16,0. Väljatöötatud tehnoloogiad 
võimaldasid saavutada avastamispiiri (LoD) 1,7 nM kuni 73 pM. Samuti oli jäljendatud 
molekulide SMZ ja AMO sidumise efektiivsus konkureerivate analoogiliste 
sihtmolekulide suhtes oluliselt kõrgem. 

Lisaks eelpooltoodule olid elektrokeemiliselt sünteesitud MIP kiled kasutatavad 
kuni kolme järjestikuse sidumise – pesemise tsükli järel, samal ajal hübriidsed MIP kiled 
olid stabiilsete sidumisomadustega kuni üheksa tsükli järel. Samuti säilitasid MIP kiled 
selektiivsuse kasutades vesikeskkonnana tavalist kraanivett. Töö tulemusena näidati 
ka, et MIP kile sünteesi protsessi saab muuta efektiivsemaks sihtmolekulide 
eelkontsentratsioonil dekstraaniga. 

Kokkuvõtteks võib väita, et väljatöötatud tehnoloogiad antibiootikumide suhtes 
jäljendatud polümeeride valmsitamiseks ja sidumiseks märgisevabade 
sensorplatvormidega võimaldavad reaalajas jälgida antibiootikumide kontsentratsiooni 
muutusi vesikeskkonnas piisava selektiivsusega reaalselt eksisteerivate 
kontsentratsioonidel. See loob head eeldused oluliselt odavamate, täpsemate ja 
kiiremate portatiivsete keskkonnasensorite valmistamiseks molekulaarse jälendamise 
tehnoloogia alusel.   
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����� !"#!"$%&'&(#)&�*$" (+(,-�.& /&!0#&1+$ (2,-3& $1&#!"$4&51,-4(6$"7(#(8"+$ ,-�"%#&/9:;! ,-3(:#)4$;;!<=,>�"%#&$/?5#<="&#,@A$#/1&"B!"#!<=/,@$"%C!1$.!D*#!1/ !E,--FGHIJKLGMKNOPIKGJQIRSTUQGMUGVWIRRQMMXMQYGJSQKZNOWGU[MNRN\ZV][QKÎIKGKGG_V̀abcdWIRRQMMV]SKNMQI>eGRL[NRKfghGMKJiLjGJRQMOi:JPIKGJQIRQGMiMk]MGJ\QGlLmeVnMSKQKiKOi:JTQRQfQiLgo[NKNYNRKIQpVqGpiRGrSKJs_V̀tucajGJRQMVlGJLIMZ@vGQmMQfgnMSKQKiKOi:JwMIRZKQSU[GxQSSGMSU[IOKGMynTwTyGszsVTU[{IJfSU[QRkSKJI|GcV̀tucajGJRQMVlGJLIMZ}� ~�����������������������������W[GSZMGJ\QSKQUG�GUKNOUNLmQMQM\LNRGUiRIJQLHJQMKQM\IMkSiJOIUGIUNiSKQU{IYG�Twx�KGU[MNRN\QGSONJK[GSGRGUKQYGIMkRImGRgOJGGkGKGUKQNMNOSiROILGK[QfNRGISILNkGRIMKQmQNKQUQMI�iGNiSGMYQJNMLGMK{ISkGLNMSKJIKGkswLNRGUiRIJRZQLHJQMKGkHNRZLGJ�Pno�ONJSiROILGK[QfNRG�TPh�SGRGUKQYGJGUN\MQKQNM{ISHJGHIJGkQMK[GONJLNOI[NLN\GMGNiSK[QM�RLNMK[GSGMSQM\SiJOIUGSNOTwxU[QHmZN�QkIKQYGGRGUKJNHNRZLGJQfIKQNMNO�gH[GMZRGMGkQILQMG�LoF�QMK[GHJGSGMUGNOTPhVIUKQM\ISIKGLHRIKGsTHGUQIRIKKGMKQNM{ISHIQkKNK[GJIKQNMIRSGRGUKQNMNOK[GOiMUKQNMIRLNMNLGJiSQM\UNLHiKIKQNMIRIMkSHGUKJNSUNHQUIHHJNIU[GSsTPhKGLHRIKGQMUNJHNJIKQNMIMkQKSSimSG�iGMKJGRGISGOJNLK[GHNRZLGJ{ISSiHHNJKGkmZn�LQUJNSUNHQULGISiJGLGMKSsoJGUQSGUNMKJNRNOK[GK[QUpMGSSGSNOK[GTPhgPnoIMkJGSHGUKQYGMNMQLHJQMKGkJGOGJGMUG�RLS��no�{ISIU[QGYGkmZUNJJGRIKQM\K[GGRGUKJQUIRU[IJ\GkNSI\GkiJQM\GRGUKJNkGHNSQKQNM{QK[SHGUKJNSUNHQUGRRQHSNLGKJZLGISiJGLGMKSQMNJkGJKNGMSiJGIUUiJIKGQMKGJHJGKIKQNMNORImGRgOJGGJGSHNMSGSNJQ\QMIKQM\OJNLK[GPnoLNkQ�GkSGMSNJsW[GOImJQUIKGkTPhgPno�RLS{GJGU[IJIUKGJQfGkQMKGJLSNOK[GQJmQMkQM\I�MQKZIMkSGRGUKQYQKZKN{IJkK[GKIJ\GKmZIMIRZfQM\K[GmQMkQM\pQMGKQUSJGUNJkGkiSQM\K[GTwx SZSKGLsW[GTPhgPnoS[IkTPhmQMkQM\UIHIUQKZIHHJN�QLIKGRZLNJGK[IMGQ\[KKQLGS[Q\[GJK[IMK[GJGSHGUKQYG�noIMk{GJGImRGKNkQSUJQLQMIKGILNM\SKJiUKiJIRRZSQLQRIJLNRGUiRGSVQsGsVSiROIMQRILQkGIMkSiROIkQLGK[N�QMGsW[GHJGSGMKGkIHHJNIU[ONJK[GOIUQRGQMKG\JIKQNMNOISiRONMILQkGIMKQmQNKQUgSGMSQM\RIZGJ{QK[TwxKGU[MNRN\ZIRRN{GkNmSGJYQM\K[GJGIRgKQLGmQMkQM\GYGMKSNOK[GKIJ\GKLNRGUiRGIKMIMNLNRIJUNMUGMKJIKQNMRGYGRSIMkUNiRkmGHNKGMKQIRRZSiQKImRGONJUNSKgG�GUKQYGOImJQUIKQNMNOILiRKQIMIRZKGU[GLNSGMSNJONJIMIRZSQSNO[IfIJkNiSHNRRiKIMKSQMIMI�iGNiSGMYQJNMLGMKswMKQmQNKQUSUNMSKQKiKGNMGNOK[GLÎNJH[IJLIUGiKQUIRHNRRiKIMKSQMK[GI�iIKQUGMYQJNMLGMKmGUIiSGNOK[GQJG�KGMSQYGiSGQM[iLIMIMkYGKGJQMIJZLGkQUQMGS̀ IMkUNMKJQmiKQNMSOJNL LIMZNK[GJSNiJUGSSiU[ISSG{I\GKJGIKLGMKHRIMKSst�MGNOK[GRIJ\GSKIMkLNSKOJG�iGMKRZIHHRQGk\JNiHSNOIMKQmQNKQUSQSK[GSiRONMILQkGSK[IKHNSSGSS[ZHN\RZUGLQUVkQiJGKQUVIMKQUIMUGJVIMkIMKQYQJIRIUKQYQKZs�VuoGJSQSKGMUGIMkKN�QUQKZNOIMKQmQNKQUSQMK[GGMYQJNMLGMKOIUQRQKIKGK[GG�HIMSQNMNJkGYGRNHLGMKSNOIMKQmQNKQUgJGSQSKIMK[iLIMHIK[N\GMSs_VdwSIJGSiRKVK[GJGQSIMiJ\GMKMGGkONJIMG�GUKQYGIMkSGRGUKQYGLGK[NkONJK[GkGKGUKQNMNOK[GSGH[IJLIUGiKQUIRSOJNL{ISKG{IKGJIMkkJQMpQM\{IKGJsPIMZLGK[NkNRN\QGSVQMURikQM\[Q\[HJGSSiJGRQ�iQkU[JNLIKN\JIH[ZIMkLISSSHGUKJNLGKJZVRQ�iQkU[JNLIKN\JIH[ZUNiHRGkKNKIMkGLLISSSHGUKJNLGKJZVLISSSHGUKJNLGKJZVIMkSNRQkH[ISGG�KJIUKQNM�ya[IYGmGGMiSGkONJQkGMKQOZQM\K[GNUUiJJGMUGNOIMKQmQNKQUSQMK[GI�iIKQUGMYQJNMLGMKseN{GYGJVK[GkQSIkYIMKI\GSNOK[GSGLGK[NkSQMK[GkGLIMkNOUNLHRG�SILHRGHJGHIJIKQNMSKGHSIMkK[GRN{IMIRZKGUNMUGMKJIKQNM
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PAPER II 

Akinrinade George Ayankojo, Jekaterina Reut, Roman Boroznjak, Andres O�pik, and 
Vitali Syritski. Molecularly imprinted poly(meta-phenylenediamine) based QCM sensor 
for detecting Amoxicillin, Sensors and Actuators B: Chemical 258 (2018) 766-774. 
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PAPER III 

Akinrinade George Ayankojo, Jekaterina Reut, Andres O�pik, Aleksei Tretjakov and 
Vitali Syritski. Enhancing Binding Properties of Imprinted Polymers for Small Molecules 
Detection, Proceedings of the Estonian Academy of Sciences, 67 (2) (2018). 
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