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Abstract

Molecularly Imprinted Polymers (MIPs) as artificial receptors have received
considerable scientific attention in the past few decades, as material for biomimetic
molecular recognition. This thesis explores the fabrication of MIPs by Additive
Manufacturing (AM), an emerging and largely unexplored field. Specifically,
Digital Light Processing (DLP) technology was employed to fabricate 3D-printed,
self-standing MIP structures with tailored geometries and functionalities.

The developed MIPs target environmental remediation applications, focusing
on the selective removal of antibiotics from water. Oxytetracycline (OTC), a widely
used antibiotic and common environmental contaminant, was chosen as the
template molecule. The optimized MIP formulation also included Methacrylic Acid
as the functional monomer, Dipropylene Glycol Diacrylate as the crosslinker, and
Dimethyl Sulfoxide as the solvent. Density Functional Theory (DFT) calculations
were used to model the interactions between the template and functional monomer,
guiding the formulation development. Experimental work revealed that 3D-printed
MIPs exhibit promising selectivity and removal efficiency, influenced by factors
such as geometry, surface area, and polymer composition. Additional investigations
into micrometric porosity and reusability were conducted, though challenges in
reproducibility and structural integrity highlighted areas for improvement. The
results underscore the potential of 3D-printed MIPs as a platform for advanced
environmental remediation and sensing solutions, while also identifying key
challenges and opportunities for future research.

Beyond environmental remediation, the versatility of MIPs was further
explored in electrochemical sensing applications. A side project investigated the
electrodeposition of MIPs onto nanostructured gold electrodes, aiming to integrate
them into electrochemical sensor platforms. The electrodeposited MIPs were
tailored for the selective detection of OTC, demonstrating their potential in
molecular recognition-based sensors.
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Chapter 1

Introduction

1.1 Research Framework And Objectives

Water contamination by antibiotics has become a pressing environmental issue,
exacerbated by their extensive use in medicine and agriculture. These pollutants
contribute to antimicrobial resistance and pose significant ecological and health
risks. Molecular Imprinting Polymers (MIPs) offer a promising solution for the
targeted removal of such pollutants from aquatic environments by creating
synthetic materials with selective binding sites tailored to specific target molecules.
Despite the advancements, conventional MIP formats, such as particles and thin
films, have limitations in scalability and integration into functional devices.
Additive manufacturing, particularly Digital Light Processing (DLP) 3D printing,
provides a transformative approach by enabling the fabrication of self-standing and
geometrically complex MIP structures.

The primary objective of this thesis is to explore the potential of 3D printing in
MIP fabrication, representing an innovative methodology with limited existing
precedent. Specifically, the research focuses on the development of materials for
environmental remediation, targeting the removal of antibiotics from water. By
integrating experimental investigations with computational modelling, this work
aims to bridge the molecular recognition capabilities of MIPs with practical
engineering applications.



2 1.4 Thesis Outline

Additionally, as a secondary project, this thesis examines the potential of
electrodeposited MIPs for integration into sensor systems designed for antibiotic
detection. MIPs have demonstrated considerable promise in sensing applications,
frequently serving as recognition elements in electrochemical sensors due to their
high specificity for target analytes. The design and fabrication of such
electrochemical sensors were conducted during a six-month internship at the
University of Tokyo, under the supervision of Professor T. Minami.

1.4 Thesis Outline

The thesis begins with the current [Introduction, which provides a
comprehensive overview of the research framework, the structure of the
dissertation, and the objectives pursued. The following chapter, Molecularly
Imprinted Polymers, discusses the fundamental principles behind MIPs, including
their design and synthesis. The chapter also explores various polymerization
methods and application fields, with a specific focus on environmental remediation.

The third chapter, Development of 3D-printed MIPs, focuses on the
experimental methodology to 3D print MIPs. This includes the rationale behind the
experiments, the description of the formulation of printable resins, and an overview
on the characterization techniques. Computational insights derived from DFT
calculations are integrated into this chapter to support the optimization in the design
of the formulations. Subsequently, the chapter on Experimental Apparatus and
Methodologies describes the materials, equipment, and techniques employed
throughout the study.

An additional chapter, Electrodeposited MIPs, examines the wuse of
electropolymerization as an alternative fabrication method. This chapter highlights
the specific applications of electrodeposited MIPs in sensor development,
discussing their performance, challenges in reproducibility, and potential
integration into advanced sensing devices like transistor-based platforms.



Chapter 2

Molecularly Imprinted Polymers

Biological living systems have, during billions of years of evolution, developed
an endless plethora of strategies to detect and respond to different internal and
external stimuli, ensuring their adaptation to changing environmental conditions.
The possible stimuli can be classified into two main categories: physical (such as
electrical, mechanical, or light stimulation) and chemical [1]. In the latter, a
prominent role is played by molecular recognition [2]. During evolution, living
species have optimized enzymes, antibodies, and receptors, to recognize molecules,
as a fundamental scheme to guarantee their survival and proliferation [3]. With the
development of bioengineering devices, science tried to replicate this strategy,
striving to mimic the level of complexity of Nature in systems controllable by
humans [4][5].

In this frame, biological receptors play paramount importance in biomedical
and bioengineering devices, serving as elements capable of detecting and
quantifying specific biological molecules in a wide range of applications [6]. The
most conventional way to use these types of receptors is by employing them directly
into the devices, as in standard Enzyme-Linked Immunosorbent Assay (ELISA) [7]
as well as in biosensors, through surface interaction [8] and functionalization
[9][10][11]. However, their inherent fragility and instability outside their native
environment pose challenges, complicating industrial integration and limiting their
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applicability [12]. Additionally, natural receptors are unavailable for some target
molecules [13].

In this context, Molecular Imprinting Technology (MIT) addresses these
limitations by creating synthetic recognition materials, emerging as an innovative
approach. Indeed, MIT directly employs the molecules to be recognized as a
template during the fabrication process to obtain a synthetic mould of the molecules
[14]. The most extensively developed products of MIT are Molecularly Imprinted
Polymers (MIPs).

MIPs are usually referred to as artificial antibodies, a simplistic but insightful
definition that contains their primary function: synthetic materials designed to
replicate the molecular recognition capabilities of biological receptors (Figure 1).

Through molecular imprinting, a three-dimensional polymer matrix is
synthesized in the presence of the molecule of interest, called the template.
Functional and crosslinking monomers are copolymerized around this template,
incorporating it into the growing polymer network [13]. Once the polymerization
process is complete, the template is removed by washing, leaving behind cavities
that match the template molecule in both shape and chemical functionality. This
imparts the polymer with a form of memory allowing it to selectively recognize and
bind the target molecule in future applications.

Imprinted
Cavity

matrix
® /
epitope e
g e » Template
paratope

Polymer

removal

Figure 1: Schematic comparison between a natural receptor (a), and a synthetic MIP (b).

Before diving into the functioning and fabrication of MIPs, the historical
background is briefly described in the next section.
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2.1 Historical Background

The concept of molecular imprinting can be traced back to the 1930s, when
synthetic strategies for “material memory” were first considered by the chemist
M.V. Polyakov [15]. However, the modern development of MIPs is conventionally
attributed to Wulff and colleagues in the 1970s [16], who introduced the idea of
using covalent bonding interactions between functional monomers and a template
molecule during a polymerization process. A similar study was published
simultaneously by Takagishi et al. [17]. This covalent approach was a significant
step in achieving molecular imprinting, but it had limitations in terms of practicality
and the range of molecules that could be imprinted.

A few years later, Mosbach and his team proposed a non-covalent imprinting
approach [18], where functional monomers form non-covalent interactions (e.g.
hydrogen bonding, electrostatic interactions) with the template. These studies are
considered the milestones of molecular imprinting techniques.

From this point on, MIP research expanded rapidly (Figure 2). The non-
covalent approach paved the way for MIPs to be used in practical applications due
to easier removal of the template after polymerization and the possibility of creating
imprints for target molecules of all sizes and types, including ions [19],
macromolecules [20], viruses [21] and even micro-organisms and cells [22]. A wide
range of functional monomers and crosslinkers, as well as organic solvents or
aqueous media, have been explored.
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Figure 2: Trend of the publication regarding MIPs, between 1989 and 2024. Via Scoups.
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The techniques developed in the following decades diversified significantly,
and as MIPs matured as a technology, their applications expanded beyond simple
separation processes (Figure 3). They became key materials in sensing, biomedical,
and environmental applications.

Other (3.8%) \
Medicine (1.9%)
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Agricultural an... (2.8%)
Environmental S... (5.2%)
Physics and Ast... (6.2%)
Engineering (10.0%) — {
Chemical Engine... (10.2%) \

Materials Scien... (11.0%) ’

Chemistry (32.6%)

Biochemistry, G... (13.8%)

Figure 3: Documents published between 1989 and 2024, divided into subject areas. Via Scopus.

Moreover, the development of combinatorial chemistry and high-throughput
screening methods allowed for more efficient optimization of MIP formulations.
An overview of the main polymerization methods and the application fields will be
presented in the following paragraphs.

2.2 Fundamentals of MIPs: Mechanisms and Building
Blocks

The ability of MIPs to selectively bind target molecules stems from their
fabrication process, which involves polymerizing functional monomers around a
template molecule, followed by the removal of such template. This leaves behind
cavities structurally and chemically tailored to the template, allowing for high
specificity in binding. The schematic process can be visualized in the image below
(Figure 4).
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Figure 4: Simplified illustration of the molecular imprinting process.

It's important to remark that MIPs mimic the function of biological receptors,
but in terms of structure, they differ significantly, as extensively explained in the
reference work of K. Haupt et al [13]. In proteins, amino acids are organized in a
defined sequence, resulting in a precise three-dimensional structure. In contrast,
MIPs incorporate monomers randomly, with uncontrolled chain lengths, and a high
degree of crosslinking that further disorganizes the network. While imprinting
creates specific binding sites, these are often heterogeneous due to complex
equilibria during template-monomer interaction and polymerization. This can lead
to uneven pore sizes and slow mass transfer, as binding sites are buried within the
polymer. These characteristics can limit MIPs from substituting in certain
applications the biological counterpart.

The choice of ingredients in the design of MIPs is crucial because each
component directly influences the polymer's performance [23].

2.2.1 Template

At the core of MIP functionality is the template molecule, which represents the
specific molecule that the MIP is designed to recognize. The template should
respect some basic characteristics, such as being soluble in the imprinting
conditions. The template should remain chemically stable throughout the
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polymerization process and should not interfere with or hinder the reaction [24].
Moreover, and most importantly, the template molecule must contain some
functional groups capable of forming reversible or non-reversible bonds with the
functional monomers, usually polar groups such as carbonyl (-C=0), carboxyl (-
COQOH), amino (-NH>), or hydroxyl (-OH) groups [25].

Sizes and characteristics of the template molecule drive the choice of the
fabrication technique. For example, while small molecules are supposed to diffuse
through the polymer matrix of a bulk/particle MIP, in the case of macromolecules,
the imprinting should take place on the polymer’s surface [26].

After the polymerization process in MIP synthesis, the template molecule is
removed from the polymer, to expose the imprinted cavities that match its shape,
size, and functional groups. For effective removal, the template must be chosen
such that it is soluble in the washing solvents without damaging the polymer matrix
or altering the imprinted structure [27]. A significant concern with template
removal is incomplete extraction, where residual template molecules remain
trapped in the polymer matrix. These residuals can cause "template leakage", where
traces of the original template leach out during subsequent applications. This not
only interferes with the rebinding of the target molecule but can also result in false
positives or reduced specificity, particularly in analytical or sensing applications.
In some recent studies, this issue is addressed by employing dummy templates or
pseudo-templates, namely alternative molecules that differ slightly from the target
yet are capable of creating specific binding sites [28].

2.2.2 Functional Monomer

The selection of functional monomers is just as critical as the template. These
monomers form chemical interactions with the template before the polymerization
process, with covalent or non-covalent bonds, depending on the type of MIP (the
two different strategies are described in Section 2.3). The nature and strength of
these interactions determine how well the polymer can "remember" the template
once is removed.

The design of the MIP must therefore carefully consider the functional groups
present in both the template and the monomers to create a complex as stable as
possible, especially in the case of non-covalent MIPs. Generally, alkaline templates
pair with acidic monomers such as methacrylic acid (MAA) or acrylic acid (AA),
acidic templates tend to associate with basic monomers like 2-vinylpyridine (2-VP),
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and neutral templates are compatible with acidic or neutral monomers, such as
styrene or acrylamide (AM) [25]. Some of the most commonly used functional
monomers [29][24][30] for covalent and non-covalent imprinting are depicted in
Figure 5 and Figure 6 respectively.

QH CHj
B. NH, O._O—CHs
OH hil
CH;
4-Vinylphenylboronic acid 4-Vinylaniline Tert-butyl p-vinylphenylcarbonate
Figure 5: Example of functional monomers employed for covalent imprinting
1)
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2 _CH, N
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@CH L Hzc%o/\/OH
2 CHs
HoN =~
2 CHgj
Styrene Acrylamide 2-Hydroxyethylmethacrylate

Figure 6: Example of functional monomers employed for non-covalent imprinting, containing 1)
acidic, 2) basic, and 3) neutral functional groups.

The choice of the ratio between template and functional monomers is one of
the key aspects of MIP design. In the covalent approach, the number of functional
monomers that bind to the template is stoichiometrically determined [23].
Conversely, in the non-covalent approach, the molar ratio between the template and
the functional monomers must be optimized empirically or computationally.
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As a general indication, a lower template-to-monomer ratio may induce a
reduced number of binding sites in the polymer, because the monomer-monomer
interaction would prevail over the template-monomer [25]. On the other side, an
excessive ratio may lead to the formation of heterogeneous binding pockets,
increasing non-specific binding [31]. Different studies report the successful
employment of more than one functional monomer [32], even if the optimization
process needs to take into account more variables, becoming more complex.

Last but not least, it’s important to consider that the functional monomer acts
as the bridge between the template and the polymeric framework, thus it should
have a part that binds to the template and one that polymerizes with the crosslinker

[33].
2.2.3 Crosslinker

The crosslinker, while often overlooked in the design of MIPs, is essential in
preserving the structural integrity of the polymer. They form the framework of the
template-functional monomer complex and help maintain the shape and
functionality of the binding sites once the template is removed. The choice of
crosslinking agent and its concentration must be balanced [23].

Crosslinking monomers typically contain two or more reactive groups (e.g.,
divinyl compounds like divinylbenzene or diacrylate compounds like ethylene
glycol dimethacrylate). These reactive groups allow the monomer to form
connections with multiple polymer chains, creating a three-dimensional network
structure. Some commonly used crosslinkers are shown in Figure 7.
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Figure 7: Example of commonly employed crosslinking monomers in molecular imprinting.

The amount and type of monomer determine the final MIP's crosslinking
density, that is the number of crosslinks between chains, present within a polymer
network per unit volume or molecular weight (Figure 8). A high crosslinking
density may result in a more rigid and stable polymer, but it can also make the
binding sites less accessible to the target molecule. Conversely, low crosslinking
might enhance flexibility and accessibility but at the cost of the polymer’s stability.
Accordingly, the choice of crosslinkers must balance the two features, aligning with
the application's specific needs.
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Figure 8: Schematic depiction of increasing crosslinking density. Reprint from [29].
2.2.3 Initiators

The choice of initiator depends on the polymerization method and the specific
conditions under which the MIP is synthesized. Additionally, the initiator must be
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compatible with all the other ingredients and the solvent environment. In the case
of MIPs fabricated by free radical polymerization, the reaction may be initiated
thermally or photochemically. In the first case, azobisisobutyronitrile (AIBN) and
benzoyl peroxide are widely used [24].

On the other hand, photopolymerized MIPs are often prepared using
conventional UV-A photopolymerization at wavelengths around 365 nm. At this
wavelength many photoinitiators are active, such as 2-hydroxy-2-
methylpropiophenone and phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO), while monomers like acrylates demonstrate weak absorption, ensuring
their relative stability during the process [34]. The molecular structures of the cited
initiators are shown in Figure 9.

H3(3><CH3 0
NzCT NSO d«‘ﬁp
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Azobisisobutyronitrile Benzoyl peroxide

HsC CHs HiC CHa
o) 0

CHa \QZW*P‘V\:@/
HsC O O C
HO CH, 3 @ Ha

2-Hydroxy-2-methylpropiophenone Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide

Figure 9: Some of the most commonly employed initiators.
2.2.4 Solvent

The solvent, or porogen, used in the polymerization process also plays a pivotal
role. It influences the final MIP's porosity and morphology, directly affecting the
polymer's ability to host and release the template molecules. A well-chosen solvent
can facilitate the proper dissolution of the template and the interaction between the
template and the monomers. This is particularly true in the case of non-covalent
MIP, where the polarity of the solvent affects the pre-polymerization complex. Less
polar solvents facilitate polar non-covalent interactions, while more polar solvents
tend to dissociate such interactions [23].
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2.3 Molecular Imprinting Strategies

As just seen, the simplest and most typical MIP synthesis involves a template,
a functional monomer, a crosslinker, a polymerization initiator, and a solvent. The
functional monomer interacts with the template during the imprinting process,
playing a crucial role in forming the functional groups within the binding sites of
the MIP.

Based on the nature of these bonds, MIPs are generally classified into covalent
and non-covalent types. This fundamental categorization of molecular imprinting
strategies shapes the resulting polymer's design and performance. As seen in the
introduction paragraph, the two approaches derive from the two basilar studies of
Wulff [16] and Mosbach [18], respectively. The differences, along with their
respective advantages and limitations, will be highlighted in the next sections.

2.2.1 Covalent MIPs

In the covalent MIPs, the template is bound to the functional monomer by
reversible covalent linkages before polymerization, meaning a chemical synthesis
is required. Not without reason this protocol is referred to as the chemist approach
by Haupt [13]. After polymerization, these covalent bonds are cleaved to release
the template, leaving behind specific binding sites. The same covalent bond is re-
formed when the target molecule binds to the MIP. The process is schematically
depicted in Figure 10.

The most intuitive advantage of this technique lies in the durability of the
complex during the polymerization, guaranteeing a high level of precision in the
imprinting, a homogeneous distribution of the binding sites, and minimization of
non-specific sites [24]. The strength of the complex does not come without
disadvantages: difficulty in the removal of the template during the de-binding
procedure, and slow kinetics during the rebinding [35].
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Figure 10: Schematic representation of the covalent imprinting strategy in MIP synthesis. Adapted
from [36]

2.2.2 Non-covalent MIPs

Mosbach’s non-covalent approach [18] follows the fact that the biological
recognition mechanisms imply non-weak interactions. This approach is also known
as the self-assembly approach due to the spontaneous assembly of the functional
monomers around the template, by weak forces [13], as illustrated in Figure 11. The
types of interaction usually employed are for example hydrogen bonds, ionic bonds,
van der Waals forces, and hydrophobic effect [37].

The lower strength of these forces to covalent bonds allows easier removal of
the template and in general, a more straightforward process, because the template
molecule does not require chemical modification prior to polymerization. Also, it’s
a quite flexible method, considering the great variety of functional monomers to
choose from, depending on the desired template. All these characteristics lead to
the fact that the non-covalent approach is by far the most employed imprinting
strategy. The disadvantages of this approach are complementary to the covalent
one: heterogeneous binding sites [38], the presence of non-specific sites due to non-
reacted monomers (functional monomer is usually added in excess) [39], and
overall lower binding affinity.

Non-covalent

Fef &

‘Self assembly ‘Polymenzatlon

Template

Template
removal

Reblndmg

Figure 11: Schematic representation of the non-covalent imprinting strategy in MIP synthesis.
Adapted from [36]
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2.4 Polymerization Methods and Format

When synthesizing a MIP, the choice of polymerization initiation method
directly influences the reaction conditions and, consequently, the properties of the
final polymer. Generally, MIPs are produced through thermal, photochemical,
electrochemical, or redox-initiated polymerizations (excluding silica-based MIPs
synthesized by sol-gel processes) [34].

Among these, photopolymerization has become widely popular for its specific
advantages: radicals are generated through photoinduced dissociation, meaning the
reactions can occur at low temperatures. This aspect is valuable to preserve the
interactions in the pre-polymerization complex and to prevent the degradation of
sensitive template molecules [40]. This technique also allows precise spatial and
temporal control over the polymerization process, being the photopolymerization
precisely localizable.

Aside from the trigger, the polymerization method by far more common is free
radical polymerization (FRP) [41]. FRP is a chain-growth polymerization, whose
process unfolds in four main stages: initiation, propagation, chain propagation, and
termination, as illustrated in Figure 12. In the initiation stage, free radicals are
generated by the decomposition of an initiator. These radicals then react with
monomers, initiating the propagation stage, where the free radical reacts with
additional monomers, forming new radicals that further propagate the chain. The
process concludes during termination when two free radicals combine or one is
quenched, thus halting the growth of the polymer chain.
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Figure 12: Mechanism of free radical polymerization: 1) initiation, 2) propagation, 3) chain
transfer, 4) termination via (a) disproportionation and (b) combination. Picture reproduced from [41].

In MIP synthesis, FRP is valued for its simplicity, versatility, and ability to
produce high-molecular-weight polymers quickly. Also, the wide diffusion is due
to the large choice of accessible monomers. The main disadvantage of FRP is that
it can’t provide good control on the polymerization process, due to a fast chain-
propagation and irreversible termination [34]. These features usually lead to
heterogeneous inner morphology and binding sites distribution [13]. The issue may
be addressed by employing Controlled Radical Polymerization (CRP), which
allows better control of the reaction kinetics, facilitating the production of
nanostructured MIPs and thin films [42].

Several techniques can be employed to fabricate MIPs, each with its advantages
and limitations. The choice of the polymerization process depends on the desired
characteristics and format of the polymer. Traditionally, the focus has been on
producing spherical particles to maximize the surface area, thus providing more
accessible binding sites and enhancing interactions with target molecules. These
particle-based formats, including micro- and nanoparticles, have found widespread
applications, particularly in chromatography and separation processes. Over time,
new methods have been developed, and existing techniques have been adapted to
the synthesis of MIPs in tailored physical forms [43], as beads, thin films, or
deposition on surfaces.
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The following sections will explore some of the key polymerization techniques
to obtain particle-based and thin-film MIPs.

2.4.1 Polymerization Techniques for Particles

MIPs in the form of particles can be fabricated using a wide variety of methods,
leveraging techniques that have been extensively developed in the field of polymer
science. A visual representation of the processes discussed below is provided by
Figure 13.

¢ Bulk Polymerization is the simplest and most common method used to
produce MIPs. In this approach, the template, functional monomer, and
crosslinker are polymerized in a large volume, resulting in a highly
crosslinked bulk material. The bulk polymer is then ground into particles,
which may result in irregular size (between 20 um and 50 pum [43]) and
shape, and heterogeneous binding sites [44]. These are the main reasons
why methods with better control on the shape of the particles have been
developed. Moreover, it is a method affected by a very low yield: about 30%
of the polymer is recovered at the end of the process [45]. Despite these
limitations, bulk polymerization remains widely used due to its simple
protocol and the low-tech equipment needed.

e Precipitation Polymerization occurs in a large volume of solvent, which
acts as a precipitation medium. As the polymer grows, it becomes insoluble
in the reaction mixture and precipitates. The polymeric beads are then
collected by centrifugation [46]. The obtained samples consist of mono-
disperse spherical polymer particles, with a size range choice from hundreds
of microns to nanometers depending on the chosen parameters [47]. This
method avoids the need for post-polymerization grinding, producing more
homogenous particles with greater control over size and distribution.

e Suspension Polymerization involves suspending the polymerizable phase
in a non-solvent medium, usually water, where the polymerization takes
place within droplets. This method allows for better control over particle
size, producing micron-grade spherical beads with high uniformity [48]. It
is often used when the target application requires spherical particles with
controlled morphology [49].
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Emulsion Polymerization uses surfactants to create stable emulsions of
monomers in the aqueous phase [50]. Polymerization occurs within these
emulsions, producing fine polymer particles, with nanoscopic sizes
typically in the range of 50 to 500 nm.

Polymer

LI [ ] L L »
e .. ® % W/ : [ Template
.o, .. .: 3 £
y ° . e et Surfactant
L] ¥
Bulk Suspension Emulsion Precipitation
Polymerization Polymerization Polymerization Polymerization
Grinding
Sieving Template Template Template
Template Removal Removal Removal Removal

Figure 13: Free radical polymerization techniques used for MIP preparation, reprint from [51]

e Core-Shell Polymerization is a technique that creates particles with a core

material surrounded by a polymer shell. In the context of MIPs, the shell
contains the imprinted sites, while the core provides structural stability [52],
as illustrated in Figure 14. Essentially, thin layers of MIP are grafted on the
surface of prefabricated particles. The core may be organic or inorganic,

typically silica or magnetic particles.
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Figure 14: Example of the preparation of core-shell magnetic MIPs for biomacromolecules. Reprint
from [36]

2.4.2 Polymerization Methods for Thin Layers

Various polymerization methods have been developed to fabricate MIPs as thin
layers, enabling the use of molecular imprinting in surface-based applications.

e Electropolymerization is a technique that involves applying an electrical
potential to drive the polymerization of functional monomers on an
electrode surface (Figure 15). This method is ideal for creating thin, uniform
MIP layers, which are highly suitable for sensor applications [53].
Electropolymerized MIPs offer excellent binding site accessibility and can
be finely tuned in terms of thickness and morphology. A focus on this
technique is in Chapter 5.
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Figure 15: MIP deposition by electropolymerization. Reprint from [54].

e Surface Imprinting involves polymerization reactions that take place on
the surface of solid-phase matrices. In this process, the recognition sites are
primarily located on the outer layer or surface of the substrates [55]. The
main advantage of this technique is that it avoids the “embedding” of the
rebinding sites, which may characterize other imprinting techniques.

2.4.3 The novelty of 3D printed MIPs

The conventional polymerization methods described in the previous sections
have formed the foundation for MIP synthesis, providing materials with satisfactory
binding affinities and specificities. However, despite many significant benefits, the
use of nanoparticles or thin films also implies the limitation of not having self-
supporting and arbitrary structures. As MIP technology has evolved, with the
purpose of developing more and more advanced fabrication techniques, Additive
Manufacturing (AM) has emerged as an innovative approach. AM, or 3D
printing, can indeed offer unprecedented control over MIP structure and functional
arrangement, aiming to bridge the versatility of 3D printing with the binding
properties of MIPs. Through layer-by-layer construction, 3D printing enables the
precise design of MIP architectures tailored to specific applications, paving the way
for advancements in sensor technology, filtration, and other fields where spatial
control and material specificity are essential.

Photon-based lithography and micro-stereolithography have been explored as
a micro and nano-fabrication technique to photostructure MIPs. The insightful
review of E. Paruli et al. provides a detailed comparison and analysis of the different
photon-based lithographic approaches [34]. Complex, high resolution, three-
dimensional structures were obtained for the first time by L. P. Chia Gomez et al.
[56] who fabricated 3D MIP microsensors by Two-Photon Stereolithography
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(TPS). In this study, an MIP formulation compatible with TPS was developed and
used to fabricate an all-organic microelectromechanical sensor. This was the first
example of how 3D printing can bring a level of versatility and customization not
feasible with traditional polymerization methods. However, TPS bears some
limitations related to the long printing time and a maximum build size of hundreds
of nanometers.

More recently, the employment of Digital Light Processing (DLP) to fabricate
MIPs was reported for the first time by R. Rezanavaz et al. [19]. DLP printing has
been used to create highly structured MIPs for capturing copper(Il) ions. Using
photopolymerizable formulations with varied ratios of water and methanol,
emulsions were formed to yield MIPs with cauliflower-like multiscale structures.
Tests confirmed that 3D-printed MIPs absorbed copper up to ten times more
efficiently than bulk-prepared versions.

A new report on using DLP to fabricate MIP was recently published by B.
Keitel et al. [57]. This study presents a 3D-printable formulation for the emulsion-
free fabrication of porous MIPs in highly structured macroscopic geometries, using
polymerization-induced phase separation. A porous lattice cube imprinted with
17B-estradiol was fabricated. Notably, incubation tests showed that the 3D-printed
MIPs had roughly twice the binding capacity compared to non-imprinted control
polymers.

DLP technology seems particularly useful for the development of complex
MIPs. First, operating with liquid formulations, DLP allows a wide choice of
functional monomers for constituting the polymer network. Then, it allows direct
mixing of the target molecule, without undergoing thermal stresses which may lead
to its degradation. Finally, it enables high complexity and high resolution (down to
features smaller than 100 pm), keeping at the same time a good printing rate and
the possibility to fabricate macroscopic objects [58]. Due to its features and
advantages, DLP was selected to be investigated in this thesis as a promising
fabrication method of complex-structured MIPs.

In the following paragraph, a brief overview of the DLP printer and its
operation is provided.
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2.4.4 Digital Light Processing

Digital Light Processing (DLP) is a straightforward 3D printing technique that
uses a digital light projector to selectively cure photosensitive resin layer by layer.
It is a vat polymerization (VP) technique, in which a vat filled with liquid
formulation is selectively exposed to the light source, solidifying controlled layers
of resin [59]. The object is built layer by layer on the moving printing platform,
submerged in the liquid resin.

The printing apparatus and process are shown in Figure 16. A 3D model
designed using CAD software is sliced into thin layers, each representing a cross-
section of the final object. These layers are sequentially projected onto a
photosensitive resin using a digital micromirror device (DMD), comprising
thousands of tiny mirrors, to reflect the light source and project the pattern of each
layer. The resolution is determined by the size of the micromirrors, which
establishes the dimensions and number of pixels in the projected image. The light
cures the resin in areas that correspond to the projected shape, building the 3D
model layer by layer.

The layer thickness is determined by the distance between the printing platform
(or the last printed layer) and the bottom of the vat. As each layer cures, the build
platform gradually lifts to allow the next layer to form. The cured layer adheres to
the previously cured one, creating over time a solid structure. This technology,
along with the quick conversion of the resin from liquid to solid achievable through
the photopolymerization reaction, makes DLP suitable for the creation of flat
vertical surfaces with minimal distortion and excellent shape accuracy [60].
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Figure 16: Schematic representation of DLP printer’s working principle. Reprint from [61]

2.5 Computational Strategies in MIPs Design:
Introduction to Density Functional Theory (DFT)

The significant advancements in software development and increased
computing power in recent years have expanded simulation capabilities across
numerous fields, including the intricate processes involved in MIP synthesis [24].
Computational simulations work as a predicting tool in the design and
development of MIPs, offering insights that enhance both the efficiency and
selectivity of these materials. By leveraging computational tools, researchers can
predict key aspects of the molecular interactions involved in the imprinting process,
which allows for the rational design of MIPs with tailored properties for specific
target molecules.

Indeed, molecular modelling techniques can be remarkably helpful in
producing a rational design of the MIP, identifying optimal functional monomers
and appropriate template—monomer ratios [62]. As seen in the previous sections,
the degree of affinity between the two components determines the properties of the
final polymer [63]. By analysing interactions between template molecules and
functional monomers under polymerization conditions, these methods reveal the
best candidate monomers capable of complexing with the target template. They also
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provide insights into binding energies, stoichiometry, and interaction types (e.g.,
hydrogen bonding, self-association, m—m stacking, and ionic interactions) [64],
addressing the traditional trial-and-error approaches in MIP fabrication, offering
more systematic and data-driven methods. The calculated binding energy between
template and functional monomers gives a quantitative assessment of the
interaction: the most stable monomer-template pair can be determined, based on the
most negative (strongest) binding energy [65]. The calculations rely on input data
on the chemical structure, including atomic arrangements and charge distribution.
The workflow of the study by Karlsson et al. is reported as example in Figure 17.
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Figure 17: Schematic representation of the steps involved in a typical molecular dynamics
simulation. (A) Components included in the model, (B) Model setup, (C) Pre-polymerisation mixture
after equilibration (D) Statistical analysis of the various pre-polymerisation complexes formed. Reprint
from [66].
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The computational design of MIPs may have three main approaches: molecular
modelling (quantum mechanics), molecular mechanics, and molecular dynamics.

- The Molecular modelling (or quantum mechanics (QM)) approach
directly describes the electronic structure of molecules, focusing on how
electrons interact within atoms and bonds. Quantum mechanical methods
are highly accurate but computationally demanding [24].

-  Molecular Mechanics (MM) approximates molecules as systems of
interacting particles, using predefined parameters to model energy without
explicitly calculating electron interactions [67]. It’s less detailed than the
previous approach, but faster and suitable for larger systems.

- Molecular Dynamics (MD) is a very powerful tool that uses MM principles
but adds the dimension of time by Newton's laws of motion, modelling how
a molecular system evolves over time [68].

Many extensive reviews detail the evolution of computational approaches in
MIP research, providing a thorough foundation for computational strategies in MIP
design [69] [67] [70].

The most popular approach employed for MIP design is a common quantum
mechanical method: Density Functional Theory (DFT) [69]. The popularity of DFT
lies in its combination of a controlled computational cost and good accuracy [71].
DFT allows for the detailed study of the electronic structure and binding energies
between the template molecule and the functional monomers. Through DFT, the
optimal monomers that will interact most strongly with the template molecule can
be identified.

In QM modelling, usually the following equation (Eq. 1) is used to obtain the
binding energy, AE, that reflects the stability of the interaction between the
monomer and template [72]:

AE = E. — (E; + YEy) Eq.1

where Ec represents the total energy of the monomer-template complex, Et is
the energy of the template, and Em is the combined energy of the functional
monomers involved. The comparison of AE values among different combinations
helps in predicting which complex is more stable.

For these calculations, the hybrid functional B3LYP (Becke 3-parameter Lee-
Yang-Parr) is frequently applied as it combines the strengths of DFT and Hartree-
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Fock (HF) methods [73]. HF methods calculate electronic properties by iteratively
solving the Schrodinger equation to reach a consistent result for molecular energy.
While accurate, this process is computationally intensive. DFT, on the other hand,
simplifies electronic structures by focusing on electron density rather than
individual atomic orbitals, treating electron bands as continuous rather than discrete
atomic orbitals. This approximation is computationally simpler but introduces
limitations, particularly with electron correlation and repulsion effects. Hybrid
functionals (like B3LYP) address this by blending DFT’s density-based approach
with HF’s principles, improving accuracy for complex systems [69].

Moreover, when integrated with specific models DFT may include the presence
of a solvent in the simulation [67]. This represents a key feature, considering how
significant the influence of the solvents is in the pre-polymerization complex
interactions. When the Polarizable Continuum Model (PCM) is used to consider the
interaction between the complex and the solvent the following equation (Eq. 2) is
employed:

AE = Esoent — Evacuum Eq. 2

where the interaction energy between complex and solvent (AE) is obtained as
the difference between the energy of the complex within the solvent (Esolvent) and
the one in vacuum (Evacuum) [72]. PCM simulates the solvent as a continuous
medium around the molecular system, providing a more realistic representation of
the environment without having to include the individual solvent molecules.

Overall, computational simulations have become a key tool in MIP design,
offering predictive understandings that complement experimental work, leading to
the creation of more efficient, selective, and application-specific MIPs.

2.6 Applications of MIPs

Molecularly Imprinted Polymers represent a breakthrough in the development
of materials capable of selective molecular recognition. The potential lies in the
huge versatility of MIPs in terms of the target molecule and fabrication method, and
consequently their application. As a result, MIPs have gained importance across an
extensive variety of areas.

An aspect that deserves attention is that, despite their advantages, MIPs have
seen slow commercial adoption, with a strong discrepancy between the number of



Molecularly Imprinted Polymers 27

published works and the few patented commercial products [29]. This gap is due to
difficulties in producing consistently effective receptors for practical uses. While
promising in lab trials, MIPs have yet to demonstrate a clear competitive edge over
existing technologies. Challenges such as low receptor homogeneity and unspecific
binding [74], or the lack of a universal production and characterization protocol
[75] have limited their wider use in industry.

Since the discussion of the application fields of MIP is such a broad and
interdisciplinary topic, the first part of this section will provide an overview of the
general state of the art in MIP applications, highlighting their role in various
industries. Following this general overview, dedicated paragraphs will explore the
application of interest of this work, as well as one of the most critical and current:
environmental remediation and water treatment.

2.6.1 General overview of application fields of MIPs

Analytical chemistry and separation science were likely the first application
fields of MIPs. Since the beginning, MIPs have been widely used in
chromatographic [76] and solid-phase extraction techniques [77] to isolate and
purify specific compounds from complex samples [78]. Their selectivity makes
them suitable for all those applications in which the efficient separation and
quantification of specific analytes are required, even in complex mixtures such as
biological [79] and food samples [80][81].

Nowadays, one of the most common applications of MIPs is in sensing, where
the molecular recognition properties enable the detection of specific analytes [74].
The inherent versatility of MIPs has enabled their integration into a variety of
sensing technologies, leading to the development of diverse MIP-based sensors
[82]. Indeed, MIPs have been used as the recognition element in several detection
platforms, including electrochemical [83], optical [84], and piezoelectric [85]
sensors, usually in the form of thin layers [54]. The compatibility with multiple
sensing platforms has driven substantial innovation in MIP-based detection
methods and has expanded their application to complex real-world environments.
As a result, MIP-based sensors have been studied for the detection of analytes like
pollutants [86], pesticides [87] and food toxins [88]. MIPs have been extensively
employed in biosensing as well, to detect for example drug molecules [89], proteins
[20] and microorganisms [90]. So, MIP-based sensors demonstrated significant
potential in fields where conventional sensors may be limited in specificity or
robustness.
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Other than biosensing, the biomedical application of MIPs also comprises the
use in drug delivery systems to achieve controlled and targeted release of
therapeutic agents [91]. MIPs can be designed to release a drug in response to a
specific environmental stimulus (e.g., pH or temperature change) or to selectively
release drugs at the target site [92]. Their stability, ease of synthesis, and tunable
properties make them attractive for developing smart drug delivery systems that
reduce side effects and improve therapeutic efficacy.

In biotechnology, MIPs are employed as synthetic receptors for biomolecular
recognition in various assays [93] and diagnostics [94]. As already highlighted,
MIPs' ability to withstand harsh conditions (such as high temperatures or extreme
pH) gives them an edge over their biological counterparts, making them suitable
for use in industrial processes and laboratory environments.

2.6.2 Application in Environmental Remediation

In environmental applications, MIPs may be employed as highly selective
adsorbents or as recognition elements in sensor platforms [86]. Their engineered
selectivity enables the removal, detection, or quantification of specific molecules
within complex environmental matrices, such as water, soil, and air [95]. Primarily,
MIPs play a crucial role in pollutant removal, where they demonstrate high
efficiency in adsorbing and capturing various environmental contaminants,
including polycyclic aromatic hydrocarbons (PAHs) [96], pesticides [87],
pharmaceuticals [97] and endocrine-disrupting compounds [98]. This versatility
extends MIPs' applicability to a wide range of environmental issues, from trace
contaminant detection to industrial waste treatment, wastewater purification, and
soil remediation.

In particular, the next paragraph will focus on the employment of MIPs for the
removal and recovery of antibiotics from water, being the issue of interest in this
thesis.

2.6.3 Water Treatment Approaches: Focus on MIPs for Antibiotic
Removal

Antibiotics are fundamental agents in medicine, widely used to treat and
prevent infections caused by pathogenic bacteria. Since the discovery of penicillin
in the early 20th century, antibiotics have become a primary tool in managing
bacterial infections, significantly reducing associated mortality and morbidity. By
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targeting bacterial growth and replication, they are effective in both treatment and
preventive applications.

Unfortunately, their excessive or inappropriate prescription and their overuse
in agriculture and livestock farming are fostering ecological damage [99] and
antimicrobial resistance (AMR), a global health concern. AMR is the ability of
microorganisms (like bacteria, viruses, and fungi) to survive and grow despite the
presence of drugs meant to kill or inhibit them, such as antibiotics [100]. Indeed,
prolonged exposure to these drugs can lead certain pathogens to adapt and develop
mechanisms that neutralize or evade the drug's effects, rendering treatments less
effective or even ineffective.

The World Health Organization classified AMR as one of the main threats to
global health [101], as it can make standard infections harder to treat, leading to
longer illnesses, higher medical costs, and an increased risk of death. In particular,
antibiotic dispersion in the ecosystem starts primarily through pharmaceutical
manufacturing, agricultural runoff, and improper disposal of medications, resulting
in the contamination of aquatic environments (Figure 18).
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Figure 18: Schematic illustration of the vicious circle of the antibiotic routes toward water
environment, soil, food, animals, and human beings. Picture reported from [102].
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Traditional water treatment methods, such as filtration, chlorination, and
activated carbon adsorption, often struggle to fully remove these micropollutants,
particularly at low concentrations. Moreover, they usually lack selectivity against
interfering compounds in the analysed medium [103].

In response to these challenges, MIPs have emerged as a promising alternative
for the selective removal of antibiotics from water [104]. MIPs offer a tailored
approach to address this issue, as their design allows them to recognize and bind
specific antibiotic molecules with high affinity. The specificity enables MIPs to
selectively remove targeted antibiotics, reducing the extraction of interferents. This
aspect is particularly useful when the recovery of the analyte is followed by the
analysis of the sample with accurate methods such as chromatography [86].
Moreover, often the MIPs can be regenerated by washing with a suitable solvent,
allowing reusability for repeated cycles of adsorption and desorption.

MIPs have been developed for a range of antibiotic classes [105], including
tetracyclines [64], sulfonamides [106], fluoroquinolones [107], beta-lactams [108]
and so on. Among them, the main interest of this work is focused on tetracyclines.
The tetracyclines family is a pervasive contaminant of soils and water, a
consequence of the abuse of its utilization in modern zootechnics as well as in
human curative medicine [99]. Tetracyclines are indeed extensively employed in
the livestock industry, and the administration to animals is the first step to a chain
of events that causes environmental pollution, and contamination of human food,
supporting AMR. To capture and monitor this antibiotic from water-based media,
a plethora of MIPs have been developed in the last decades [109][110], including
traditional bulk polymers [111], particles [112], membranes [113],
electropolymerized layers [114] magnetic particles [115], etc.

Despite their potential, several challenges must be addressed to fully implement
MIPs in large-scale water treatment systems. One challenge is the need to enhance
the binding kinetics of MIPs to ensure fast and efficient antibiotic removal in
continuous water flow systems. Additionally, the scalability of MIP fabrication
must be optimized to make the production process cost-effective for large-scale
applications.

Future research on MIPs for water treatment aims to develop multi-target
systems capable of simultaneously removing various classes of antibiotics and
emerging pollutants [105]. Advancing greener synthesis methods is fundamental to
align the production of MIPs with principles of sustainability and ecological
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responsibility. Furthermore, increasing attention is being directed towards the
combination of MIPs with other materials [95], such as nanoparticles or
membranes. Finally, the interest is being also focused on exploring new fabrication
techniques, such as 3D printing, to obtain greater control over the polymer
architecture in the design of MIPs.



Chapter 3

Development of 3D printed MIPs

As already mentioned, the purpose of the thesis is to combine DLP 3D printing
and imprinting technology. From an experimental point of view, this means to
develop a formulation suitable for light-induced 3D printing with inherent
recognition properties for a selected molecule of interest, while ensuring high-
resolution outcomes during the printing process.

It’s important to remark that the concept of three-dimensionality in this work
operates on two distinct but complementary levels. At the molecular scale, the MIP
material consists of a three-dimensional polymer network. This network
incorporates binding cavities specifically tailored to the template molecule,
providing molecular recognition. These cavities are formed during the
polymerization process and represent the intrinsic molecular-level 3D architecture.
At the macroscopic scale, the MIP formulations were processed using DLP 3D
printing. This technique enabled the fabrication of high-resolution structures with
complex geometries. The resulting printed objects maintain the molecular-level
features while offering customizable shapes and designs for practical applications,
such as filters or sensors.

These two levels of 3D structure are interconnected. The molecular-level
architecture ensures the material's functionality, while the macroscopic 3D design
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determines its usability in real-world applications. The integration of these scales,
schematically depicted in Figure 19, underscores the novelty of this approach,
bridging molecular recognition with practical engineering solutions.

FUNCTIONAL
MOMNOMER

b 1]

MAA , y ’(
+ " POLYMERIZATION 1 ’} 3 o
<4 28

CROSSLINKER

° o CHy cy O

1 r”\{J‘NH, e A Ao A Az
By o DPGDA

REBINDING
TEMPLATE ¢
REMOVAL

TEMPLATE

Figure 19: Simplified representation of the 3D printing of a MIP.

The experimental work for this thesis was conducted in two distinct stages. The
first stage focused on familiarization with the materials, techniques, and
methodologies associated with the printing of MIPs. This initial phase implied an
important iterative learning process, that allowed for a foundational understanding
of the capability of the material and the potentiality of the work, along with their
limitations. The second phase built upon this knowledge, emphasizing the
optimization and refinement of the polymer formulations and fabrication
procedures, and going deeper with the characterizations. The next sections will
delve into all of the aspects of the work.

3.1 First Phase: Initial Exploration and Method
Development

This section was written based on the published study: “E. Camilli, V. Bertana, F.
Frascella, M. Cocuzza, S. Luigi, I. Roppolo, Digital light processing 3D printing of

molecularly imprinted polymers for antibiotic removal, React. Funct. Polym. 208
(2025) [116].
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3.1.1 Resin Development

The initial aspect to be investigated was the feasibility of creating a printable
resin that included the antibiotic as a filler. This required a systematic study of each
component of the MIP formulation.

First of all: the choice of the template molecule. As outlined in the introduction
(Section 2.6.3), the primary focus of this study is the removal of antibiotic
pollutants from water. In particular, oxytetracycline (OTC) was chosen as the
template molecule. OTC, an antibiotic belonging to the tetracycline family, is a
widespread contaminant of soil and water systems, whose presence in natural
aquatic environments necessitates strict monitoring. As evident by its chemical
structure (Figure 20), OTC contains multiple functional groups well-suited for non-
covalent interactions with functional monomers during the synthesis of MIPs.
These groups enhance the formation of specific recognition sites in the polymer
matrix, making OTC an effective template for this application.
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Figure 20: Chemical structure of Oxytetracycline.

The choice of OTC as a template molecule was further justified by its
distinctive and readily identifiable absorption peak in the UV spectrum. This feature
is particularly advantageous for indirect monitoring of processes like template
removal and rebinding. The UV-Vis Spectrum is shown in Figure 21.
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Figure 21: UV-visible absorbance spectra of a solution 350 pM of Oxytetracycline in deionized
water. The characteristic peak at 355 nm and the absorbance at the LED light of the printer (385nm) are
highlighted.

The next step of the working flow focused on selecting a suitable functional
monomer. This decision was guided by a detailed review of prior studies on MIPs
for tetracyclines [110][117][113][112]. Of particular relevance was the work of W.
Cai and R.B. Gupta [111], which demonstrated the successful use of MIPs as
selective adsorbents for tetracycline, with methacrylic acid (MAA) as the
functional monomer, and ethylene glycol dimethacrylate (EGDMA) as the
crosslinker. Their findings highlight that the carboxyl group in methacrylic acid can
form hydrogen bonds with the hydroxyl and amide groups present in tetracycline
molecules. Following this rationale, MA A was preferred as the functional monomer
over other possibilities, due to its demonstrated compatibility and frequent
application in MIP, specifically for its prominent use in studies with tetracyclines
as the template.

In the literature, the molar ratios employed for MIP formulation vary
significantly even with the same template and functional monomers, reflecting
diverse approaches to optimizing MIP’s fabrication. In this work, the chosen molar
ratio was inspired by the recommendations from reference studies [23], along with
the consideration that OTC has a limited number of functional groups available for
interactions. Thus, the template-to-functional-monomer ratio of 1:4 was adopted. A
schematic representation of a possible interaction between one OTC molecule and
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four MAA molecules is shown in Figure 22, resembling the method reported in the
reference work [111].
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Figure 22: Schematic depiction of a possible pre-polymerization complex between OTC and MAA.

The solubility of the template in the chosen functional monomer plays a key
role in ensuring effective interactions and uniform distribution during the pre-
polymerization stage. A transparent and homogeneous solution implies the correct
dissolution of the OTC, which is in the form of a fine powder. Attempts to dissolve
it directly in the functional monomer were unsuccessful, as the resulting solution
appeared opaque. To address this, a series of easily removable solvents with low
boiling points, including ethanol, acetone, and acetonitrile, were tested, aiming for
their subsequent removal after dissolving OTC. However, these solvents proved
unsuitable to effectively solubilize the antibiotic.

Therefore, the choice fell on dimethyl sulfoxide (DMSO), in which the OTC
solubilizes more easily. DMSO is a solvent with moderate polarity compared to
water [29], meaning it can dissolve a wide range of organic compounds while
allowing non-covalent interactions to remain intact. Specifically, DMSO does not
excessively disrupt the polar interactions between OTC and MAA, particularly the
hydrogen bonds between the hydroxyl or amide groups of OTC and the carboxyl
group of MAA [111], while still providing enough solvating power to dissolve OTC
effectively. However, the challenge with DMSO lies in its relatively high boiling
point, making it harder to remove from the final formulation. For this reason, the
minimum volume necessary to dissolve the OTC was determined and used,
minimizing the amount of solvent in the final formulation. Specifically, the selected
amount was 15%phr.



Development of 3D printed MIPs 37

The next step was the choice of the crosslinker. Various monomers were taken
into consideration, evaluating primarily the length of the chain (molecular weight)
and the number of functionalities (acrylate groups). The selected crosslinker must
be appropriate both for the DLP printer and for the interaction with the functional
monomer so that it generates an accessible yet stable polymeric matrix.

Among many, dipropylene glycol diacrylate (DPGDA), a di-functional
acrylate, was selected (Figure 23). This monomer was chosen over more
conventional crosslinkers (such as EGDMA) due to the better performance in 3D
printing. In fact, unlike more rigid crosslinkers, like EGDMA itself, DPGDA didn’t
show cracking due to shrinkage stresses after 3D printing, keeping a good balance
between the ability to form the cavity structures and the maintenance of sufficient
flexibility and swellability, to allow the permeation of the solvent during the
washing and rebinding steps.

The crosslinker must be present in excess relative to both the template and the
functional monomer, usually around 80mol% [23]. The molar ratio of template to
functional monomer to crosslinker was set at 1:4:20.
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Figure 23: Chemical structure of Dipropylene glycol diacrylate (DPGDA)

As the photoinitiator, Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(BAPO) was used (Figure 24). BAPO is a type I photoinitiator, meaning it
undergoes homolytic cleavage upon UV irradiation to generate reactive free
radicals. These radicals initiate polymerization by attacking the double bonds in
monomers such as acrylates or methacrylates. Type I photoinitiators are considered
the best option in MIP’s synthesis [34]. In particular, BAPO was selected because
its broad absorption spectrum, covering both UV-A (320-400 nm) and part of the
visible light spectrum (400-500 nm), makes it suitable for the irradiation
wavelength of the employed 3D printer (385 nm).
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Figure 24: Chemical structure of Phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) .

Other than the interaction between the template and the functional monomer,
it’s important to address the reaction between the functional monomer and the
crosslinker. Upon UV exposure, the photoinitiator activates, initiating the
polymerization that involves both the methacrylate group of MAA and the two
acrylate groups of DPGDA. This process results in a highly crosslinked network
due to the bifunctionality of DPGDA, with MAA becoming integrated into the
polymer on one side and interacting with OTC on the other. A simplified
representation of this process is shown in Figure 25.
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Figure 25: Schematic representation of the molecular imprint of oxytetracycline in methacrylic acid
and dipropylene glycol diacrylate.

In summary, the optimized MIP formulation comprised: oxytetracycline as the
template, methacrylic acid as the functional monomer, dipropylene glycol
diacrylate as the crosslinker, BAPO as the initiator, and dimethyl sulfoxide as the
solvent (Figure 26).
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Figure 26: The components of the MIP’s photocurable resin.

The same procedure was employed for the preparation of the so-called Non-
Imprinted Polymers (NIPs), with the difference of excluding the template. NIPs
serve as controls to differentiate the effectiveness of molecular imprinting from the
nonspecific affinity of the monomers for the template. Their inclusion is essential,
as MIPs inevitably exhibit some degree of nonspecific interactions. Details of the
preparation of the formulations are reported in Chapter 4.

3.1.2 Characterization Of The Formulations

Once the formulation was prepared, preliminary characterizations were
conducted. Firstly, the viscosities of both MIP and NIP formulations were
determined by rheological measurements, to investigate any potential impact of the
antibiotic. The results revealed a comparable behaviour between the two resins, as
shown in Figure 27(a). The viscosity values are suitable for DLP processing [118].
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Figure 27: (a) Viscosity of MIP and NIP formulations under continuous shear rate sweep. (b) Real-
time photorheological measure of the MIP and NIP formulations.

Secondly, real-time photorheology was employed to evaluate the effect on the
polymerization kinetic of the OTC, in the MIP resin. As shown in Figure 27(b), the
presence of the target molecule strongly interferes with the photopolymerization. It
can be noted that the start of the polymerization is delayed: while the NIP
formulation reacts almost immediately, the MIP formulation shows a delay time of
about 20 seconds. Moreover, during the first 10 seconds of polymerization, the
slope of the MIP curve is 99% less steep compared to that of the NIP curve,
indicating that the MIP formulation has much slower reaction kinetics. The slower
polymerization kinetics can be ascribed to the absorbance of the OTC within the
range of irradiation of the employed 3D printer (385 nm), as shown in the UV-Vis
spectrum in Figure 21. The antibiotic essentially behaves as a dye [119], competing
with the photoinitiator in the absorbance of the light.

The photorheology also shows that the value of storage modulus G’ plateau is
lower in the formulation with the target molecule, reflecting a less rigid polymer
network. This can be related to a hindering effect of the OTC on the crosslinking
density, but also to a decrease of secondary forces in the network, with MMA’s
carboxylic group bonded to OTC instead of establishing bonds with ester moieties
of the DPGDA.

To evaluate the stability of OTC following photopolymerization, the UV-Vis
absorbance spectra of both the formulation and a thin printed layer were examined
to determine whether spectral features associated with the presence of the antibiotic
remained after printing. As shown in Figure 28, a difference in the spectra between
the MIP and NIP is clearly visible. Given that the only difference between these
two formulations is the presence of OTC, it can be reasonably assumed that this
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spectral variation arises from the antibiotic’s presence in the MIP formulation and
printed sample. Furthermore, the fact that this spectral component persists in the
printed sample, rather than being observed only in the formulation, suggests that
OTC is retained in the polymerized material. While this may indicate a degree of

stability following the photopolymerization process, a definitive assessment of
OTC's chemical integrity remains challenging.
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Figure 28: UV-visible spectra of MIP and NIP, both liquid formulations and thin printed samples.
The graphs show the presence of a yellow component in the MIP spectra due to the presence of the OTC,
which is absent in the NIP ones.

3.1.3 Printing Process

Photorheology gives an indication on the polymerization kinetics of the
formulations, nevertheless, the optimum printing parameters must be found

experimentally with the actual equipment, through a trial-and-error procedure,
which is usually quite time-consuming.

The first design that was printed, was a multi-material disk consisting of two
levels: a base made of DPGDA, 500 pm thick, with on top a 50 um thick layer of
MIP/NIP resin (Figure 29). The diameter of the disks was 10 mm, so that the sample
could fit in a 48-well plate. The thickness of the MIP/NIP layer was minimized to
have a thin active coating on a surface, mimicking a functionalization film.
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(b) E

Figure 29: (a) Graphic representation of the multi-material disk: the base (in aquamarine) is 500
pm thick, while the MIP/NIP layer (in dark yellow) is 50 pm thick. Pictures of the printed MIP (b), and
NIP (c).

Through iterative experiments, the optimal printing parameters in terms of time
of light exposure, light intensity, and layer thickness, were found (Section 4.4).
Consistent with the photorheological characterization, the MIP resin needed a
longer time and a higher power to polymerize, compared to the NIP resin.

Once the printability of the formulation was tested with simple geometries as
the disks, more complex objects were fabricated. In the context of this work, the
most captivating aspect of 3D printing is the possibility of creating elaborate
designs. To showcase this versatility, within the scope of developing MIPs for
antibiotic recovery from water, a filter-shaped, micro-structured MIP has been 3D
printed as proof of concept. The CAD of the filters is shown in Figure 30(a).

The printing of such complex geometry made evident how the presence of the
OTC allowed to achieve a much better confinement of the polymerization process
in the xy plane and lower light penetration on the z-axis. So, despite the relatively
long printing time, it was possible to print high-resolution objects with the MIP
formulation, with the finest feature achieved of 200 pm on the xy plane. The
resulting filter is shown in Figure 30(b).



Development of 3D printed MIPs 43

Figure 30: (a) CAD of the filter. (b) Picture of the printed MIP filter.

On the other hand, the corresponding NIP filters were not printed in this phase,
due to the difficulty of printing with similar resolution the filter with the formulation
without the antibiotic, confirming the essential role of the OTC in the printing
process. The details of the printing process and the treatment of the samples are
reported in Chapter 4 (Section 4.4).

Assessed the printability of the formulation, the next step was to prepare the
sample for the molecular imprinting. This involved, first of all, washing the samples
to free the cavities.

3.1.4 Template Extraction

Template removal is a fundamental yet challenging step in the preparation of
MIPs. As reported in the literature, this process is often described as time-
consuming and complex, even for systems involving microscopic particles or thin
polymer layers. For bulky samples, such as those described in this work, the
extraction process becomes even more demanding due to the increased diffusion
path lengths and material density.

In this study, template removal was carried out using Ultrasound-Assisted
Extraction (UAE) [27]. The samples were immersed in a methanol and acetic acid
solution (9:1 v/v), and the washing process was conducted in cycles lasting several
hours. Alternating the use of a tilting platform and an ultrasound bath ensured
thorough extraction while minimizing potential damage to the samples. The
intensity of the ultrasound bath was kept as low as possible to preserve the structural
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integrity of the MIPs. The duration of the extraction process varied depending on
the sample volume. For instance, the multi-material disk, which included a thin MIP
layer, required only a few hours for complete template removal. Conversely, the
all-MIP filters, significantly larger in volume, required several days to achieve the
same result. To ensure comparability, NIP samples underwent the same washing
protocol as the MIPs, despite not containing a template molecule, to have a reliable
control.

During the washing process, the washing solution was iteratively replaced, and
its UV-vis spectra were analysed to monitor the progress of template removal. The
washing procedure was deemed complete when the spectra no longer displayed the
characteristic OTC peak at 355 nm, and the spectrum of the washing solution of the
sample is overlapped with clean methanol/acetic acid. An example is displayed in
Figure 31.
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Figure 31: Representative spectra from an intermediate and final washing cycle, along with the
reference clean methanol/acetic acid solution.

A notable visual indicator of the washing progress was the colour change in
both the samples and the washing solution. Initially, the samples appeared yellow
due to the presence of OTC, gradually becoming more transparent as the antibiotic
was extracted. In contrast, the washing solutions transitioned from clear to pale
yellow as they extracted the OTC. Figure 32 displays a filter after the rebinding
phase, highlighting the visible differences before and after washing. Notably, the
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samples showed an excellent structural resistance, preserving the integrity of the
polymeric matrix after undergoing the washing procedure and the removal of the
template.

Figure 32: Picture of the MIP filter after the washing procedure.

3.1.5 Characterization Of The Samples

The accuracy of the printed MIP-objects with respect to the CAD was measured
by a 3D scanner (Figure 33). The results showed an excellent fidelity to the design,
with discrepancies within £50 pm. Larger deviations are related to the impossibility
of the tool to scan internal cavities.
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Figure 33: 3D scan of the printed filter.

Fourier-transform infrared (FT-IR) spectroscopy in attenuated total
reflectance (ATR) mode was conducted both before and after resin polymerization
(Figure 35) to assess the conversion of the C=C double bonds to C-C single bonds,
thereby evaluating the efficiency of monomer-to-polymer transformation of the
DPGDA, and the anchoring of MAA in the polymer matrix. Specifically, FT-IR
ATR spectroscopy was done.

To calculate the acrylate conversion (%) for MIP and NIP formulations, the
area subtended by the peaks corresponding to the C=C double bonds (Aie30) is
normalized by the area subtended by a peak that is not involved in the
polymerization process, namely Aj73, corresponding to the C=O bonds. The
complete spectra, with the highlighted peak, are shown in Figure 34.
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Figure 34: ATR FT-IR spectra of liquid formulations, printed sample, and Oxytetracycline powder.

The values of the areas are reported in Table 1. The acrylate conversion is
calculated as shown in the following formula:

Ai630(crosslinked) /A730(crosslinked)
Ai630(formulation) /A 730(f ormulation)

Acrylate conversion % = (1 — ) X 100
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Table 1: Acrylate conversion (%) for MIP and NIP formulations after 3D printing

Liquid Printed coArlchrlz;Sn
Formulation Sample VO
[%o]
MIP Ai730 10,80 15,38 70.5
Ai630 1,78 0,75
NIP Ai730 12,54 16,69 69.4
Ais3zo 1,59 0,65

Both MIP and NIP formulations achieved around 70% of acrylate bond
transformation. Although not especially high, this degree of conversion is deemed
suitable for 3D printing applications [120].

Additionally, the spectra of the MIP/NIP formulations and printed samples
were compared to the spectrum of the Oxytetracycline powder. As depicted in
Figure 35, a distinct peak at 1580 cm™ in the OTC spectrum is present in the MIP
formulation and, even if weaker, is recognizable in the spectra of the printed
polymer. Meanwhile, this peak is absent in NIP. This observation confirms the
presence of the antibiotic on the surface of the 3D-printed MIP.
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Figure 35: FT-IR spectra of both liquid formulations and printed samples, and the pure antibiotic
in powder.

The following step was to assess the binding capability of the novel material.
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3.1.6 Rebinding: Results And Discussion

To evaluate the rebinding efficiency, the samples were immersed in a solution
containing the target molecule, namely the OTC. After a predetermined period
(dependent on the experiment), the samples were removed from the solutions, and
the UV-vis spectra of the solutions were analysed before and after contact with the
samples. The comparison of these spectra allowed for the quantification of the
template molecule removed from the solution, providing insight into the binding
capacity of the samples. A detailed explanation of the procedure is reported in
Section 4.5.

Several parameters can be calculated to characterize the binding performances
of MIP [23][117]. In this work, the extent of the interaction between the polymer
and the target molecule was described in terms of the percentage of OTC removed
from the rebinding solution. The Removal percentage is calculated using the
formula:

Cs—Cf

N

x 100

%Removal =

Where C; is the initial concentration of OTC in the solution, and Cr is the
amount of free OTC in the solution after the incubation with the polymer.

When possible, the Imprinting Factor (IF) was calculated as the ratio between
the removal percentage of imprinted and non-imprinted polymer:

%Removal
IF = 0 MIP

%Removal y;p

The IF reflects the effectiveness of the imprinting process, meaning how much
the inherent affinity of the polymer to the template increases due to the presence of
the imprinted cavities. Another useful figure of merit is the Binding Capacity
(BC), namely the amount of bound OTC divided by the weight of the MIP.

The first samples to be tested were the disks. As described in reference studies
[111][112], the sample underwent rebinding using different concentrations of the
binding solution (Cs), specifically 50 um, 75 um, 100 um and 150 um of OTC in
deionized water, to compare the binding ability in the presence of a different amount
of target. Water was chosen as solvent given the intended application in water
purification.
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The percent of removed target and the Imprinting Factor (IF) obtained from the
experiments are detailed in Table 2. Comparison between MIP and NIP
performances with different concentrations of the rebinding solutions. Under
identical experimental conditions, the most effective binding performances were
observed at the highest target concentration, as displayed in Figure 36. Specifically,
the removal percentage reaches the highest value in the case of 150 um solution,
with nearly 14% of the target bound to the MIPs from the initial solution. This result
is almost twice that of the 75 uwm solution and 54% and 70% higher than the 50 pum
and 100 pum respectively. This behaviour may suggest that the differences in
binding performance between the MIP and NIP may not be as pronounced due to
the limited number of interactions at low concentrations. This indicates that higher
concentrations could magnify these differences, allowing the rebinding with the
MIP to become more evident.

Table 2. Comparison between MIP and NIP performances with different concentrations of the
rebinding solutions.

Cs (um) Sample %Removal IF
MIP 9.00£2.0

50 NIP 7.46i0.4 1.2
MIP 7.46+1.6

7 NIP 9.07+2.9 08
MIP 8.15+0.9

100 NIP 9.451.7 08

o | e
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Figure 36: %0Removal of MIP and NIP disks, with solutions at different concentrations of the target
molecule. Data are means of triplicate measurements.

In all cases, a portion of non-specific binding occurs, evident from the non-
negligible binding of NIPs. It should be noted that in molecular imprinting
techniques the non-specific binding is often inevitable and generally arises from the
inherent affinity of the target to the functional monomer, that provides
functionalities independently from the presence of imprinted cavities [64].

Notably, for the 50 um, 75 pum, and 100 pm solutions, the behaviour of both the
imprinted and non-imprinted samples exhibited substantial similarity (Figure 36).
However, with an increase in target concentration, the disparity between the two
became more pronounced, as indicated by the Imprinting Factor (IF) reaching its
peak with the 150 pum solution (Table 2). This behaviour may suggest that the
differences in binding performance between the MIP and NIP may not be as
pronounced due to the limited number of interactions at low concentrations. This
indicates that higher concentrations could magnify these differences, allowing the
rebinding with the MIP to become more evident.

Moreover, it is noticed that at the higher concentration the binding values for
the NIP are comparable to the binding observed for both MIP and NIP at lower
concentrations. This suggests that the non-specific binding component remains
relatively constant across all conditions, while the contribution of specific binding



52 3.1 First Phase: Initial Exploration and Method Development

increases with target concentration, enhancing the differentiation between MIP and
NIP.

The structural composition of the multi-material disks may be a factor of the
aforementioned outcomes: part of the nonspecific interaction can be attributed to
the presence of the "base" layer of the disk. This underlying layer lacks molecular
imprinting specificity and contributes to the observed background binding. Indeed,
the structural differentiation between the MIP and NIP disks is confined to the 50
um thick "active" layer, where the imprinted sites are located. These considerations
suggest the elimination of such non-functional components in the next designs, to
increase the binding site differentiation and the specific rebinding capacity of MIP
systems.

Considering the aforementioned results, the filter-shaped MIPs were tested
under the most favourable binding condition of 150 pm solution of OTC. Apart from
the three samples immersed in the standard OTC solution, three filters were also
tested in a solution containing a different analyte, specifically the antibiotic
Sulfadimethoxine (SDMO), instead of having a non-imprinted counterpart. SDMO
is another antibiotic commonly found as a contaminant in aquatic environments
[106], and it was chosen to assess the material's ability to distinguish between the
target molecule (OTC) and structurally different compounds, providing insights
into the imprinting selectivity of the MIPs.

The results were encouraging: the MIPs immersed in the OTC solution,
removed 32.5% of OTC (Table 3). As anticipated, the filters outperformed the flat
disks in terms of removal percentage. The enhanced binding observed is attributed
to the higher surface area and the intricate geometry, which allows a more extensive
interaction with the surrounding solution containing the target. Also, the Binding
Capacity (BC) was calculated, showing that the filter bound 90 pg of OTC per g of
polymer. Regarding the filters incubated in the solution containing SDMO (150
um), the spectral analysis showed that the removal of SDMO was less than half of
the binding of the equivalent samples with the OTC, as shown in Figure 37 and
Table 3. This suggests that the OTC-imprinted polymer exhibits a significantly
higher affinity for binding with the imprinted molecule compared to others. Such
results could signify another promising characteristic of the investigated MIP.
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Table 3: Binding performances of filter-shaped MIP

Cs (um) Analyte %Removal BC (ugg?)
150 OTC 32.5+2.1 93.7+6.2
5
SDMO 14.7+£5.3 42.9+15.5

% Removal

OTC 150 uM SDMO 150 pM

Figure 37: %Removal OTC-imprinted filters in solutions 150 pm of OTC or SDMO. Data are means
of triplicate measurements.

3.2 Second Phase: Computational Investigation

In the second phase of the experimental work, a significant advancement was
the incorporation of Density Functional Theory (DFT) -calculations. This
computational approach allowed a deeper investigation into the interactions
between the template molecule (OTC) and the functional monomer (MAA).
Specifically, DFT was utilized to model and analyse the binding interactions at
different molar ratios, enabling the identification of the optimal ratio that minimized
their interaction energy.

3.2.2 DFT Calculations

To evaluate the interaction between the template molecule (OTC) and the
functional monomer (MAA), DFT calculations were conducted in two stages.
Initially, the molecular system was optimized in vacuum to determine the
geometrically stable structure of the OTC-MAA complex without external
influences. This step provided a baseline understanding of the intrinsic molecular
interactions. Subsequently, the solvent effects were introduced using a Polarizable
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Continuum Model (PCM) to mimic the dielectric environment of the actual
medium, specifically dimethyl sulfoxide. This allowed for a more realistic
evaluation of the binding energy, reflecting the influence of solvation on the
interaction.

In both cases, the counterpoise method was applied to correct for the Basis Set
Superposition Error (BSSE), ensuring that the calculated binding energies
accurately represented the interaction strength without overestimations caused by
basis set overlap. The detailed workflow is described in Chapter 4 (Section 4.7).

The DFT calculations were performed at the B3LYP(D3BJ)/def2SVP level. Four
molecular complexes with varying OTC: MAA molar ratios—1:4, 1:5, 1:6, and
1:7—were optimized using DFT. Table 4 reports the resulting binding energies.
Notably, the interaction energy decreased by approximately 58% when moving
froma 1:4 to a 1:5 ratio, while the change between 1:5 and 1:6 was less pronounced,
showing a 5% decrease. Although the 1:7 ratio exhibited the highest binding
energy, reducing the template concentration excessively may be not optimal in
molecular imprinting.

Table 4: Binding Energies calculated for different template:monomer molar ratio.

OTC:MAA 1:4 1:5 1:6 1:7

Binding Energy [kcal/mol] -46,25 -73,16 -76,84 -94,99

Balancing interaction strength with practical considerations of template
concentration, the ratio 1:5 emerged as the most suitable choice. The optimized
structure of this complex is depicted in Figure 38.
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Figure 38: The complex OTC: MAA =1: 5, optimized by DFT calculation at the B3LYP (D3BJ)/def2SVP
level with the PCM solvent model (DMSO set as the solvent). Oxytetracycline molecule is in green, and
Methacrylic acid molecules are in red. Result Visualization by Gauss- View 6.0.16.

Given these results, the chosen 1:5 molar ratio was implemented in all further
synthesis and characterization experiments.

3.2.3 Characterization of the Formulations

The formulation was prepared with the same procedure as the previous one,
with the only exception of the molar ratio. The ratio between the template,
functional monomer, and crosslinker was OCT:MAA: DPGDA=1:5:20.

Rheological and photorheological characterizations were repeated for the new
resin. The rheological analysis (Figure 39) reveals that at low shear rates, the NIP
formulation exhibits a higher viscosity compared to the MIP formulation. The MIP
resin demonstrates a more consistent viscosity profile across the range of tested
shear rates. Both formulations display moderate shear-thinning behaviour as the
shear rate increases, eventually reaching comparable low viscosity values. These
viscosity measurements confirm the suitability of both formulations for DLP
printing.
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Figure 39: Viscosity of MIP and NIP formulations (1:5) under continuous shear rate sweep.

The photorheological behaviour of the 1:4 and 1:5 formulations did not
exhibit significant differences (Figure 40). For both formulations, the NIP resin
reacted rapidly upon UV exposure, completing the polymerization in approximately
20 seconds. Conversely, the MIP resin demonstrated a slower reaction time,
reaching its maximum after 52 seconds. As discussed earlier, this discrepancy in
polymerization kinetics can be attributed to the presence of the template molecule
in the MIP formulation, which likely interferes with the network formation by
competing with the photoinitiator for the UV radiation absorbance. Moreover, the
two materials exhibited similar elastic moduli, as indicated by their comparable G’
plateau values.
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Figure 40: Real-time photorheological measure of the MIP and NIP formulations (1:5)
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3.2.4 Printing New Samples

In this second phase, different samples were printed. Instead of using multi-
material disks, full MIP/NIP disks were chosen. This change was made because the
base layer of the multi-material disks interfered with the evaluation of specific
rebinding. Indeed, it was not possible to distinguish between the specific rebinding
of the MIP layer and the unspecific interactions of the thick base. Therefore, full
MIP/NIP disks were printed. The diameter was maintained at 10 mm, and the height
was set to 500 um. The CAD and the pictures of printed samples are shown in
Figure 41.

(@)

<
0,5 mm

10 mm

(b)

Figure 41: (a) CAD of the simple disk. Picture of the printed samples: MIP (a) and NIP (c¢)
respectively.

To create a complex geometry with small features and a high surface area
exposed to the solvent environment, also gyroid structures were printed. The CAD
model of this geometry is shown in Figure 42(a). The geometry has a diameter of 9
mm and a height of 1.5 mm. The printed samples are displayed in Figure 42(b),
showing a high resolution and excellent print quality.
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Figure 42: (a) CAD of the gyroid and (b) picture of the MIP printed sample.

Moreover, during this phase of the work, efforts were directed toward the
fabrication of NIP gyroid, to have a proper non-imprinted counterpart. In the
absence of OTC, which notably facilitates the printing process, a small amount of
dye (0.01 phr of methyl red) was introduced as a substitute. The printing parameters
were carefully optimized to ensure a satisfactory resolution, ultimately resulting in
the successful fabrication of NIP gyroids (Figure 43).

Figure 43: picture of the NIP printed sample.
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The same washing procedure of the filters was applied to the gyroid structures.
Despite the complex geometry, the gyroids maintained good structural integrity
after the washing process, demonstrating the robustness of the printed samples, as
shown in Figure 44.

8 Template
-
extraction

Figure 44: Pictures of the MIP-gyroid before (a) and after (b) the washing process.
3.2.5 Characterization Of The Samples

The 1:5 formulation demonstrated the capability to print high-resolution
objects. This was confirmed through 3D scanning of the printed gyroids, which
revealed precise replication of the designed structures, as shown in Figure 45.
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Figure 45: 3D scanning of MIP gyroid.
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The FT-IR spectroscopy was performed also in this case. With the same
procedure as above, the acrylate conversion was calculated. As shown in Table 5,
both MIP and NIP resins have a high double bond conversion, of 89% and 80%
respectively. It’s interesting to notice that such values are higher than the
formulation 1:4, which demonstrated a conversion of about 70%. This can be
attributed to the higher amount of methacrylic acid.

Table 5: Percent acrylate conversion

Liquid Printed C?;V"Zi:fgn
Formulation Sample %]
MIP Ai730 10,95 17,3 89.8
Ais3o 1,04 0,17
NIP Ai730 11,15 19,66 80.8
Ai630 0,96 0,32

Interestingly, the MIP formulation exhibited a higher conversion rate than the
NIP formulation. This difference could be influenced by factors such as the mobility
of polymer chains during growth, which may be affected by interactions with the
antibiotic. Nonetheless, the achieved conversion values confirm the formulation's
suitability for DLP printing.

The spectra of the MIP and NIP formulations, as well as the printed samples,
were analysed, yielding results consistent with those obtained in the first
experimental phase. Figure 46 shows that the characteristic peak at 1580 cm™ in
the OTC spectrum is evident in both the MIP formulation and the printed sample,
confirming the presence of OTC on their surfaces. Conversely, this peak is absent
in the NIP spectra, as expected.
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Figure 46: FT-IR spectra of liquid formulations (1:5) and printed samples, and the pure antibiotic
in powder.

Additionally, the spectra were acquired for the MIP and NIP printed samples
after washing. As shown in Figure 46, the peak at 1580 cm™ disappears from the
MIP samples, and the spectra of the MIP and NIP samples become overlapped. This
observation indicates the successful removal of the template molecule from the
polymer matrix.

A further analysis of these spectra was conducted to determine whether DMSO
was removed during the washing procedure. A peak at 1060 cm™, assigned to the
presence of DMSO (Figure 47(b)), and unrelated to OTC (Figure 47(a)), was
detected in both MIP and NIP printed samples. However, this peak is substantially
lower in the spectra of the washed samples, indicating that the amount of DMSO
decreases after the washing procedure.
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Figure 47: (a) FT-IR spectra of MIP and NIP samples both as printed and washed, and the pure
antibiotic in powder. (b) IR spectra of DMSO reported from [121].

The new printed materials were also characterized in terms of thermal
properties, by Thermogravimetric (TGA) and Differential Scanning
Calorimetry (DSC) measures. TGA experiments and the derivative of this signal
(DTG) showed that after the washing step, MIP and NIP samples have the same
degradation mechanism, with two main degradation steps around 370°C and 380°C
(Figure 48). This is consistent with the FT-IR experiments and indicates the
successful removal of OTC.
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On the contrary MIP and NIP pre-washing samples have clear differences,
especially for the degradation mechanism at low temperatures (Figure 48(c)). NIP
sample presents a first degradation step between 120 °C and 210 °C, which can be
related to DMSO evaporation. On the other hand, MIP sample shows a shift towards
higher temperatures, which can be associated to OTC degradation, as previously
reported [122].
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Figure 48: (a) TGA curves of NIP and MIP samples as printed and after washing step. (b) First
derivative of TGA (DTG). (¢) Magnification of DTG between 50°C and 270°C.

Observing DSC curves in Figure 49, it is also evident that in all the first heating
cycles, an exothermic peak at temperatures higher than 100°C is present, which is
not present in the second heating ramp. This peak can be associated to thermal
polymerization of unreacted double bonds, which are still present in the polymeric
matrix (see FT-IR results). This is consistent with the increase of T, measure in all
the samples in the second ramp except the MIP sample (Table 6).
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(a) NIP (b) MIP

(c)

Figure 49: DSC curves of (a) NIP and (b) MIP samples after 3D printing and (c) NIP and (d) MIP
samples after washing step. In all the graphs, the green curve refers to the first heating cycle, while the
purple one refers to the second.

Table 6: T values obtained by DSC.

Tg - first cycle [°C] Ty - second cycle [°C]
NIP 78 113
MIP 84 80
NIP After
Washing 74 116
MIP After
Washing 77 100

In the MIP sample, it can be supposed that at higher temperatures degradation
OTC may occur, as observed also in the TGA measures. This can affect final
macromolecular organization which reflects in a different Tg. In any case, those
conditions are not supposed to occur in the operational conditions of the materials.

Anyhow, both NIP and MIP are in the glassy state at room temperature, being
the glass transition temperatures (Tg) above 75°C for both. This results in stiff
objects easy to handle.
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After the washing step all the materials maintained similar properties,
demonstrating that washing step is effective for the removal of the antibiotic
without damaging the structure. Unfortunately, repeated binding/washing cycles
lead to stresses and damaging of the structures, which at the present stage limits the
reusability of these 3D printed materials. This aspect is also under investigation for
enhancements, as described in Section 3.3.2.

Atomic Force Microscopy (AFM) was performed on both MIP and NIP
printed samples to evaluate their surface morphology and investigate whether the
presence of the template could be detected. The surface maps in Figure 50,
demonstrate an extremely low surface roughness in the nanometer range, indicating
that the printing process produces highly smooth surfaces. No discernible
differences in morphology were observed between the MIP and NIP samples. While
AFM offers exceptional resolution, the OTC molecule is likely too small to be
directly detected.

Figure 50: AFM topographic surface map of 3D-printed MIP (a) and NIP (b) samples.

As a last characterization, the effect of the washing step was also investigated
by Scanning Electronic Microscopy (SEM). In Figure 51 micrographs of the
surface of NIP and MIP samples are shown, both before and after the washing step.
As expected, after 3D printing both NIP and MIP surfaces appear similar, since the
only difference between the two formulations is in the presence of OTC, which has
a sub-nm dimension and cannot be observed by SEM.

After the washing step both the surfaces seem smoother, but without any crack,
indicating that some modification may occur in the polymer rearrangements, but
without dramatically affecting the integrity of the sample.
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Figure 51: SEM surface pictures of (a) NIP and (b) MIP samples after 3D printing, and (c) NIP and
(d) MIP samples after the washing step.

3.2.6 Rebinding: Results And Discussion

The disk and gyroid samples were tested under the same conditions as described
in the previous section, with one modification: the percentage removal (%Removal)
was evaluated at intervals of 3, 5, and 24 hours to assess temporal behaviour.

The rebinding performance of the disk samples was tested first, revealing a
moderate rebinding capability. These samples achieved a removal of 6.3%, with a
gradual increase over time, as shown in Figure 52. Specific rebinding by the MIPs
consistently exceeded the non-specific rebinding observed in the NIPs, although
some non-specific interactions were still present.

Interestingly, the %Removal for the disk samples was comparable to that of the
multi-material disks discussed in Section 3.1.6. This suggests that the binding of
the target molecule primarily occurs at the surface of the objects, with minimal
contribution from the bulk volume. This hypothesis is further supported by the
observation that in the simple disk geometry, the specific %Removal shows only a
modest increase over time, indicating a rapid saturation of binding sites.
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Notably, the level of non-specific rebinding in the disk samples was lower
compared to the multi-material disks. This reduction can likely be attributed to the
absence of the additional "base" layer present in the multi-material samples, which

contributes to non-specific interactions.

8

% Removal

3h 5h 24h

Figure 52: %Removal of the MIP and NIP disks, in solutions of 150 pum of OTC. Data are means of
triplicate measurements.

Next, the gyroid were tested. This complex structure demonstrated promising
results. The higher surface area exhibited by the samples led to a steady increase
over time of the %Removal, exceeding 18% after 24 hours, as shown in Figure 53.
While non-specific rebinding also increased, it remained significantly lower

compared to the MIP-specific binding.
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Figure 53: %Removal of the MIP and NIP gyroids, in solutions of 150 pm of OTC. Data are means
of triplicate measurements.

As expected, the gyroids demonstrated superior performance compared to the
disks, highlighting the enhanced potential of the gyroid geometry for capturing the
target molecule. In Table 7 the performances are given in terms of %Removal,
Imprinting Factor and Binding Capacity.

Table 7 :Comparison between MIP and NIP performances, of disks and gyroid samples.

Geometry Sample %Removal IF BC [ug g
MIP 15.65+3.4 55.5+10.7
Disk 1.7
NIP 9.19+£3.0 41.7245.3
MIP 18.8+3.2 187.66+32.4
Gyroid 1.5
NIP 12.6£2.9 125.8428.93
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In conclusion, the performance of the different MIP geometries was compared,
revealing important insights into their binding capabilities. As just said, the gyroid
samples demonstrated superior removal efficiency compared to the disk-shaped
samples, likely due to their increased surface area and optimized geometry.

On the other hand, when comparing the gyroids to the filters reported in the
previous section (keeping in mind that the resin formulation is different), the filters
might initially appear more efficient: the %Removal of the filters was 32.5%, versus
18.8% of the gyroids. However, it must be noted that the filters were substantially
larger in size compared to the samples. The better performance of the gyroids is
evident when examining the Binding Capacity, which reflects the amount of target
bound per gram of polymer. As shown Figure 54, the BC in the gyroids was found
to be twice that of the filters, highlighting their superior efficiency in capturing the
target molecule.

The improved performance of the gyroids can be attributed to their geometry,
characterized by more intricate features that allowed a higher exchange with the
solvent, as well as the optimized formulation.
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Figure 54: Comparison in terms of Binding Capacity between three different geometries, the filter
(formulation 1:4), the disk and the gyroid (formulation 1:5).
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3.3 Additional Tests

3.3.1 Exploring Micrometric Porosity

In an effort to enhance MIPs' performance, additional experiments were
conducted to explore the inclusion of micrometric porosity in the printed samples.
The aim was to combine the well-established technique of salt leaching with the
complex shaping capabilities provided by additive manufacturing. This approach
sought to increase the surface area of the samples and evaluate whether this would
lead to improved binding performance.

Three formulations were prepared, maintaining the molar ratio of
OTC:MAA:DPGDA = 1:5:20, and adding 20 phr of salt. For these experiments,
common NaCl salt was manually ground using a mortar before being mixed with
the other components. As usual, the resin mixtures also included 0.8 phr of BAPO
as the photoinitiator and 15 phr of DMSO as the solvent. The preparation procedure
followed the same steps described in the earlier sections of this thesis. The
differences lie in the addition of salt in the resin, and in its removal after the printing.
The removal of the salt is done by immersing the samples in water, before the
template extraction in methanol and acetic acid.

The incorporation of salt into the resin introduced some complexities in the
printing process. Indeed, the salt tended to precipitate during the printing.
Moreover, its presence affected the fidelity of the printed samples to the CAD,
resulting in samples with layer thicknesses greater than expected and an overall
decreased resolution.

The multi-material disks were printed, including the salt exclusively in the
MIP/NIP layer and not in the base. FESEM images of these samples reveal the
presence of micrometric porosity in the MIP/NIP layer, while the base appears
compact and with no pores (Figure 55). However, the lack of interconnectivity
among the pores is evident.
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AR T
200um WD=4.2mm Aperture Size = 30.00 pm Signal A = InLens
—— Mag=50x EHT = 8.00 kv Stage at T = 0.0°
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Aperture Size = 30.00 um Signal A = InLens
Mag =450 X EHT = 8.00 kV Stageat T =0.0°

Figure 55: FESEM image of NIP disk, after the washing of the salt particles. The blue arrow
indicates the “base”, without any porosity, and the red arrow indicates the NIP layer, with the pores.

Also, a simplified version of a filter, featuring only one thick floor, was printed.
The CAD is shown in Figure 56(a). Additionally to the MIP filters (Figure 56(b)),
also NIP filters were fabricated, adding 0.8phr of methyl red dye to assist with the
printing process (Figure 56(c)).

(a)

Figure 56: (a) CAD of a single floor filter. Picture of the filters printed including the salt particles,
MIP (b), and NIP (c). The red colour of the NIP filter is due to the presence of a dye.

In the FESEM image shown in Figure 57, the printing layers of the MIP filters
are visible. It’s possible to see that the layers are thicker than they should be (around
200 pm instead of the 100 um set as slice thickness on the printing software).
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Moreover, the pores are visible, even if neither interconnected nor homogeneous
(Figure 58).

WD = 3.6 mm ‘ Aperture Size = 30.00 um Signal A = InLens
Mag = 50 X EHT = 15.00 kV Stage at T=0.2°

Figure 57: FESEM image of a MIP filter. In the section of the sample, the non-homogeneous
printing layers are visible.

100pm WD=52mm Aperture Size = 30.00 um Signal A = SE2
}———o Mag =100X EHT = 2.00 kV Stage at T = -1.0°

Figure 58: Some pores noticeable on the surface of a NIP filter.
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A preliminary rebinding test was performed with the MIP and NIP filters, in a
solution of 100 uM of OTC in deionized water. After 72 hours, the percent removal
resulted not particularly improved compared to non-porous filters, and with a
significant non-specific removal. Indeed, the MIP filters rebound only 8.2% more
than the NIP ones (Figure 59).

The lack of interconnected pores likely hindered the exchange efficiency with
the rebinding solution, limiting the effectiveness of the porosity. Furthermore, for
a given weight of the sample, the amount of template (and therefore the degree of
imprinting) was lower in the porous filters compared to their non-porous

counterparts.
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T i T
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Figure 59: Percent removal in MIP and NIP single-floor, porous filters.

In any case, it should be noted that, due to changes in samples’ geometry and
volume, a direct comparison between this and previous experiments is not entirely

consistent.

Despite these challenges, the results should not discourage further efforts to
incorporate porosity into 3D-printed MIPs. Process optimization could potentially
address the "bulkiness" of the 3D-printed MIP, enabling easier extraction of the
template, and a general better performance and functionality.
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3.3.2 Exploring Reusability

An additional aspect explored in this work was the potential reusability of the
3D-printed MIP samples. The purpose of investigating reusability stems from the
desire to make MIP more sustainable and cost-effective. Reusable objects could
significantly lower the costs associated with their production and application, as
fewer new materials would be needed over time. A reusability strategy aligns with
the sustainability purpose of the work itself. Additionally, this capability could
expand the range of applications for MIPs, making them more practical for real-
world scenarios where repeated use is often a key requirement.

Therefore, some disks and gyroid samples were tested in this direction. After
completing the initial rebinding process, the samples were subjected to a second
washing step under the same conditions as the first washing procedure. However,
the main limitation in reusability was the important structural damage and surface
modifications observed.

Although the secondary washing led to the release of the previously bound
antibiotic, testing such compromised samples for a secondary rebinding would
misrepresent their specific binding capabilities. This damage to the polymer matrix
may stem from the repeated exposure to alternating solvents, such as the organic
washing solution and the water-based rebinding solution, which can induce stress
on the material. The impact of this process was more pronounced in thinner, more
fragile geometries, as the disks (Figure 60 (1) and (2)). On the other hand, the gyroid
geometry maintained better structural integrity, with fewer compromises (Figure 60

)

To improve the reusability of these devices and correctly test the ability of
repeated binding, future work should focus on refining the washing protocol to fully
regenerate the samples while minimizing structural damage. Additionally,
prioritizing the development of robust and intricate geometries like gyroids could
enhance the durability and performance of the devices during repeated use cycles.
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Figure 60: Samples washed after the rebinding (1) MIP disk, (2) NIP disk, (3) MIP gyroid.

3.4 Conclusions And Future Work

This thesis represents a significant step forward in the integration of DLP 3D
printing with Molecular Imprinting Technology, showcasing its potential to create
innovative materials for environmental remediation. By fabricating macroscopic,
self-standing MIP structures tailored for the selective removal of antibiotics from
water, this work introduces a novel approach that bridges molecular recognition
with advanced manufacturing techniques.

The results highlight the versatility and promise of 3D-printed MIPs,
particularly for addressing complex environmental challenges. Indeed, the reported
experiments validate the material’s capability to collect the target molecule from
the aqueous solution. It’s important to notice that the performances are quite limited
compared to the well-established techniques that usually involve MIP in
nanoparticles, which for the removal of OTC may reach over 80% of removal and
binding capacity in the order of mg g! [117][110][112][113]. However, a direct
comparison with established studies on nanoparticles MIPs would be inherently
biased, as nanoparticles typically exhibit significantly higher surface area, and thus
higher site accessibility and faster mass transfer compared to the bulkier,
macroscopic polymers presented here.

On the other hand, the few existing studies on 3D-printed MIPs have substantial
differences in terms of template molecules and polymer composition [19][57].
Nonetheless, the binding capacity observed in this work is in line with the results
reported in such studies, consistently with the novelty of the fabrication technique.

Despite these promising outcomes, several challenges remain. Reproducibility
emerged as a significant limitation, with variability observed in the fabrication
process and binding performance of the MIPs. Additionally, the reusability of the
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samples was constrained by structural damage and degradation, likely stemming
from repeated exposure to alternating solvent environments. These challenges
underline the need for further refinement in material design and process
optimization.

Future work should prioritize enhancing the mechanical and chemical
resistance of the polymer matrix to improve the reusability of 3D-printed MIPs.
Introducing controlled porosity into the structures represents another key direction,
as porous geometries could display an increased surface area and thus improve the
target interaction with the imprinted cavity. Ultimately, the goal is to explore
practical implementation in environmental systems, such as water filtration devices
or integrated sensing platforms.



Chapter 4

Experimental  Apparatus and
Methodologies

4.1 Materials

Oxytetracycline  hydrochloride, methacrylic  acid,  Phenylbis(2,4,6-
trimethylbenzoyl)phosphine oxide (BAPO), dimethyl sulfoxide, Methyl Red and
Sulfadimethoxine were purchased from Sigma-Aldrich (Milan, Italy). Dipropylene
Glycol Diacrylate was purchased by Allnex.

4.2 Formulation preparation

The photocurable ink was prepared by mixing the oxytetracycline and the
methacrylic acid, with a template: functional monomer: crosslinker molar ratio of
1:4:20 or 1:5:20, depending on the experiment. The addition of a solvent was
deemed necessary due to the difficulty of dispersing the OTC, and the minimum
quantity of DMSO required for a clear pre-polymerization complex solution was
determined to be 10.6% wt. The solution underwent stirring for one hour at room
temperature. Separately, BAPO (0.8% of crosslinker) was added to the crosslinker,
DPGDA, and dissolved with the help of an ultrasound bath.
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The crosslinker solution was then added drop by drop into the other one, while
stirring. The solution was thoroughly mixed until achieving homogeneity, as
verified by the transparency of the formulation. At this point, the photocurable MIP
formulation was obtained. For the Non-Imprinted Polymers (NIPs) formulation, the
OTC was excluded. In Figure 61, a picture of the prepared formulations. To print
the NIP gyroids, Methyl Red was added to the resin (0.01 phr).

Figure 61: Pictures of the two formulations: NIP (transparent) and MIP (yellow).
4.3 Characterizations

Viscosities of MIP and NIP formulations were evaluated through rheological
measurements by the Anton Paar Physica MCR 302 rheometer, in a 25 mm
diameter parallel plate mode, with a gap of 0.2 mm between plates and constant
temperature of 25°C. The rotation shear ramp test was performed between 0.01 s™!
and 1000 s'. To evaluate the effect of the antibiotic on the kinetic of the
photopolymerization, real-time photorheology measures were performed. OTC
absorbs in the range of exposure of the DLP, competing with the photoinitiator in
the absorbance of light.

The formulations with the antibiotic (MIP resin) and without the antibiotic (NIP
resin) were compared. Photorheology of the two formulations was performed with
the Anton Paar MCR 302 rheometer in plate-plate configuration. The light source
was a Hamamatsu Photonics C8 UV lamp, with a light intensity of 50 mW cm-2.
The real-time photorheology was performed with a quartz bottom plate,
temperature set to 25°C, and with 1% strain amplitude and angular velocity of 10
rad s7!. After the stabilization time (60 s), the light was turned on and the change in
the viscoelastic properties of the material during polymerization was measured over
time.
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UV-visible spectra of both resin and printed object were collected to compare
MIP and NIP, using the BioTek Synergy HTX Multi-Mode Microplate Reader
(Agilent), in the range 250-450 nm.

Moreover, Fourier Transform Infrared (FT-IR) spectroscopy was conducted on
the liquid formulations and printed samples. Thermo Fisher Scientific Nicolet™
iS50 Spectrometer was used, in attenuated total reflectance (ATR) mode, in the
range of 4000-550 cm™'. The degree of conversion was determined by calculating
the area at the peak corresponding to the C=C bond (1638 cm™!) before and after
polymerization. The quantification of the peak areas was carried out with Omnic™
Software (Thermo Fisher Scientific) after the normalization at the peak of the C=0O
bond at 1720 cm™!, as it remains unaffected by the polymerization process.

Thermogravimetric analysis (TGA) was performed using a Netzsch TG 209 F1
Libra instrument in the range between 25 and 800 °C, with a heating rate of 10
°C/min in air atmosphere (flux 50 ml min™!). The first derivative of TGA (DTG)
was employed to evidence degradation mechanisms. Differential scanning
calorimetry (DSC) measurements were performed with a Netzsch DSC 204 F1
Phoenix instrument, equipped with a low temperature probe. All the tests were
performed in nitrogen atmosphere with the following thermal method: between
20°C and 200 °C with a heating rate of 10 °C min’!, 10 minutes isothermal at
200°C, cooling cycle 200°C-20°C with a cooling rate of 10 °C min™', 15 minutes at
20°C, second heating cycle between 20°C and 200 °C with a heating rate of 10 °C
min”'. The T, was defined as the midpoint of the heat capacity change observed in
the DSC thermogram and calculated with Proteus software.

The Atomic Force Microscopy (AFM) was operated by Bruker Innova, in
tapping mode, with a 300 kHz resonance frequency. The probe tip used was the
RTESPA-300. The images were post-processed using Gwyddion software.

The morphology of the sample was also investigated by a Zeiss Supra 40
FESEM, equipped with a GEMINI II column and EDS analyzer, where a probe
current of 1200 pA and an accelerating voltage between 5.00 and 15.00 kV were
used.

4.4 3D Printing and 3D scanning

The Asiga MAX X UV 27 DLP printer was employed (Figure 62), with a LED
light irradiation at 385 nm. The CAD models were designed with Rhinoceros



80 4.4 3D Printing and 3D scanning

software and then uploaded in .s#/ format in the proprietary printer software (Asiga
Composer). The diameter of all the objects was 10 mm, to fit the samples inside the
wells of a 48-multi-well plate, in which the different stages of the experiment take
place.

ASrrea

Figure 62: The employed priter, Asiga MAX X UV 27 DLP printer

For the fabrication of the multi-material disks, the first 500 um of the structure
were printed using a resin formulation containing only the crosslinker and the
photoinitiator. Once this initial portion was completed, the printing process was
paused, and the resin in the vat was replaced with the MIP or NIP resin formulation.
The final 50 um of the disk, representing the active layer, were then printed.

Layer thickness, light intensity, and exposure time depend on the formulation
(MIP/NIP) and the geometry of the object. In the following tables, the detailed
printing parameters are listed for each type of sample and formulation.

Table 8: Printing parameters of samples of formulation 1:4:20 (OTC:MAA:DPGDA)

. MIP - disk Burn-in Range 1 Range 2

Range thickness (um) 0-100 100-500 500-550
Light Intensity (mW/cm?) 20 20 48
Exposure Time (s) 4.5 3.5 33.5

Slice Thickness (um) 50 50 25
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NIP - disk Burn-in Range 1 Range 2
Range thickness (um) 0-100 100-500 500-550
Light Intensity (mW/cm?) 20 20 40
Exposure Time (s) 4.5 3.5 5
Slice Thickness (um) 50 50 25
o e -
L "';f.' e B
< - -
E—/ MIP - filter Burn-in Floors Pillars
Range thickness (um) 0-100 200 500
Light Intensity (mW/cm?) 40 40 41
Exposure Time (s) 30 30 32
Slice Thickness (um) 50 50 50

Table 9: Printing parameters of samples of formulation 1:5:20 (OTC:MAA:DPGDA)

. MIP - disk

Burn-in Range 1
Range thickness (pm) 0-200 200-500
Light Intensity (mW/cm?) 50 47
Exposure Time (s) 32 35
Slice Thickness (um) 25 50
NIP - disk Burn-in Range 1
Range thickness (um) 0-200 200-500
Light Intensity (mW/cm?) 20 20
Exposure Time (s) 3.5 4.5
Slice Thickness (um) 25 50
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. »
@ MIP - gyroid Burn-in Range 1

Range thickness (um) 0-200 200-1500

Light Intensity (mW/cm?) 50 47

Exposure Time (s) 32 35

Slice Thickness (um) 25 40
>y y NIP - gyroid Burn-in Range 1
Range thickness (um) 0-100 200-1500

Light Intensity (mW/cm?) 20 20

Exposure Time (s) 6 5

Slice Thickness (um) 15 40

The accuracy of the printed objects to the CAD model was evaluated by the
3Shape E3 scanner, whose acquisition was compared to the CAD models by a
proprietary scanner software to obtain the deviation map. After printing, the
samples undergo two post-polymerization steps. First, they are washed in ethanol
to remove any unpolymerized resin, and then post-cured in a UV chamber (Asiga
Flash) for 120 s to finalize the polymerization.

4.5 Washing Process and Rebinding

To remove the template within the polymer matrix, the samples go through a
washing procedure using a solution of methanol and acetic acid (9:1 v/v). The
samples are immersed in the washing solution and then placed in an ultrasound bath
or on a tilting platform for several hours, depending on their volume. The washing
is considered completed when the UV-vis spectra of the solutions no longer show
the characteristic peak of the OTC at 355 nm.

After the washing process that emptied the binding cavities, the samples were
ready to interact with the solution containing the target molecule. Thus, the batch
rebinding takes place, meaning the MIPs fully immersed in a solution of deionized
water and OTC, at the defined concentration depending on the experiment. The
samples were placed in a well of a 48-well plate, immersed in 750 pL of the binding
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solution, and left on a tilting platform, inside an incubator to maintain the
temperature stable at 26°C (Figure 63).

/_—\
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[T Samples . \
Rebinding @& & /‘.
solution ~ /

y TILTING
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Solution after i
Y rebinding
‘ INCUBATOR

R ———
. -
PLATE READER

Figure 63: Rebinding process. The samples are immersed in the rebinding solution and placed on a
tilting platform inside an incubator for a defined period. After this time, an aliquot of the rebinding
solution is collected, and its spectrum is compared to that of the solution before rebinding.

To assess the binding ability of the samples, UV-visible spectra of aliquots of
the binding solutions were acquired both before and after exposure to the polymer,
allowing a comparative analysis. Specifically, spectrophotometry was performed
using the BioTek Synergy HTX Multi-Mode Microplate Reader (Agilent), in the
range 300-450 nm, 1 nm intervals, and a UV-Vis-NIR Spectrophotometer Cary
5000 (Varian, Agilent) was used, range 200-450 nm, 1 nm intervals. Figure 64
presents an example of the spectra of the rebinding solution, illustrating the
comparison before and after contact with the samples.



84 4.5 Washing Process and Rebinding

Before rebinding: OTC 150 uM in dH,0
—— After rebinding with OTC imprinted MIP

Absorbance (a.u)
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Figure 64: Uv-vis Absorbance spectra of the OTC solution before the rebinding (in red) and after
it (in blue). The decrease in the absorbance implies a decrease of concentration of the target molecule.

The calibration curve of the OTC was obtained, to predict the concentration in

an unknown sample through the Beer-Lambert law. Figure 65(a) shows the spectra

collected at different molarities of OTC, and Figure 65(b) the resulting calibration
curve.
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Figure 65: (a) UV-vis absorbance spectra of the Oxytetracycline solution in water, at different
concentrations. (b) The resulting calibration curve.

The absorbance values were translated into concentrations, and the binding
performances were evaluated, calculating the removal percentage, the imprinting
factor, and the binding capacity.

4.7 Computational Analysis of MIP Components

To design the MIP, DFT calculation was performed by Gaussian 16 at the
B3LYP(D3BJ)/def2SVP level with the IEFPCM solvent model. Gaussian is a
widely used computational chemistry software package designed to perform
electronic structure calculations. It is named after the Gaussian functions used in
the computations. The resulting optimized geometries were visualized by
GaussView 6.0.16.59 Four. The binding energies at different molar ratios were
calculated at the B3LYP/ def2TZVP level, using the counterpoise method.

The workflow for DFT Calculations included the following steps:

1. Geometry Optimization (in vacuum): the molecular system comprising OTC
and MAA was carefully set up to allow potential interactions such as hydrogen
bonding. Geometry optimization was then performed to identify the lowest-
energy configuration of the OTC-MAA complex, ensuring that the spatial
arrangement of the molecules represented their most stable structure without
interference from external environmental factors (in vacuum).

2. Binding Energy Calculation (in vacuum): this calculation required
determining the total energy of the complex system and separately calculating
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the energies of the individual OTC and MAA molecules using the same basis
set. The binding energy AE was derived from these values using the formula:
AE = Ecomplex - (EOTC + ZEMAA) — BSSE

To ensure accuracy, the counterpoise method was applied to correct for
Basis Set Superposition Error (BSSE). This correction prevents overestimation
of the binding energy caused by the overlap of basis sets used to approximate
the molecular wavefunctions, a common issue in DFT calculations.

3. Inclusion of Solvent Effects: the influence of the solvent environment was
incorporated using the Integral Equation Formalism Polarizable Continuum
Model (IEFPCM) to mimic the dielectric properties of the solvent, DMSO in
this case. The optimized geometry obtained in vacuum was recalculated in the
solvent environment to account for the screening effects of the solvent on the
interactions. Binding energy calculations were done with BSSE correction.

4. Molar Ratio Determination: the above process is repeated for different molar
ratios of OTC:MAA. In this case: 1:4, 1:5, 1:6 and 1:7.

Finally, the binding energies obtained for each ratio are then compared, and the
optimal ratio is selected.
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Electrodeposited MIPs

The work presented in this chapter was done during a six-month internship as
a visiting student in Prof. Tsuyoshi Minami's group at the Institute of Industrial
Science, University of Tokyo. During these months I had the opportunity to adapt
their well-established protocol in functionalizing electrodes with electrochemical
deposition of MIP to the template molecule of interest in my thesis. The lab
provided all the equipment and materials used in the following work.

Electropolymerization is a highly effective approach for forming polymer
films directly on electrode surfaces, particularly advantageous for developing
electrochemical sensors. This technique provides control on the thickness and
structure of the resulting film, by adjusting polymerization conditions, such as
applied voltage or the number of cyclic scans [123]. Nevertheless, its versatility is
restricted by the narrow selection of functional monomers suitable for this method
[34].

The work focused on the fabrication of electrodeposited Oxytetracycline-
imprinted polymer. Indeed, OTC was used as the template molecule to maintain
consistency with the general focus of the thesis. This approach highlights the
potential of MIPs created via electropolymerization for sensing applications, where
the ability to integrate MIP with electronic components is crucial.
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O-phenylenediamine (OPD) (Figure 66) was selected as the monomer due to
its widespread use and suitability for electropolymerization in sensor
applications[124][125]. Its ability to form uniform and thin polymer films under
mild electrochemical conditions makes it particularly advantageous for creating
MIP-based electrochemical sensors or in general to obtain MIP-functionalized
electrodes [89].

NH»

NH.

Figure 66: o-Phenylenediamine chemical structure.

The electropolymerization of MIP follows the basic principle of non-covalent
imprinting, described in the previous chapters. Firstly, OTC and OPD interact in
the pre-polymerization mixture, through non-covalent interactions [126]. When a
potential is applied to the working electrode, the monomer undergoes an
electrochemical reaction, initiating its polymerization and leading to the deposition
of a polymer film on the electrode surface. During this process, the template
molecule is essentially trapped within the growing polymer matrix. After the
polymerization is complete, the template is removed by washing with a suitable
solvent. This extraction leaves behind cavities in the polymer that are
complementary in size, shape, and functionality to the template molecule, enabling
the MIP to selectively recognize and bind the template.

In the next sections, the design and fabrication of a MIP-functionalized
electrode are described.

5.1 DFT calculations

The initial step involved using DFT calculations to evaluate whether the
interaction between the template and the functional monomer was sufficiently
strong, as this aspect is not well-established in the literature. The same methodology
previously described (Section 3.2.2) was used to evaluate the Binding Energy of
the interaction between the Oxytetracycline and o-phenylenediamine.
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The DFT calculation (at the B3LYP(D3BJ)/def2SVP level) for OTC and OPD
was performed for four different molar ratios and resulted in the binding energies
displayed in Table 10.

Table 10: Binding energy calculated at different molar ratios of OTC and OPD.

OTC: OPD 1:3 1:4 1:5 1:6

Binding Energy [kcal/mol]

(BSSE Corrected) -62,28 -81,98 -96,02 -102,99

Given both the results of the calculations and the previous works of Minami et
al. [127][128], the selected molar ratio for further fabrication was 1:5, which
displayed a satisfactory binding strength. The optimized geometry of the complex
is shown in Figure 67.

Figure 67: The preorganized structure of Oxytetracycline (highlighted in green) and O-
phenylenediamine (highlighted in red) at the 1:5 molar ratio optimized by DFT calculation at the
B3LYP(D3BJ)/def2SVP level.

5.2 Fabrication Process for Electrodeposited MIPs

Firstly, the gold electrode was created by thermal deposition on a PEN film,
with a thickness of 100 nm and an area of 15 mm?. Then, the electrode surface was
modified by depositing a gold nanostructure (AuNS) using chronoamperometry
(CA), within a three-electrode electrochemical setup (Ag/AgCl reference electrode
and a Pt wire counter electrode). This electrochemical deposition process was
performed in a 100 mM HAuCls solution at a potential of —0.1 V for 60 seconds.
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The nanostructure enhances the effective surface area of the electrode, which can
improve the sensitivity and performance of the MIP layer, and enhance the adhesion
of the polymer layer on the gold [128]. The resulting nanostructure is shown in
Figure 68.

a
@ l Ra=279,1

Figure 68: Characterizations of the nanostructured gold electrode by (a) AFM and (b) SEM.

The MIP formulation was prepared by mixing the template molecule (OTC),
and the functional monomer (OPD), at the optimized molar ratio 1:5. To improve
the dispersion of the template molecule within the solution, DMSO was added in a
small quantity (500 pl per 15 ml of solution). The solution was stirred thoroughly
to ensure a homogeneous mixture, which is crucial for uniform polymerization and
optimal imprinting during electrodeposition.

The MIP layer was deposited on the gold nanostructured electrode surface
using cyclic voltammetry (CV). Applying a cyclic potential to the electrode, this
technique induces polymerization of the functional monomer and forms a thin,
adherent polymer layer on the electrode surface. The electrochemical
polymerization was performed in an acetate buffer solution (100 mM) at pH 5.2
and 25 °C, with a potential range from 0.0 to +0.8 V, a scan rate of 75 mV/s, and
20 cycles. For the fabrication of the NIP membrane, the same procedure was
followed, except OTC was omitted from the solution.

The cyclic voltammetry plot in Figure 69 displays the changes in the peak
currents of the electrode during the electrochemical polymerization of the MIP. The
distinct peak at 0.35 V denotes the irreversible oxidation of OPD [129]. The
progressive decrease in peak currents with increasing scan cycles indicates that the
electrode surface was being gradually coated with a non-conductive polymer layer
[130].
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Figure 69: Deposition of the MIP membrane on the surface of the AuNS electrode by cyclic
voltammetry

Following polymerization, the template molecule (OTC) was removed from the
MIP layer to create the molecular recognition sites. This was achieved by
incubating the electrode in a methanol:acetic acid solution (9:1) while gently
stirring.

5.3 DPV Measurements: Results and Discussion

Each step of the fabrication and the following rebinding experiment were
characterized through a specific electroanalytical technique, namely Differential
Pulse Voltammetry (DPV). DPV was performed in a three-electrode setup: the
working electrode coated by the MIP layer, Ag/AgCl reference electrode, and a
platinum wire counter electrode. The electrolyte solution contains potassium
ferricyanide (Ks3Fe(CN)s, 5 mM) and potassium chloride (KCl, 100 mM).
Potassium ferricyanide acts as an electrochemical probe by providing redox-active
species, which serves as the electron transfer mediator.

In DPV, a sequence of voltage pulses is superimposed on a linearly increasing
baseline potential. During each pulse, the current is measured twice: just before the
start and at the end of the pulse. The difference between these current measurements
is recorded, effectively minimizing the contribution of capacitive currents and
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enhancing the signal associated with faradaic processes [131]. This approach yields
a voltammogram where the peak current corresponds to the reaction of the redox-
active species.

When the potassium ferricyanide is used as redox probe, the applied potential
drives the oxidation or reduction of the ion pair near the electrode surface [132] :

[Fe(CN)¢]?~ + e~ © [Fe(CN)g]*

This reaction involves the transfer of an electron between the redox species and
the electrode. The applied pulse temporarily creates conditions favourable for this
electron transfer, and the resulting current is recorded. The magnitude of the current
is proportional to the number of electrons transferred during the reaction, which
depends on the accessibility of the redox species to the electrode surface. In the case
of an electrode coated with the MIP, the ability of the ion pair to reach the electrode
depends on the permeability of the MIP film (Figure 70). This makes DPV a
powerful tool for evaluating the selectivity and binding properties of MIP coatings.

Fe(CN)> Fe(CN)s* Fe(CN)g*> Fe(CN)g*
~ @ Q
. ® V ° . . @ L .
pre) L
c c
g Re-bind “t’
ithout With
3|\ —> RS
Potential Potential

Figure 70: Scheme of the mechanism of MIP-based electrochemical sensor, reprint from [133].

Let’s examine how this is applied in a practical experiment. The process is
schematically described step by step in Figure 71(a), while the corresponding DPV
measures of a successful experiment are in Figure 71(b):

(1) The measure is first performed on bare gold.

(2) The current peak has its maximum after the nanostructuring of the electrode.

(3) When the MIP membrane is deposited, the current drops to zero, due to the
formation of an insulating layer between the electrode and the electrolyte,
that interrupts the electron transfer of the [Fe(CN)]*/[Fe(CN)s]* ion pair
on the electrode surface.

(4) The sample is washed. The emptying of the imprinted cavities allows again
the approach of ions [Fe (CN)s]>* to the electrode, through the membrane.



Electrodeposited MIPs

93

(5) The rebinding takes place by incubating the electrode into solutions spiked
with increasing concentrations of the target (OTC), and checking each step
with the DPV measure. During the incubation with the target analyte, the
rebinding of the OTC into the imprinted cavities causes again a progressive
obstruction to the ions. Essentially, the fact that the charge exchange
becomes more and more difficult (reflected by the decrease in the current)

reveals the effective binding of OTC with the MIP.

AuNS
(a)  auetectrode electrode

Rebinding
<«
L

*

®

Figure 71: (a) Schematic description of the fabrication step of a MIP-based electrode, and (b) the

corresponding DPV measures.
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After this positive experiment, MIP and NIP electrodes were tested under
similar experimental conditions. As illustrated in Figure 72, the current curves for
the MIP electrode progressively decreased with increasing OTC concentrations,
indicating a clear response to the target analyte. In contrast, the NIP electrode

showed minimal to no response to OTC, highlighting the specificity of the MIP for

the target molecule. This underscores the selective binding capability of the MIP

electrode.
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Figure 72: DPV results of the MIP (a) and NIP (b) functionalized electrodes, upon increasing
concentration of OTC.

Such different behaviour is particularly clear in the graph shown in Figure 73,
where the normalized difference between the peak current after incubation with
increasing analyte concentrations (Ip) and the initial peak current before incubation
(Ipo) is shown.
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Figure 73: The difference between the peak current after incubation (Ip) and the initial peak current
before incubation (Ipo) is plotted as a function of analyte concentration. The data highlights the distinct
response of the MIP electrode, which shows a progressive decrease in normalized peak current with
increasing analyte concentration, compared to the NIP electrode, which exhibits minimal change.

Regarding the small peak present in the DPV of the NIP electrode (Figure
72(b)), it may be caused by a non-perfectly uniform deposition of the polymer layer,
with portions of the underlying gold electrode exposed. These exposed areas can

allow the redox activity of ferrocyanide, potentially resulting in the appearance of
a small peak in the voltametric measurements.
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After further investigations, it was observed that the sensitivity range and
saturation point varied among electrodes, even when fabricated using the same
procedure. In Figure 74, the DPVs obtained from two separate experiments are
presented. In these experiments, smaller analyte concentrations were tested to study
sensitivity.

In both cases, signal saturation—indicated by the absence of further decreases
in the curve despite increasing analyte concentrations—occurred around 0.6—0.8
uM. This contrasts with the previous experiment, shown in Figure 72(a), where the
electrode continued to detect concentrations up to 4 uM. These discrepancies in
rebinding ranges and saturation points are likely attributable to limited
reproducibility in the fabrication of the MIP electrode.
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Figure 74: (a) and (b) DPV results of two experiments with increasing analyte concentration, and

corresponding plot of the peak currents.



96 5.4 Conclusions and Future Applications

5.4 Conclusions and Future Applications

This chapter focused on the fabrication and testing of MIP-modified electrodes
and their ability to selectively detect the target analyte. The results demonstrated
the potential of these electrodes to achieve analyte-specific binding, as evident from
the distinct response of MIP-modified electrodes compared to their NIP
counterparts.

However, some limitations and challenges were identified, which need to be
addressed to optimize performance and ensure reliable application. One key finding
was the limited reproducibility of the fabricated electrodes. A possible explanation
could be the variations in the electrode surface, likely caused by the non-perfectly
reproducibility of the deposition of gold nanostructures. An illustrative example of
two electrodes with consistently different surface characteristics is provided in
Figure 75.

An additional explanation may be that the polymer layer results thinner than
the sharp nanostructures, and thus the exposed imprinted area varies between
electrodes, leading to inconsistent binding.

Figure 75: Pictures of two distinct electrodes (a) and (b), and their SEM and AFM
characterizations, respectively (al), (b1) and (a2), (b2).

Therefore, while the nanostructured surface offers advantages, these may be
outweighed by the drawbacks of a non-uniform surface, leading to inconsistent
binding sites and, consequently, non-uniform sensor performance.
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Additionally, it was observed that the storage time of the fabricated electrodes
was a critical factor. After a few inconsistent attempts, it became clear that the
electrodes must be tested for rebinding within a day or two after fabrication to avoid
performance degradation. This highlights a significant limitation in their practical
applicability, as long-term stability and usability are essential for real-world sensor
deployment.

Despite these challenges, the electrodes showed promise for future integration
into transistor-based sensor systems, as demonstrated by Prof. Minami's work,
where the MIP-based electrode was successfully integrated as the gate electrode in
an Organic-Field Effect Transistor (Figure 76). Such systems could enhance the
sensitivity of analyte detection, paving the way for applications in environmental
and biomedical monitoring.
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Figure 76: Conceptual demonstration of the extended-gate OFET functionalized with the MIP
membrane for the detection of cortisol, reprint from Minami et al. work [127].

Future efforts should focus on improving the reproducibility of the electrode
fabrication process and extending the storage stability of the electrodes. Once a
stable and reliable electrode fabrication process is established, the next step will be
to implement these electrodes in transistor-based sensing platforms following a
similar approach to Minami’s work. This would open possibilities for real-world
applications in analytical sensing of the electrodeposited MIPs.



Chapter 6

General Conclusions

This thesis represents a significant step forward in the integration of Digital
Light Processing 3D printing with Molecular Imprinting Technology, showcasing
its potential in developing innovative materials for environmental remediation and
sensing applications. By fabricating macroscopic, self-standing MIP structures
tailored for the selective removal of antibiotics from water, this work bridges
molecular recognition principles with advanced manufacturing techniques. The
experimental findings provide valuable insights into the formulation, optimization,
and performance of 3D-printed MIPs, while also identifying critical challenges that
need to be addressed for their practical application.

The results demonstrate that 3D-printed MIPs can selectively capture
Oxytetracycline from aqueous solutions, with binding performance influenced by
factors such as polymer composition, structural design, and surface area. The use
of computational modelling through Density Functional Theory played a crucial
role in optimizing the interactions between the template and functional monomer,
ensuring an effective molecular imprinting process. Furthermore, the fabrication of
complex geometries, such as gyroids, revealed the potential of structural
optimization in enhancing binding efficiency by increasing accessible surface area
and improving mass transfer.

Despite these promising findings, key challenges emerged throughout the
research. Reproducibility remained a limiting factor, as variations in polymerization
conditions and fabrication parameters influenced binding performance.
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Additionally, the structural integrity of the printed MIPs posed a significant barrier
to their reusability, as repeated solvent exposure led to degradation and reduced
efficiency over multiple cycles. Future work should focus on improving the
mechanical and chemical resistance of the polymer matrix to enhance durability
and enable multiple reuse cycles.

Another important avenue for future research is the introduction of controlled
porosity within the printed structures. The findings suggest that molecular
recognition predominantly occurs at the surface of the MIPs, indicating that internal
porosity could enhance analyte diffusion and improve overall binding capacity.
Strategies such as salt-leaching or emulsion templating should be explored to
fabricate porous MIPs while maintaining structural integrity.

Beyond environmental remediation, this work also explored the application of
MIPs in electrochemical sensing through the fabrication of electrodeposited MIPs
for potential integration into sensor platforms. These electrodes demonstrated
selectivity toward OTC, highlighting the versatility of MIPs in analytical
applications. However, challenges in reproducibility and stability were observed,
largely due to variations in the electrode surface and polymer film thickness. Future
efforts should focus on refining the electrode fabrication process and improving
storage stability to ensure reliable sensor performance. Ultimately, these electrodes
could be integrated into transistor-based sensors, as demonstrated in previous
works, expanding their applicability to biomedical and environmental monitoring.

Overall, this research highlights the potential of advanced fabrication strategies
for developing innovative MIP-based materials, paving the way for their broader
application in environmental remediation, sensing, and other high-impact
technological fields.
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