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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 death?.

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.
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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
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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.

e

) Palymer (MIP)
Functional monomers

V \ [3
i 4
e
Antibiotic target molecule
/
T

Pre-polymerization
complex formation

] Molecularly Imprinted

cross-linker

Removalofthe Al o "
antibiotic molecule -

Polymerization
Figure 1.1. Schematic protocol of molecular imprinting.

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
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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 Imprinting Format Application Ref
Monomer Strategy

Erythromycin, Methacrylic acid- Noncovalent  Bulk HPLC stationary phase [121]

tylosin, ethylene

oleandomycin glycoldimethacrylate

Chloramphenicol MAA, DEAEM, 4-VP Noncovalent Bulk HPLC stationary phase, [122,
HPLC + fluorescent assay  123]

Penicillin V, MAAM, 4-VP, Noncovalent Bulk HPLC stationary phase, [124,

oxacillin, EDMA, MAA-co- Radioligand binding 125]

penicillin G TRIM assay

Sulfamethazine, MAA, 4-Vpy, Noncovalent  Bulk HPLC stationary phase [126-

sulfamethoxazole MAAM, 128]

Vancomycin, Cyclodextrins Bulk HPLC [129]

phenethicillin

Ampicillin Noncovalent Bulk HPLC + UV detector [130]

Cefaclor Silica gel Noncovalent  Bulk HPLC stationary phase [131]

Cephalexin 2-trifluorom-ethyl  Noncovalent Bulk solid phase extraction [132]
acrylic acid (TFMAA) (MISPE)

Labelled MAAM, 4-VP Noncovalent Bulk bifurcated quartz bundle [133]

penicillin G (optical fibers)

Tetracycline, MAA Noncovalent  Bulk HPLC stationary phase [134]

oxytetracycline

Cefathiamidine 4-VpP 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].

N/N NH2

(i\ /H\ >h‘ CH3
S/N S HO
\ " °

NH 0
2 # —OH
Sulfamethizole Amoxicillin O
(SMZ) (AMO)

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 (SM2)

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
A+S = AS (1)
ka

where AS is the complex formed between A and S, ko (mol?*s?) is the rate of complex
formation per unit concentration of A and S, and k4 (s) 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 (Kp). 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 Kp, (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 Kp 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-e7k0bs™]
First-order with bulk shift Q = Qeg[1-e7*°bs™] + BS
Second-order Q = [Qeq?k2t]/[1+Qegkat]
Isotherm Model
Langmuir Q = QmaxC/(C+Kp)
Freundlich Q= QmaxC™
Langmuir-Freundlich Q = QmaxC™/(C™+Kp)
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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, Qwir and Qnir may either
be the maximum or equilibrium adsorption capacities on both MIP and NIP surfaces.

IF = Qmie/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 q 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= (Qu)/(Qx) (3)

where Qi and Q: 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
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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.

29



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:

Af = -(f’Am)/Np =-Cs Am (4)

where Af is the resonant frequency change (Hz), fo, fundamental frequency of the
crystal (Hz), Am, mass change (g/cm?), N, frequency constant for quartz (167 kHz-cm),
p, density of quartz (2.65 g/cm3), C;, sensitivity factor (for 5 MHz quartz crystal, 56.6
Hz'pg-1'cm?).
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Figure 1.3. Schematic of QCM operating principle.

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
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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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Figure 1.4. Schematic of the basic operating principle of SAW sensor.

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.
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Figure 1.5. Schematic of SPR configuration and working principle.

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 agqueous environment are essential. Traditional

33



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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Figure 1.6. MIP-sensors as a tool to monitor antibiotic entry into the natural
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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 agueous media so as to validate their suitability
for use in the target 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 (D,0) 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/KClsa: 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, Minchen, 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 °C, 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, Miinchen, Germany) at 25 °C. 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 pL/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 uM 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 Ko 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, Molindal, 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 pL) 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 °C.
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 puL/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 uM in PBS buffer was
accomplished through an injection loop (500 pL). 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 ulL/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 °C 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 uM at a constant flow rate of 25
pL/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.
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Figure 3.1. Electropolymerizable monomers examined for the preparation of antibiotic
MIPs.

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 | 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.
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Table 3. Total binding energies and hydrogen bond lengths of monomer-template
interaction complex, as obtained from computation calculations

Binding Energy of Template- Lengths of hydrogen bonds of
Monomer Monomer Complex Template-Monomer Complex
(kJ/mol) (A)
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 3C 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).
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Figure 3.2. (a) 13C spectra of mPD, SMZ and SMZ+mPD mixture (1:1 mass ratio) in D,O
(Paper 1) (b) *3C spectra of the mPD, AMO and AMO+mPD mixture (1:1 mass ratio) in
D20 (Paper Il).

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.
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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).

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 Il).

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
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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 |
and Fig. 4(b), Paper Il). 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 Il). 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/cm?, 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 (VTMOQS), 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-TEQS)) 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.
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Figure 3.4. Cyclic voltammograms (CVs) of bare gold, Au; gold modified poly(MAAM-
VTMOS-TEQS) hybrid film, Au/film; and Au/films after treatments with buffer solutions
of different pH. CVs were recorded in 1 M KCI containing 4 mM Fe(CN)s*> /Fe(CN)s* at
scan rate 50 mV/s.

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 |, following
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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™ and a weak C=C band at
1496 cm™. In the P(mPD)/SMZ spectra, new peaks likely related to the SMZ
characteristic vibration of S=0 stretching (1134 cm™) in sulphonamides and N-H
bending (1086 cm™) in amine, aromatic vibration of thiadiazole ring (1442 cm™?) and
secondary amine N-H bending (1600 cm™) 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.
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Figure 3.5. (a) Adsorption isotherms of SMZ-MIP and NIP films on SAW sensor following
the injection of 1.6 to 1000 uM 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 ).
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LoD = 3Sy/s/b (5)

Moreover, the lower Ko 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 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)).
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Figure 3.6. (a) Adsorption isotherms of AMO-MIP and NIP films on QCM sensor
following the injection of 1.6 to 1000 uM 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 Il).

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 Il) 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
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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 IIl).
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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 Ill).

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
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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.
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Figure 3.8. (a) Adsorption isotherms of hybrid AMO-MIP and NIP films on SPR sensor

following the injection of 12.8 nM - 8 uM 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 Il) thus, indicating up to ten times discriminating
recognition for the targets as compared to other interfering molecules.
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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:

e 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.

e 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.

e 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.

e 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.

o 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.

e 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.

e 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.

e 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.

e 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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Lihikokkuvote

Molekulaarselt jaljendatud poliimeerid antibiootikumide maaramiseks
vesikeskkonnas

Antibiootikume vGib tdna lugeda Uheks peamiseks keskkonda saastavate ainete
rthmaks, kuna nende kasutamine on markimisvaarselt suur nii meditsiinis,
veterinaarias kui ka pdllumajanduses véetiste ja jadkainete produktidena. Keskkonda
sattunud antibiootikumide kahjulik mdju avaldub ennekdike nende toksilisuses ja
inimorgamismi vastupanuvdime kahandamises erinevate mikroobsete haiguste suhtes.
Pikemas perspektiivis voib see ohustada meie 6koslisteemi jatkusuutlikkust.

Selleks, et seda potentsiaalset ohtu vahendada ja hoida kontrolli all on vajalik
Umbritseva keskkonna pidev ja efektiivne monitooring erinevate saasteainete,
sealhulgas antibiootikumide jadkide suhtes. Efektiivne monitooring eeldab tundlike ja
selektiivsete meetodite kasutamist tuvastamaks ka vaikeiseid jadkainete
koguseid. Tanapdeval vdimalikud analluisi meetodid nagu kromatograafia,
spektromeetria, tahke faasi ekstraktsioon, biosensorid vGi ELISA on kill tapsed,
kuid kallid ja ei vdimalda kiiresti ning vahetult sindmuskohal m&dtmisi teostada.

Molekulaarselt jaljendatud poliimeerid (MIP) on stlinteetilised polimeerid, mis on
kujundatud looduslike selektiivsete mehhanismide pdhimdotteid jargides erinevate
sihtmolekulide dratundmiseks ja sidumiseks spetsiaalselt kujundatud
polimeeri maatriksis. Selle pOhimotte kasutamine erinevate keskkonna
saasteainete, sealhulgas ravimijaakide ja antibiootikumide madramiseks, on darmiselt
perspektiivne. See eeldab aga, et MIP pdhimsttel todtavad sensormaterjalid
peavad olema vdrreldes senikasutatavate meetoditega vahemalt sama tundlikud,
funktsionaalsed ja samal ajal odavamad ning oluliselt lihtsamad kasutamiseks.

Kadesoleva doktorito6 eesmaérgiks oli valja téétada uus tehnoloogia
antibiootikumide suhtes jaljendatud polimeeride valmistamiseks eesmargiga maarata
antibiootikume vees. Ohukesed antibiootikumide suhtes molekulaarselt jiljendatud
kiled slnteesiti vahetult sensori pinnale, mis vGimaldas margisevabalt jalgida
sihtmolekuli kontsentratsiooni muutust llekantuna loetava elektrilise signaali kujule.
Muutuste jalgimiseks kasutati piezoelektrilise kvatrstkiristalli sageduskarakteristiku
muutuse md&&tmist (QCM), pinna akustilise laine muutuse modtmist (SAW) voi
pinnaplasma resonantsi (SPR) muutuse moGtmist séltuvalt antibiootikumi
kontsentratsioonist.

Antibiootikumide suhtes jaljendatud G&hukesed kiled (24 -65 nm) slnteesiti
elektorkeemiliselt vGi ,sool-geel” meetodil vahetult sensori pinnale. Seejarel eemaldati
sihtmolekulid slinteesitud polimeeri maatriksist katkestades happelahusega pesemise
abil sihtmolekuli ja maatriksit siduvad mittekovalentsed sidemed. Elektrokeemiline
siintees vdimaldas silinteesida SMZ-MIP ja AMO-MIP vahetult SAW v5i QCM
platvormidele, ,sool-geel” tehnoloogia valiti spetsiaalselt orgaaniliste — anorgaaniliste
hibriid AMO — MIP kilede valmistamiseks SPR sensorile. Slinteesil valmistatud kile
paksust kontrolliti spektroskoopilise ellipsomeetria abil voi elektrokeemilise
piezoelektrilise kvartskristalli meetodil (EQCM).

MIP-kilega modifitseeritud SAW, QCM ja SPR sensorplatvormidel mdddetud
signaalid soltuvalt antibiootikumide kontsentratsioonist olid vaga iseloomulikud ja
naitasid nimetatud tehnoloogia sobilikkust antibiootikumide maaramiseks
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vesikeskkonnas. Mddtmistulemuste anallilisi alusel arvutatud sihtmolekuli sidumise
efektiivsus (IF ,imprinting factor”) oli vahemikus 7,2-16,0. Viljato6tatud tehnoloogiad
vBimaldasid saavutada avastamispiiri (LoD) 1,7 nM kuni 73 pM. Samuti oli jdljendatud
molekulide SMZ ja AMO sidumise efektiivsus konkureerivate analoogiliste
sihtmolekulide suhtes oluliselt kdrgem.

Lisaks eelpooltoodule olid elektrokeemiliselt siinteesitud MIP kiled kasutatavad
kuni kolme jarjestikuse sidumise — pesemise tstkli jarel, samal ajal hibriidsed MIP kiled
olid stabiilsete sidumisomadustega kuni Giheksa tsikli jarel. Samuti sdilitasid MIP kiled
selektiivsuse kasutades vesikeskkonnana tavalist kraanivett. T66 tulemusena ndidati
ka, et MIP kile silinteesi protsessi saab muuta efektiivsemaks sihtmolekulide
eelkontsentratsioonil dekstraaniga.

Kokkuvotteks voib vdita, et valjatéotatud tehnoloogiad antibiootikumide suhtes
jaljendatud polimeeride  valmsitamiseks ja sidumiseks  margisevabade
sensorplatvormidega vGimaldavad reaalajas jalgida antibiootikumide kontsentratsiooni
muutusi  vesikeskkonnas  piisava  selektiivsusega  reaalselt  eksisteerivate
kontsentratsioonidel. See loob head eeldused oluliselt odavamate, tdpsemate ja
kiiremate portatiivsete keskkonnasensorite valmistamiseks molekulaarse jalendamise
tehnoloogia alusel.
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ABSTRACT: The synergistic effect of combining molecular
imprinting and surface acoustic wave (SAW) technologies for
the selective and label-free detection of sulfamethizole as a
model antibiotic in aqueous environment was demonstrated. A
molecularly imprinted polymer (MIP) for sulfamethizole
(SMZ) selective recognition was prepared in the form of a
homogeneous thin film on the sensing surfaces of SAW chip by
oxidative electropolymerization of m-phenylenediamine (mPD)
in the presence of SMZ, acting as a template. Special attention
was paid to the rational selection of the functional monomer
using computational and spectroscopic approaches. SMZ
template incorporation and its subsequent release from the
polymer was supported by IR microscopic measurements.

SMz

AMO
SA

time

sensor surface

MIP multiplexed SAW chip

Precise control of the thicknesses of the SMZ-MIP and respective nonimprinted reference films (NIP) was achieved by
correlating the electrical charge dosage during electrodeposition with spectroscopic ellipsometry measurements in order to
ensure accurate interpretation of label-free responses originating from the MIP modified sensor. The fabricated SMZ-MIP films
were characterized in terms of their binding affinity and selectivity toward the target by analyzing the binding kinetics recorded
using the SAW system. The SMZ-MIPs had SMZ binding capacity approximately more than eight times higher than the
respective NIP and were able to discriminate among structurally similar molecules, i.e., sulfanilamide and sulfadimethoxine. The
presented approach for the facile integration of a sulfonamide antibiotic-sensing layer with SAW technology allowed observing
the real-time binding events of the target molecule at nanomolar concentration levels and could be potentially suitable for cost-
effective fabrication of a multianalyte chemosensor for analysis of hazardous pollutants in an aqueous environment.

Antibiotics constitute one of the major pharmaceutical
pollutants in the aquatic environment because of their
extensive use in human and veterinary medicines' and
contributions from many other sources such as sewage
treatment plants.” One of the largest and most frequently
applied groups of antibiotics is the sulfonamides that possess
hypoglycemic, diuretic, anticancer, and antiviral activity.>*
Persistence and toxicity of antibiotics in the environment
facilitate the expansion or developments of antibiotic-resistant
human pathogens.”® As a result, there is an urgent need for an
effective and selective method for the detection of these
pharmaceuticals from wastewater and drinking water. Many
methodologies, including high pressure liquid chromatography
and mass spectrometry, liquid chromatography coupled to
tandem mass spectrometry, mass spectrometry, and solid phase
extraction’ ™ have been used for identifying the occurrence of
antibiotics in the aquatic environment. However, the
disadvantages of these methods in the demand of complex
sample preparation steps and the low analyte concentration
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typically found in environmental water have called for highly
sensitive and selective alternative methods.

Rapid growth of interest is observed in the design and
development of synthetic recognition elements, e.g. molecular
imprinted polymers (MIPs), aimed at the selective and reliable
detection of analytes in multiple applications.'”"" Molecular
imprinting creates cavities of specific recognition within
synthetic polymers generated in the presence of a target
molecule, acting as a template during polymerization of suitable
monomers. Removal of the template after polymerization leaves
spatially and functionally complementary sites capable of
selectively recognizing (rebinding) the target molecule.
Owing to the predefined selectivity of MIPs, they have been
employed in a wide range of applications including analytical
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separation,'” catalysis,"" and sensor development.'” There is an
increasing number of publications focused on the use of
selective MIPs in the detection and analysis of drugs and
environmental pollutants, including antibiotics, using solid
phase extraction and chromatography techniques.”*™" Re-
cently, the application of MIP-based selective sorbents in the
determination and removal of pollutants from wastewater has
been reviewed.'® For these applications MIPs were mostly
prepared as particles, beads, or microspheres that could be
easily packed into an HPLC column or solid phase extraction
(SPE) cartridge. However, use of MIPs for sensing purposes
generally demands a MIP-based material in the form of a
uniform thin film and its robust interfacing with a sensor
platform capable of responding to relevant sensitivity levels
upon interaction between MIP film and a binding analyte. In
addition, the use of label-free sensing platforms for integration
with MIPs can provide direct information on binding events on
MIP surfaces and have increasingly been utilized in many
laboratories to study the specific recognition ability and
selectivity of MIPs."’”"’ Surface plasmon resonance (SPR)
and quartz crystal microbalance (QCM) are the most popular
label-free techniques employed for MIP study while the
application of a surface acoustic wave (SAW) sensing platform
has not been widespread and limited to the detection of gas and
vapor.zo’21 Meanwhile, SAW systems utilizing Love-waves
sensors that are capable of operating in a liquid environment
might provide advances in the study of MIP materials as well as
fabrication of MIP-based sensors. SAW systems share a similar
principle of operation with other piezogravimetric devices, e.g.
QCM, but utilize acoustic waves at surfaces rather than in the
bulk of a piezoelectric material, allowing increase of the
operating frequencies of the sensors to the range of 100—500
MHz without compromising their mechanical fragility.
Generally, owing to the high operating frequencies, SAW
technology offers about an order of magnitude higher mass
resolution than QCM-based system. This ensures low sensor
cost, and it is fully compatible with large-scale fabrication and
multiplexing technologies.”*”* As compared to SPR, SAW
technology is not limited to detecting only mass loading onto
the surface but also useful in following structural insights of
sensing layers through the use of dissipation factor of the
acoustic wave propagating along the sensor surface.

Among the various synthetic approaches aiming to integrate
a MIP-based recognition element with a sensor transducer,
electrosynthesis has been shown to be a convenient method
allowing rapid and controlled deposition of polymer films with
tunable thickness.”> "> With electrosynthesized MIPs, poly-
meric films can be easily grown with strict adherence to
conducting electrodes of any shape and size and with a
thickness controlled by the amount of circulated charge. This
feature gives the possibility of creating a direct communication
between the polymer and the surface of the transducer in a
simple way. In this respect, electropolymerized films were
recently fabricated on the sensor surface of SAW devices.>"*>

Despite the numerous publications available on MIP-based
detection of environmental pollutants, literature on the
integration of antibiotic-MIP with sensor platforms, allowin§
real-time label-free analyte detection, is scarcely presented.**™
Very recently, Fourati’s group®’ reported on the selective
detection of flumequine in aqueous media, combining MIP
with SAW sensor transducer. Nevertheless, in the reported
studies little attention was paid to the choice of an adequate
reference surface (nonimprinted polymer, NIP) that is of great

1477

importance for the accurate and reliable interpretation of label-
free responses originating from a MIP modified sensor. Indeed,
analytical performance of MIP-based sensors can be easily over-
or underestimated when they are not properly optimized and
characterized. In the concept presented here, the analytical
performance of the antibiotic-MIP-based sensors was validated
through careful comparison of their label-free responses with
the appropriate NIP-modified sensors serving as reference
surfaces. Additionally, in this study, a SAW system comprising
of a pair of chips with four sensor elements each was used, thus
allowing simultaneous running of most experiments in parallel.
This further strengthened the data reliability for both MIP and
NIP films by eliminating errors arising from deviations in the
temperature and concentration of the analyte solutions as well
as overcoming variability of the results due to the films and
chips reproducibility.

To the best of our knowledge, MIP for detection of any
member of sulfonamides employing SAW as a sensor
transducer has never been reported. In this study, a facile
integration of the sulfamethizole-MIP films with SAW sensing
platform, providing their versatile characterization in terms of
binding affinity and selectivity toward the target was reported
for the first time. A widely used sulfonamide group antibiotic—
sulfamethizole (SMZ)—was chosen as a model template
molecule and a suitable functional monomer was selected
among three electropolymerizable monomers, pyrrole, 3,4-
ethylenedioxythiophene (EDOT) and m-phenylenediamine
(mPD), based on computer modeling and spectroscopic
analysis. A special attention was paid to careful control of the
thicknesses of SMZ-MIP and corresponding reference films
through electrical charge dosage during electrodeposition and
its subsequent correlation with ellipsometry measurements.
The analytical importance and the benefits inherent in
combining high selective properties of MIPs with the sensitivity
given by the SAW sensing technique for the detection of small
analytes such as SMZ were also highlighted.

Bl EXPERIMENTAL SECTION

Chemicals and Materials. All chemicals, except acetic acid,
sulfuric acid, and hydrogen peroxide which were provided by
Lachner, were obtained from Sigma-Aldrich. The chemicals
were of analytical grade or higher and were used as received
without any further purification. Ultrapure water (resistivity
18.2 MQ:-cm, Millipore, USA) was used for preparation of all
aqueous solutions. Phosphate buffered saline (PBS) solution
(0.01 M, pH 7.4) was used to prepare the synthesis and analyte
solutions.

Optimization of the Polymer Matrix. Computer
Modeling. Three electropolymerizable monomers, pyrrole,
3,4-ethylenedioxythiophene (EDOT), and m-phenylene-
diamine (mPD) were studied as potential functional monomers
for SMZ-MIP film formation. GaussView 5.0.9 software was
used to generate complexes of SMZ with the selected
monomers and their geometries were optimized by semi-
empirical PM3 method with Gaussian’09 software to ascertain
the presence of hydrogen bonds. The conformational
optimizations and binding energies for the complexes were
calculated by density functional theory (DFT) method at
B3LYP/6-31+G level with Gaussian’09 software.

Nuclear Magnetic Resonance (NMR) Study. *C NMR
spectroscopy was carried out with Bruker SMART X2S
benchtop diffractometer model. Samples were prepared in
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acetonitrile (ACN) solution as a solvent. The molar ratio of
template to monomer (SMZ:mPD) used for this study was 1:1.

Electropolymerization. The electrochemical synthesis pa-
rameters were varied in order to find optimal conditions for the
homogeneous polymer film formation. Applied potential and
electric charge density were varied in the range of 0.6—0.8 V
and S—11 mC/cm’, respectively, while changing monomer
concentrations from 2 to 10 mM. The electropolymerization
was carried out in both aqueous, including PBS buffer, and
organic, acetonitrile (ACN), solutions. The concentration of
SMZ was determined by its solubility in the particular solution.
The maximum SMZ concentration of 2 mM was achieved when
dissolved in water at room temperature. However, in PBS (pH
7.4) increased solubility of up to 3.5 mM was observed while in
ACN solution, SMZ solubility of S mM concentration was
obtained.

SMZ-MIP Preparation and Characterization. Prepara-
tion Procedure. SMZ-MIP were fabricated directly on the gold
(Au) electrodes of SAW chips (NanoTemper Technologies
GmbH, Miinchen, Germany) comprising four sensor elements
each with area 0.09 cm® The chips were preliminarily cleaned
with a fresh base piranha solution (25% NH,OH:30%
H,0,:H,0, 1:1:5 volume ratio) for 15 min, rinsed abundantly
with ultrapure water, and treated in an UV/ozone cleaner
followed by rinsing with ethanol and ultrapure water and drying
in a nitrogen stream. The chips were placed into the 2 mL
electrochemical cell designed to expose only the sensory
elements of the chip to the synthesis solution. The electro-
chemical cell accommodated three electrodes, ie., the gold
surface of the sensor element as a working electrode, a spiral
shaped Pt wire as a counter electrode, and Ag/AgCl/KCl, as a
reference electrode, all connected to an electrochemical
workstation (Reference 600, Gamry Instruments, Inc,, USA).
SMZ-MIP films were generated by oxidative electropolymeriza-
tion of mPD in the presence of SMZ, acting as a template,
followed by its extraction from the formed PmPD/SMZ
polymer matrix. The potentiostatic electropolymerization
process at 0.6 V was controlled by passing an electric charge
through the electrode of the sensor. To form the comple-
mentary cavities of SMZ in the polymeric matrix, PmPD/SMZ-
modified chips were immersed in a mixture of acetic acid/
methanol (1:3) with gentle stirring and allowed to stay for a
period of 24 h. Then the chips were washed with distilled water
and dried under a nitrogen stream. The PmPD films
synthesized in the absence of the SMZ in the synthesis
solution were used as control surfaces. These nonimprinted
polymer (NIP) films were similarly allowed to undergo the
treatment in a mixture of acetic acid/methanol to ensure the
same chemical influence on the polymer matrix of both MIP
and NIP films.

To ensure that SMZ-MIP and NIP films are of equal
thickness, their growth was controlled by charge passing
through the working electrode according to the calibration plot
(see Preparation and Characterization of SMZ-MIP Film). Film
thicknesses were determined by spectroscopic ellipsometry (SE
850, Sentech Instruments GmbH, Berlin, Germany), measuring
ellipsometric Psi and Delta spectra between 350 and 850 nm at
70° incidence angle in ambient air on three spots of each film.
Spectra were evaluated in SpectraRay 3 by performing a
simultaneous fit on the film properties (thicknesses and
dielectric function) of all samples using the optical layer
model air/film/gold. The film dielectric function Epsilon was
modeled with a constant part plus a Gaussian oscillator
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describing the electronic transitions in the benzene ring of the
polymer.

IR-Microscopy Analysis. The infrared spectroscopic meas-
urements of the polymer films were performed with a Bruker
Hyperion 3000 FTIR microscope (BRUKER, Ettlingen,
Germany). A Cassegrain objective (15X) with numerical
aperture of 0.4 was used, and the spectra were obtained at an
average angle of incidence of about 16.5° with a spectral
resolution of 4 cm™' and a lateral resolution of 160 ym X 160
um. Details of used setup can be found elsewhere.** To ensure
maximum linearity of the detected signals, the microscope was
equipped with a photovoltaic mercury cadmium telluride
detector. IR spectroscopy was established in the recent years
for the characterization of electrochemically prepared organic
films on Au and Si.**~*

Rebinding Study. The recognition ability of the fabricated
SMZ-MIP films toward SMZ was validated by a SAW sensor
system (SamX, NanoTemper Technologies GmbH, Miinchen,
Germany), capable of handling two SAW chips. The micro-
fluidics of the system provided the option to deliver analyte
solutions to the modified sensor elements either individually or
in serial fashion. The SAW sensors, modified with SMZ-MIP
and NIP films, were loaded into the SAW system and
equilibrated with running buffer (PBS, pH 7.4) until a stable
baseline was established. Then the consecutive injections of the
analyte solutions at a flow rate of 25 xL/min in the order from
the lower to higher concentrations were applied and the signal
changes were monitored. The analyte solutions with SMZ
concentrations of 10.2, 25.6, 64, 160, 400, and 1000 M were
prepared using the running buffer. The recorded sensorgrams
were fitted to the single-site Langmuir binding model** so as to
determine the equilibrium responses for SMZ-MIP and NIP
surfaces that were then used to construct the binding isotherms.

Selectivity Study. Selectivity analysis of the SMZ-MIP
toward SMZ was carried out by running over the SMZ-MIP
and NIP modified sensors different analytes; including
structurally similar molecules from the same sulfonamide
group of antibiotics, namely sulfanilamide (SA), sulfadimethox-
ine (SD) and nonstructurally related molecule such as
amoxicillin (AMO). After the sensors were equilibrated with
the running buffer and a stable baseline was established, the
consecutive injections of the concentration series (10.2—1000
uM) of each of the antibiotic solutions were carried out at a
flow rate of 25 yL/min and changes on the sensor responses
were monitored. The sensor responses obtained were then
analyzed and the selective properties of SMZ-MIP were
assessed by comparing these responses with that obtained
after SMZ injections.

Regeneration Study. To verify the stability of the fabricated
SMZ-MIPs, the films were allowed to undergo three
rebinding—regeneration cycles. Fixed concentration (1000
uM) of the SMZ solution was injected at every rebinding
stage followed by regeneration in acetic acid/methanol (1:3)
mixture. The signal responses after every rebinding stage were
then monitored and analyzed.

B RESULTS AND DISCUSSION

Polymer Matrix Selection and Optimization. The
success of molecular imprinting depends to a large extent on
the choice of a monomer. Functional monomers are selected to
promote the formation of strong noncovalent interactions with
a template molecule; hence, a monomer with a functional
group complementary to the chemical functionality of the

DOI: 10.1021/acs.analchem.5b04735
Anal. Chem. 2016, 88, 1476—1484



Analytical Chemistry

template should be chosen. The noncovalent imprinting
approach is more commonly used in molecular imprinting
because there is no restriction in the choice of analyte and it
allows simpler template extraction process compared to the
covalent imprinting.” Of the wide variety of electrosynthesized
polymers, polypyrrole (I’Py),’w'46 polyaniline,“’45 polythio-
phene,* poly(3,4-ethylenedioxythiophene) (PEDOT),*” and
their derivatives are the most widely used for MIP film
formation by electrosynthesis. For our purpose, we have
selected pyrrole, EDOT, and mPD (Figure 1) as potential

m-phenylenediamine (mPD) pyrrole (Py)

3,4-ethylenedioxythiophene (EDOT)

Figure 1. Molecular structures of mPD, pyrrole, and EDOT.

functional monomers for SMZ-MIP film formation. First, the
prepolymerization complex formation between SMZ and a
monomer was evaluated in terms of binding energies and
hydrogen bond lengths via DFT method and the probability of
covalent bond formation via *C NMR spectroscopy. Then, the
electropolymerization of the monomers in the presence of SMZ
was examined to produce a thin homogeneous polymer film on
the sensor electrode. The computational method, DFT, is an
increasingly common approach for investigating the inter-
actions between monomer and template in molecularly
imprinted polymer research.*

Prepolymerization Complex Formation. The optimized
geometrical structures and energies of the prepolymerization
complexes of SMZ with pyrrole, EDOT, and mPD in vacuum
were investigated using a quantum chemical approach. As it can
be seen in Table 1, mPD-SMZ complexes of different template/

Table 1. Binding Energies of SMZ Complex Formed with
mPD, Pyrrole, and EDOT as Calculated by Gaussian’09

binding energy (kcal/mol)

monomer complex ratio (1:1) complex ratio (1:2)
mPD 166.155 181.203
Pyrrole 8.151 80.256
EDOT 30.096

monomer ratio had higher binding energies as compared to the
complexes with other monomers. Table 2 shows the
corresponding data for the lengths of hydrogen bonds between
SMZ and monomers. The simulations clearly indicated that
among the three monomers, mPD was able to form stronger
hydrogen bond complex with SMZ, where two molecules of
mPD and one molecule of SMZ are favorably involved as
shown in Figure 2.
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Table 2. Lengths” of Hydrogen Bonds between SMZ and
Selected Monomers

SMZ—-monomer complex interacting atoms  length of hydrogen bond, A

SMZ-mPD O-H 174
SMZ—Py O-H 2.62
SMZ-EDOT H-0O 2.79

“Defined as the distance between electronegative atoms participating
in hydrogen bonding. The electronegativity of each atom is estimated
by Mulliken charges as shown in Table S-1.

>._

-+=='H bond

Figure 2. Illustration of hydrogen bonds (H-Bonds) between mPD
and SMZ. An example of a possible optimized configuration for two
molecules of mPD and one molecule of SMZ as visualized by
GaussView 5.0.9.

The *C NMR spectrum (Figure S-1) of the template/
monomer (SMZ/mPD) mixture showed no appearance of new
peaks compared to the spectra of individual components,
indicating the absence of covalent interactions between mPD
and SMZ. Thus, the computational modeling and *C NMR
spectra demonstrated a clear probability of noncovalent
complex formation between mPD and SMZ as well as the
absence of covalent bonding between these compounds
suggesting the suitability of mPD as functional monomer for
SMZ-MIP film formation.

Electropolymerization. The electrochemical polymerization
of pyrrole, EDOT, and mPD in the presence of SMZ was
conducted so as to produce a thin homogeneous polymer film
on the sensor electrode. Considering the important role of the
solvent, the electropolymerization in both aqueous and organic
solutions was examined. The polymer synthesis from the
organic solvent, ACN, was believed to be preferable for MIP
synthesis because the potential interference with hydrogen
bonding between the template molecule and monomer can be
reduced and a higher solubility of SMZ (S mM) was achieved.
However, our results demonstrated that polymer films of all
studied monomers produced from ACN, in the presence of
SMZ were inhomogeneous and consequently, not suitable for
further study. Also the electrochemical polymerization of
pyrrole and EDOT from the aqueous solution containing
polyelectrolyte polystyrenesulfonate as a dopant and SMZ as a
template molecule resulted in nonhomogeneous polymer films.
This indicates that PPy and PEDOT are not suitable as
matrices for imprinting SMZ template molecules under these
experimental conditions.

However, when electropolymerization was performed in the
aqueous PBS buffer solution (pH 7.4) with mPD as a
monomer, a homogeneous film of PmPD was obtained in
both the presence and absence of SMZ molecule. The optimal
parameters of mPD electropolymerization to produce a
polymer matrix for the SMZ-MIP were determined as follows:
S mM mPD and 3.5 mM SMZ in PBS buffer (pH 7.4) and a
constant potential of 0.6 V. The maximum possible
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concentration of SMZ in the PBS buffer, 3.5 mM, was used
with regard to increasing the amount of the prepolymerization
complex formed thereby increasing the number of the template
imprinted in the polymer matrix.

Preparation and Characterization of SMZ-MIP Film.
Using a label-free sensing platform for reliable characterization
of MIP materials, in terms of their binding affinity and
selectivity toward a target, is elegant but requires accurate
avoidance/exclusion of contribution from unwanted non-
specific event to the net sensor response. If nonspecific binding
background of an analyte with MIP matrix is difficult to
minimize, a very similar polymeric material, but generated in
the absence of a template, i.e. nonimprinted polymer (NIP),
might serve as a good reference for the accurate analysis of
label-free responses originating from a MIP modified sensor. It
is important to note that as a polymeric material starts growing,
its adsorptive surface area is also usually developed so that more
analyte molecules can interact with this extended polymer
matrix both specifically and/or nonspecifically per unit area and
thus would give a higher analyte response from the modified
sensor element, if other parameters remained equal. Thus, to
evaluate properly the performance of a molecularly imprinted
polymeric material, its physical dimension, ie., the specific
surface area, has to be equal to the respective nonimprinted one
to keep any nonspecific contribution on both adsorptive
surfaces virtually the same for all investigated film variations.

Figure 3a illustrates potentiostatic electrodeposition pro-
cesses of PmPD with and without SMZ in the synthesis
solution. As it can be easily observed, both processes were
transient, however, in the presence of SMZ beyond 6 mC/cm?,
the oxidation process was considerably slower indicating that
the conductivity of the growing polymeric material (PmPD/
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Figure 3. (a) Charge—time dependences recorded during electro-
deposition of PmPD and PmPD/SMZ films on Au electrodes of SAW
chip at a constant potential of 0.6 V vs Ag/AgCl/3 M NaCl until the
charge density reached the value of 10 mC/cm? (b) Calibration graph
representing the dependence of SMZ-MIP and NIP film thicknesses,
as measured by the spectroscopic ellipsometry, on the amount of the
charge consumed during the electrodeposition of the corresponding
PmPD/SMZ or PmPD films.
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SMZ) was affected. Thus, the growth of PmPD/SMZ at the
given conditions appeared as a well-pronounced self-limiting
synthesis meaning that electrodeposition of such films thicker
than those formed beyond 10 mC/cm?® would be a rather time-
consuming process. Although, after the template washing step,
the resulting SMZ-MIP and the corresponding NIP films
appeared to be quite equal, an approach ensuring their
objectively equal thickness on the sensor elements was still
needed. Thus, the spectroscopic ellipsometry of the different
SMZ-MIP and NIP films was undertaken to yield a calibration
graph of their thicknesses versus the synthesis charge applied
(Figure 3b). As it can be seen, the thicknesses of both SMZ-
MIP and NIP films varied nearly linearly across the applied
charge range, thus making their prediction between ca. 1 and 24
nm quite certain. It should be noted that SMZ-MIP films
appeared about 6% thicker than the NIP films on average. This
could be related to the differences in the refractive indices n
(ngvzae = 1.61 + 0.03 and nypp = 1.65 + 0.02), which hints at
different densities of SMZ-MIP and NIP films. Since SMZ is a
rather small molecular weight compound, greater surface area
of a recognition layer would be preferable for its direct
detection by label-free methods. Therefore, the thickest SMZ-
MIP matrix (ca. 24 nm or 10 mC/cm?) was formed on SAW
sensor element to enhance, as far as possible, a response upon
SMZ rebinding at its surface. The respective NIP film was
formed by 10.6 mC/cm? as predicted by Figure 3a.

To ensure that the SMZ molecules were incorporated and
released in/from the polymer matrix after the electro-
polymerization and the washing-out procedure respectively,
the IR microscopic measurements were performed (Figure 4).

PmPD

PmPD/SMZ

PmPD/SMZ|
washed

Reflectivity R oo/ Ryoiq (8-U)

T T T T
1000 1250 1500 1750

Wavenumber (cm’*)

Figure 4. IR spectra of PmPD, PmPD/SMZ, and PmPD/SMZ after
the washing out procedure (SMZ-MIP).

In the spectra of PmPD, the characteristic peaks could be
clearly distinguished: a strong band at 1627 cm™ as well as a
weak band at 1496 cm™ associated with the C=N and C=C
stretching vibrations in the aromatic ring. A small peak at 1270
cm™! could be due to C—N stretching vibration in an aromatic
ring.* Although the spectrum of PmPD/SMZ was similar to
the spectrum of PmPD, the appearance of new peaks at 1086,
1134, 1442, and 1600 cm™ can be clearly seen. These peaks
could be ascribed to the characteristic vibrations of SMZ
molecule such as S=O stretching in sulfonamide group (1134
cm™"), N—H bending in amine group (1086 cm™'), aromatic
vibration in thiadiazole ring (1442 cm™), and N—H bending in
secondary amine (1600 cm™).*° Moreover, it can be observed
that these absorption peaks were significantly decreased in
intensity or even disappeared after the washing out procedure.
This indicates effective removal of the template from the
polymer matrix during the washing out process. The spectral
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results therefore confirmed the entrapment of SMZ molecules
in the PmPD matrix during the electrochemical polymerization
as well as their successful removal from the polymer film after
the washing out procedure that presumably led to the
complementary cavities (specific binding sites) capable of
subsequent template molecule recognition.

Rebinding Study. SAW sensor technology was used in this
study to quantify the SMZ-MIP in terms of its affinity and
selectivity toward the chosen template (SMZ). The SAW
system employed had flexibility for multichannel measurements
that allowed to scrupulously obtain reliable data simultaneously
for both MIP and NIP films, eliminating errors arising from
deviations in the temperature, concentration of the analyte
solutions, film reproducibility etc.

SMZ-MIP and NIP-modified SAW sensor responses upon
injections of increasing concentrations of SMZ analyte
solutions were recorded and plotted as binding isotherms
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Figure S. SMZ adsorption isotherms on SMZ-MIP and NIP surfaces.
Solid lines represent fits to the Langmuir—Freundlich model.

(Figure S). The experimental binding isotherms were fitted
with the Langmuir—Freundlich (LF) model defined by eq 1:

Q=1Q, C"/(Ky+C™) (1)

where C is the concentration of an analyte in a solution, Q and
Quax are sensor responses corresponding to the fraction of
bound analyte at the concentration C and to its saturation
value, respectively. m is the heterogeneity index, which varies
from 0 to 1, and Ky, is the equilibrium dissociation constant.
This model has been shown to describe accurately both
saturation and subsaturation regions of adsorption isotherms
and was used successfully in modeling the adsorption behavior
of many heterogeneous systems, including MIPs.>**' The
fitting parameters are presented in Table 3.

Table 3. Parameters Obtained from the LF Fitting of the
SMZ-MIP and NIP Binding Isotherms

Qunax (deg) Kp (uM) m R
SMZMIP 3794009 472+ 13 044 0006 0989
NIP 046 £0.02 61004 089 +0002 0982

The LF isotherm more accurately modeled the binding
behavior of SMZ-MIP and NIP films when the heterogeneity
index m was below 1. Nevertheless, the imprinted polymer had
a noticeably higher degree of heterogeneity (m = 0.44) than its
corresponding nonimprinted control (m = 0.89). This can be
well explained through the assumption that NIP films might
contain nonspecific binding sites of mainly equal adsorption
energy, while the imprinting process introduces binding sites
with varying degrees of affinity resulting in the heterogeneity of
the polymer surface. In addition, the response of SMZ-MIP
modified sensor at saturation binding was more than 8 times
higher than that of the respective NIP-modified sensor (3.79 vs
0.46 deg) indicating the increase in the total number of the
binding sites in MIP relative to the NIP. Moreover, the
somewhat lower dissociation constant (Kp) value obtained for
SMZ-MIP hints that SMZ-MIP possesses a greater fraction of
high-affinity binding sites contributing significantly to the
overall affinity of SMZ-MIP as compared to NIP. Since
sulfonamides were repeatedly found in the aquatic environment
at concentrations ranging from 0.5 to 7 nM,%**¢ an additional
experiment to test the performance of SMZ-MIP modified
SAW sensor at low analyte concentrations was carried out. It
was revealed that the sensor could distinguish the target analyte
at least at 8 nM, while the concentration limit of detection
(LOD) determined from the regression data of the calibration
curve was 1.7 nM (Figure S-2). This suggests a greatly
improved performance of the prepared SMZ-MIP sensor
compared to other previously reported antibiotic-MIP sensors
based on the different detection platforms (Table 4). However,
optimization of the MIP sensing layer is needed to sufficiently
employ the sensor in the demanded SMZ concentration ranges.

Selectivity Study. The ability of the SMZ-MIP films to
selectively bind the target SMZ molecule was explored by
exposing them to solutions of various antibiotics. Thus, the
responses upon injection of sulfonamide antibiotics such as
sulfanilamide (SA) and sulfadimethoxine (SD) as well as a -
lactam antibiotic such as amoxicillin (AMO) (Figure 6) were

NI

sulfamethizole (SMZ

(

sulfamlam|de (SA)

sulfadlmethoxme (SD)

et

amox|C|II|n (AMO)

Figure 6. Antibiotics used in the SMZ-MIP selectivity test.

Table 4. Comparison of the Performances (in Terms of LOD Values) of Antibiotic-MIP Sensor Based on Different Detection

Platforms
analyte sensing platform MIP composition limit of detection (nM) ref
levofloxacin electrochemical polypyrrole—graphene—gold nanoparticles 5.3 x 10* 36
sulfadimethoxine electrochemical overoxidized polypyrrole 7 % 10* 35
flumequine SAW polypyrrole 1x 10° 37
sulfamethizole SAW PmPD ca. 2 this work
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analyzed and compared with the corresponding response to
SMZ at the respective concentration (Figure 7). As expected,
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Figure 7. (a) Typical kinetic responses of SMZ-MIP modified SAW
sensor upon injections of various antibiotics: SMZ, AMO, SD, and SA
at 160 uM concentration in ultrapure water. The bold lines represent
the fits to the single-site Langmuir model yielding the equilibrium
sensor response at the given analyte concentration, Q. (b) Bars
representing the equilibrium responses (Q.,) of SMZ-MIP modified
SAW sensor to various antibiotics: SMZ, AMO, SD, and SA at
different concentrations.

the highest response on SMZ-MIP surface was observed upon
binding of the original template molecule, SMZ, while the
responses to the other analytes, even though they closely
resembled the chemical structure (SD and SA) of the template,
were much lower. The response-selectivity coefficient for each
analyte was calculated according to eq 2 taking into account the
molecular weight of the analyte:

k= (Q/MW)/(Q/MW) ©)

where Q; and Q, are responses of SMZ-MIP modified sensor
(deg) toward interferent and template molecules having
molecular weights of MW, and MW, respectively. The
calculated response-selectivity coefficients are summarized in
Table 5. The low values of k in the range of 0.009—0.161
demonstrated that no appreciable interferences were caused by
AMO, SD, and SA. It is noteworthy that close structural
analogues of SMZ such as SD and SA exhibited lower binding
to SMZ-MIP even though SA contains only 4-amino-

Table 5. Response-Selectivity Coefficients (k) of SMZ-MIP
Calculated According to Equation 2 for the Solutions of
Different Concentrations of Antibiotics, SD, SA, AMO

concentration, yuM SD SA AMO
10.2 0.05 0.01 0.09

25.6 0.03 0.16 0.16

64 0.08 0.06 0.06

160 0.07 0.12 0.06

400 0.04 0.15 0.10

1000 0.02 0.05 0.05
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benzenesulfonamide moiety, i.e. has less steric hindrance than
SMZ. At the same time there was no clear correlation of k
values with the concentration of studied analytes as well as with
their chemical structure.

In addition, the performance of SMZ-MIP film to distinguish
between the target (SMZ) and its close analogue (SD) in tap
water was explored. For this purpose, tap water samples spiked
with SD and SMZ (100 uM) were injected into the SAW
system, and the sensor responses were recorded (Figure 8). It

0.5 SMZ: Q=051 (deg)
0.4 // ‘\‘
=l .,
@ S
£0.3 S
=
@
2 0.2 SD: Q_=0.14 (deg)
s P,
0.1 \
0.0 T
T T T T
0 500 1000 1500
time (s)

Figure 8. Responses of SMZ-MIP modified SAW sensor upon
successive injections of 100 #M of SD and SMZ dissolved in tap water.
The bold lines represent the fits to the single-site Langmuir model
yielding the equilibrium sensor response at the given analyte
concentration, (Qq)

should be noted that the first injected SD caused a quite
reversible response since almost no residual signal remained
when the chemical was completely eliminated from the fluidics
during the dissociation stage. Successive introduction of SMZ
to the system resulted in a substantially higher equilibrium
response (Quq = 0.51 vs Qg = 0.14 deg), which was in good
agreement to that observed for SMZ sample prepared from
ultrapure water (Qqq = 0.52 + 0.1 deg) as approximated from a
fit of the adsorption isotherms (see Figure S) at a concentration
of 100 yM. Thus, the fabricated SMZ-MIP possessed a good
recovery even after the preceding contact with a chemical
analogue of SMZ.

To summarize, the results clearly suggest that the prepared
SMZ-MIP films exhibit appreciable selectivity for SMZ due to
the presence of specific cavities complementary in size, shape,
and arrangement of chemical functionalities to the template
molecule.

Regeneration Study. To study the stability of the
fabricated SMZ-MIP films, they were allowed to undergo
repeated rebinding—regeneration cycles. During regeneration, it
is essential to ensure that while the polymer is refurbished
efficiently from the previously bound targets, it still retains its
capability for subsequent selective rebinding. As it can be seen
from Figure 9, the regeneration procedure did not appear to
harm the polymer binding sites since after a few rebinding—
regeneration cycles, the responses of SMZ-MIP modified
sensor were still observed and tended to stabilize showing
only about 15% loss in rebinding capacity after the last cycle.

Bl CONCLUSIONS

This study exemplifies the synergistic effect of combining an
antibiotic-MIP with SAW sensing platform and excellent
applicability of the sensing system to affinity measurement
and real-time detection of low molecular weight analyte
(antibiotics) in aqueous environment. Selective SMZ-MIP
was prepared directly on the surface of SAW sensor in a form of

DOI: 10.1021/acs.analchem.5b04735
Anal. Chem. 2016, 88, 1476—1484
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Figure 9. Effect of the regeneration cycles applied on rebinding
capability of SMZ-MIP toward SMZ at concentration of 1 mM. The
bars represent responses, normalized to that of the freshly synthesized
SMZ-MIP surface (cycle 0).

a homogeneous thin film by oxidative electropolymerization of
m-phenylenediamine (mPD) in the presence of SMZ, acting as
a template. The spectroscopic ellipsometry showed that MIP
and the control films grew nearly linearly across the applied
charge range, thus making their prediction between ca. 1 and 24
nm very certain. Thus, the main advantage of the approach was
that antibiotic-MIP layers could be directly fabricated on the
metallic sensing surface of an appropriate transducer in an easy
and precisely controllable manner. The prepared SMZ-MIP
films were characterized by SAW technique in terms of its
affinity and selectivity toward SMZ. SMZ-MIP films demon-
strated approximately 8.4 times higher binding capacity to SMZ
than the respective NIP. Moreover, they were able to
discriminate among structurally similar molecules, i.e.,
sulfanilamide and sulfadimethoxine. SMZ-MIPs could with-
stand at least three adsorption—regeneration cycles losing only
about 15% of the initial adsorption capacity. SMZ-MIP films
interfaced with SAW sensor could distinguish the target analyte
at 8 nM with LOD of 1.7 nM. The presented approach of a
facile integration of the antibiotic-sensing MIP layer with SAW
technology allowed observing the real-time binding events of
the low molecular weight target at relevant sensitivity levels and
could be potentially suitable for cost-effective fabrication of a
multianalyte chemosensor for analysis of hazardous pollutants
in aquatic environment.
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A chemical sensor based on molecularly imprinted polymer (MIP) and quartz crystal microbalance (QCM)
to detect amoxicillin (AMO) antibiotics in aqueous samples was developed. The thin film of AMO-MIP was
generated electrochemically from meta-phenylenediamine (mPD) directly on the QCM transducer. Pre-
polymerization complex formation between the template (AMO) and the monomer molecules (mPD) was
confirmed by a combination of computational modeling and spectroscopic studies. The electrodeposition
process was carefully studied to allow for the selection of the optimal parameters for stable AMO-MIP
film deposition. The AMO-MIP QCM sensor showed a significantly better sensitivity and affinity than the
reference film displaying more than seven times relative adsorption capacity and a limit of detection
down to 0.2 nM. Likewise, the sensor demonstrates good selectivity to the target analyte (AMO) than the
other non-templated molecules and remain sensitive to the target even after a prior exposure to other
interferents that may be present within the same environment. This remarkable result in the analysis of
amoxicillin on QCM sensor without employing any signal amplification methodology demonstrates an
important step towards the fabrication of MIP-based environmental sensor.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The environmental impacts of antibiotics pollution cannot be
over-emphasized due to their potential of increasing bacterial
resistance [1,2]. Their urgent detection, especially in aqueous envi-
ronment and food has therefore continued to attract enormous
research interests. As a result, analytical devices which combine
the selectivity of biological systems with the chemical stability of
chemical systems are increasingly becoming a focus of attention
in environmental and clinical research [3]. Molecularly imprinted
polymers (MIPs) possessing pre-defined cavities for specific recog-
nition of target analytes, are artificial receptors with potential
for fabricating state-of-the-art analytical devices. Specific cavities
of MIPs are pre-formed by the polymerization of suitable func-
tional monomers in the presence of the target molecules, acting as
templates, which after subsequent removal reveal complementary
sites capable of selectively recognizing the target molecule by size,
shape and functional groups. Antibiotics constitute a larger share of
pharmaceuticals contributing to the rising pollution of the aquatic

* Corresponding author.
E-mail address: vitali.syritski@ttu.ee (V. Syritski).

https://doi.org/10.1016/j.snb.2017.11.194
0925-4005/© 2017 Elsevier B.V. All rights reserved.

environment [4,5]. Amoxicillin is a broad-spectrum antibiotic that
belongs to one of the most widely known antibiotic class, the peni-
cillins. It has low metabolic rate in humans and as a result, up to 90%
is being excreted in the raw form [6] and therefore exists in var-
ious water bodies in the concentration range of 0.18-4.57 nM [7].
Since amoxicillin possesses a variety of functional groups poten-
tially capable of interacting with functional monomers through
the formation of non-covalent bonds, it has the tendency to cre-
ate recognition cavities that are complementary to those of the
template molecules in the resulting imprinted polymer following
template extraction.

Thin films of polymers are the most suitable for sensing in
label-free configuration [8]. Polymers generated from functional
monomers consisting of phenylenediamine parent units are gain-
ing wide popularity among researchers due to their beneficial
electroactivity and suitability for a wide variety of applications,
including energy storage, electrocatalysis, electrochromism, and
sensors [9-12]. Their appropriateness as polymer matrix in molec-
ular imprinting stems from the fact that the growth of their
polymer films results in a rigid structure demonstrating impor-
tant recognition functionalities relevant for molecular recognition,
especially by non-covalent interactions [13]. More importantly, the
possibility of generating a thin but continuous polymer film that
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Fig. 1. Ladder-like structures for the polymers of the three isomers of phenylene-
diamines; oPD, pPD and mPD.

eliminates the long diffusion path through which analytes have
to travel to the pre-formed active sites makes them quite prefer-
able for fabricating molecular imprinting chemosensor [14,15].
Consequently, many sensors are being fabricated on piezoelectric
and other transducer surfaces via electrochemically synthesized
films of poly(phenylenediamine) leading to extended linear con-
centration range and analytically significant limit of detection (LoD)
[16,17]. Of the three isomers of poly(phenylenediamine); Poly(o-
phenylenediamine), P(oPD), Poly(m-phenylenediamine), P(mPD),
and Poly(p-phenylenediamine), P(pPD) (see Fig. 1), P(oPD)’s struc-
ture has been substantially defined while the structure of P(mPD)
has not been fully elucidated because the P(mPD) obtained by
chemical or electrochemical oxidative polymerization is almost
insoluble in most solvents [18]. Nevertheless, FTIR spectroscopic
studies [19] demonstrated no significant difference in the chemi-
cally and electrochemically synthesized polymers of these isomers
in the IR spectra. These polymers have been estimated to yield
ladder-like structures [20].

Also, according to the report of Rhemrev-Boom et al. [21], the
structural information obtained from electrosynthesized P(mPD)
and P(oPD) films by means of ATR-FTIR spectroscopy permitted
the conclusion that the formation of P(mPD) films was compara-
ble to that of P(oPD) films. Furthermore, Killoran and O’Neill [22]
studied the electrosynthesis and permselective properties of the
three poly(phenylenediamine) films and concluded that P(mPD)
polymerized faster than P(oPD) and P(pPD) films under identical
polymerization conditions and it is the least soluble in methanol
and other solvents. These properties of P(mPD) allow its higher
suitability for MIP electrosynthesis and its subsequent regeneration
by hash solvents such as methanol mixture of acetic acid. Conse-
quently, we have recently reported the detection of small molecule
(e.g. sulfamethizole) and large molecule (e.g. IgG) by using an elec-
tropolymerized p(mPD) film on a SAW sensor transducer [23,24].
The resulting sensors displayed interesting features including high
selectivity and satisfactory stability in aqueous media thus, further
establishing the important use of P(mPD) as matrix in molecular
imprinting.

Although, MIPs for antibiotic detection have seen quite rea-
sonable publications however, MIP chemosensors exhibiting
amoxicillin detection in aqueous media using thin P(mPD) films

integrated with QCM sensors and without the use of signal
amplifying nanomaterials have not been reported. In this report,
an amoxicillin MIP film was developed using electrosynthesized
P(mPD) polymer matrix integrated with a quartz crystal microbal-
ance (QCM) sensor having a gold coating as the sensor transducer
to facilitate a direct communication of the imprinted polymer film
with the transducer during the polymerization and rebinding anal-
ysis. To prepare MIPs with a high density of imprinted sites [16], we
have investigated different electropolymerization conditions for
the synthesis of the MIP films to optimize the binding capacity of the
resulting antibiotic-imprinted polymeric material (AMO-MIP) and
improve the performance of the fabricated chemosensor. Important
parameters of the developed sensor were studied and discussed.

2. Experimental
2.1. Materials and methods

Acetic acid, sulfuric acid and hydrogen peroxide were provided
by Lach-ner (Czech Republic). The other chemicals were obtained
from Sigma-Aldrich. All chemicals were of analytical grade or
higher and were used as received without any further purification.
Ultrapure water (resistivity 18.2 M2 cm, Millipore, USA) was used
for preparation of all aqueous solutions. Phosphate buffered saline
(PBS) solution (0.01 M, pH 7.4) was used to prepare synthesis and
analyte solutions. The gold (Au) electrodes of a 5 MHz QCM (Max-
tek, Inc.) was used in this work for antibiotic-MIP and the reference
non-imprinted polymer (NIP) film deposition. Ag/AgCl/KCls,: elec-
trode was used as a reference electrode in all electrochemical
measurements. Before electrochemical deposition of the films, the
QCM sensors were cleaned for 3 minutes in hot piranha solution
consisting of 30% H,0, and concentrated H,SO4 in 1:3 ratio fol-
lowed by electrochemical cleaning in 0.1 M H,SO,4 aqueous solution
by cycling the electrode potential in the range of —0.2 to 1.5V with
a scan rate of 50 mV/s, until the cyclic voltammograms were repro-
ducible. This was followed by thorough washing with ultrapure
water and drying in nitrogen stream. Electrochemical measure-
ments were made in a custom-made 25 mL Teflon electrochemical
cell connected with Reference 600 Potentiostat (Gamry Instru-
ments, USA). A conventional three-electrode system was used
with QCM sensor electrode as the working electrode, a rectangu-
lar shaped platinum plate (4 x 1.5cm?) as a counter electrode, and
Ag/AgCl/KCls, as a reference electrode.

2.2. Polymer matrix optimization

2.2.1. Computer modeling

The mPD complex formed with the antibiotic template was
generated by GaussView 5.0.9 software. Its geometry was also
optimized by semi-empirical PM3 method with Gaussian’09 soft-
ware. The conformational optimizations and binding energies for
the complex were calculated by density functional theory (DFT)
method at B3LYP/6-31 +G level with Gaussian’09 software.

2.2.2. Spectroscopic analysis

UV-vis absorption spectra of the PBS buffer solutions contain-
ing individual components, mPD and AMO as well as their mixture
were recorded in a 1cm quartz cuvette with the Shimadzu 2401
spectrophotometer in the wavelength range from 200 to 320 nm.
The changes in absorbance of the solution mixtures are then com-
pared with the spectra of the individual components as references.
13C NMR spectroscopy measurement was conducted using Bruker
SMART X2S benchtop diffractometer model. The samples were pre-
pared in D,0 solution as solvent. The molar ratio of template to
monomer (AMO: mPD) in the solution mixture was kept at 1:1.
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2.3. Amoxicillin-MIP preparation and characterization

2.3.1. Electrosynthesis of antibiotic-MIP films

Thin films of P(mPD) and/or P(mPD)/AMO were electrode-
posited on QCM sensors. This was achieved by applying a constant
potential (0.6 V vs Ag/AgCl/KClsat), in PBS buffer solution contain-
ing 5mM mPD and/or mixture of 5mM mPD and 5mM AMO,
keeping the monomer and template concentration ratio at 1. To
obtain similar film thickness, the mPD electrochemical polymer-
ization in the presence of the antibiotics was monitored by the
electrochemical quartz crystal microbalance (EQCM). The EQCM
measurements were performed using the QCM100 system (Stan-
ford Research Systems, Inc., Sunnyvale, CA, USA) connected to the
reference 600TM potentiostat (Gamry Instruments, Inc.) and the
PM 6680B counter (Fluke Corporation) as previously described
elsewhere [25]. Film syntheses were continued until the resonant
frequency dropped to the designated value (—400Hz). As a ref-
erence, non-imprinted polymer (NIP) was also synthesized at the
same conditions but without adding any antibiotics in the synthesis
solution. The deposited polymer films were observed to be uniform.
The films’ thicknesses were then estimated by converting the fre-
quency shift to the corresponding mass by applying the Sauerbrey’s
equation (Eq. (1)) and dividing the latter by the polymer’s den-
sity (Eq. (2)). After polymer film electrochemical deposition, the
electrode was rinsed with distilled water and dried in a nitrogen
stream.

Af = —fo? Am/Npq = —C;Am (1)
tr = Am/pf (2)

where Af — resonant frequency shift (Hz), fo-fundamental fre-
quency of the crystal (Hz), Am — mass change (g/cm?), N —
frequency constant for quartz (167 kHz cm), pq — density of quartz
(2.65g/cm3), Cr — sensitivity factor (for 5 MHz quartz crystal, 56.6
Hzmg~! cm?), t; — thickness of film, p; — density of film.

2.3.2. Characterization of the prepared films

After electrochemical deposition of P(mPD)/AMO film, the
removal of the antibiotic molecules from the polymer matrix was
carried out to create AMO-MIP film. For this purpose, the poly-
mer modified electrode was immersed in acetic acid/methanol
(1:1) solution and held there for 24 h, then the eluted solution was
analyzed by UV-vis absorption spectroscopy and amoxicillin con-
centration was determined at the specific wavelength, A=274 nm,
of its absorbance. The concentration in the washing solution
was also determined by chromatographic measurements using a
high-performance liquid chromatography combined with diode
array detector and mass-spectrometer, (HPLC-PDA-MS, Shimadzu
LC-MS 2020). Phenomenex Gemini-NX 5u C18 110A 150 x 2.0 mm
column, inner diameter 1.7 wm, was used with two eluents; 0.1%
acetic acid aqueous solution (eluent A), and acetonitrile (eluent B),
with total eluents flow of 0.3 mLmin~'. The antibiotic amount in
eluted solution was determined and compared with theoretically
estimated amount of the antibiotic presented in the polymer film.

2.3.3. Rebinding study

Rebinding of the target AMO molecules on the prepared
AMO-MIP film was studied by QCM-FIA technique, which allows
real-time monitoring of molecular interactions on the surface of
the QCM sensor. The rebinding analysis was carried out in the QCM-
FIA system comprising one programmable precision syringe pumps
(Cavro XLP 6000” XLP 6000, Tecan Nordic AB, MéIndal, Sweden), a
motorized six-way port injection valve (C22-3186EH, VICI® Valco
Instruments Company Inc., USA) controlled by a microelectric actu-
ator and a small volume (150 p.L) axial flow cell attached to the QCM
sensor holder (Stanford Research Systems, Inc.). Sample injection

HoN NH,

Fig. 2. Structural formulae of the (a) functional monomer, mPD and (b) target
molecule, AMO used for the MIP formation.

was carried out by a 5 mL disposable plastic syringe. All elements
of the system were connected to a PC and controlled by software
written in Labview. A constant flow of degassed PBS buffer solu-
tion (pH=7.4) flowed over the sensor at a flow rate of 25 pL/min
until a constant baseline of the QCM sensor resonance frequency
was reached. Subsequently, the increasing concentrations of the
analyte samples (1.6 M, 8 WM, 40 wM, 200 wM, 1 mM of the AMO
in PBS buffer) were injected into the flow stream via an injection
loop (500 pL). Prior to the rebinding study, the P(mPD)/AMO films
as well as their P(mPD) references were regenerated by immers-
ing the QCM sensor modified films in acetic acid/methanol (1:1)
solution for 24 h. The sensorgrams recorded were then fitted to the
appropriate binding model to determine the equilibrium responses
for both the MIPs and NIPs surfaces. These equilibrium data were
then used for the construction of the binding isotherms.

3. Results and discussion
3.1. Polymer matrix optimization

In a non-covalent or self-assembly molecular imprinting, selec-
tivity of a MIP depends, to a great extent, on the nature and strength
of interaction of pre-polymerization complex formed between the
target analyte and functional monomers in a porogenic solvent [26].
Therefore, a preliminary study of molecular complexes between
a monomer and an analyte (template) molecule is required to
design a MIP with optimal performance. This can be realized by
a combination of both theoretical (computational modeling) and
experimental (spectroscopic analysis) approaches [27].

3.1.1. Computational modeling

Geometrically optimized structure of the pre-polymerization
complex formed between the mPD monomer and the AMO antibi-
otic template molecules (Fig. 2) was estimated by density functional
theory (DFT) calculations using Gaussian’09. The strength of inter-
action was analyzed in terms of the binding energy, length of
hydrogen bonds and Mulliken charges. To appreciate the binding
energy value, the binding energy of complexes formed between
AMO and other electropolymerizable monomers; pyrrole (Py) and
3,4-ethylenedioxythiophene (EDOT) were also estimated by DFT
calculations. Table 1 shows the total binding energy as well as
the average hydrogen bond length of the monomer-template com-
plexes. The sites of interaction, binding energy for each site, lengths
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Table 1
Binding energies of the complexes formed between AMO and three different
monomers, mPD, EDOT and Py as calculated by Gaussian’09.

Template-monomer Binding energy at Average hydrogen bond

complex saturation (kJ/mol) length (A)
AMO-mPD 273.053 2.54
AMO-EDOT 8.401 415
AMO-Py 63.013 1.86

of hydrogen bond(s) calculated for the interactions as well as
the Mulliken charges of the different functional groups for each
monomer-template interaction are shown in Fig. S1, S2 and S3 and
Table S1, S2, S3. As it can be seen from Table 1, the total binding
energy between mPD and AMO is significantly higher (273 kJ/mol)
as compared to AMO interaction with other monomers, EDOT and
Py. Thus, one could expect that the use of P(mPD) as a polymer
matrix for AMO imprinting results in AMO-MIP with higher selec-
tivity towards AMO as compared to the use of polypyrrole and
PEDOT.

3.1.2. UV-vis and NMR study of prepolymerization complex
formation

UV-vis spectroscopy was further used to characterize and
establish the pre-polymerization complex formed between the
monomer and the template molecules prior to the polymeriza-
tion. For this purpose, the absorption spectra of the monomer, mPD
and the template, AMO in the PBS buffer solution (pH=7.4) were
determined and compared to the spectra of their mixture in the
concentration ratio 1:1. As shown in Fig. S4, the absorption spec-
tra of mPD and AMO mixture shows a new but broad absorption
band at around 284 nm that was different from either that of mPD
(289 nm) or AMO (274 nm) as well as the disappearance of bands
at 228 nm of AMO and 245 nm of mPD, indicating the presence of
binding interactions between the molecules in the mixture. Thus,
evidence of possible interaction between mPD and the templates
were further established by UV-vis spectroscopic technique. Addi-
tionally, 13C NMR spectra of the individual components as well as
their mixture clearly indicate that there is no covalent interaction
involved in the complex formation as no new peaks were observed
in the AMO + mPD spectrum as compared to the individual spectra
(Fig. S5). Therefore, it can be concluded that the complex formation
is majorly through non-covalent interactions.

3.2. Electrodeposition of antibiotic-MIP films

The use of MIPs for sensing purposes generally demands a MIP-
based material in the form of a uniform thin film and its robust
interfacing with a sensor platform capable of responding to rel-
evant sensitivity levels upon interaction between MIP film and a
binding analyte. Electropolymerization has been shown to be espe-
cially suitable synthesis method for effectively interfacing MIP with
transducer allowing a good control of both film thickness and inner
morphology [16,23,24,28].

Therefore, the electrochemical deposition of P(mPD) was stud-
ied in detail by EQCM to provide a more accurate control of polymer
film growth. To find optimal synthesis parameters for homoge-
neous polymer film preparation, the electropolymerization of mPD
was studied by applying different modes of potential stimulus
including, potentiostatic deposition (Fig. 3a), deposition by cyclic
potential sweep (Fig. 3b) and potential pulse deposition (Fig. 3c).
The P(mPD) films with thickness of 25 nm (as previously obtained
from ellipsometry measurement) that correspond to the QCM fre-
quency shift of 400 Hz (as calculated by using Egs. (1) and (2)) were
electrodeposited on the QCM sensor electrode. This relatively high
thickness was selected so asto give a greater surface area of recogni-
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Fig. 3. Current responses during the electrodeposition of P(mPD) from PBS buffer
solution, pH 7.4 under: (a) potentiostatic; (b) cyclic voltammetry; (c) potential pulse
modes.

tion for the small molecular weight target analyte. It was observed
that in the case of polymer film deposition by potential cycling and
potential pulses (Fig. 3b and c), the film growth rate was very low,
reaching the 400 Hz frequency shift limit in not less than about 1 h.
However, a P(mPD) film of the same thickness can be deposited
for approximately 200 s by using the potentiostatic mode (Fig. 3a).
This observation, coupled with the identified possible challenges of
using potentiodynamic mode inclusive of disordered spatial chains
of polymer matrix as well as film defects due to polymer swelling
and shrinking, as compared to the well-ordered films produced by
potentiostatic condition [16] suggest the preferred use of the latter
for the polymer synthesis in this work. Potentiostatic synthesis at
0.6V vs Ag/AgCl/KClsy is then chosen to be the optimal parameter
for preparing a well adherent and homogeneous P(mPD) films on
the electrode sensor.

Furthermore, to exclude the possibility of the oxidation of the
antibiotic template during the polymerization, an initial study of
the electrochemical behavior of AMO in PBS buffer was carried out
with the purpose of elucidating its electrochemical stability within
the potential window used for the polymerization. For this pur-
pose, cyclic voltammetry (CV) scan was applied to determine the
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Fig.4. (a)Cyclic voltammogram of a gold electrode in PBS buffers (pH 7.4) containing
5mM AMO. Scan rate: 50 mV/s. (b) Resonant frequency responses during the poten-
tiostatic electrodeposition of P(mPD) and P(mPD)/AMO films on gold electrode of
QCM sensor.

electrochemical activity of the antibiotic within a specific potential
window as shown in Fig. 4(a). The cyclic voltammogram indicate
that the AMO molecules do not demonstrate any electroactivity at
the potential (0.6 V) used for monomer polymerization hence, its
stability during the polymer synthesis.

Fig. 4b shows typical resonance frequency responses of the
EQCM during P(mPD) potentiostatic electrodeposition. As easily
observed, the P(mPD) films grew non-linearly demonstrating a
faster growth in the beginning of the process, followed by its grad-
ual slowing-down until the constant resonant frequency value was
reached, thus indicating a self-limiting polymerization. It should be
noted that the film growth rate of the P(mPD) in the presence of the
antibiotic was much slower than the rate for the pure P(mPD) film
at the very same polymerization conditions. It is assumed that the
dominant species of the targeted AMO antibiotic in PBS buffer solu-
tion (pH =7.4) are negatively charged ions considering its acid-base
properties [29]. Therefore, during the oxidative polymerization
of mPD, negatively charged antibiotic species are expected to be
inserted into the positively charged P(mPD) backbone due to elec-
trostatic interactions, thus resulting in the formation of P(mPD) film
containing the template molecules (P(mPD)/AMO).

3.3. Rebinding and selectivity study

For a rebinding of the target analyte on the P(mPD)/AMO film,
the template molecules must be eluted from the polymer matrix
to reveal complementary cavities in the film. This was achieved
by treatment in solution mixture of acetic acid and methanol,
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Fig. 5. Adsorption isotherms of the injection of increasing AMO concentration on
AMO-MIP and NIP surfaces. Solid lines represent fits to the Langmuir—Freundlich
model.

as discussed in the experimental (Section 2.3.2). However, the
chromatographic analysis of the eluted solution indicates a low
removal of the template molecules from the polymer matrix with
an elution efficiency of about 20% thus indicating that some of
the template molecules may still be trapped within the polymer.
The analysis of the antibiotic rebinding capability of the prepared
AMO-MIP film was achieved by employing the QCM-FIA tech-
nique. For a proper analysis of the rebinding interaction and to
ascertain that the interaction between the target and the MIP film
was specific, a control experiment was performed with the non-
imprinted polymer (NIP) modified electrode sensor. The NIP was
prepared like the MIP but excluding the template addition in the
pre-polymerization mixture. To minimize signal fluctuation due to
temperature change, the rebinding experiments were carried out
in a closed custom-designed insulating chamber at room temper-
ature. After equilibrating the film surfaces with the running buffer
to obtain a stable baseline, the signal following injection of each
concentration of analyte was monitored, recorded and analyzed
by fitting to a pseudo first order kinetic equation to obtain the
equilibrium responses shown in Fig. 5. These equilibrium signals
data were fitted to the Freundlich-Langmuir (FL) model (Eq. (3))
using a nonlinear regression to obtain the kinetic data of the inter-
action. According to Shimidzu and co-workers [30], FL model is
more universally applicable in characterizing MIPs because it can
provide heterogeneity information and is able to model adsorption
behavior over the entire range of concentration including both sub-
saturated and saturated region and therefore the FL model is most
commonly used for characterizing MIPs [31].

As evident from Fig. 5 the MIP film clearly demonstrates the
increased antibiotic adsorption compared to the NIP for all injec-
tions. Moreover, a very noticeable difference in the adsorption
between the MIP and NIP was observed already after the injection
of the antibiotic sample with the lowest concentration (1.6 uM),
while the NIP film showed a low non-significant response. As the
concentration increased, the adsorption became more pronounced
for the MIP while the NIP film approaches saturation as the injected
concentration becomes larger. The parameters obtained from the
fitting of the binding isotherm to Eq. (3) are as shown in Table 2.

B = BmaxC™/(Kp + C™) (3)

where Cis the concentration of AMO in solution, B and Byax are the
fractions of bound AMO and its saturation value, respectively, m is
the heterogeneity index, which varies from 0 to 1, with increasing
heterogeneity as m values decreases. K} is the equilibrium dissoci-
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Table 2
Parameters obtained from the LF fitting of the MIPs and NIPs binding isotherms.
Bmax Kp IF (imprinting factor) R2
(Hz) (M) (Heterogeneity index) Bumaxwiip [ Bmaxnip
AMO-MIP -302+24 28.8+3.2 0.4+0.02 7.2 0.998
NIP -42404 365+9.6 0.8+0.06 - 0.969
Table 3
11 —| Q:VIPO -MIP Parameters obtained from the fit of signals shown in Fig. 8.
ﬂ Analyte Bmax (-Hz) R?
I 94 AMO 1.48£0.03 0.999
- DOXY 0.48£0.03 0.999
= SMZ 0.32+0.01 0.997
c 74
[
3
S 97
% - T however, the decreasing but stabilizing adsorption observed could
o 3 be assumed to be associated with the generation of denser film lay-
th’ .60 .05 ers with decreasing active surface area. This assumption stems from
14 the nucleation and growth mechanism of polymerization similar
to that of polyaniline, in which the density, uniformity and/or mor-
! phology of the final film depend on the interaction of nucleates with
15.6 25.0 the underlying substrate. However, in the case of PmPD growth, the

Thickness (nm)

Fig. 6. Effect of film thickness on the analytical performance of AMO-MIP and NIP
sensors at the injection of 1 mM AMO. Number labels on bars indicate the relative
adsorption or imprinting factor (IF) values obtained at each thickness.

ation constant used to assess the affinity of the prepared MIP films
to the template antibiotic.

From Table 2, one can observe that the AMO-MIP has a much
higher adsorption capability as compared to the reference NIP film
(-30.23 Hz vs —4.21 Hz) thus yielding an imprinting factor of 7.2.
This indicate the relative capability of adsorption of the MIP com-
pared to NIP. Likewise, the lower value of Kp for AMO-MIP relative
to NIP indicates that the imprinted polymer has higher affinity for
the target analyte as compared to the NIP, which mostly show non-
specific interaction. This is because a lower Kp indicates a slower
tendency of the target molecule to dissociate from the predefined
active sites after rebinding and hence a strong binding affinity. This
correlates well with the computational and spectroscopic studies
that show a high binding energy, low hydrogen bond length and the
presence of new UV-vis absorbance peaks in the solution mixture
between AMO and mPD. Furthermore, since the removal of tem-
plate molecules from the polymer matrix introduces within the
MIP film binding sites with differing affinities towards the target,
MIPs are generally expected to be more heterogeneous than their
corresponding reference NIP films. Therefore, the lower m value
observed for the AMO-MIP when compared to that of the NIP is
quite familiar in MIP research. To characterize the effect of polymer
matrix thickness on the analytical performance of the sensor, the
AMO-MIP and NIP films with thicknesses of 6.3, 15.6 and 25.0 nm
were interfaced with the sensor surface. This was realized by vary-
ing the time of electrodeposition process occurring directly on the
sensor surface till the resonant frequency shift of the sensor reach
—100, —250, and —400 Hz, respectively. Following the washing out
process, the rebinding experiments were carried out with the injec-
tion of 1 mM concentration of AMO, as previously achieved (Fig. 6).
Asobserved from the figure, an increasing thickness is accompanied
by a corresponding increase in AMO-MIP adsorption and decrease
in NIP adsorption. This is most likely due to the increase in spe-
cific surface area with increasing thickness and a corresponding
increase in the number of binding sites in the AMO-MIP films. Con-
sequently, an increasing adsorption is observed. In the case of NIP

hydrophilic nucleates which adsorb on the hydrophobic polycrys-
talline gold substrate likely lead to the formation of rough profiles,
island-like layer with pinholes that may permit access of template
moleculesto the electrode surface at low film thickness. But as poly-
mer film grows, these pinholes are obstructed thus, decreasing the
nonspecific adsorption signal hence, an increasing value of imprint-
ing factor (IF) from 1.33 to 3.05 [32,33]. Furthermore, to test the
selectivity of the prepared AMO-MIP, two non-targets but widely
used antibacterials belonging to different antibiotics classes were
selected and their binding responses on both AMO-MIP and NIP
upon separate injections of increasing concentration were analyzed
and compared to that of AMO. Fig. 7a indicates the ratio of the equi-
librium binding response of each analyte on the AMO-MIP to that
on the NIP. As expected, the imprinted surface had a greater relative
adsorption for amoxicillin target molecules. In contrast, the adsorp-
tion of the non-template antibiotics, SMZ and DOXY, was revealed
to be considerably lower. Considering the little higher molecular
weight of DOXY (444.4 g/mol) as compared to AMO (365.4 g/mol),
one may expect DOXY's response signal on AMO-MIP to be quite
comparable with that of AMO, especially at low concentration but
a quick look at Fig. 7a indicates the opposite. This thus prompts
the closer attention into the signals received from the NIP film fol-
lowing injection of the different concentrations of all samples. As
shown in Fig. 7b, a greater non-specific adsorption is displayed by
the NIP surface towards the non-targeted molecules as compared to
AMO. This observation leads to the reasonable conclusion that the
major part of the adsorption response displayed on the AMO-MIP
by SMZ and DOXY are non-specific in nature and different from
the specific recognition of the target AMO. Furthermore, the sig-
nal obtained from the injection of 1.6 wM AMO following a prior
injection of 1.6 WM SMZ and DOXY (Fig. 8) indicates that the prior
injection of other antibiotics does not influence, to any noticeable
extent, the selective recognition of AMO on AMO-MIP.

Thus, the AMO adsorption equilibrium response as shown in
Table 3, reflects at least 3 times higher signal with respect to
both SMZ and DOXY at this concentration. More importantly, the
selectivity coefficients («) of the MIP film, defined by the index
of the polymer selectivity towards other analytes, was calculated
(Table 4) according to Eq. (4) for increasing concentration of each
analyte taking cognizance of their molecular weight.

a = (Bmax(a)/M(a))/Bmax(t)/M(t)) (4)
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where Biax(a) and Bpay(r) represent responses of AMO-MIP (in Hz)
toward non-imprinted analyte and template molecules possessing
molecular weights of M4y and M(;), respectively.

The low values of the selectivity coefficients as shown in Table 4
indicates that the polymer selectively recognizes the template

Table 4
Response-Selectivity Coefficients («) of AMO-MIP Calculated Using Eq. (4) for Sam-
ple Solutions Containing Different Concentrations of Antibiotics, SMZ and DOXY.

Concentration (M) SMz DOXY
1.6 0.12 0.34
8.0 0.39 0.49
40.0 0.48 0.42
200.0 0.54 0.32
1000.0 0.56 0.35
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Fig. 9. Effects of regeneration-rebinding cycles on the adsorption capacity of both
AMO-MIP and NIP films at the injection of 1 mM AMO.

molecules but non-specifically, and with very low affinity (similar
to the non-imprinted polymers) binds non-templated interfering
molecules. We also went further to analyze the lowest detectable
concentration of the analyte by the prepared QCM sensor. For this
purpose, the limit of detection (LoD) value was calculated from the
standard deviation and slope of the regression line for the linear
portions of the response signals at low concentrations (2-40 nM)
injections (Fig. S6). A value of 0.2 nM was obtained, indicating that
the sensor can detect the target analyte down to this low concen-
tration. Since AMO exists in the aqueous environment within a
concentration range of 0.18-4.57 nM as earlier reported, the devel-
oped chemosensor shows very promising suitability for detecting
the target molecule within the low concentration range that they
exist naturally. Thus, the prepared AMO-MIP sensor demonstrates
an immense potential for selectively recognizing AMO antibiotic
in aqueous media. Furthermore, to characterize the sensor for
reusability and stability, we perform several cycles of regeneration-
rebinding experiments on both AMO-MIP and NIP sensors (Fig. 9).
It was observed that after the third cycle, AMO-MIP and NIP films
have lost 37% and 49% adsorption capacities respectively. This result
may likely reveal that with subsequent regeneration process, less
bound analytes are eluted from the polymer film thus reducing
the chances of analyte binding in the following rebinding step. The
results therefore demonstrate that the AMO-MIP is quite stable and
reusable for at least three cycles while still retaining almost 70% of
its adsorption capacity.

4. Conclusions

This study draws special attention to the development of a selec-
tive MIP for amoxicillin detection by synthesizing homogeneous
thin polymer film on QCM sensor using electrochemically poly-
merizable m-phenylenediamine (mPD) as a functional monomer.
A careful study of the electrodeposition of the polymer in the
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presence or absence of the template molecules was carried out
to ascertain the optimal parameters for the fast synthesis of a
homogeneous and stable polymer films that affords the template
stability during the polymer electrodeposition. The prepared AMO-
MIP film as well as its reference counterpart were characterized
by QCM technique for their affinity and selectivity towards the
target analyte. The AMO-MIP film showed at least seven times
higher binding capacity and better affinity than the reference film.
The prepared AMO-MIP modified QCM sensor could detect AMO
with LoD of 0.2nM and discriminate between the antibiotics of
different classes; i.e. tetracycline (doxycycline) and sulfonamide
(sulfamethizole). Further research is being undertaken to optimize
the performance of the sensor and to enhance its capacity in detect-
ing amoxicillin in real aqueous environment.
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Abstract. This study demonstrates the promising steps towards improving the detection of small analytes in an aqueous solution
by the quartz crystal microbalance (QCM) modified with a molecularly imprinted polymer (MIP) based sensitive layer.
A homogeneous thin polymer film of poly(m-phenylenediamine) (PmPD) was electrochemically deposited on the surface of
a QCM sensor in the presence of sulphamethizole (SMZ) acting as a template molecule. The binding capacity of the resulting
SMZ-MIP films was enhanced by modifying the sensing surface with a diethylaminoethyl-dextran (DEAE-Dex) layer, forming
a SMZ-MIP(Dex) film. The dextran layer allows further preconcentration of template molecules on the sensor electrode before
polymer electrodeposition. The relative adsorption of the SMZ-MIP(Dex) films, as designated by the imprinting factors, was
found to be in all cases significantly higher than that of the other films. At least about three times enhanced relative binding
capacity of the modified imprinted polymer on the QCM sensor was established. A probe of the analysed sensor signals revealed
that the modification steps significantly reduced the contribution from nonspecific interaction of the polymer matrix, thus
suggesting beneficial effects of the dextran modification and template preconcentration. The presented approach promises a
positive route towards an improved specific detection of small molecules by molecular imprinting on QCM sensor transducers.

Key words: molecularly imprinted polymer, small molecule detection, sulphamethizole, quartz crystal microbalance, DEAE-
dextran.

1. INTRODUCTION

The detection of small molecular weight analytes
(drugs, toxins, chemicals, pollutants, etc.) is vital for
environmental and biological interests (food safety,
public security, environmental monitoring as well as
pharmaceutical and biomedical analyses). Numerous
analytical techniques (enzyme-linked immunosorbent
assay, liquid chromatography, gas chromatography, mass
spectrometry, and their coupling techniques) exist for
the detection of various small analytes [1-4]. However,
most of these techniques lack high specificity and

) Corresponding author, akinrinade.ayankojo@ttu.ce

their continued utilization is limited by the expensive
detection instruments and complex procedures involved.
Molecular imprinting is a technique that creates synthetic
recognition materials, the so-called molecularly imprinted
polymer (MIP), for detecting any molecule of interest,
thus mimicking biological receptors. It polymerizes
functional monomers in the presence of the target
molecule that acts as a template. During polymerization,
the template induces binding sites in the reticulated
polymer that are capable of selectively recognizing
the target molecules or similar structures following
the removal of the templates from the polymer. The
challenges of the traditional methods of detection are
thus greatly overcome since MIP has been shown to
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possess several advantages as an alternative recognition
material. These include low cost, ease of preparation,
storage stability, durability to heat and pressure, as well
as applicability in harsh chemical media [5,6].

For the accurate analysis and interpretation of the
performance of a MIP, its robust interface with a sensor
transducer that converts the molecular recognition into
a readable electrical signal, is very crucial. Consequently,
numerous MIPs have been fabricated on different sensor
transducers: electrochemical, calorimetric, optical, and
piezoelectric, with mass-sensitive (piezoelectric) devices
making up a somewhat substantial proportion [7-17].
Mass-sensitive devices such as the quartz crystal
microbalance (QCM), also known as the bulk acoustic
wave sensor, respond to mass changes on their surface
by a resonant frequency shift that is directly proportional
to the mass of the analyte adsorbed. This allows them to
play a pivotal role in molecular detection and analysis
since mass is a fundamental property of all compounds
[18]. As a result, the QCM has been employed in the
fabrication of MIP-based sensors for small analyte
detection with literature reviews published on the subject
matter [19-22].

In sensor fabrication, sensitivity is one of the critical
factors. However, the sensitivity of the QCM, like of
other affinity sensors, is comparable to the molecular
mass of the analyte among other factors. Furthermore,
the universal sensitivity of the QCM sensor encourages
unsolicited contributions to the sensor signal, especially
when operated in a liquid [23]. Also, QCM transducers
integrated with a MIP recognition layer, although
offering an elegant label-free detection platform, suffer
from an intrinsic limitation of the contribution to the
sensor signals from nonspecific binding of other matrix
elements [24,25]. As the degree of nonspecific interaction
affects the sensitivity of a sensor, reducing nonspecific
adsorption is of importance in MIP sensor fabrication.

While an increased sensitivity for piezoelectric
transducers can be achieved by increasing the device
frequency, increasing the amount of the binding sites in
the recognition element (e.g. MIP) will also lead to a
lower contribution from nonspecific interaction to the
sensor signal, thereby facilitating the specific adsorption
of the target molecules [18,26]. For small molecule
detection by mass-sensitive devices, increasing the
number of the recognition sites is therefore key to
achieving a higher sensitivity. This leads to a shift in
frequency only when a sensible amount of the template
has been adsorbed unto the recognition sites. This can be
accomplished by the bulk molecular imprinting approach
in which the template molecule provides the sterical and
chemical qualities as well as the diffusion path for the
subsequent recognition of the analytes [27]. Furthermore,

to reduce the nonspecific interaction, a quantitative
association of the functional monomer with the template
molecules is essential for increasing the imprinted sites
while reducing the chances of nonspecific interaction.
This is achieved by ensuring that an appreciable amount
of the template is available within the forming polymer
during the preparative stage, thus resulting in the MIP
having a considerable rebinding of the template as
compared with the reference non-imprinted polymer
(NIP) [28].

Diethylaminoethyl-dextran (DEAE-Dex) is a
polycationic stabilizing molecule having an average
molecular weight of up to 500 kDa. It is commonly used
in nucleic acid transfection, sustained protein delivery,
and in biosensors for cell immobilization. It is quite
similar to the carboxymethyl dextran (CM-Dex) analogue
that has been employed in developing certain sensor
chips for the surface plasmon resonance (SPR) sensing
platform but differs in the absence of a carboxyl functional
group. The dextran immobilized sensor layer has a
tendency to minimize the nonspecific binding of the
analyte on the sensor due to the barrier formation between
the analyte and the underlying electrode substrate of the
sensor [29,30]. Most interesting is the flexible nature of
the layer that encourages binding site accessibility on
a recognition layer, thus enhancing sensitivity especially
for small molecular weight analytes.

This work attempts to improve the specific binding
capacity of a MIP on a QCM sensor as a mass-sensitive,
label-free transducer for small molecule detection. For
this purpose, a promising approach to enhance the
amount of the binding sites within the MIP matrix was
adopted. This involves the preconcentration of the
small molecular weight template molecules on the
sensor surface prior to the electropolymerization. To
achieve the template preconcentration, a monolayer
assembly of an anion exchanger, DEAE-Dex, was formed
on the sensor electrode prior to the electropolymeri-
zation. The different stages of the modification were
probed by the electrochemical impedance spectroscopic
(EIS) technique. Although DEAE-Dex has been widely
used in cell and/or enzyme immobilization biosensor
technology [31], this is, to the best of our knowledge,
its first use for the preconcentration of a small target
molecule in MIP research. Sulphamethizole (SMZ)
was selected as a model small molecule and m-phenyl-
enediamine (mPD) as an electropolymerizable functional
monomer for polymer matrix formation based on the
previously established strong, non-covalent interaction
existing between their complementary functional groups
[32]. Efforts were made to optimize the performance
of the prepared MIP on the chosen QCM sensor
transducer. This involves ensuring a homogeneous film
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deposition and accurate control of the polymer film
growth. The beneficial influence of such dextran
modification and the following preconcentration
on the binding capacity of the prepared MIP are
presented as an important step towards an improved
detection of small analytes by MIPs on mass sensitive
transducers.

2. EXPERIMENTAL SECTION

2.1. Chemicals and materials

All chemicals, except acetic acid, sulphuric acid, and
hydrogen peroxide that were provided by Lachner, were
purchased from Sigma-Aldrich. All chemicals were
of analytical grade and were used as received without
any further purification. Ultrapure water (resistivity
18.2 MQ-cm, Millipore, USA) was used to prepare all
aqueous solutions, and phosphate buffered saline (PBS)
solution (0.01 M, pH 7.4) was used in preparing the
synthesis and analyte solutions.

2.2. Sensor modification and characterization

The gold (Au) electrodes of a 5 MHz QCM (Maxtek,
Inc.) were used in this work for SMZ-MIP and the
reference NIP film deposition. An Ag/AgCl/KClg,
electrode was used as the reference electrode in all
electrochemical measurements. Before electrochemical
deposition of the films, the QCM sensors were cleaned
for 3 min in the hot piranha solution consisting of 30%
H,0, and concentrated H,SO, in 1 :3 ratio followed
by electrochemical cleaning in 0.1 M H,SO, aqueous
solution by cycling the electrode potential in the range
from —0.2 to +1.5 V with a scan rate of 50 mV/s until
the cyclic voltammograms were reproducible. Finally,
the electrodes were washed thoroughly with ultrapure
water and dried again in nitrogen stream. A pre-cleaned
Au surface of the sensor was modified with DEAE-Dex
(M, =500 000 g/mol), purchased from Sigma-Aldrich,
by directly applying DEAE-Dex solution (0.1 mg/mL)
for 30 min after which the surface was rinsed with water
and dried under nitrogen stream. Then SMZ was pre-
adsorbed on the Au/DEAE-Dex surface by a direct
covering of the surface with the PBS buffer solution
containing 3.5 mM SMZ and allowed to stand for
30 min followed by careful rinsing with water and
drying under nitrogen. Each stage of the modification
processes was monitored by EIS by measuring, fitting in
ZView software, and comparing the EIS data collected
from bare Au, Au/DEAE-Dex, and Aw/DEAE-Dex with
adsorbed SMZ (Au/DEAE-Dex/SMZ) surfaces.

2.3. Preparation of SMZ-MIP films

After SMZ preconcentration on a sensor electrode,
electropolymerization of mPD was conducted on the
modified electrode at a constant potential of 0.6 V in
PBS buffer solution containing 5 mM mPD and 3.5 mM
SMZ resulting in a PmPD/SMZ film on the sensor
electrode. Following electrodeposition, the template
molecules (SMZ) were removed from the polymeric
matrix of the electrodeposited PmPD/SMZ film to
create SMZ-MIP(Dex) with complementary cavities
suitable for the specific recognition of SMZ molecules.
This was achieved by immersing the PmPD/SMZ-
modified sensors in a mixture of acetic acid/methanol
(1:3) and allowed to stay for a period of 24 h with
continuous stirring. Then the sensors were washed with
distilled water and dried under nitrogen stream.

For the control studies, the following films were
fabricated omitting one or several of the above steps:
(a) the DEAE-Dex modified non-imprinted PmPD film
(NIP(Dex)) was prepared without the SMZ template
preadsorption step as well as excluding SMZ molecules
from the pre-polymerization solution, (b) the imprinted
PmPD (SMZ-MIP) is the same as SMZ-MIP(Dex) but
without the DEAE-Dex surface modification and pre-
adsorption steps, (c) the non-imprinted PmPD (NIP) is
the same as NIP(Dex) but without the DEAE-Dex
modification and preadsorption steps. It should be noted
that all films were subjected to the template washing
step, independent of whether a SMZ template was
introduced in their matrices or not, in order to ensure
similar treatments for all films.

2.4. Rebinding studies

The capability of the fabricated SMZ-MIP films to
recognize SMZ was studied by QCM combined with
a flow injection analysis (FIA) to set up a QCM-FIA
system allowing on-line analysis of SMZ rebinding
on the SMZ-MIP surface. The system consists of
a programmable precision pump (M6, VICI® Valco
Instruments Company Inc., USA), a motorized six-way
port injection valve controlled by a microelectric actuator
(C22-3186EH, VICI® Valco Instruments Company Inc.,
USA), and a small volume (150 pL) axial flow cell
attached to the QCM sensor holder (Stanford Research
Systems, Inc.). Sensors modified with SMZ-MIP, SMZ—
MIP(Dex), NIP(Dex), and NIP films were loaded into
the QCM—FIA system and equilibrated by running a
PBS buffer through the system till a stable baseline was
established. Then analyte solutions were consecutively
injected into the QCM-FIA system at a flow rate of
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40 puL/min in the order from the lower to the higher
concentrations, and the signal changes of the sensors
were monitored. The analyte solutions with SMZ concen-
trations in the range of 0.040—1.0 mM were prepared
in a filtered and degassed PBS buffer (pH 7.4). The
prepared analyte solutions were also degassed before
their injection into the sensor system. The sensorgrams
recorded were fitted to a pseudo-first-order kinetic
binding model in order to determine the equilibrium
responses for all prepared films. At least three replicas
of all experiments were conducted. The scheme re-
presenting the entire molecular imprinting approach
from dextran modification to the rebinding study is
shown in Fig. 1.
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Fig. 1. Schematic representation of the molecular imprinting
approach for the preparation of sulphamethizole-molecularly
imprinted polymer—dextran (SMZ-MIP(Dex)) films on a gold
electrode of a sensor.

3. RESULTS AND DISCUSSION

3.1. Sensor surface modification and
characterization

The surface modification with a dextran layer was
applied to preconcentrate the small molecular weight
template molecules at the sensor surface before polymer
matrix formation. This aims to enhance the imprinting
capacity of the resulting MIP-based sensor. The EIS
technique was used to evaluate the changes in the
electrochemical behaviour of the Au electrode. This
technique has already been shown as an effective method
for probing the hindrances towards electron transfer
reactions across a surface-modified electrode/electrolyte
interface using the K;[Fe(CN)s]/K4[Fe(CN)g] redox
couple as a probe solution [33,34].

The EIS data and fitted spectra of the different
modification steps were as shown in Fig. 2. An equivalent
circuit consisting of a solution resistance (R;), a charge
transfer resistance (R,), a constant phase element (CPE1),
and a Warburg impedance (Wd), shown in the inset
figure, was used to model the EIS pattern. As shown in
Table 1, the solution resistances for all surfaces have
a similar value of approximately 5 Q; however, as
evident in the EIS spectra in Fig. 2 and the fitting
parameters in Table 1, the modification of the Au
electrode by a DEAE-Dex layer results in an increase
in the semicircle diameter corresponding to the charge

8w Au
Au/DEAE-Dex

44  Au/DEAE-Dex/SMZ

Z image (Q)

6 8 10 12 14
Zreal (Q)

Fig. 2. Electrochemical impedance spectroscopic images of
a bare gold electrode (Au), Au—diethylaminoethyl-dextran
(Au/DEAE-Dex), and Au/DEAE-Dex—sulphamethizole
(Au/DEAE-Dex/SMZ) modified surfaces in 0.1 M KCl
containing 4 mM Fe(CN)¢* /Fe(CN)s*™ at a scan rate of
50 mV/s. R, — solution resistance, R, — charge transfer resistance,
‘Wd — Waburg impedance.
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Table 1. Summary of the results of electrochemical impedance spectroscopic fitting

Au Au/DEAE-Dex Au/DEAE-Dex/SMZ
Solution resistance, Q 4.90 +0.02 5.13+£0.02 4.97
Charge transfer resistance, Q 1.67+£0.04 3.47+0.07 5.37

DEAE-Dex — diethylaminoethyl-dextran, SMZ — sulphamethizole.

transfer resistance (R.) at the electrode interface. The
R, value of 3.5 Q for DEAE-Dex modified gold is
more than two times the R, value of bare gold (1.7 Q).
The slight inhibition of the electron transfer despite
the significant molecular weight of DEAE-Dex, can be
possibly explained by the nature of the electrostatic
interactions between the polycationic dextran and
anions of the redox probe. Namely, the polycationic
sites of DEAE can attract the negatively charged
Fe(CN)g® /Fe(CN)¢", thus facilitating the electron transfer
between the solution and the electrode surface. After
the incubation in the SMZ solution, R has a further
increased value revealing an enhanced inhibition of
the electron transfer at the interface due to the SMZ
adsorption on the DEAE-Dex-modified surface. The
electrochemical measurements therefore confirmed the
sensor surface modification with the DEAE-Dex layer
and the subsequent SMZ preconcentration on the surface.
It is worth mentioning that the ion permeability of the
DEAE-Dex layer, which allows the charge transfer at
the modified electrode interface, is essential for the
subsequent electrodeposition of the PmPD matrix.

3.2. Preparation of SMZ-MIP films

The electrochemical syntheses of PmPD/SMZ and
PmPD films were performed directly on the unmodified
(PmPD and PmPD/SMZ) as well as on the dextran-
modified (PmPD(Dex) and PmPD/SMZ(Dex)) QCM
sensor surfaces. In the case of the PmPD(Dex), the
preadsorption of SMZ on the dextran-modified sensor
was skipped. The potentiostatic electrodeposition process
was controlled by passing an amount of charge through
the electrode of the sensor with respect to QCM
responses that were being recorded at the same time
(Fig. 3). This is to ensure that the resulting imprinted
SMZ-MIP and SMZ-MIP(Dex) films forming on the
sensor surfaces had equal thickness with their corres-
ponding non-imprinted control films, NIP and NIP(Dex),
respectively. Thus, PmPD and PmPD/SMZ films with
the possible thicknesses corresponding to a QCM
sensor frequency decay of —400 Hz, under the given
experimental conditions, were prepared. As seen in
Fig. 3, the electrodeposition of mPD in the presence of
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Fig. 3. In situ responses of a quartz crystal microbalance
(QCM) sensor as a function of the electrical charge passed
during the potentiostatic (0.6 V vs Ag/AgCl) electrodeposition
of m-phenylenediamine (PmPD) and PmPD-sulphamethizole
(PmPD/SMZ) on diethylaminoethyl-dextran modified and
unmodified sensor electrodes from the phosphate buffered
saline solution (pH = 7.4).

SMZ required less charge to produce polymer films of
identical response compared with the mPD electro-
deposition in the absence of SMZ. It also reveals that
the difference in the generated polymer amount became
less pronounced after 6 mC/cm’®. More importantly, it
should be noted that the dextran modification did not
affect to any significant extent the electrodeposition of
the PmPD and PmPD/SMZ polymer films as predicted
earlier (see Section 3.1).

3.3. Rebinding study

The rebinding of the target antibiotic molecule (SMZ)
on the imprinted film was studied by the QCM-FIA
technique, which allows real-time monitoring of
molecular interactions in a film on the surface of the
sensor. To estimate the relative binding capacity of the
fabricated MIP towards the SMZ template molecules,
a control experiment was performed with the corres-
ponding NIP film. This was followed by the analysis



A. G. Ayankojo et al.: Enhancing binding properties of imprinted polymers 143

of the sensor signals and evaluation of the relative
recognition capacity of the MIP by the imprinting factor
(IF), a parameter that indicates the relative binding
ability of the interaction of the imprinted polymer
towards the analyte as compared with its non-imprinted
counterpart. With larger IF values, more binding sites
are available in the resulting imprinted polymer as
compared with the reference polymer suggesting thus
that a MIP with a higher IF should give a correspondingly
higher selectivity as observed in many reported works
[32,35-37].
The following equation was used to calculate IF:

IF = Qcqovrpy Qeqerp)s Q)]

where Qcqmipy and QOcqip) are equilibrium binding
capacities of MIP and NIP, respectively. To calculate
the value of Q. the adsorption kinetics data from the
corresponding sensor responses (Fig. 4) were firstly
modelled as the sum of two integrated rate equations for
the association phase:

Ocq = Qeq[1-¢7"""] + Qe[ 1-¢*""],  (2)

where kobsl, kobs2, and Qcqi, Qcqr are pseudo-first-
order kinetic constants and equilibrium adsorption
capacities for binding sites of types 1 and 2, respectively.
Such approach postulates the presence of two types of
binding sites offering different binding interactions and
provides improved goodness of fit for heterogeneous
imprinted polymers [38]. The value of O, was calculated
as the sum of the respective Ocq and Q. obtained from
fitting the kinetics data to Eq. (2). The calculated values
of the IF for the sensor response at | mM SMZ injection
are presented in Table 2.
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Table 2. Binding capacities, correlation coefficients, and
imprinting factors derived from the fitting of the kinetic data
of 1 mM injection signals of Fig. 4 to Eq. (2)

Polymer matrix OuHz) | R | IF
SMZ-MIP —15.52+0.04 0.999
NIP ~14.97+0.13 0996 1.0
SMZ-MIP(Dex) ~16.85 + 0.04 0.999
NIP(Dex) ~6.40 = 0.06 0992 26

Figure 4a shows the frequency responses of the
QCM sensors coated with the SMZ-MIP and NIP
films upon consecutive injections of the solution with
increasing concentrations of SMZ in the PBS buffer.
It can be seen that the SMZ injections of 0.04 mM
caused the response of the SMZ-MIP coated sensor
to be only slightly higher than that from the corres-
ponding NIP. The difference in the responses of the
SMZ-MIP and NIP films was more evident only after
the SMZ injection of 1 mM. The calculated IF for
this MIP-NIP pair is 1.0 (Table 2), indicating a weak
adsorption capacity of the given SMZ-NIP film over
its corresponding NIP along with the high nonspecific
adsorption of SMZ.

However, analysis of the signal responses of the
SMZ-MIP(Dex) and NIP(Dex) modified QCM sensors
reveals a rather different behaviour (Fig. 4b). Namely,
the MIP sensor has noticeably higher frequency shifts
than those of the NIP sensor starting from 0.04 mM
analyte injection. Moreover, the signal difference became
more pronounced with the injection of increasingly
higher SMZ concentrations, yielding in the end an
IF value of approximately 3 at 1 mM SMZ injection
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Fig. 4. Frequency responses of the quartz crystal microbalance (QCM) sensor modified with (a) sulphamethizole-molecularly
imprinted polymer (SMZ-MIP; red) and non-imprinted polymer (NIP; grey) and (b) SMZ-MIP(Dex) (red) and NIP(Dex) (grey)
upon injections of 0.04 (circle), 0.2 (triangle), and 1 mM (square) SMZ concentrations in phosphate buffered saline solution.

The solid lines represent the fits to Eq. (2).
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(Table 2), which is significantly better than the corres-
ponding IF for the non-dextran modified films (IF = 1.0).

A careful observation of the response signals in
Fig. 4 and the equilibrium parameters obtained from the
kinetic fit of the signals (Table 2) reveals two important
phenomena, including the fact that the dextran modifi-
cation substantially decreases SMZ adsorption on the
NIP film (-14.97 Hz vs —6.40 Hz). This means that un-
solicited interactions of the analyte with the polymer
matrix are greatly reduced on the reference film and by
extension, on the imprinted polymer. Secondly, the
dextran-enabled SMZ immobilization improves the
binding capacity of the SMZ-MIP film (—16.85 Hz vs
—15.52 Hz) by providing, probably, more binding sites in
the reticulated polymer matrix. Although little difference
can be observed between the equilibrium signals for
dextran-modified and non-modified imprinted films, it
can be explained by the fact that the reduction of the
contribution from nonspecific signals leads to a corres-
ponding reduction in the overall signals. Furthermore,
Fig. 5a shows that the dextran-modified imprinted
(SMZ-MIP(Dex)) and non-imprinted (NIP(Dex)) films
show higher and lower change in frequency responses,
respectively, as compared to their non-modified counter-
parts. The corresponding IF values (Fig. 5b) clearly
indicate the significantly higher relative binding capacities
of the dextran-modified surfaces as compared with
the non-modified ones, starting from the very first
concentration, with observable increasing difference
as the injected concentration increases. These results
thus demonstrate, within the space of the available
experimental details, the beneficial effects of the SMZ-
preconcentrated dextran modification step in the SMZ—
MIP synthesis procedure allowing an enhanced sensitivity
of the SMZ-MIP(Dex) films towards SMZ.
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4. CONCLUSIONS

Quartz crystal microbalance (QCM) has been largely
utilized as a low-cost mass-sensitive label-free sensor
platform for monitoring and analysing molecular
interaction. However, owing to the diminishing sensitivity
of the QCM with the decreasing size of the observed
target molecules, its reliability for an accurate direct
detection and analysis of a small analyte by molecular
imprinted polymer (MIP) is limited. This study proposes
preliminary steps towards improving the detection of
a small analyte by the QCM modified with a MIP-based
sensitive layer. By immobilizing sulphamethizole (SMZ)
molecules using a preadsorbed dextran layer on the
sensor electrode before the electropolymerization of
the template—-monomer solution complex, more specific
recognition sites were created within the SMZ-MIP(Dex)
matrix after the SMZ washing out process as compared
with the SMZ-MIP having no such dextran modifi-
cation. This exemplifies the advantage of the sensor
surface modification by DEAE-Dex that allows the
template preconcentration before the polymer film
synthesis, thus yielding an additional entrapment of
SMZ molecules within the polymer matrix and thereby
leading to an increased imprinting sites within the
polymer and consequently an enhanced recognition
capacity of the SMZ-MIP(Dex) film. Although further
studies are being carried out to analyse the selectivity
of detection as well as optimizing and/or improving
the binding capacity to cater for analytically relevant
sensitivity levels, the presented protocol, within the
space of the available experimental details, could be a
promising route towards an improved detection of small
molecules by molecular imprinting on mass-sensitive
sensor transducers such as the QCM.

(®
3.0 | Non-modified
B8 Dex-modified

25—

2.0

Imprinting factor

0.04 0.2 1
Concentration (mM)

Fig. 5. Graphical comparison of the response signals (a) and the resulting imprinting factors (b) for the prepared sensors as

measured at different concentrations of the analyte.
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Parendatud omadustega molekulaarselt jiljendatud poliimeerid viikeste
molekulide miiramiseks

Akinrinade George Ayankojo, Jekaterina Reut, Andres Opik, Aleksei Tretjakov ja Vitali Syritski

Molekulaarse jiljendamise meetodi kasutamine erinevate ravimijddkide, nagu sulfametisool (SMZ), méaramiseks
vesikeskkonnas on keskkonnaseireks tipne, lihtne ja odav tehnoloogia. Antud artiklis on esitatud tehnoloogilised tdien-
dused viikese sihtmolekuli sulfametisooli suhtes molekulaarselt jaljendatud poliimeeri (SMZ-MIP) valmistamiseks.
Molekulaarse jiljendamise tehnoloogia on kombineeritud piezoelektrilise kvartskristallanduriga, mis vdimaldab
sihtmolekuli sidumisel tekkiva signaali kiire ja tdpse edastamise. Molekulaarselt jaljendatud poliimeerkile valmistati
elektrokeemilisel poliimerisatsioonil piezoelektrilise kvartskristalli kuldelektroodile, kasutades monomeerina
m-fentileendiamiini sihtmolekuli SMZ-i juuresolekul. Sihtmolekuli parema sidumise tagamiseks kisitleti jdljen-
datud poliimeeri SMZ-MIP-ga piezoelektrilise kvartskristalli kuldelektroodi eelnevalt dietiitilaminoetiiiil-dekstraani
(Dex) lahusega nii, et elektrokeemilise poliimerisatsiooni tulemusena tekkis sulfometisooli suhtes jiljendatud
SMZ-MIP(Dex)-kile. Eelkésitlus dekstraaniga vdimaldas elektrokeemilisel poliimerisatsioonil sihtmolekuli SMZ
paremini elektroodi pinnale kontsentreerida ja seeldbi oluliselt suurendada sihtmolekuli suhtes jédljendatud pesade
arvu SMZ-MIP(Dex)-kiles. Nagu niitasid sidumise efektiivsuse analiiiisi tulemused, oli dekstraaniga kasitletud
SMZ-MIP(Dex)-kiledel ilma eelkdsitluseta SMZ-MIP-ga vorreldes sihtmolekuli spetsiifilise sidumise efektiivsus
kolm korda suurem. Eelkisitlus dekstraaniga vihendas ka mittespetsiifilist sihtmolekuli adsorptsiooni, mis omakorda
suurendas SMZ-MIP(Dex) efektiivsust sihtmolekuli SMZ sidumisel. Uuringutest v3ib jireldada, et aluspinna
dekstraaniga eelkdsitlus parandab oluliselt SMZ-MIP(Dex)-kilede SMZ-i spetsiifilise sidumise efektiivsust ja on
rakendatav ka teiste analoogiliste véikeste molekulide molekulaarsel jdljendamisel ning madramisel piezoelektrilist
kvartskristalli kui sensorit kasutades.
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