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Introduction

1 INTRODUCTION

1.1 THE MOLECULAR IMPRINTING STRATEGY

1.1.1 Why?

The ability to recognise and bind a specific target molecule is a fundamental
process in nature and in the living organisms. This ability is the foundation of
every biological response system based on a receptor-ligand interaction. For
example, some living organisms communicate to each other via pheromone
systems [1], or the vertebrate neural system, which is based on receptors and
neurotransmitters [2]. However, one of the most famous and important biological
recognition-bond system is the antigen-antibody one.

The ability of animals to create, select, optimise, and produce antibodies against
external threats, and to memorise them to reuse over the time is impressive, as
result of an evolution process lasted millions of years. Animals are able to produce
antibodies against a very high number of classes of substances [3]. The only limit
to obtain an immune response in a living organism is the biocompatibility of the
substances. The properties that must be considered are: water solubility, toxicity
(i.e., substances should not be lethal before antibodies are developed) and
dimension of the molecules.

For their characteristics, natural antibodies find application in a wide variety of
fields, such as therapeutic processes [4], diagnostic systems [5], and sensors [6].
Actually, it is very difficult overcome the use of animals to produce synthetic
substances with similar properties.

In the last decades, researchers have tried to replicate this very efficient system
with the aim of creating the ideal “artificial antibody” [7]. The most promising way
to reach it is the Molecularly Imprinted Polymers (MIPs), which are the subject of
this PhD thesis. 50 years have passed since the early studies of Wulff and Shea; 40
years since the first MIP with non-covalent interactions [8], and 75 from the first
intuitions and study of Pauling [9]. Over the years, the technology beyond MIPs
has evolved to obtain better polymer particles. In this works we will not focus on
the past, i.e. the classical polymerization approaches, but we will discuss the state-
of-the-art of the nanoimprinting techniques.

1.1.2 Fundamentals of the technique

MIPs are micro or nano sized objects with the ability to selectively bind a target
molecule. The high selectivity is obtained through the “construction of the MIP” in
the presence of the target molecule, that takes the name of “template molecule” or,
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Polymerization around template

Figure 1-1 - General working mechanism of MIPs

more simply, “template”, which give a memory effect with the creation of a specific
binding site. This is possible since the creation of the MIP occurs through the use
of functional building blocks. The monomers, with different functional moieties,
are able to establish intermolecular interactions with the template molecule by
organising themselves around it. The monomers present double bonds, or
equivalent functionalities, which make them able to react with each other, creating
a polymer lattice. With the polymerization step the “interaction sphere” is freeze in
an exact conformation. The removal of the template molecule causes neither
collapse of the system nor a variation in the geometrical configuration of the
“interaction sphere”, which then takes the name of “imprinted site” or “binding
site”. The imprinted site has the ability to rebind again the template molecule,
keeping a chemical memory of it [10].

The recognition of the template molecule is a combination of chemical and
geometric-steric factors. The chemical factors are the presence of functional
groups which can interact with complementary moieties of the template molecule.
Possible interactions are Van der Waals forces, ligand exchange or hydrogen bonds
(H-bonds). On the other hand, the geometric-steric factors are given by the
polymeric structure, that keeps the functional moieties of the monomer and of the
template in the correct reciprocal positions, acting like a skeleton.

It is natural to wonder how much these objects can be similar to natural
antibodies, and what are the differences; the main characteristics of both are
summarised in Table 1.1 In the last decades, MIPs have evolved and, also thank to
the most recent techniques like the solid phase polymerization synthesis (SPPS)
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[11], we can obtain objects with the desired characteristics which, in some cases,
could be able to replace natural antibodies. In particular, nanoMIPs (MIPs with
dimension in the order of hundreds of nanometers [12]) are suitable for
immunoassays [13] or sensors [14]. The affinity constants of MIPs obtained with
the SPPS are very high, in the order of 106 - 109 M-, while in the case of natural
antibodies these values are in the order of 107 or more. In the table 1-1 are
summarized the principal characteristics of both the systems.

One of the main limits in using antibodies is that producing them against small
molecules is quite challenging. This process is possible with the use of an
immunogenic carrier like a protein [15], but in this way the antibodies recognize
not only the small molecule but also part of the protein carrier covalently bound to
it. On the other hand, not only are MIPs able to overcome this limit, but small rigid
molecules with several functional groups represent the perfect templates. In the
recent years, new synthesis techniques, like the SPPS, allowed also the imprinting
of proteins and other biological macromolecules [12]. Another important
advantage of MIPs is that they are inexpensive. Apart from the possible cost of the
template molecules, reagents and material used for the synthesis of the MIPs have
a very low price.
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Table 1-1. Main differences between natural antibodies and MIPs.

Dimension of the <5kDa
immunogen/template
molecules >5kDa
Binding mechanism

Mean affinity constant

Binding site density

Binding kinetics

Binding selectivity

Reproducibility

Non-specific binding
Resistance to extreme
experimental condition (pH,
temperature, vibration, organic
solvents)

Reusability

Cost for single batch

Health risks

Natural antibodies

Yes, but using
immunogenic carrier

Yes

Well known

107 — 109 M

Low, uM

Fast association, slow
dissociation

High

Limited to batch-to-
batch

Negligible

No

No, can be yes in
immunosensors

Low for polyclonals,
from medium to high
for monoclonals

Not significative

10

MIP

Yes, except for poorly
functionalised
templates

Yes

Known, but some
aspects are under
debate
104 — 10 M
(10 — 109for
nanoMIPs)
Depends on the
polymerisation
method

Slow association and
dissociation

High to medium, in
some cases it is
difficult to
discriminate similar
substances

High

Not negligible

Yes, depends on the
system

Yes, with some
limitations

Very low

Particles can be
dangerous if inhaled.
Some reagents are
toxic
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1.1.3 The principal building elements

All the advantages discussed above are due to the features of the “building
elements” used to make MIPs. The most common system is the use of acrylamide
and metylacrilamide derivate monomers with the free radical polymerization, but
also it is possible the use of other polymerization system like the living/controlled
radical polymerization [10]. In general, the monomers have the capability to both
interact with the template molecules through intermolecular bonds, and react with
other monomer molecules to create a polymer lattice. These two capabilities are
obtained with different features present in different parts of the monomers. The
cross-linking capabilities, in the most of cases, is obtained by the presence of
carbon double bonds, that in the radical process they break to single bonds linking
other molecules. The functional moiety is a group that can do intermolecular
bonds like H-bonds, van der Waals force, ionic or metal complexation [10]. The
choice of monomers is a fundamental step in the development of MIPs, and
different templates interact better with different monomers. Theoretically, for each
template should be tried and evaluated different monomers and the ratio between
these in the monomer’s mixture, to identify the best building blocks for every
template.

If we polymerize only the functionalized monomers, each one with a single double
carbon bond, we don’t obtain a polymer lattice but a linear structure. To create a
three-dimensional lattice, we must employ molecules that can do more than two
bonds with the other monomers. This type of monomers takes the name of cross-
linkers, and they have not the capability to interacts with the template. The
amount of cross-linker regulates the rigidity of the MIPs particle.

Historically, also the porogen agent also is important. It promotes the formation of
a sponge-like porous structure in the MIPs. However, with the nanoMIPs approach
(see the next chapter) the importance of porogens diminished.

The last building block is the environment of reaction, which represented also one
of the biggest limits of the traditional MIPs. Indeed, only organic solvents could be
employed, making the use of instable or not soluble templates (e.g. proteins)
impossible. The recent introduction of new techniques like the emulsion
polymerization (see below) or the SPPS overcomes this limit and make it possible
the use of a water polymerization environment.

The environment of reaction influences the mechanism of polymerization, and in
water the most common system is the use of the free radical process [10, 11]. The
proper radical activators are chosen according to the selected type of
polimerization.

11
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1.2 THE NANOIMPRINTING APPROACH

1.2.1 Overcoming the limits of the classical approach

The classical approaches to make MIPs present several problems and limits, which
led researchers to develop new methods to overcome them. One of the most
effective has been the directly obtaining of the nanoparticles of polymers. Using
the classical approach, the particles of MIPs are obtained through grinding of the
polymeric bulk mass. This step produces particles with non-homogeneous shape
and dimension, a polymeric powder hardly usable in several applications.
Furthermore, the grinding step destroys a relevant part of the binding sites in the
core of the bulk polymer, enhancing the heterogenicity in shapes and binding
constants. Moreover, parts of the imprinted sites remain in the core of the
particles, hindering the immediate release of the template molecules trapped
inside the polymer bulk, which can be released over the time, during the analytical
use of MIP, leading to the phenomenon called “bleeding” [16, 17].

To directly obtain sub-micrometric imprinted particles, several methods were
developed in the last thirty years. These methods are based on the introduction of
a factor that prevent the formation of big particles and the fusion of different
polymerization sites, preferring that many radical polymerization sites remain
separate. In this way, the obtained nanoparticles present regular shapes and
homogeneous dimensions. In some cases, the polymerization in water
environment is also possible.

The most common nanoimprinting methods are the precipitation and the
emulsion polymerizations. A particular type of nanoMIPs are the core shell MIPs.
In this case, the polymer does not grow free in solution, but it grows on the surface
of nanoparticles of other materials with properties like fluorescence, magnetism,
ecc. The surface imprinting MIPs are a derivation of these polymers.

The characteristics of the four principal MIP synthetic approaches are summarized
in Table 1-2.

12
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Table 1-2 - The four main nanoimprinting techniques

Precipitation Emulsion Core shell . Sur.fac.e
1Imprinting
) .Temp.lale-s . ’ . h * Vf* ’,
U W e Wy P
: ‘ . o ’ #'é 'k . . o 'T~.I N * . SI.Oace;arms
‘ Hi.gly diluited 5 i s
monomers Surfactants
Monomers
|| | L -

Binding site Binding site

o :
¢ I, ,

A%
Binding site
Use of solvents - surfactants
In some cases Yes No No
Control of the binding site orientation
No No No Yes
Core shell
No No Yes Yes
Bleeding phenomena
Yes Yes Possible No
Difficult to make

Low Medium High High

1.2.2 Precipitation polymerization

In the precipitation polymerization, monodisperse spherical polymer particles are
synthesized with high purity. This method of synthesis was applied for the first
time in 1999 for nanoMIPs imprinted against 17B-estradiol and theophylline [18].
The precipitation polymerization is carried out with a highly diluted monomer
solution (2% v/v) containing the template molecules. When the growing particles

13
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exceed a critical molecular weight, these precipitate in spherical MIPs with
diameters of a few um or less [19].

There are different methods that can be applied to obtain MIPs by precipitation.
The first involves a post-dilution polymerization, where the pre-polymerized
particles are diluted after an initial polymerization time and continuing the
polymerization to obtain nanogels [20]. Another approach induces polymerization
in concentrated monomer solutions and stopping it before the gelation point,
through the dilution of the reaction environment [21]. For nanoparticles
formation, a small amount of pre-polymer is added to a poor solubilizer solvent for
the polymer [22] (typical ratio 1:100; in this case the bulk polymerization process
is terminated early leading to nanoparticles). Another method is to perform
precipitation polymerization in aqueous media containing the surfactant in a very
low concentration to avoid the use of organic solvents. In this way is possible to
imprint peptide nanoMIPs [23]. The obtained nanoMIPs are then separated by
centrifugation and washing.

The particle size is influenced by several parameters such as the type of solvent
[24, 25] and cross-linker [26], the monomeric formulation and the ratio between
different monomers, the type of template [27] and temperature. Generally,
agitation during polymerization leads to more monodisperse particles.

NanoMIPs obtained via precipitation exhibits a uniform size distribution and
higher yield [19]. Moreover, as no surfactants are necessary, the imprinting of
biomolecular templates is also possible [28]. One drawback of precipitated
nanoMIPs, in comparison to classical MIPs, is that if the polymerization is carried
out in highly diluted monomer solutions, this can negatively affect the interaction
between the functional monomer and the template, thus decreasing the sensitivity
and the selectivity [29]. This limitation, however, is overcompensated by the
significantly higher surface-to-volume ratio of nanoparticles compared to classical
synthesis. A further general advantage of precipitation polymerization compared
to other nanoMIPs synthesis, such as emulsion polymerization, is the relatively low
consumption of reagents during polymerization and the increased purity of the
resulting nanoparticles.

1.2.3 Emulsion polymerization

The emulsion polymerization approaches mix organic cross-linker and monomers
with the template and emulsify them in an aqueous phase containing a surfactant.
The most common system is the oil-in-water emulsion (O/W). The emulsion is
obtained by vigorous stirring or sonication [30]. It is possible to obtain nanoMIPs
with this technique employing co-surfactant and/or co-stabilizer, e.g. sodium
dodecyl sulphate (SDS), in the disperse phase. The surfactant suppresses diffusion
processes in the continuous phase, and consequently a stable emulsion with
homogeneous droplet size is obtained. In this case the system takes the name of
mini- or micro-emulsion polymerization [31]. Further stabilizers are used to
generate particles in the dispersed phase with sizes of around 50-1000 nm. [32].

14
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Some applications of this technique to proteins, like the lysozyme [33-35], are
reported in the literature. Very important is the selection of the correct stabilizers
and surfactants, that some of the most used molecules can denature the protein
templates or destabilize their structures [28]. In the case of hydrophilic peptides as
templates, it is possible to functionalize them with fatty-acid chains, because they
can act as surfactants themselves. During the polymerization, the modified peptide
is situated between the two phases, with its hydrophobic head in the oil layer and
the hydrophilic tail at the surface of the aqueous media containing the monomers

[36].

Mini-emulsion MIPs show high sensitivity and selectivity. Furthermore, the
resulting MIPs exhibit imprinted surfaces with improved binding site homogeneity
and accessibility if compared to classical MIPs. In general, one drawback of
emulsion polymerization compared to precipitation polymerization is that the first
usually requires the use of a larger number of chemicals, including surfactants,
buffer components and stabilizers. These chemicals must be removed after the
synthesis of MIPs nanoparticles, leading to more sophisticated washing
procedures and sometimes lower purity of the material.

1.2.4 Surface imprinting and core shell MIPs

In literature, there are two other important methods to obtain nanoMIPs: the core-
shell technique and the surface imprinting.

The core-shell MIPs are nanoparticles where only the surface layer consists of the
polymer with imprinted sites, while the core of the particles consists of other
materials, e.g. magnetic materials like iron oxide, quantum dots or catalytic groups
[10, 37]. The synthesis of core-shell MIPs is divided into two steps. The first is the
creation of the solid core with different methods, according to the desired
functionalities. The second step is the synthesis of the MIP layer around the
previously synthesized core. The most common way to do that is the grafting of a
thin layer of MIPs, but it is also possible to use other nanoMIPs synthesis methods,
like the emulsion or the precipitation polymerization. Anyhow, the radical
activator needs to be nearby to the core shell surface, even better if grafted. In
addition, it is possible to use the same methods to functionalize the nanoparticles
with anchoring groups or fluorescent groups after the synthesis.

Derived from the core-shell MIPs, the surface imprinting is based on the same two
synthetic steps, but with the presence of a non-polymeric core [38]. The template
molecules are grafted on the non-polymeric core with spacer arms. The most
common core is a silica nanoparticle. The following polymerization step creates a
thin layer of MIP around this complex, incorporating the template molecules. The
layer of MIP is very thin, in the order of few nm. After the polymerization, the
spacer arms are broken, and the template molecules are removed. The resulted
nanoMIPs exhibit very regular shape and dimension and the binding sites are
present only on the surface of the nanoparticles.
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1.3 THE SOLID PHASE POLYMERIZATION TECHNIQUE

The continuous search to obtain MIPs with smaller dimension, more regular
binding sites and higher binding constants led to the development of different
methods and techniques. The methods analyzed so far have improved the general
characteristics of MIPs compared to the traditional ones, but all these methods
present several limits like the use of organic solvents and surfactants. The solid
phase polymerization synthesis (SPPS) is the most recent method to obtain
nanoMIPs, which have considerably overcome many of these limits.

1.3.1 Fundamentals

The SPPS is a revolutionary approach to produce nanoMIPs based on a paradigm
shift, which is the status of the template molecules in the reaction environment.
Developed by Piletsky et al. in 2013 [39], SPPS is an evolution of the precipitation
polymerization, where the template molecules are not free in solution but
immobilized on a surface. This causes the elimination of the “bleeding effect” and
provides the possibility to use the template molecules for more than one synthesis.
The common immobilization surface consists of glass beads with a diameter of 50-
110 um. The glass beads are completely inert in the polymerization process.
Furthermore, the condition of high dilution of the monomers makes it possible to
carry out the reaction in a water solution, without the use of organic solvents. The
formation of MIPs nanoparticles takes place near the surface of the glass beads,
while the polymers formed in the solution, far away from the glass beads, do not
exhibit imprinted sites. The sub-sequent collection of the imprinted nanoMIPs is
easy.

The use of grafted template, where the molecules have the same orientation, leads
to a dramatic improvement of the quality of the binding sites and to a good
accessibility of these. The binding sites are only on the surface of MIPs
nanoparticle, but not in their bulk, which mantains a constant shape. From the
point of view of the experimental data, this means that the equilibrium constants
are never lower than 106 M-

The obtained nanoMIPs are spheres with very homogeneous dimension, in the
order of 100-250 nm [40]. The nanoMIPs can aggregate in solution and present
low C potential.

1.3.2 Synthesis process

The synthesis protocol was developed and extensively explained by Piletsky et al.
[11], successfully adopted also by other research groups. The protocol is
summarized in Figure 1-2.
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Figure 1-2 — The solid phase synthesis process in water environment

The synthesis consists of three steps: template-glass beads complex preparation,
synthesis of nanoMIPs and separation of the latter.

e Template-glass beads complex preparation

Glass beads are the most common solid phase support with a diameter of 50-100
um. Their surface must be treated to allow the covalent grafting of the template
molecules. The activation of the surface silanols is achieved by boiling in NaOH
solution. After this treatment, the silanols react with functionalized silane e.g.
amino propyl trimethoxy silane, which functionalizes the glass beads with groups
like ammines, carboxylic acids or thiols. These groups are able to bond the
template molecules and their functional groups. It is possible to add a spacer arm
between the template molecule and the functional groups on the glass beads. The
length of the spacer arm affects the binding capability of the nanoMIPs [41]. The
environment and the type of addiction reaction depend on the classical organic
reactions used for the grafting.

¢ Synthesis of the nanoMIPs

The polymerization can take place in an organic or water environment. The choice
is based on the type of template and matters related to the green chemistry
question. If for peptides and proteins templates the use of water synthesis
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environments is mandatory, it is not for the small organic molecules. However, the
water synthesis is usable in almost all cases with good results.

The choice of monomers and polymerization reaction is different for the two
reactions environment. The most used monomers in water are summarized in the
Figure 1-3.

Thermoresponsive

H-Bonds donor/acceptor monomer
O 0
OH NH
Acrylic acid NIPAM
Reticulating agent Hydrophobic monomer
o} o o
vLNH/\NHW \)J\N I-><
N, N’-Methylen-bis-acrylamide TBAM

Figure 1-3 - Most common monomers for water environment synthesis

Each monomer has a specific function. In the water environment, which was the
most explored during my PhD, the acrylic acid has the capability to make hydrogen
bonds, n-isopropylacrylamide (NIPAm) has the thermoresponsive behavior, tert-
butylacrylamide (TBAm) has the hydrophobic moiety. The N,N’-methylen-bis-
acrylamide is the most used cross-linker, but it is also possible to use other cross-
linkers affecting the binding properties of the nanoMIPs [40]. The polymerization
system is a free radical reaction activated via chemicals activator. The monomers
mixture is put in a cartridge with several grams of template-functionalized glass
beads. The suspension is degassed with a constant flow of N2 to erase oxygen
traces, and the polymerization starts after the addiction of the radical activators.
The reaction can last from few minutes to several hours.

The process in an organic environment is the same, with different monomers
dissolved in acetonitrile. In literature, the methacrylic acid is the most used for his
H-bond donor/acceptor capability, while ethylene glycol dimethacrylate (EDMA)
and trimethylolpropane trimethacrylate (TRIM) are commonly employed as cross
linkers. The radical process is catalyzed by temperature or UV rays.

e Separation of nanoMIPs

In the water environment synthesis, the separation of the polymerized nanoMIPs
is based on the thermoresponsive behaviour of the nanoparticles given by NIPAm.
First, a washing with cold water put out the non-imprinted particles, the unreacted
monomers and the low-affinity nanoMIPs, which are imprinted nanoparticles with
very low affinity for the template. After this washing step, the nanoMIPs are
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collected with some hot water washings. The nanoMIPs can be concentrated with
different methods, like the ultrafiltration, freeze-drying or rotavapor.

1.3.3 Mechanism of polymerization

The exact mechanism of reaction is not fully understood due to the impossibility to
observe the polymerization process, but through the analysis of experimental data
and some rational considerations we can build a model probably very close to the
real one [42].

After the addiction of radical initiators, the polymerization starts to create bonds
between the functionalized monomers. The position of the monomers is crucial
because this translates to the capability to selectively bind the template molecules.
The position of the functionalized monomers in the solution or bond to the
template molecules is established by the energy saving with the complex template-
monomers or template-water and monomers-water. Theoretically, the energy
saving is positive, and the monomers bind the template molecules, but it is very
difficult to measure this energy. The starting point of the polymerization is a
probabilistic event, but if most of the monomers are close to the template
molecules, most of the events happen there, like in a nucleation site. In the first
step of the polymerization, a lot of oligomers are created with very high affinity but
low selectivity for the template [43], because their structure is very flexible and
adaptable to the template structure. At this point oligomers formed in solution can
bind the template molecules, meanwhile other oligomers formed around the
template molecules move away from these. This equilibrium is broken during the
polymerization, as long as the binding site conformation can readapt itself. The
nanoparticles grow in the first two hours of the reaction [43], as long as monomers
are present in solution. In the figure 1-4 is schematized this process.

After the polymerization, unreacted monomers, non-imprinted polymers and low
affinity MIP nanoparticles are washed away with a cold solvent. The imprinted
nanoparticles stay tied to the template molecules, because the only cold solvent
washing doesn’t break the bonds. The following wash with hot solvent, instead,
acts on the physics properties of the materials. The nanoparticles present a
thermoresponsive behavior due to the presence of the NIPAM residues inside. In
literature it is reported that the NIPAm gel particles change their hydrodynamic
diameter, shrinking over a precise temperature called Volume Phase Transition
Temperature (VPTT) [44]. This temperature is around 34° C for pure NIPAm
nanoparticles. Upon this temperature, the nanoparticles collapse with a temporary
modification of the binding sites and the consequent break of the bond with the
template molecules.
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Figure 1-4 - mechanism of nanoMIPs formation

1.3.4 The non-imprinting problem

One of the most complex limits of the solid-phase nanoMIPs is how to get non-
imprinted nanoparticles (nanoNIPs). Producing non-imprinted polymers is
fundamental to evaluate how many of the binding with the target molecule is for
the imprinting sites and not for a general nonspecific binding on the surface of the
nanoparticles, since the surface of the nanoparticles presents the same functional
groups of the monomers of the imprinted site. The difference between the two
types of binds is not the chemistry of the nanoparticles surface, but the geometrical
conformation of these functional groups around the template molecules in the
binding site.

The difference between MIPs and NIPs is only the presence and the absence,
respectively, of template molecules during the polymerization step. The MIP and

20



Introduction

the corresponding NIP must have the same monomers formulation. Due to the
identical chemical composition and behavior of the nanoparticles, good MIPs will
have corresponding NIPs that bond well the target molecules [45].

In the other nanoMIPs synthesis techniques it is easy to get NIPs because the
template molecules are in the same physical state of the polymerization
environment. For this characteristic the absence of the template does not cause a
change in the morphology of the nanoparticles. Instead, in the SPPS the absence of
template-grafted glass makes impossible to get the same morphology, because we
imprint only the glass spheres, while we lost the “merging of monomers” around
the template molecule like a “nucleation site”. In the figure 1-5 is pictured this
problem.

This means that we can not use NIPs obtained by the SPPS. In this case, the
options are two, both with negative aspects: use the NIPs obtained with a different
polymerization method or use nanoMIPs from the SPPS but imprinted against a
completely different template. In the first case we use a real non-imprinted
polymer, without any imprinted binding sites and with the only capability to
enstablish non-specific bonds. But these NIPs have not the same shape and
morphology of the MIPs obtained with the SPPS. This is a very important problem
since we compare the binding properties of two similar but different objects.

The only way to use the solid phase to obtain NIPs is to imprint for very different
template molecules. For example, a MIP imprinted for a protein is usable as NIP
for a little molecule, and vice versa. The major limit of this method is that we make
the empirical assumption that very different binding sites have not cross
recognition for the template molecules. In the case of the MIP imprinted for little
molecules and used as NIP for proteins, we can be quite certain that the dimension
of the imprinted site is too small to accommodate a big object like a protein. In the
opposite case, there is no assurance that no portion of the protein binding site can
have a partial specific binding with the little molecule, which can surely enter the
site. In this case it is theoretically preferable to use another MIP imprinted for a
little, but very different molecule, to minimize the probabilities that the target
molecule enters in the binding site.
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Figure 1-5 - The non-imprinting problem in the SPPS method

None of these methods is perfect, and further studies on this issue are necessary to
overcome this limit and establish a scientifically shared methodology.

1.3.5 Literature example

The solid phase polymerization is a relatively recent technique. The first article
about it appeared in the literature in the 2013, reporting a MIP for the melamine
[39]. In this work by Piletsky et al., previous ideas and systems [46, 47] are
combined and improved into this new synthesis method. In this and in many of the
earlies works [48], the polymerization happens in an automatic reactor, but in
general in the later article this system disappeared on behalf of the simpler batch
synthesis.
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The vast majority of the papers published between 2013 and 2022 reporting of the
application of the SPPS are listed in Table 1-3.2

In those years the SPPS technique was applied to many types of substances with an
enormous interest in the biochemistry field. We can divide the works in two
periods. In the first one, from the early studies of Piletsky in 2013 to around
2017/2018, the research was driven by the curiosity to apply this innovative
technique to several different types of template substances. Several works were
about proof-of-concept molecules, trying to obtain MIPs for classes of substances
for which the classical synthesis methods were not feasible. Included in this
category there are many papers about the trypsin [48—59] - a very inhexpensive
protein, and the vancomycin [13, 14, 39, 55, 60]. Unsuprisingly, some of the
applications were not investigated in further studies, like the one to whole viruses
[60, 61].

In the second period, started in 2017/2018, the SPPS had a major breakthrough,
with an increase in publications and imprinted substances, in particular proteins
and small biomolecules, and the application of these nanoMIPs in several
analytical fields. One of the most promising is the application to sensors.

aThe articles were searched on Scopus on September 7th 2022 with the use of the following
keywords: “solid phase polymerization”, “solid phase synthesis”, “solid-phase synthesis” AND
“Mip”
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Table 1-3 - Literature works about the solid phase polymerization synthesis application

Type of

Target Year Reference
target
Melamine 2013 [39]
Cocaine 2015, 2017 [62-64]
Diclofenac 2015 [14]
Metoprolol 2016 [65]
Fumonisin B2 2016 [66]
Glucosamine 2016 [66]
L-thyroxine 2016 [66]
Biotin 2016, 2018, [55, 66, 67]
2021
4-ethylphenol 2016 [68]
Slrn al} Indole-3-butyric acid 2017 [69]
MOIECUIES A denosine monophosphate 2017 [70]
THC 2018 [54]
Histamine 2018 [71]
N-L-hexanoyl homoserine lactone 2019 [72]
(C6-AHL)
Ochratoxin A 2019 [73]
Fumonisin B1 2019 [74]
N-hexanoyl-L-homoserine lactone 2020 [75]
Paracetamol 2021 [76]
Doxorubicin 2022 [77]
Trypsin 2014 - 2021 [48 — 59]
Pepsin 2014, 2021 [48, 78]
a-amylase 2014, 2019 [48, 53]
Kallikrein 2016 [50]
RNAse 2016 [50]
B-lactoglobulin 2016 [79]
Albumin 2019, 2021  [53, 80]
Proteins Heart-fatty acid binding protein 2019 [81]
ST2 protein 2019 [81]
IgG Fc epitope 2019 [82]
Epidermal growth factor receptor 2020, 2022 [57, 83]
epitope (EGFR)
B-lactoglobulin 2021 [84]
Cadherin 2022 [77]
Angiogenin 2022 [77]
Vancomycin 2013 - 2018 [13, 14, 39, 55,
60]
Generic peptide 2019 [53]
f.l(llort d HIV peptide 2019 [85]
Iiep ! esti.l:ll Insulin 2021 [86]
glycopepides g, receptor peptide 2021 [87]
Surface cell proteins 2021 [88]
Oxytocin 2022 [89]
Macromolecules 12 nucleic bases 2016 [90]
Hyaluronic acid 2019, 2022 [77, 91]
. Bacteriophage MS2 2015 [60, 61]
Viruses Adenovirus 2015 [60]
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1.4 CHARACTERIZATION OF MIP

The characterization of the synthesized material is fundamental to determine the
quality of the synthesis and its properties. In particular, for the MIP nanoparticles,
different properties must be evaluated, starting from the physical ones, like the
morphology and the shape. This step can be skipped if a previously standardized
protocols of synthesis is being used, since we can assume that nanoMIPs
synthesized with the same protocols but for different substances are similar.
Anyhow, the most important thing is the evaluation of the binding properties,
because they depend on the template.

1.4.1 Binding properties

In every recognition system, it is essential to know how well the system is able to
bind the target molecule and discriminate between other similar molecules. In
chemistry, these abilities are described by two parameters: the affinity and the
selectivity. While the affinity is an absolute value, the selectivity is a relative
parameter between two or more different substances, where one of these is the
target molecule. For MIPs, other important binding parameters are the imprinting
factor (or IF), the kinetic of binding and the number of binding sites (or Bmax).

All these parameters are expressed like numerical values. To obtain these values
from the experiments, rigid experimental protocols and mathematics models are
required, to elaborate the experimental data into the values of the binding
constants.

In a dynamic equilibrium, where it is very difficult to measure the direct
interaction between the MIP binding site and the target molecules, the easiest way
is to evaluate the macroscopic effect of these interactions. Two main methods are
reported in the literature: the batch rebinding, also used in this work, and the
frontal chromatography [92]. In the work of my PhD I have used the batch
rebinding system.

Knowing the exact amount of MIP nanoparticles and putting these solutions in
contact with a known quantity of the target molecules, after an equilibration time
we can quantify the bond and the free fractions of the target molecules through
analytical procedures like HPLC-Fluorescence [41], Surface Plasmon Resonance
spectroscopy (SPR) [65] or the Bradford assay [40]. It is also possible to use the
Quartz Crystal Microbalance (QCM) gravimetric sensing to directly measure the
bond fraction [28]. From these data, we can calculate the equilibrium constants
and the number of binding sites with the use of isotherm equations. These
mathematical models describe the binding system with a well level of precision but
with some theorical assumptions. Several models of isotherm are available to
calculate the binding properties of MIPs, with a variable number of parameters
and typology of binding sites. In most of the cases, the results obtained from
different mathematical models are very similar; if so, the best strategy is to choose
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the simplest model: the Langmuir one. This isotherm is based on three
assumptions:

(a) the number of adsorption layers is only one;

(b) all surface binding sites are equivalent;

(c) there is no cooperation effect between close adsorbed molecules that may
affect the binding constant.

A basic assumption of the Langmuir theory is that the sorption takes place in
specific homogeneous sites within the target molecule. It is then assumed that
once a template molecule occupies a site, no further adsorption can occur in that
site.

The equation of the Langmuir model is:

_ BmaxKeqF
1+ KoF

Where: B = Bond fraction of the molecules
Bmax = Maximum bond fraction or number of binding sites
F = Free fraction of the molecules

Keq = Equilibrium constant of the system

From the Langmuir model two important parameters can be obtained: the number
of binding sites (Bmax) and the equilibrium constant of the binding between the
MIP and the target molecule. This equilibrium constant expresses the strength of
the binding, i.e. the affinity.

If we compare constants for the same MIP against various target molecules, but
different from the template, we can evaluate the selectivity of the MIP. In
particular, it is important to evaluate and compare the affinity for the template
molecule and molecules of the same family, to understand the capability of the
MIP to discriminate between similar but different molecules. The equation to
calculate the selectivity (a) is:

K.q other substance
a =

K.q template

The number of binding sites does not depend only on the really imprinted sites on

the MIP. In fact, there is the paradox that substances with lower affinity than the

template molecules have higher Bmax than the template molecule. The reason is

that the “binding sites” are not only the “imprinted sites”, but every portion of the
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MIP surface that can bind the molecules. In the case of the template molecule, the
number of “binding sites” match the number of “imprinted sites”, and so Bmax. In
the case of low-affinity molecules, these are not only bonded to the imprinted sites,
but also to a lot of portions of the MIP surface. In these cases, the values of Bmaxare
higher.

The imprinting factor is one of the most used parameters in literature to evaluate
the quality of the MIP. This factor is the ratio between the affinity constant of the
target molecule with the MIP and with the respective NIP. This factor represents
the difference between the specific bond and the non-specific bond of the
molecules with the nanoparticle. The formula to calculate the imprinting factor
(IF) is:

Koq MIP
~ K4 NIP

At last, the evaluation of the bond kinetic is important to study how fast the MIP
bonds the target molecules, to compare it with other systems and to apply it to
other approaches like immunochemistry assays or sensor [93, 94].

1.4.2 Morphological properties

To study the dimensions and the shapes of the nanoparticles, there are two
different types of techniques: the ones which directly see the nanoparticles or the
ones which only measure their dimension.

In the first category there are the electronic microscopy and atomic force
microscopy. The electronic microscopy, in particular SEM, is the most used
technique to study the morphology of the nanoMIPs. To observe MIP
nanoparticles with this technique, it is fundamental treat the polymer
nanoparticles to make them conductive. One of the possible methods is a
treatment with osmium tetroxide (0OsO4) [20]. In some cases, also the
transmission electron microscopy is used [48, 55]. The measurement of the
dimensions with electron microscopy is done manually on the collected images
using a vector graphics editor.

Another used microscopy technique is the atomic force microscopy (AFM). In this
technique a cantilever scans the surface measuring the attraction force of the
atoms, creating a 3D map of these. The advantage of the AFM is that it is possible
to observe MIP nanoparticles without a conductive treatment, but only with an
immobilization on the analytical surface [40].

The other category of techniques is not based on the direct observation via images
of the sample but only on the measurement of a physical property. The most
commons are the dynamic light scattering (DLS) and the nanoparticles tracking
analysis (NTA). The DLS is a technique based on the capability of the particles
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suspension to scatter the laser-generated light [95]. NanoMIPs are insoluble in
water and, in this solvent, make a suspension usable for DLS analysis. This
technique is fast and not destructive for the sample. The sonication is used to
break the nanoparticles aggregates. It is largely applied to nanoMIPs, to measure
the hydrodynamic diameter, the zeta potential and the polydispersity index [43,
55, 58, 76]. The NTA technique is similar to DLS but in this case the scattering of
the laser-generated light is used only to illuminate the suspended nanoparticles.
The Brownian motions of the nanoparticles are followed by a camera, and the
instrument uses these data to determine the nanoparticles dimensions [95]. In the
recent years, NTA has joined DLS as techniques to measure nanoMIPs properties

[40].

1.4.3 Spectroscopic properties

Other two techniques are sometimes used to study the properties of the nanoMIPs.
To obtain information about the monomeric formulation and the presence of
functional groups the infrared spectroscopy can be useful. In particular, this
technique is not helpful to study the formulation of a self-produced polymer, but to
evaluate the quality of the polymerization [89].

NMR is helpful to study the interaction between the monomers, the polymers and
the template molecules. In particular, measuring the chemical shifts of the
template in the presence of an increasing concentration of different types of
monomers gives us information about the best monomer for the template [89]. It
is a univariate information and the effective interaction in the monomers mixture
can be different.
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1.5 CONCLUSIONS AND AIM OF THE WORK

The SPPS is the most promising technique to make nanoMIPs. Since its
introduction, the technique has had a big impact on the MIPs field, and a lot of
works have explored new applications and templates. Nevertheless, like every new
technology that involves several parameters, a lot of optimization steps and
experimental trials are required to find the best experimental conditions. In this
case, the ones which allow obtaining nanoMIPs with the highest affinity and
selectivity for the target molecule, and better morphological properties. Some of
the experimental parameters involved are: the monomers formulation, the ratio
between monomers, the time of polymerization, the presence of a waiting time
between the start of polymerization and the insertion of the template molecules in
the reaction environment, the type of -crosslinker, the environment of
polymerization and the length of the spacer arm.

In my PhD project, I explored some of these parameters, with two proof-of concept
templates, ciprofloxacin and rabbit immunoglobulins, described in the to which
the first part of this thesis (chapters 2-5).

In the second chapter, three conditions are evaluated: the type of reaction
environment (organic or water), the pH of the rebinding experiment environment,
and the length of the spacer arm, combined in an experimental design.

In the third chapter, a second experimental design is discussed, to pinpoint the
best monomeric ratio for the nanoMIPs imprinted in  water.
In the fourth chapter, the effect of the polymerization time in both synthesis
environments is described, trying to better understand the mechanism of
polymerization in addiction to finding the best polymerization conditions.

Finally, in the fifth chapter the effect of the change of the crosslinker on the
binding properties of the nanoMIPs, keeping unchanged the monomers molar
ratio, is discussed, exploring the influence of the rigidity of the polymeric lattice on
the binding.

The second part of this thesis is dedicated to the development of SPPS nanoMIPs
for different substances and their analytical applications.

In chapters 6 and 7, the study of nanoMIPs imprinted for the ochratoxin A and the
L-Thyroxine, respectively, are reported. For the former, the employment of the
mimic template was explored, while for the latter also the importance of the
grafted template orientation was evaluated.

Finally, in chapter 8, the application of the optimized nanoMIP for ciprofloxacin in
a solid phase extraction (SPE) device is described.
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Effect of different experimental conditions on the
binding abilities of ciprofloxacin nanoMIPs

2 EFFECT OF DIFFERENT EXPERIMENTAL CONDITIONS ON
THE BINDING ABILITIES OF CIPROFLOXACIN
NANOMIPS

2.1 INTRODUCTION

In recent years, as previously shown, the solid-phase synthesis was applied to a lot
of different template molecules. In general, most of the applications are based on
the synthesis protocol published by Piletksy et al. [1] without modifications except
for some cases [2]. In most of the examples reported in the introduction of this
thesis, nanoMIPs are prepared in an aqueous medium, using N,N'-methylene-bis-
acrylamide as a cross-linker and ammonium persulfate as a radical initiator. It is
also possible to find several examples of nanoMIPs prepared in polar organic
solvents, using ethylene dimethacrylate or trimethylolpropane trimethacrylate as a
cross-linker [3-7].

Empirically, every synthesis parameter can have an influence on the binding
capability of the nanoMIPs, and the influence may be, eventually, template-
dependent. Due to the impossibility to set each parameter for each template unless
a long experimental work, it is important to understand the MIP general behavior
and responses to create a scheme of the most important parameters to be
considered in their synthesis.

With the introduction of the SPPS technique, the synthesis in water environment
started to have a unprecedent key role in the MIP history. It is important to
evaluate how this more flexible synthesis can overcome the organic synthesis and
produce nanoMIPs with better binding properties. Furthermore, new parameters
were introduced with the SPPS technique, like the spacer arm that binds the
template molecules and the glass beads. In general, several factors will need to be
completely understood before considering this technique to be mature.

2.1.1 Aim of the work and objectives

The preparation of nanoMIPs by solid-phase synthesis seems to be a very versatile
method, where the experimental conditions can be changed according to the
current needs. Thus, to get more insights about the actual versatility of this
innovative approach, the goal of this work is to directly compare the binding
properties of nanoMIPs prepared with the same template but in different
experimental conditions.

In this works we selected and tested two different levels of two synthesis
parameters, as reported in Table 2-1: the length of the spacer arm that tie the
template molecules to the glass beads and the synthesis environment. Finally, the
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binding properties were assessed by measuring adsorption isotherms and binding
kinetics of the resulting nanoMIPs in aqueous medium at three different pHs.

Table 2-1 — Classification of the produced MIPs according to the experimental design (d
= 2, n = 4) by varying the spacer arm and synthesis environment conditions

Spacer arm

Long chain (LC) Short chain (SC)
Synthesis Acetonitrile (acn) acn LC-MIPs acn SC-MIPs
environment Water (w) w LC-MIPs w SC-MIPs

For this purpose, a fluoroquinolone antibiotic was chosen as template, the
ciprofloxacin, whose molecular imprinting has been widely described in the
literature [8-10], but none nanoMIPs preparation has not been described so far,
through the solid-phase synthesis technique. Ciprofloxacin was covalently bond to
glass beads, provided or not with a glutaraldehyde-based spacer arm ("long chain"
/ “short chain” beads) and nanoMIPs were synthesized in polymerization mixtures
based on different solvents (water vs. acetonitrile). The different type of synthesis
environment means the production of not identical nanoMIPs, because monomers
and radical initiators work differently in water and in organic solvent.
Summarizing, different radical initiators (ammonium persulfate vs. AIBN), cross-
linking agents (methylen-bis-acrylamide vs. EDMA / TRIM) and functional
monomers (acrylic acid / N-tert-butylacrylamide / isopropylacrylamide vs.
methacrylic acid) were used.
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2.2 EXPERIMENTAL

2.2.1 Materials

Glass beads were Spheriglass-2429 70-100 um average particle size (Potters, UK).
Ciprofloxacin was purchased by Supelco (Milan, Italy).

Acrylic acid (AA), 3-(aminopropyl)trimethoxysilane (APTMS), ammonium
persulphate (APS), azo-bis-isobutyronitrile (AIBN), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), ethylendiamine, ethylene
dimethacrylate (EDMA), glutaraldehyde (50% aqueous solution),
hexamethyldisilazane (HMDS), N-hydroxysuccinimide (NHS), N-
isopropylacrylamide (NIPAm), methacrylic acid (MAA), N,N'-methylen-bis-
acrylamide (BIS), morpholinethansulphonic acid (sodium salt, MES), sodium
borohydride, N-tert-butylacrylamide (TBAm), N,N,N’,N’-
tetramethylethylendiamine (TEMED), N,N’-diisopropylcarbodiimide (DIC), and
trimethylolpropane trimethacrylate (TRIM) were purchased by Sigma-Merck
(Milan, Italy).

Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The water used was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerization inhibitors in the monomers were removed by filtration
through activated basic alumina.

Antibiotic stock solutions were prepared by dissolving 10 mg of the substance in 25
mL of methanol/acetic acid 95/5 (v/v) then stored in the dark at -20 °C.

2.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads in 50 mL of 1 M aqueous
NaOH and boiled for 1 h. Then, they were diluted with 50 mL of ultrapure water
and filtered on a 0.22 um nylon membrane. The glass beads were washed with 100
mL of 1 M aqueous HCI and with ultrapure water till neutrality. Then they were
rinsed twice with acetone and dried at 60 °C overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS were added, and the
mixture let to react overnight. The glass beads were filtered on a 0.22 Um nylon
membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred in a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture let to react overnight. The
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end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a
0.22 Um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
After silanization, the amino groups available on the silanized glass beads surface

were determined by Kaiser’s method [11] as 1,1 {imol/g.

To introduce the glutaraldehyde-based spacer arm, 10 g of SC-glass beads were
transferred in a 25-mL glass vial, dispersed in 10 mL of a freshly prepared 5% (v/v)
glutaraldehyde solution in phosphate buffer (10 mM, pH 7.4) and incubated at 25
°C for 2 h. Then, 0.5 mL of freshly distilled ethylendiamine was added and the
flask was incubated at 25 °C for 2 hours. The pH of the mixture was adjusted to pH
10, 20 mg of sodium borohydride were added and after 1 h the glass beads, named
“long-chain beads” (LC-beads) were filtered on a 0.22 pm nylon membrane,
washed with ultrapure water, rinsed twice with acetone and dried at 60 °C
overnight.

2.2.3 Template immobilization

In 25-mL glass vials 20 mg of ciprofloxacin (0.06 mmol) were dissolved in 20 mL
of MES buffer (10 mM, pH 4.7), 104 mg of NHS (0.9 mmol) and 140 mg of EDC
(0.6 mmol) were added and the solutions incubated at 4 °C for 60 min. Then, they
were transferred in 100-mL flasks containing 10 g of aminated glass beads (SC or
LC). The suspensions were incubated at room temperature overnight, filtered on a
0.22 um nylon membrane, washed with ultrapure water, rinsed twice with acetone,
dried under vacuum at room temperature and stored in the dark at 4 °C.

F NHS / EDAC p
| OH (excess)
N N MES buffer, pH 4.7 (\N
A Cih

aminated glass spheres

PBS pH 7.4
r.t. ovn.

w@

Figure 2-1 - Covalent conjugation of ciprofloxacin on aminated glass beads
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2.2.4 Synthesis of nanoMIPs

The polymerization mixtures were prepared in according with the literature [1],
with minor modifications and adjusting the dilution of monomers to avoid
formation of unwanted lumps of polymer.

For nanoMIPs prepared in acetonitrile (acnSC-MIP and acnL.C-MIP), 0.946 mL of
MAA (11.15 mmol), 1.027 mL of EDMA (5.45 mmol), 1.019 mL of TRIM (3.19
mmol) and 50 mg of AIBN (0.30 mmol) were dissolved in 20 mL of acetonitrile.
Then, 5 mL of mixture were added to 25-mL polypropylene SPE cartridges
containing 2.5 g of SC- or LC-glass beads. The cartridges were purged with
nitrogen for 5 min, sealed and left to polymerize at 60 °C for 1 h in a roller-
equipped incubator. The supernatant was drained by vacuum aspiration, the dry
cartridges were cooled to 4 °C and polymerization by-products and low-affinity
nanoMIPs were washed with 5x2 mL of ice-cold acetonitrile. High affinity
nanoMIPs were collected by eluting the cartridges with 5x2 mL of methanol -
acetic acid 9+1 (v/v). The eluate was evaporated in a rotovap, weighted, and stored
at 4 °C.

For nanoMIPs prepared in water (wWSC-MIP and wLC-MIP), 20 mg of NIPAm
(0.177 mmol), 33 mg of TBAm (0.259 mmol, previously dissolved in 1 mL of
ethanol), 11 uL of AA (0.160 mmol) and 1 mg of BIS (0.0065 mmol) were dissolved
in 50 mL of ultrapure water. Then, 5 mL of mixture were added to 25-mL
polypropylene SPE cartridges containing 2.5 g of SC- or LC-glass beads. The
cartridges were purged with nitrogen for 5 min, 3 uL. of TEMED and 100 pL of 30
mg mL-1 aqueous solution of APS were added and the polymerization was carried
out at room temperature for 1 h in a roller-equipped incubator. The supernatant
was drained by vacuum aspiration, the dry cartridges were cooled to 4 °C and
polymerization by-products and low-affinity nanoMIPs were washed with 5x2 mL
of ice-cold water. High affinity nanoMIPs were collected by eluting the cartridges
with 5x2 mL of hot water. The eluate was lyophilized, weighted, and stored at 4 °C.

Not-imprinted polymers (NIPs) were prepared by precipitation polymerization in
the same experimental conditions in terms of composition of the polymerization
mixture, quantity of solvent and polymerization time, but without the presence of
functionalized glass beads. After the polymerization, the slightly opalescent
solution was filtered on 0.22 um nylon membranes to eliminate larger polymers,
dried (synthesis in acetonitrile) or lyophilized (synthesis in water), weighted, and
stored at 4 °C.

2.2.5 Coupling of nanoMIPs to glass beads

In 4-mL glass vials 1 mg of nanoMIPs were dissolved under sonication in 1 mL of

MES buffer (50 mM, pH 4.7), 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC

(0.138 mmol) were added and the solutions incubated at room temperature for 60

min. Then, they were transferred in 10-mL flasks containing 1 g of LC-glass beads.

The suspensions were incubated at room temperature overnight, filtered on 0.22
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um nylon membranes, washed with ultrapure water, rinsed twice with acetone,
dried under vacuum at room temperature and stored in the dark at 4 °C.

2.2.6 HPLC method

Reverse phase HPLC analysis was used for fluoroquinolones determination. The
HPLC apparatus (Merck-Hitachi, Milan, Italy) was a LaChrom Elite system
composed of a programmable binary pump L-2130, an auto-sampler L-2200, a
fluorescence detector L-2480, provided with EZChrom Elite software for the
instrumental programming, data acquisition and data processing. The column
used was a 100 mm x 4.6 mm Chromolith RP-18 (Merck, Milan, Italy). The mobile
phase was water/acetonitrile 85+15, formic acid 0.5% (v/v). Elution was
performed in isocratic conditions at a flow rate of 0.7 mL/min. The sample volume
injected was 5 pL, and the fluorescence wavelength were Aex=280/Aem=440 nm.
Ciprofloxacin solutions between 25 and 400 ng/mL were prepared in the eluent
immediately before use. The solutions were analyzed in triplicate and mean peak
areas were plotted against ciprofloxacin concentration. The calibration plot was
drawn by using a weighted linear regression (weight = 1/conc).

2.2.7 Determination of binding properties

To measure binding isotherms, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4 mL flat bottom amber glass vials. Then, 1.0 mL of
solutions containing increasing amounts of ciprofloxacin ranging from 25 to 400
ng was added. The vials were incubated for 2 hours at room temperature under
continuous agitation on a horizontal rocking table. Then, the solutions were
filtered on 0.22 um nylon membranes and the free amounts of ciprofloxacin were
measured by HPLC analysis. Each experimental point was assessed as the average
of two repeated measures.

To measure binding kinetics, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4 mL flat bottom amber glass vials. Then, 1.0 mL of
solutions containing 50 ng of ciprofloxacin were added and the vials were
incubated for time intervals between 0.5 and 8 minutes at room temperature
under continuous agitation on a horizontal rocking table. Then, the solutions were
immediately filtered on 0.22 pm nylon membranes, and the free amounts of
ciprofloxacin were measured by HPLC analysis. Each experimental point was
assessed as the average of two repeated measures.

Binding parameters were calculated by using SigmaPlot 12 (Systat Software Inc.,
Richmond, CA, USA). Non-linear least square fitting was applied to the averaged
experimental data. Binding isotherm parameters were calculated by using a
Langmuir binding isotherm model.
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Binding kinetics parameters were calculated by using a 1st order kinetic model:

B = Beq [1- exp(_kasst)]

where B is the ligand bond to the nanoMIP at time t, Beq the ligand bond to the
polymer at equilibrium and kass the association kinetic constant.

To assure robust results, weighted (1/y) Pearson VII limit minimization was
chosen as the minimization method. To avoid being trapped in local minima,
which would give incorrect results, minimizations were carried out several times
by using different initial guess values for the binding parameters.
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2.3 RESULTS AND DISCUSSIONS

2.3.1 Size and dimension of the nanoparticles

Under all the experimental conditions considered, the solid-phase synthesis
produced nanoMIPs fully soluble in water, resulting in transparent and colourless
solutions, without any perceivable turbidity. Yields calculated respect to the
amount of monomers in the polymerization mixtures were: 5.4 mg (2.5%) for
acnLC-MIP, 5.0 mg (2.3%) for acnSC-MIP, 1.9 mg (29%) for wLC-MIP, and 1.5
(23%) for wSC-MIP. Dynamic light scattering measurements performed on
nanoMIPs are reported in Figure 2-2. They show particles with diameters on the
order of magnitude of hundreds of nanometres (acnLLC-MIP: 166+87, acnSC-MIP:
147+96, wLC-MIP: 255+147, wSC-MIP: 198+73).
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Figure 2-2 - DLS of the four prepared nanoMIPs

2.3.2 Binding properties

As the binding properties of nanoMIPs towards ciprofloxacin can be obtained from
the analysis of their equilibrium binding isotherms, an efficient separation
between free and bond ligand is mandatory. So, we had to devise an experimental
approach that made this separation simple and fast, as slow methods like
ultrafiltration or dialysis did not represent a viable way. We have therefore chosen
to support the nanoMIPs on the same glass beads used for their synthesis in order
to easily separate by filtration the grafted beads — carrying the bond ligand — from
the solution which contains the free ligand.
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Preliminary experiments showed that bare glass beads, HDMS-silanized beads,
and beads functionalized with a spacer arm based on aminated glutaraldehyde
(LC-beads) were unable to bind ciprofloxacin in an aqueous medium in a pH range
between 4 and 8, while LC-beads grafted with NIPs showed a limited binding, with
calculated equilibrium binding constants in the order of magnitude of 104 M at
pH 6 (synthesis in water: Keq = 2.3+1.1 x104 M-; synthesis in acetonitrile: Keq =
8.9+1.1 x104 M),

As seen in the introduction, it is obviously not possible to prepare a “nanoNIP”
strictly following the solid-phase polymerization. In this works we have chosen to
use NIPs prepared by precipitation polymerization with the same formulation used
for the preparation of nanoMIPs. In the literature there are examples of MIPs
which show unexpected molecular recognition properties towards molecules
completely unrelated to the template [12-14]. For precaution, on the assumption
that different polymerization methods have only limited effects on the binding
properties of NIPs [15-16]. Therefore, it is plausible that whatever observed
absorption of ciprofloxacin by the grafted beads is attributable mainly to the
interaction of the antibiotic molecules with nanoMIPs, thus excluding the presence
of any other non-specific binding.

The binding parameters obtained from binding isotherm and association kinetics
plots (Figures 2-3 a-d) are reported in Tables 2-2 and 2-3. They confirm the
versatility of the solid-phase synthesis approach as, regardless of the
polymerization conditions, nanoMIPs strongly bind ciprofloxacin in buffered
water, with equilibrium binding constants (Keq) ranging from 105 to 107 M. It is
noteworthy that these values are about 100-1000 times higher than those reported
in the literature for ciprofloxacin-imprinted polymers prepared by bulk
polymerization [17-18], and they approach the average affinity values reported in
the literature for natural antibodies directed towards small organic molecules [19].
The increased affinity for ciprofloxacin can be explained on the basis that the solid-
phase polymerization technique allows to easily separate low affinity nanoMIPs
from higher affinity ones by simply washing the glass beads once the
polymerization is finished.
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Figure 2-1 — Plot of the isotherms and kinetics of all the experimental conditions. To
simplify it is adopted an unify color code for the MIPs and the pH. a) binding isotherm
plots for nanoMIPs prepared in a) acetonitrile and b) water, and association kinetics
plots for nanoMIPs prepared in c) acetonitrile and d) water.

The dot identifies the type of nanoMIP, and the code is:
:racn LC-MIP, GREY: acn SC-MIP, GREEN: w LC-MIP, BLUE: w SC-MIP

The line identifies the buffer pH of the rebinding experiment, and the code is:
: pH 6, PURPLE LINE: pH 8

RED LINE: pH 4,

50



Effect of different experimental conditions on the
binding abilities of ciprofloxacin nanoMIPs

Table 2-2 - calculated binding equilibrium parameters (+ standard error) for
ciprofloxacin measured on nanoMIPs at pH 4, 6, and 8.

polymer buffer pH  Keq, x 10 M Bmax, nmol/g
4 0.82 + 0.15 2.94 + 0.01
acn LC-MIP 6 3.20 £ 0.35 3.62 + 0.01
8 6.35 + 0.83 3.51 + 0.01
4 1.05 £ 0.17 2.02 + 0.01
acn SC-MIP 6 4.91 + 0.52 3.03 £ 0.01
8 7.49 + 0.38 3.12 £ 0.09
4 15.40 £ 1.26 1.65 £+ 0.01
w LC-MIP 6 3.25 + 0.24 5.31 + 0.02
8 0.21 + 0.07 40.2 £ 0.05
4 12.16 + 1.23 0.63 £ 0.01
w SC-MIP 6 3.33 £ 0.31 2.31 + 0.00
8 0.27 £ 0.18 1.82 £ 0.01

Table 2-3 - Calculated association and dissociation rate parameters (+ standard error)

Jor ciprofloxacin measured on nanoMIPs at pH 4, 6, and 8.

polymer buffer pH  Kass, x 10 M1 min Kais, min™

4 1.36 £ 0.21 1.66 + 0.41

acn LC-MIP 6 2.89 + 0.44 0.90 + 0.17
8 3.60 £+ 0.55 0.57 £ 0.11

4 1.93 £ 0.60 1.84 + 0.64

acn SC-MIP 6 2.07 £ 0.52 0.61 + 0.12
8 3.94 + 0.11 0.53 + 0.03

4 3.81 £ 0.23 0.25 + 0.03

w LC-MIP 6 2.70 £+ 0.20 0.83 +£ 0.09

8 0.60 £ 0.08 2.83 £ 1.01

4 4.24 £ 0.54 0.35 + 0.06

w SC-MIP 6 2.26 + 0.29 0.68 £ 0.11

8 0.71 £ 0.20 2.62 £ 1.87
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Equilibrium binding constants (Keq) can be dissected into the association (kass) and
dissociation (kdis) kinetic rate constants, such that Keq=Kass/Kkdis. It may therefore be
interesting to examine the values of these rate constants in the case of nanoMIPs.
As reported in figure 2-4, it is possible to observe a marked inverse proportionality

between the values of kass and kais, where the values of kdis decreases compared to
the values of Kass.
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Figure 2-4 — Plot of the constants of dissociation ka;s vs constants of association kss.
Error bars indicate 1 std. error unit

It follows that the resulting value of Keq depends simultaneously on both the
association and dissociation rate constants. The kass values are in the order of
magnitude of 106 M min? (0.60-4.24), comparable to those reported in the
literature for antibodies directed towards organic molecules (100-107 M-t min-)
[20]. This is not surprising, as it means that ciprofloxacin associates to the binding
sites with kinetic rates comparable to natural antibodies, indicating the same
diffusion-controlled process. On the contrary, nanoMIPs dissociate faster than
natural antibodies, with kdis values located in a range from 0.07 to 1.26 min-,
markedly differing from the average value of 0.01-0.1 min? reported in the
literature for natural antibodies [20].

52



Effect of different experimental conditions on the
binding abilities of ciprofloxacin nanoMIPs

2.3.3 Effect of spacer arm on ciprofloxacin binding

In analogy with the solid-phase peptide synthesis techniques [21], the
presence/absence of a spacer arm between the surface of the glass beads and the
covalently grafted template may influence the growth of the nanoMIP structure
through steric hindrance effects. For this reason, we decided to covalently bind
ciprofloxacin to aminated glass beads provided or not with a glutaraldehyde-based
spacer arm ("long chain" / “short chain” beads), Concentrated aqueous solutions of
glutaraldehyde are known to spontaneously polymerize to form mixtures of linear
polymers of varying length [22]. Thus, glutaraldehyde-grafted glass beads ensure
that the template is placed sufficiently far from the glass surface to minimize steric
hindrance effects.

The comparison of equilibrium binding constants for pairs of nanoMIPs
synthetized onto SC- or LC-beads shows small but systematic differences.
NanoMIPs prepared in acetonitrile onto LC-beads (acnL.C-MIP) have less affinity
than nanoMIPs prepared in acetonitrile onto SC-beads (acnSC-MIP), while
nanoMIPs prepared in water onto LC-beads (wLC-MIP) have greater affinity than
nanoMIPs prepared in water onto SC-beads (wSC-MIP). However, a more in-
depth analysis that takes into account the uncertainty on the calculated value of
the constants shows no statistically relevant differences (t-test: a=0.05, n=10,
t=0.13-1.72) between pairs. Therefore, it is not possible to say with certainty that
the presence of a spacer arm on the glass beads has an influence on the affinity of
the resulting nanoMIPs. The same can be observed comparing the association rate
constants of nanoMIPs synthetized onto SC- or LC-beads, as no statistically
relevant differences (t-test: a =0.05, n=8, t=0.24-2.02) between pairs can be
observed. It indicates that the presence of a spacer arm on the glass beads has not
an influence on the velocity of association of the resulting nanoMIPs.

On the contrary, the comparison of binding site density (Bmax) for pairs of
nanoMIPs synthetized onto SC- or LC-beads shows large and systematic
differences confirmed by statistical analysis (t-test: a =0.05, n=10, t=2.46-25.25).
NanoMIPs prepared in acetonitrile or water onto LC-beads (acnL.C-MIP, wLC-
MIP) have higher binding site density than nanoMIPs prepared in acetonitrile or
water onto SC-beads (acnSC-MIP, wSC-MIP). The grafting protocol on glass beads
is identical for all the nanoMIPs considered, so it is reasonable to assume that the
quantity of nanoMIPs grafted is the same. Consequently, different Bmax values
must depend on the experimental conditions of nanoMIP preparation. Since it
does not seem to be a significant difference between nanoMIP prepared in water
and acetonitrile (see section 2.3.4), it can be concluded that it is the presence of the
spacer arm to control the density of the binding sites, probably through a steric
hindrance effect between the growing polymer and the glass surface.
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2.3.4 Effect of polymerization conditions on ciprofloxacin binding

As stated in the introduction, nanoMIPs can be obtained by solid-phase synthesis
using very different polymerization mixtures. Polymerization in aqueous
environment typically involves the use of polar functional monomers, N,N’-
methylen-bis-acrylamide as a cross-linker and ammonium persulphate as a radical
initiator. On the contrary, polymerization in an organic environment — typically
acetonitrile — involves the use of less polar functional monomers, using ethylene
dimethacrylate or trimethylolpropane trimethacrylate as cross-linkers and radical
initiators such as AIBN or RAFT agents. It is therefore possible that nanoMIPs
produced from significantly different polymerization mixtures can exhibit different
binding properties towards the same ligand.

The comparison of binding parameters for nanoMIPs synthetized in acetonitrile
(acnLC-MIP/acnSC-MIP) or water (WLC-MIP/wSC-MIP) shows a strong
dependence from the pH of the rebinding buffer. This dependence can be traced
back to the solvent in which the nanoMIPs are prepared and the protonation state
of template and functional monomers. In fact, in both the polymerization mixtures
it is present a pH-sensitive functional monomer (methacrylic acid in acetonitrile-
based mixtures, acrylic acid in water-based mixtures) and ciprofloxacin presents
two substituents subject to acid-base equilibria: a secondary nitrogen on the
piperazinyl ring (pKa=8.74) and a carboxylic group on the quinolone structure

(pKa=6.09) [23].

About equilibrium binding constants, as reported in Figure 2-5, when the pH of
the buffer increases, the values are decreasing for nanoMIPs prepared in water,
while they increase for those prepared in acetonitrile. Concerning the first one, the
concentration of acrylic acid is 3.2 mM, corresponding to a calculated pH of about
3.4. In these conditions, the protonated form of the acid prevails, ruling out ionic
interactions with the protonated secondary nitrogen but not hydrogen bond-based
interactions with the grafted template. Thus, when nanoMIPs prepared in water
rebind ciprofloxacin, binding is strongest at pH 4, where carboxyls in the polymer
structure are fully protonated and hydrogen bonding is possible, but it decreases at
higher pHs, where carboxyls deprotonate progressively, losing the ability to
establish hydrogen bonds.
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Figure 2-5 - Effect of buffer pH on the equilibrium binding constants (Keq)

Concerning the synthesis in acetonitrile, grafted template and methacrylic acid are
in their neutral forms, but an ion pair could form anyway between the acid and the
secondary nitrogen. Thus, when nanoMIPs prepared in acetonitrile rebind
ciprofloxacin, an acidic buffer suppresses the ion pair interaction (methacrylic acid
is protonated and neutral, secondary nitrogen on ciprofloxacin is positively
charged), while neutral or basic buffers stabilizes the ion pair interaction
(methacrylic acid is deprotonated and negatively charged, secondary nitrogen on
ciprofloxacin is yet positively charged), thus increasing the binding affinity.

About the association rate constants, as reported in Figure 2-6, the values show the
same trend as the equilibrium binding constants, decreasing when pH increases in
the case of nanoMIPs prepared in water, and increasing when pH increases in the
case of nanoMIPs prepared in acetonitrile. These trends can be explained in the
light of what has been said in the case of the equilibrium constant: nanoMIPs show
an increasing loss of binding ability due to the progressive deprotonation of
polymeric carboxyls (nanoMIPs prepared in water) or the suppression of ion-pairs
(nanoMIPs prepared in acetonitrile), causing a slowing of the association and an
acceleration of the dissociation processes. It is presumably due to the progressive
deformation of the binding site, which becomes less tight and therefore less able to
bind and retain the ciprofloxacin molecule.
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Figure 2-6 - Effect of buffer pH on the association rate binding constants (Kass)

The effect of the formulation of the polymerization mixture on the density of
binding sites is reported in Figure 2-7.

A statistically significant increase in values passing from pH 4 to pH 6 is observed
for all nanoMIPs (t-test: a=0.05, n=10, t=3.64-15.5), while a further increase from
pH 6 to pH 8 — although observable — is not significant (t-test: a=0.05, n=10,
t=0.25-2.08). This increase therefore occurs when the nanoMIPs are in a non-
acidic environment. A possible explanation consists in the establishment of
electrostatic repulsion between deprotonated carboxyls, which could cause an
expansion of the polymer structure, with consequent greater accessibility of
binding sites otherwise hidden.
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2.4 CONCLUSIONS

The experimental results reported here confirm that the solid phase synthesis of
molecularly imprinted polymers is a very flexible approach, where the
experimental conditions such the nature of the polymerization mixture (N,N’-
methylen-bis-acrylamide vs. ethylene dimethacrylate / trimethylolpropane
trimethacrylate) or the polymerization environment (water vs. acetonitrile) are
decisive in defining the binding properties of the resulting nanoMIPs through
different non-covalent interactions that can be established between the polymer in
formation and the immobilized template during the polymerization process.
Moreover, these results show also that the solid phase synthesis approach is a
powerful technique to easily prepare nanoMIPs fully compatible with the aqueous
environment, with reduced non specific binding (<103 M), high equilibrium
binding constants (105-107 M) and fast association rate constants (=10°® M-'min-?),
values which are comparable to those of natural antibodies.

The water polymerization is not secondary than the acetonitrile one, and
nanoMIPs with the same properties or even better were obtained. We found out
that the spacer arm length has more significant effect on the binding site density
than on the binding constants. The latter parameter was not further investigated.
We also shed light on the importance of the pH of the rebind experiment
environment a crucial parameter — not involved in the imprinting process — that it
has an enormous influence on the binding properties. A study that does not
consider this parameter could turn into a failure even if in the presence of a good
nanoMIP.

In conclusion, if compared to traditional imprinted polymers, the enhanced
binding properties of nanoMIPs prepared by solid-phase synthesis make these
nanomaterials very promising recognition elements for applications in fields where
aqueous compatibility, low non specific binding, high affinity and fast binding
kinetics are basic requirements.
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3 AN EXPERIMENTAL DESIGN ON THE MONOMERIC
FORMULATION FOR THE WATER SYNTHESIS NANOMIPsS

3.1 INTRODUCTION

While the synthesis in organic environment and the monomers used for this have
been subject of study in the last forty years, the water synthesis is an almost virgin
field. Except some previous applications with the precipitation MIP [1], the water
synthesis has become a leading actor with the solid phase synthesis. The previous
chapter was investigated on the influence of the spacer arm length and the pH
rebinding condition in this environment, without exploring the effect of different
monomers or the change in ratio of these. The use of a very uncommon crosslinker
like the N,N'-methylen-bis-acrylamide in a so little amount is also a source of
questions. Also, it is very important exploring the role on the binding capability of
all the used monomers in a multivariate approach. For these purposes, it is
possible to investigate several types of monomers, and the molar ratio between
them, for each template to individuate the bests. But, in the case of the
ciprofloxacin template, there is yet a starting formulation from the previous works.
For this, it is possible to focus only on the study of the effect of a modification of
the monomeric molar ratio.

3.1.1 Aim of the work and objectives

In the formulation for the water synthesis nanoMIPs for the ciprofloxacin there are
four functional monomers [2]: the acrylic acid, with the capability to make
hydrogen bonds; the TBAm, with the capability to enstablish hydrophobic
interactions; the NIPAm, that give the thermoresponsive behaviour to the
nanoparticles and the BIS that is the crosslinker agent. To explore the effect of
each monomer on the binding capability, and the multivariate effect of the
combination of these, a two-factor central composite (d = 2, n = 9) experimental
design was employed, by varying the relative quantity of the cross-linker (1-5
mol%) and the H-bond donor/acceptor monomer (acrylic acid, 10—50 mol%) in
the polymerization mixtures. It was chosen to keep unchanged the amount of
thermoresponsive monomer NIPAm, to maintain constant this behaviour and
eliminate a possible change in the amount of recovered nanoMIPs from the
synthesis. To choose the relative quantities of monomers, we started from the
previously used monomer mixture, and we varied the amount of acrylic acid and
BIS in three levels. The quantity of TBAm is dependent from the other two varied
monomers. To study the nine nanoMIPs obtained, we evaluated the binding
properties including the affinity to the ciprofloxacin and the selectivity to the
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levofloxacin. The influence of the monomeric mixtures on these properties was
determinated through the use of a multilinear regression model.
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3.2 EXPERIMENTAL

3.2.1 Materials

Glass beads were Spheriglass-2429 70-100 um average particle size (Potters, UK).
Ciprofloxacin was purchased from Supelco (Milan, Italy).

Acrylic acid (AA), 3-(aminopropyl)trimethoxysilane (APTMS), ammonium
persulphate (APS), azo-bis-isobutyronitrile (AIBN), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), hexamethyldisilazane (HMDS), N-
hydroxysuccinimide (NHS), N-isopropylacrylamide (NIPAm), N,N'-methylen-bis-
acrylamide (BIS), morpholinethansulphonic acid (sodium salt, MES), sodium
borohydride, N-tert-butylacrylamide (TBAm), N,N,N’,N’-
tetramethylethylendiamine (TEMED), ciprofloxacin (CPX), levofloxacin (LVX),
N,N-dimethylaminopyridine (DMAP), N,N’-diisopropylcarbodiimide (DIC),
succinic anhydride were purchased from Sigma-Merck (Milan, Italy).

Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The water used was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerisation inhibitors in the monomers were removed by filtration
through activated basic alumina.

Antibiotic stock solutions were prepared by dissolving 10 mg of the substance in 25
mL of methanol/acetic acid 95/5 (v/v) then stored in the dark at -20 °C.

3.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads in 50 mL of 1 M aqueous
NaOH and boiled for 1 h. Then, they were diluted with 50 mL of ultrapure water
and filtered on a 0.22 pm nylon membrane. The glass beads were washed with 100
mL of 1 M aqueous HCI and with ultrapure water till neutrality. Then they were
rinsed twice with acetone and dried at 60 °C overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS were added, and the
mixture let to react overnight. The glass beads were filtered on a 0.22 pm nylon
membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred in a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture let to react overnight. The
end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a

0.22 Um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
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After silanization, the amino groups available on the silanized glass beads surface
were determined by Kaiser’s method as 1,1 umol/g.

3.2.3 Synthesis of ciprofloxacin hemisuccinamide

The template molecule, ciprofloxacin hemisuccinamide (Figure 3-1), was
synthesized according to a modification of the procedure given by Noé€l et al. [3].
Succinic anhydride (100 mg, 1 mmol) was added to a suspension of CPX (331 mg, 1
mmol) in DMSO (2.0 mL) containing a catalytical amount of DMAP. The reaction
mixture was stirred under nitrogen overnight at 95 °C and cooled down to room
temperature. The resulting precipitate was filtered, washed successively with water
and diethylether, and dried under reduced pressure. The expected
hemisuccinamide was isolated as a fluffy white powder (98 mg, yield 75%),
deemed pure by MS-HPLC (ESI: m/z 431.1 [MH+]).

" | OH
J ST

)

Figure 3-1 - Ciprofloxacin hemisuccinamide

3.2.4 Template immobilization

In 25-mL glass vials 10 mg of hemisuccinade ciprofloxacin (0.231 mmol) were
dissolved in 10 mL of DMF, 26.7 mg of NHS (0.232 mmol) and 29.3 mg of DIC
(0.232 mmol) were added and the solutions incubated for 60 min. Then, they were
transferred in 25-mL flasks containing 5 g of aminated glass beads. The
suspensions were incubated at room temperature overnight, filtered on a 0.22 pym
nylon membrane, washed with DMF, rinsed twice with acetone, dried under
vacuum at room temperature and stored in the dark at 4 °C.

3.2.5 Synthesis of nanoMIPs

For the nanoMIPs synthetized in water, the polymerization mixtures were
prepared in according with the literature [4], with minor modifications. Nine pre-
polymerization mixture were prepared with the same monomers but in different
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molar ratio as reported in Table 3-1. The pre-polymerization mixtures were
prepared in 25 mL of ultrapure water by mixing under sonication.

Table 3-1 - Formulation of the nine polymers. For each monomer are reported the molar
ratio in the monomer mixtures, the mmol and the mass dissolved in 25 ml of ultrapure
water. For the Acrylic acid is reported the volume instead of mass.

| Polymer | Bis | AAC | TBAm | NIPAm | |
3 17 30 %

50
A 0.00975 0.1625 0.05525 0.0975 mmol
0.0015 11.14 0.0070 0.0110 gorpul
2 40 28 30 %
B 0.0065 0.13 0.091 0.0975 mmol
0.0010 8.91 0.0116 0.0110 gorpl
4 40 26 30 %
C 0.013 0.13 0.0845 0.0975 mmol
0.0020 8.91 0.0107 0.0110 gor ul
1 30 39 30 %
D 0.00325 0.0975 0.12675 0.0975 mmol
0.0005 6.68 0.0161 0.0110 gorpl
3 30 37 30 %
E 0.00975 0.0975 0.12025 0.0975 mmol
0.0015 6.68 0.0153 0.0110 gorpul
53 30 35 30 %
F 0.01625 0.0975 0.11375 0.0975 mmol
0.0025 6.68 0.0145 0.0110 gorpul
2 20 48 30 %
G 0.0065 0.065 0.156 0.0975 mmol
0.0010 4.46 0.0198 0.0110 gorpl
4 20 46 30 %
H 0.013 0.065 0.1495 0.0975 mmol
0.0020 4.46 0.0190 0.0110 gorul
3 10 57 30 %
I 0.00975 0.0325 0.18525 0.0975 mmol
0.0015 2.23 0.0236 | 0.0110 gorpul

Then, 5 mL of mixture was added to 50-mL polypropylene SPE cartridge
containing 2.5 g of template functionalized glass beads. The cartridges were purged
with nitrogen for 5 min. 3 uL. of TEMED and 100 pL of 30 mg mL* aqueous
solution of APS were added and the polymerization was carried out at room
temperature for 1 hour in a roller-equipped incubator. The supernatant was
drained by vacuum aspiration, the dry cartridges were cooled to 4 °C and
polymerization by-products and low-affinity nanoMIPs were washed with 10x2
mL of ice-cold water. High affinity nanoMIPs were collected by eluting the
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cartridges at room temperature with 5x3 mL hot water and 5x1 mL of 90%
methanol/10% acetic acid v/v. The eluates were purified by gel-filtration in
ultrapure water onto a 26 x 250 mm Sephadex G25 column. The nanoMIPs were
isolated by centrifugation at 14000 x g, dried by lyophilisation and stored at 4 °C.

3.2.6 Coupling of nanoMIPs to glass beads

In 4-mL glass vials 1 mg of nanoMIPs was dissolved under sonication in 1 mL of
MES buffer (50 mM, pH 4.7); 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC
(0.138 mmol) were added and the solutions incubated at room temperature for 60
min. Then, they were transferred in 10-mL flasks containing 1 g of amminated
glass beads. The suspensions were incubated at room temperature overnight,
filtered on 0.22 pm nylon membranes, washed with ultrapure water, rinsed twice
with acetone, dried under vacuum at room temperature and stored in the dark at 4
°C.

3.2.7 HPLC method

Reverse phase HPLC analysis was used for fluoroquinolones determination. The
HPLC apparatus (Merck-Hitachi, Milan, Italy) was a LaChrom Elite system
composed of a programmable binary pump L-2130, an auto-sampler L-2200, a
fluorescence detector L-2480, provided with EZChrom Elite software for the
instrumental programming, data acquisition and data processing. The column
used was a 100 mm x 4.6 mm Chromolith RP-18 (Merck, Milan, Italy). The mobile
phase was water/acetonitrile 85+15, formic acid 0.5% (v/v). Elution was
performed in isocratic conditions at a flow rate of 0.7 mL/min. The sample volume
injected was 5 pL, and the fluorescence wavelength were Aex=280/Aem=440 nm for
the ciprofloxacin, and Aex=280/Aem=540 nm for the levofloxacin. Ciprofloxacin
solutions between 0.5 and 50 ng/mL were prepared in the eluent immediately
before use. The solutions were analyzed twice and mean peak areas were plotted
against fluoroquinolone concentration. The calibration plot was drawn by using a
weighted linear regression (weight = 1/conc).

3.2.8 Determination of binding properties

To measure binding isotherms, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4 mL flat bottom amber glass vials. Then, 1.0 mL of
phosphate buffer (20 mM, pH 6) containing increasing amounts of
fluoroquinolone ranging from 0.5 to 25 ug was added. The vials were incubated for
2 hours at room temperature under continuous agitation on a horizontal rocking
table. Then, the solutions were filtered on 0.22 um nylon membranes and the free
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amounts of ciprofloxacin were measured by HPLC-fluorescence analysis. Each
experimental point was assessed as the average of two repeated measures.

Binding parameters were calculated by using SigmaPlot 12 (Systat Software Inc.,
Richmond, CA, USA). Non-linear least square fitting was applied to the averaged
experimental data. Binding isotherm parameters were calculated by using a
Langmuir binding isotherm model.

The binding selectivity, a, was calculated as:

K.qlevofloxacin

K.qciprofloxacin

where Keq ciprofloxacin and Keq levofloxacin are the equilibrium binding constants
calculated for ciprofloxacin and levofloxacin, respectively.

@) OH

Figure 3-2 - Structure of the levofloxacin
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3.3 RESULTS AND DISCUSSIONS

The binding affinities for ciprofloxacin calculated with Langmuirian binding
models (the results of which are reported in Table 3-2) were fitted against the
molar percentages of AA and TBAm by using a six-parameter polynomial model (z
= ao + a1(BIS) +a2(AA) + a3(AA*BIS) +a4(BIS)2 + a5(AA)2). The mathematical levels
used for the experimental design elaboration are reported in the Table 3-3. The
six-parameters polynomial model was applied for both the substances used in the
rebinding experiments: the ciprofloxacin, to calculate the nanoMIP affinity for the
template molecule, and the levofloxacin, to evaluate the selectivity of the binding
sites for a template-homologue molecule.

Table 3-2 - Binding proprieties values for the ciprofloxacin and the levofloxacin. The
values are reported with + 1 standard deviation.

CIPROFLOXACIN LEVOFLOXACIN
Polymer (0 (ot =) s D o) | SEERITIE
A 2.05 +1.12 8.3+21 <0.01 2+5 <0.01
B 2.44 + 0.68 7.6 £ 1.1 <0.01 2+5 <0.01
C 4.01 + 0.62 8.8 +0.7 <0.01 2+5 <0.01
D 3.99 £ 0.57 5.4 £ 0.3 3.57 £ 1.50 2.73 + 0.81 0.90
E 1.39 + 0.27 10.7 £ 1.4 1.15 + 0.43 5.10 + 2.80 0.83
F 3.00 + 0.75 18.8 + 2.9 5.01 + 2.85 1.34 + 0.43 1.67
G 3.08 £ 0.83 9.5+1.4 3.37 £ 1.67 1.98 + 0.64 1.09
H 0.63 £ 0.76 19.8 £ 20.8 3.09 + 1.64 2.51 + 0.90 4.90
) | 0.37 +£ 0.73 43.8 +77.8 2.99 + 1.63 5.30 £ 2.16 8.08
Table 3-3 - Experimental design levels for the variables
Acrylic acid BIS
Polymer % mol expl.e(‘i]ﬁlgn % mol expl.e(ill(;?lgn

A 50 2 3 0]

B 40 1 2 -1

C 40 1 4 1

D 30 0] 1 -2

E 30 0 3 o

F 30 0 5 2

G 20 -1 2 -1

H 20 -1 4 1

I 10 -2 3 0]
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In the figure Figure 3-3 and Table 3-4 are reported the MLR responding surface
and the mathematical coefficient for the Keq of the ciprofloxacin. The response
surface fits quite well with the experimental design points used, with a r2 of 0.8164
and a fit standard error of 0.146. As the employed polynomial model provides an
interaction term between the independent variables (parameter as), the resulting
surface shows an obvious saddle shape, with two distinct regions where the
binding affinities are higher (low cross-linker amount — low acrylic acid amount
and high cross-linker amount — high acrylic acid amount) and an intermediate
region with a saddle-centered maximum where the binding affinities are the lowest
in condition of high cross-linker amount — low acrylic acid amount. It should be
noted that the formulation of the polymerization mixture previously used [1]
corresponds to a response surface region characterized by high binding constants.
For these reasons, several polymers with very different molar composition were
potentially suitable for this characteristic: Polymers C and F on one side, polymers
D and G on the opposite.

Response Surface

Keq (x106 M)

AN |

BIS

Figure 3-3 - Responding surface of the MLR for the ciprofloxacin bindings K,

Table 3-4 - Non linear fitting of 6-parameters polynomial model for the two-factor
central composite (d=2, n=9) experimental design for the ciprofloxacin binding

Parameters value + 1 s.e.
ao 1.9844 + 0.4270
ai -0.2383 + 0.1654
a: 0.5083 + 0.1654
az 1.0050 + 0.2864
a, 0.4148 + 0.1601
as -0.1565 + 0.1601
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The MLR responding surface and the mathematical coefficient for the Keq of the
levofloxacin are reported in Figure 3-4 and Table 3-5. The response surface fits
worse the experimental design points than the ciprofloxacin, with a r2 of 0.7357
and a fit standard error of 0.148. The shape is different from the previous, with a
half pipe shape. The interaction term between the independent variables is much
smaller (0,07 vs 1), and there are high Keq for low acrylic acid amount MIPs and for
extreme BIS amount MIPs. Also, for the polymer A, B and C it was very difficult to
calculate the binding properties because the binding recognition is very bad, and,
in general, the Bmax for the levofloxacin are much lower than for the ciprofloxacin.
The polymers with medium amount of acrylic acid — low cross-linker amount have
a very bad selectivity. In general, the area around the polymer C presents high
affinity and high selectivity.

Response Surface y

Keq (x106 M)

Figure 3-4 - Responding surface of the MLR for the K.q of the levofloxacin

Table 3-5 - Non linear fitting of 6-parameters polynomial model for the two-factor
central composite (d=2, n=9) experimental design for the levofloxacin binding

Parameters value + 1 s.e.
ao 0.7922 + 0.7170
a: 0.2167 £ 0.2777
a- -1.0333 + 0.2777
as 0.0700 + 0.4810
ay 0.8521 + 0.2689
as 0.1546 + 0.2689
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3.4 CONCLUSIONS

In this work, it was demonstrated that the optimization of the monomeric mixtures
is a crucial step in the development of a good nanoMIP, and also a little
modification can produce very different affinity properties. Furthermore, it was
demonstrated that the effect of a change in the monomeric ratio is a multivariate
phenomenon, and it is impossible to consider a variation of an only single element
to improve the binding capability. Also, good experimental conditions to make a
nanoMIP were individuated, in particular for the ciprofloxacin. The polymers C
and G present excellent affinities for the template molecule (Keqin order of 106 M)
and good selectivity. In general, the synthesis in water environment produces
nanoMIPs with good affinity capability in every tried condition.
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4 EFFECT OF POLYMERIZATION TIME ON THE BINDING
PROPERTIES OF CIPROFLOXACIN NANOMIPS

4.1 INTRODUCTION

In the solid phase polymerization synthesis, the polymerization proceeds like in a
precipitation polymerization, but in presence of the grafted template molecule on
the glass beads. As mentioned in the introduction, the exact mechanism of
formation of the nanoparticles is not actually known but only hypothesized [1]. It is
possible that the polymerization process starts anywhere in the rection
environment, but it is probably favoured around the template molecules. This
seems to be confirmed by the experiment reported in chapter 2, where a lower
yield of imprinted MIPs was obtained with respect to the starting amount of
monomers. One of the possible parameters that can be investigated to better
understand this mechanism is the time of polymerization, which may also
influence the binding properties of the nanoMIPs. Currently, only few published
data on this topic are available [1-4]. In fact, available experimental protocols
provide for very short reaction times — from few seconds to tens of minutes — when
using the UV-initiated polymerization, or longer times when using the persulfate /
TEMED initiator system. However, it is necessary to keep in mind that such
polymerization times are intended as reasonable temporal intervals for the
polymerization to occur, but there is still no formation of precipitated particles.
Consequently, it could be interesting to check if the polymerization time has an
effect on the binding properties of nanoMIPs.

4.1.1 Aim of the work and objectives

Here is presented an explorative study about the effect of different polymerization
times on the binding properties of ciprofloxacin-imprinted nanoMIPs. The
nanoMIPs were produced in both the synthesis environment, water and
acetonitrile, at different time, between 10 minutes and 5 hours. The previously
optimized synthesis conditions were used, i.e. monomeric formulation
(formulation G in water — see chapter 3), spacer arm and rebinding buffer
condition (see chapter 2). The binding properties were studied by partition
equilibrium and rebind kinetic experiments to measure the binding affinity and
the kinetic rate constants. Furthermore, selectivity and non-specific binding were
valued by measuring the rebinding of levofloxacin onto ciprofloxacin-imprinted
nanoMIPs, and ciprofloxacin onto diclofenac-imprinted nanoMIPs, respectively.
The morphology properties of the nanoparticles were also studied, using a
dynamic light scattering instrument to measure the nanoMIPs hydrodynamic
dimensions.
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4.2 EXPERIMENTAL

4.2.1 Materials

Glass beads were Spheriglass-2429 70-100 um average particle size (Potters, UK).
Ciprofloxacin was purchased fromSupelco (Milan, Italy).

Acrylic acid (AA), 3-(aminopropyl)trimethoxysilane (APTMS), ammonium
persulphate (APS), azo-bis-isobutyronitrile (AIBN), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), ethylendiamine, ethylene
dimethacrylate (EDMA), hexamethyldisilazane (HMDS), N-hydroxysuccinimide
(NHS), N-isopropylacrylamide (NIPAm), methacrylic acid (MAA), N,N'-methylen-
bis-acrylamide (BIS), morpholinethansulphonic acid (sodium salt, MES), sodium
borohydride, N-tert-butylacrylamide (TBAm), N,N,N’,N’-
tetramethylethylendiamine (TEMED), ciprofloxacin (CPX), levofloxacin (LVX),
N,N-dimethylaminopyridine (DMAP), N,N’-diisopropylcarbodiimide (DIC),
succinic anhydride and trimethylolpropane trimethacrylate (TRIM) were
purchased from Sigma-Merck (Milan, Italy).

Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The water used was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerisation inhibitors in the monomers were removed by filtration
through activated basic alumina.

Antibiotic stock solutions were prepared by dissolving 10 mg of the substance in 25
mL of methanol/acetic acid 95/5 (v/v) then stored in the dark at -20 °C.

4.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads in 50 mL of 1 M aqueous
NaOH and boiled for 1 h. Then, they were diluted with 50 mL of ultrapure water
and filtered on a 0.22 pm nylon membrane. The glass beads were washed with 100
mL of 1 M aqueous HCI and with ultrapure water till neutrality. Then they were
rinsed twice with acetone and dried at 60 °C overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS were added, and the
mixture let to react overnight. The glass beads were filtered on a 0.22 um nylon
membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred in a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture let to react overnight. The
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end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a
0.22 Um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
After silanization, the amino groups available on the silanized glass beads surface
were determined by Kaiser’s method as 1,1 umol/g.

4.2.3 Synthesis of ciprofloxacin hemisuccinamide

The template molecule, ciprofloxacin hemisuccinamide (CPX-HS), was
synthesized according to a modification of the procedure given by Noé€l et al. [5].
Succinic anhydride (100 mg, 1 mmol) was added to a suspension of CPX (331 mg, 1
mmol) in DMSO (2.0 mL) containing a catalytical amount of DMAP. The reaction
mixture was stirred under nitrogen overnight at 95 °C and cooled down to room
temperature. The resulting precipitate was filtered, washed successively with water
and diethylether, and dried under reduced pressure. The expected
hemisuccinamide was isolated as a fluffy white powder (98 mg, yield 75%),
deemed pure by MS-HPLC (ESI: m/z 431.1 [MH+]).

4.2.4 Template immobilization

In 25-mL glass vials 10 mg of hemisuccinade ciprofloxacin (0.231 mmol) were
dissolved in 10 mL of DMF, 26.7 mg of NHS (0.232 mmol) and 29.3 mg of DIC
(0.232 mmol) were added and the solutions incubated for 60 min. Then, they were
transferred in 25-mL flasks containing 5 g of aminated glass beads. The
suspensions were incubated at room temperature overnight, filtered on a 0.22 pm
nylon membrane, washed with DMF, rinsed twice with acetone, dried under
vacuum at room temperature and stored in the dark at 4 °C.

4.2.5 Synthesis of nanoMIPs

For the nanoMIPs prepared in water, the polymerization mixtures were prepared
in according with the literature [6]. A pre-polymerization mixture (Formulation G,
molar ratio BIS : AA : NIPAm : TBAm = 2 : 20 : 30 : 48) was made in 25 mL of
ultrapure water by mixing under sonication 0.0065 mmol of cross-linker (BIS: 1
mg), 4.7 mg of AA (0.065 mmol), 11 mg of NIPAm (0.097 mmol) and 19.8 mg of
TBAm (0.156 mmol, dissolved in 0.5 mL of ethanol). Then, 5 mL of mixture was
added to 50-mL polypropylene SPE cartridges containing 2.5 g of template
functionalized glass beads. The cartridges were purged with nitrogen for 5 min. 3
uL of TEMED and 100 pL of 30 mg mL* aqueous solution of APS were added and
the polymerization was carried out at room temperature for a time between 5 min
and 2 hours in a roller-equipped incubator. The supernatant was drained by
vacuum aspiration, the dry cartridges were cooled to 4 “C and polymerization by-
products and low-affinity nanoMIPs were washed with 10x2 mL of ice-cold water.
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High affinity nanoMIPs were collected by eluting the cartridges at room
temperature with 5x3 mL hot water and 5x1 mL of 90% methanol/10% acetic acid
v/v. The eluates were purified by gel-filtration in ultrapure water onto a 26 x 250
mm Sephadex G25 column. The nanoMIPs were isolated by centrifugation at
14000 x g, dried by lyophilisation and stored at 4 °C.

For nanoMIPs prepared in acetonitrile, 118 puL of MAA (1.11 mmol), 128 uL of
EDMA (0.54 mmol), 127 uL of TRIM (0.32 mmol) and 6.25 mg of AIBN (0.03
mmol) were dissolved in 25 mL of acetonitrile (molar ratio MAA : EDMA : TRIM
= 56 : 28 : 16). Then, 5 mL of mixture were added to 25-mL polypropylene SPE
cartridges containing 2.5 g of template functionalized glass beads. The cartridges
were purged with nitrogen for 5 min, sealed and left to polymerize at 60 °C for a
time between 10 minutes and 1 hour in a roller-equipped incubator. The
supernatant was drained by vacuum aspiration, the dry cartridges were cooled to 4
°C and polymerization by-products and low-affinity nanoMIPs were washed with
5x2 mL of ice-cold acetonitrile. High affinity nanoMIPs were collected by eluting
the cartridges with 5x2 mL of methanol - acetic acid 9+1 (v/v). The eluate was
evaporated in a rotavap, weighted, and stored at 4 °C.

Not-imprinted polymers (nanoNIPs) were prepared in the same experimental
conditions in terms of composition of the polymerization mixture and
polymerization time but using glass-beads functionalized with diclofenac as solid
phase.

Cl

NH

Cl OH

O

Figure 4-1 - Structure of the diclofenac

4.2.6 Coupling of nanoMIPs to glass beads

In 4-mL glass vials 1 mg of nanoMIPs were dissolved under sonication in 1 mL of
MES buffer (50 mM, pH 4.7), 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC
(0.138 mmol) were added and the solutions incubated at room temperature for 60
min. Then, they were transferred in 10-mL flasks containing 1 g of amminated
glass beads. The suspensions were incubated at room temperature overnight,
filtered on 0.22 pm nylon membranes, washed with ultrapure water, rinsed twice
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with acetone, dried under vacuum at room temperature and stored in the dark at 4
°C.

4.2.7 HPLC method

Reverse phase HPLC analysis was used for fluoroquinolones determination. The
HPLC apparatus (Merck-Hitachi, Milan, Italy) was a LaChrom Elite system
composed of a programmable binary pump L-2130, an auto-sampler L-2200, a
fluorescence detector L-2480, provided with EZChrom Elite software for the
instrumental programming, data acquisition and data processing. The column
used was a 100 mm x 4.6 mm Chromolith RP-18 (Merck, Milan, Italy). The mobile
phase was water/acetonitrile 85+15, acetic acid 1% (v/v). Elution was performed
in isocratic conditions at a flow rate of 0.7 mL/min. The sample volume injected
was 5 uL, and the fluorescence wavelength were Aex=280/Aem=440 nm for the
ciprofloxacin, and Aex=278/Aem=540 nm for the levofloxacin. Ciprofloxacin
solutions between 0.5 and 50 ng/mL were prepared in the eluent immediately
before use. The solutions were analyzed in triplicate and mean peak areas were
plotted against fluoroquinolone concentration. The calibration plot was drawn by
using a weighted linear regression (weight = 1/conc).

4.2.8 Determination of binding properties

To measure binding isotherms, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4 mL flat bottom amber glass vials. Then, 1.0 mL of
phosphate buffer (20 mM, pH 6) containing increasing amounts of
fluoroquinolone ranging from 0.5 to 50 ug was added. The vials were incubated for
2 hours at room temperature under continuous agitation on a horizontal rocking
table. Then, the solutions were filtered on 0.22 um nylon membranes and the free
amounts of ciprofloxacin were measured by HPLC-fluorescence analysis. Each
experimental point was assessed as the average of two repeated measures.

Binding parameters were calculated by using SigmaPlot 12 (Systat Software Inc.,
Richmond, CA, USA). Non-linear least square fitting was applied to the averaged
experimental data. Binding isotherm parameters were calculated by using a
Langmuir binding isotherm model.

Binding kinetics parameters were calculated by using a 15t order kinetic model:

B = Beq [1- exp(_kasst)]

where B is the ligand bond to the nanoMIP at time t, Beq the ligand bond to the
polymer at equilibrium and kass the association kinetic constant.

79



Effect of polymerization time on the binding
properties of ciprofloxacin nanoMIPs

To assure robust results, weighted (1/y) Pearson VII limit minimization was
chosen as the minimization method. To avoid being trapped in local minima,
which would give incorrect results, minimizations were carried out several times
by using different initial guess values for the binding parameters.

The binding selectivity, a, was calculated as:

K.qlevofloxacin

K qciprofloxacin

where Keq ciprofloxacin and Keq levofloxacin are the equilibrium binding constants
calculated for ciprofloxacin and levofloxacin, respectively.

4.2.9 Dynamic light scattering analysis

The hydrodynamic diameter distribution of the suspensions prepared was
evaluated using a Zetasizer instrument (Zetasizer Nano-ZS, Malvern Instruments,
U.K.). The measurements were performed after checking that the automatic
attenuator was between 6 and 9. The results were expressed as hydrodynamic
diameter distribution in intensity (average of mean values of 5 measurements).
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4.3 RESULTS AND DISCUSSIONS

To study the effect of the duration of the polymerization process, both reaction
environment were considered: the synthesis in water with the monomeric mixture
optimized in the previous chapter, and the synthesis in acetonitrile. For the
synthesis in water, they were considered polymerization times ranging from 15
minutes to 5 hours. For the synthesis in acetonitrile, we have considered
polymerization times ranging from 10 minutes to 60 minutes. For the importance
of the synthesis in water, we dedicated more attention and experiments on this
than the acetonitrile nanoMIPs.

Under all the experimental conditions the solid-phase synthesis produced
nanoMIPs fully suspensible in water, resulting in transparent and colourless
solutions, without any perceivable turbidity. For the water synthesis, yields
calculated respect to the amount of monomers in the polymerization mixtures
were: 1.0 mg (15%) for 15 min, 1.4 mg (21%) for 30 min, 1.1 mg (17%) for 45 min,
1.8 mg (28%) for 1 h, 4.0 mg (61%) for 2 h, 1.2 mg (18%) for 3 h, and 3.5 mg (54%)
for 5 h, respectively.

4.3.1 Size of water nanoMIPs

The measuring of the hydrodynamic dimensions of the nanoparticles was
performed only for the nanoMIPs synthesized in water. Dynamic light scattering
measurements performed on nanoMIPs are reported in Table 4-1. NanoMIPs
prepared with a polymerization time of 15 min are characterized by a very small
mean diameter (12+5 nm) and a relatively high polydispersity index of 0.44.
Instead, nanoMIPs prepared with longer polymerization times show particles
whose diameters are of the order of magnitude of hundreds of nanometers and
values for the polydispersity index slightly lower and substantially constant. A
progressive increase in the average diameter is observed with the polymerization
time, indicating that for times greater than 15 minutes the formation process of the
nanoparticles is plausibly independent of the polymerization time. After two hours
of polymerization, we don’t observe a significant increase of the nanoparticles
dimension. In the figure 4-2 they are graphical reported the size values in function
of the polymerization times. It is possible to observe a rapid increase of the
dimension between 0 to 1 hour follow by a very little increasing.
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Table 4-1 - Dynamic light scattering results for ciprofloxacin-imprinted water
nanoMIPs.

Polymerization Diameter Polydispersity

time (nm) index
15 min 12+ 5 0.44
30 min 120 + 41 0.34
45 min 165 + 42 0.26
1h 154 + 37 0.24
2h 234 + 84 0.36
3h 236 + 87 0.37
5h 268 + 94 0.35
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Figure 4-2 — Dimension of the ciprofloxacin-imprinted water nanoMIPs in function of
the polymerization time. Error bars indicate 1 standard error unit.
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4.3.2 Binding properties of the water nanoMIPs

To correctly evaluate the binding properties of nanoMIPs towards ciprofloxacin,
the measurements of equilibrium binding isotherms and association kinetics
require fast separation between free and bond ligand. As ultrafiltration or dialysis
are quite slow, we chosen to support the nanoMIPs on the same glass beads used
for their synthesis in order to easily separate by filtration the grafted beads —
carrying the bond ligand — from the solution which contains the free ligand.
Preliminary experiments showed that bare glass beads and HDMS-silanized beads
were unable to bind ciprofloxacin in water, therefore it is reasonable to assume
that the existence of a binding between ciprofloxacin and solid phase can be
attributed to the interaction with nanoMIPs.

Table 4-2 - Equilibrium binding constants (+1 standard error unit) measured for
ciprofloxacin and levofloxacin on ciprofloxacin-imprinted water nanoMIPs and
ciprofloxacin on diclofenac-imprinted nanoMIPs (nanoNIPs).

Polymerization CPX onnanoMIPs LEV onnanoMIPs CPX on nanoNIPs

time (M1x109) (M1x10°) (M1 x 10°)
15 min 15.39 £ 2.14 13.54 + 0.95 1.96 £ 0.38
30 min 8.48 £ 0.81 2,12+ 0.86 2.25 + 0.68
45 min 8.44 + 1.75 1.32 + 0.44 0.57 + 0.22
1h 8.84 £ 1.65 0.78 + 0.30 0.82 + 0.44
2h 4.30 £ 0.60 0.77 £ 0.50 1.14 £ 0.21
3h 1.74 £ 0.87 0.58 + 0.65 1.21+ 0.86
5h 0.82 £ 0.33 0.60 + 0.28 NV

The binding parameters obtained from binding isotherm measured for
ciprofloxacin and levofloxacin (Figure 4-3) are reported in Table 4-2. They confirm
that nanoMIPs prepared by solid phase synthesis strongly bind the template
ciprofloxacin and, in a lesser extent, the related fluoroquinolone levofloxacin with
equilibrium binding constants (Keq) in the range 10° - 107 M-, with values
progressively decreasing when polymerization time increases, and after 30
minutes it is indistinguishable to the non-specific binding. In contrast, the binding
of ciprofloxacin to diclofenac-imprinted nanoMIPs (Figure 4-3) — which can then
be regarded as a measure of non-specific binding — is always low and essentially
constant. A statistical comparison (t-test: a = 0.05, n = 10, t<2.101) of the
equilibrium binding constants for ciprofloxacin between nanoMIPs and nanoNIPs
show that when nanoMIPs are polymerized for times longer than 2 hours there is
no difference respect to nanoNIPs.
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Figure 4-3 — Binding constant values for the ciprofloxacin, levofloxacin and the non-
specific binding (ciprofloxacin binding measured on nanoNIPs) in function of the
polymerization time for the water nanoMIPs. Error bars indicate 1 standard error unit.

Concerning selectivity, as reported in Figure 4-4, nanoMIPs polymerized for very
short times are not able to discriminate between ciprofloxacin and levofloxacin,
with a complete lack of selectivity. As the polymerization time increases, the
selectivity improves markedly, reaching a = 0.1 at 1 hour and then worsening again
for longer polymerization times. To evaluate properly this trend, it is necessary to
consider that for short polymerization times the values of the equilibrium binding
constants for both ligands are high but statistically indistinguishable, therefore
their numerical relationship must be unitary. On the contrary, for longer
polymerization times, these values are markedly different between ciprofloxacin
and levofloxacin. Indeed, those for levofloxacin cannot be distinguished by non-
specific binding, while those for ciprofloxacin become so only for long
polymerization times. Consequently, for intermediate times, a significant
selectivity with a values much less than 1 but with a progressive tendency to rise
comes out, while for longer time the lack of selectivity is a consequence of a
binding behaviour of nanoMIPs indistinguishable from nanoNIPs for both the
ligands.
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Figure 4-4 - Selectivity calculated on the levofloxacin/ciprofloxacin binding constant
ratio for the water nanoMIPs in function of the polymerization time. Error bars indicate
1 standard error unit.

4.3.3 Binding kinetics of the water nanoMIps

Equilibrium binding constants (Keq) measured for ciprofloxacin water synthesis
nanoMIPs can be broken down into dissociation (kdis) and association (kass) kinetic
rate constants, measuring Kkass (Figure 4-5) and calculating kas from the
relationship Keq = kass/kdis. It may therefore be interesting to examine the values of
these rate constants, reported in Table 4-3, in relation to the polymerization times.

Table 4-3 - Association and dissociation rate constants (+1 standard error unit)
measured for ciprofloxacin on ciprofloxacin-imprinted water nanoMIPs.

Polymerization Kass Kais
time (L mol* min x 10) (min-)
15 min 2.88 +£ 0.67 0.19 + 0.07
30 min 1.68 + 0.25 0.20 + 0.03
45 min 1.80 + 0.41 0.21 + 0.09
1h 1.75 £ 0.47 0.20 + 0.08
2h 1.34 + 0.20 0.31 £ 0.05
3h 0.80 £ 0.23 0.46 £ 0.24
5h 0.75 + 0.04 0.91 + 0.13
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Figure 4-5 - Dissociation rate constants (kais) vs. association rate constants (kass) plot for
ciprofloxacin on ciprofloxacin-nanoMIPs. Error bars indicate 1 standard error unit.

As reported in Figure 4-5, in the whole range of polymerization times considered
in this work both dissociation and association rate constants change in a limited
range (Kdis: 0.19-0.91 min7?; Kass: 0. 75-2.88 x 10 L. mol* min), but considering
only the nanoMIPs that show a greater affinity for ciprofloxacin (15 min — 1 h) it
can be observed that the dissociation rate constant remains practically unchanged
with a mean value of 0.2 min-. It follows that the affinity of ciprofloxacin for the
imprinted binding sites mainly depends on the values of association rate constant,
values which gradually decrease as the polymerization time increases. On the
contrary, poorly binding nanoMIPs obtained with longer polymerization times
show kinetic behaviours totally different. In fact, while association rate constants
are low and substantially constant, dissociation rate constants are high and
proportional to the polymerization time.
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4.3.4 Binding properties of the acetonitrile nanoMIPs

Compared to the water synthesized nanoMIPs, for ciprofloxacin imprinted
nanoMIPs in organic environment only a reduced number of experiments was
carried out, focusing on the investigation of the binding properties.

In Table 4-4 are reported the values of the binding constants calculated for the
ciprofloxacin, the levofloxacin and for the ciprofloxacin on nanoMIPs imprinted
for the diclofenac (nanoNIPs).

Table 4-4 - Equilibrium binding constants (+1 standard error unit) measured for
ciprofloxacin and levofloxacin on ciprofloxacin-imprinted acn nanoMIPs and
ciprofloxacin on diclofenac-imprinted nanoMIPs (nanoNIPs).

Polymerization CPXonnanoMIPs LEV onnanoMIPs CPX on nanoNIPs

time (Mx109) (Mx 109) (M*x109)
10 min 2.23 + 0.76 2.01 + 0.47 0.60 + 0.16
15 min 3.76 £ 0.70 1.31 £ 0.17 0.54 + 0.11
30 min 4.10 £ 1.72 0.99 + 0.17 0.62 + 0.23

1h 4.02 £ 0.76 0.99 + 0.17 0.60 + 0.16

In the organic environment, a different behaviour of the affinity for the
ciprofloxacin was observed. As shown in Figure 4-6, the affinity increases over
time from 10 to 60 minutes, and does not decrease. The values are smaller for the
same times (8-16 M x 10 water nanoMIPs vs 2-4 M x 10® ACN nanoMIPs),
while the affinity for the levofloxacin decreases. At 10 minutes, the levofloxacin
binding is better than for the ciprofloxacin, and after this time it decreases but
without merging with the nonspecific binding. Like the in-water synthesis, the
nonspecific binding remains constant at all polymerization times.
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Figure 4-6 - Binding constant values for the ciprofloxacin, levofloxacin and the non-
specific binding (ciprofloxacin binding measured on nanoNIPs) in function of the
polymerization time for the acn nanoMIPs. Error bars indicate 1 standard error unit.

In the range 0- 60 minutes, the selectivity (Figure 4-7) has the same trend as that
of water nanoMIPs. The selectivity grows up to a values of about 0.20, higher than
the water nanoMIPs. After 60 minutes, there is not sufficient data to state whether
a values grow like in the other system or not.
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Figure 4-7 - Selectivity calculated on the levofloxacin/ciprofloxacin binding constant
ratio of the acn nanoMIPs in function of the polymerization time. Error bars indicate 1
standard error unit.
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4.3.5 Discussion

Recently it has been shown that in the SPPS the composition of the polymerization
mixture — very poor in cross-linker component (2% of total moles in this work) — is
such that the concept about the formation of a rigid and well-defined binding site
within a highly cross-linked network of polymeric chains must be discarded.
Alternatively, it has been proposed a model where the molecular imprinting of
nanoparticles is the result of the dynamic interaction between the template
molecules grafted onto the surface of the solid phase and the lightly cross-linked
chains being formed at the interface between the solution and the glass surface [1].

Within the framework of this model, as the polymeric chains grow progressively
over time and rearrange themselves around the immobilized template, the binding
properties of nanoMIPs depend not only on the classic parameters typical of
molecular imprinting, such as, for example, the ability of functional monomers to
interact with the template, but also on the length of the polymerization process,
that is the actual dimensions of the nanopolymers.

The experimental results reported in this work confirm that the polymerization
time in the solid phase polymerization method has different effects on the binding
behavior of the resulting nanoMIPs. For the nanoMIPs synthesized in water we
can identify three different phases: (A) short polymerization times, with
nanoparticles characterized by high binding affinity but low selectivity (Keq > 107
M-, a=1), (B) medium polymerization times, with nanoparticles characterized by
high binding affinity and selectivity (Keq = 10® M7, a<<1), and (C) long
polymerization times, with nanoparticles characterized by low binding affinity,
faster dissociation kinetics and low selectivity (Keq < 106 M, kdis>> 0.2 min-, a=1).

To try to evaluate this complex behaviour, it is necessary to consider that during
the polymerization process the nanoparticles continue to grow, both when they are
bond to the solid phase and when they are free in solution. As it is plausible that in
the early stage of the polymerization the conformation of the growing polymeric
chains is very flexible and able to rapidly rearrange and maximize the interaction
with the template on solid phase. In these conditions there are no binding sites
with a stiff and defined structure yet, even if, once dissociated, nanoparticles are
able to maintain — at least in part — the binding conformation but with limited
selectivity towards molecular other than the template. As a consequence,
nanoMIPs prepared in very short polymerization time show a type-A binding
behaviour, with high binding affinity and fast association kinetics but poor or
absent selectivity.

When the polymerization process continues for longer times, nanoparticles
become larger and more structured, with chains conformation restrained and
intertwined, leading to binding sites well defined but stiffer and - after
dissociation from the solid phase — less accessible to ligands. In this condition
nanoMIPs show a type-B binding behaviour: the association rate constant and the
binding affinity decrease but selectivity increases.
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Further prolonging the polymerization time causes further growth of the
nanoparticles. Under these conditions the polymer structure becomes more and
more rigid, sterically hindering the binding sites to the point that they cannot
effectively bind the ligands during the rebinding process. In this condition
nanoMIPs show a type-C binding behaviour: the binding properties come to
coincide with those of not-imprinted nanoparticles, depending no more on the
presence of accessible binding sites, but only from the presence of randomly
dispersed functional groups on the surface of the nanoparticles.

If we can demonstrate these three-classes classification for the MIPs imprinted in
water environment, for the nanoMIPs imprinted in acetonitrile we observe
different behaviours. At first, we have a similar recognition capability for the
template and the levofloxacin from the imprinted nanoparticles, that means a
medium affinity but a low selectivity. With an increase of the polymerization time,
the affinity for the ciprofloxacin grows and the affinity for the levofloxacin goes
down with an increase of the selectivity. From 30 to 60 minutes the values keep
constant. For a lack of experiments, we don’t know the behaviour after 1 hour of
polymerization.

In this case we observe a more classical behaviour, when the capability to
recognize the template molecule increase over the time to become constant after a
specific time. The binding site evolves around the template molecule to assume a
rigid conformation that doesn’t change over a specific time. It is explainable with
the used monomeric formulation: there is more crosslinker than in the water
synthesis formulation; That means a greater rigidity of the binding sites, that can’t
change the conformation during the polymerization process.
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4.4 CONCLUSIONS

The results reported in this work show that polymerization time plays a pivotal
role in determining the binding properties of nanoMIPs in both synthesis
environments. It is reasonable to assume that, since the growth rate of the
nanoparticles certainly depends on many variables such as the chemical properties
of the monomers, the solvent and the polymerization temperature and, last but not
least, the type of radical initialization, the results reported here are to be
considered representative of this system in particular. However, there is no reason
to believe that the overall behavior implied by the experimental results reported
here cannot be extended to different polymerization mixtures and experimental
conditions, and is therefore of general validity for nanoMIPs prepared by solid
phase synthesis. Finally, we conclude by stressing that the control of the
polymerization time allows to calibrate not only the binding capacity of the
nanoMIPs towards the template, both in terms of affinity and association kinetics,
but also the selectivity towards related molecules. This result seems to us
particularly interesting for future applications that will require nanoMIPs with a
high capacity to discriminate between ligands with similar molecular structures.
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5 RABBIT IGG-IMPRINTED NANOMIPS: EFFECT OF THE
CROSS-LINKER ON AFFINITY AND SELECTIVITY

5.1 INTRODUCTION

As seen in previous chapters, the synthesis of nanoMIPs by SPPS performed in
water uses a monomeric mixture which includes a large excess — up to 98% by
moles — of functional monomers. For big molecules, the selection of the functional
monomers seems to be of lesser importance than in the case of templates
consisting of small molecules, because it has been shown that functional
monomers that differ in their chemical properties are in any case able to interact
with different functions present on the big templates, invariably leading to
nanoMIPs with good molecular recognition properties [1]. About the cross-linker,
it is added in a much more limited amount, and invariably is N,N’-methylen-bis-
acrylamide (BIS) [2]. Its prevalent use may be justified by its good solubility in
water. Nevertheless, it is possible to consider using other cross-linkers, of which,
however, the effect on the binding properties of nanoMIPs has never been reported
in literature to date, with the remarkable exception of the use of N,N'-ethylene
dimethacrylamide for the solid phase synthesis of adenosine monophosphate-
binding nanoMIPs [3]. Theoretically, we can suppose that a so small amount of a
substance, that doesn’t directly bind the target molecule, cannot have a big
influence on the nanoMIPs binding properties. Anyway, the following results tell
another story.

5.1.1 Why the IgG?

Immunoglobulins G (IgG) are the most abundant proteins with immunological
activity, accounting for 75-80% of all immunoglobulins. They strongly bind the
corresponding antigens — usually foreign biomacromolecules to the organism —
with high specificity, playing a key role in the immune system of the mammals [4].
For this reason, IgG are extremely relevant not only in diagnostics [5,6],
therapeutics [7,8] and theragnostics [9], but also in applications where very high
selectivity towards a target molecule is mandatory, as (bio)sensoristics [10,11] and
affinity chromatography [12,13]. IgG can be conveniently isolated from plasma by
the classical Cohn's method based on the fractional precipitation of serum proteins
by ethanol [14]. Unfortunately, this method does not assure complete separation of
IgG from other serum proteins, and more efficient downstream purification
strategies must be used to obtain pure IgG fractions. Several methods based on
affinity ligands of natural or artificial origin have been proposed but, at the
present, affinity chromatography based on Protein A - a 42 kDa protein with high
affinity for the Fc region of IgG - is the preferred method for preparative and
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industrial purposes [15-17]. However, this method suffers from high costs and
limited stability of the Protein A, and harsh elution conditions, which can
sometimes lead to irreversibly IgG damage. Thus, man-made IgG-binding
materials based on the molecular imprinting technology, which could overcome
these drawbacks, are of significant interest. In the last 10 years, several papers
describing different approaches to IgG imprinting have been published: cryogels
[18,19], films [20-22], hydrogels [23], interpenetrating polymers [24], magnetic
particles [25,26], membranes [27,28], microbeads [29,30] and nanoparticles
(nanoMIPs) prepared by solid phase synthesis (SPPS) [31].

This latter approach has proved particularly useful for obtaining high affinity
protein-imprinted nanopolymers, characterized by good selectivity for the
template and complete compatibility with aqueous environments [32-39].
Moreover, as the template is covalently grafted onto the solid phase, the isolation
and purification of nanoMIPs is an easy task, and no residual protein remains
trapped in the nanoparticles, avoiding product contamination.

5.1.2 Aim of the work and objectives

In this work, in order to investigate the effect of different cross-linkers in rabbit
IgG-imprinted nanoMIPs prepared by SPPS, alongside BIS, some other similar
cross-linkers were considered, whose structural formulas are shown in figure 5-1:
N,N'-ethylene dimethacrylamide (EDAM), N,O-bis-methacryloylethanolamine
(NOBE), ethylene glycol dimethacrylate (EDMA) and glycerol dimethacrylate
(GDMA). These crosslinkers replaced the BIS in monomeric mixtures without
changing the molar proportions of the functional monomers. The binding
properties of the nanoMIPs were measured by equilibrium partition experiments
with the template - rabbit IgG (RIgG) - and the selectivity was valued with respect
to other three proteins of interest: bovine IgG (BIgG), bovine serum albumin
(BSA) and hen egg lysozyme (LZM). The non-imprinted binding was evaluated
preparing the same five nanoMIPs but imprinted for the Diclofenac, a small
molecule, and measuring their binding for RIgG. Also, shape and morphology of
the nanoparticles were studied through the AFM and NTA techniques, to
investigate the influence of the crosslinkers on these parameters.
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5.2 EXPERIMENTAL

5.2.1 Materials

Glass beads were Spheriglass-2429 70-100 um average particle size (Potters, UK).
Ciprofloxacin was purchased from Supelco (Milan, Italy).
N,O-Bis-methacryloylethanolamine (NOBE) was prepared in according with
literature [40].

Acrylic acid (AA), 3-(aminopropyl)trimethoxysilane (APTMS), ammonium
persulphate (APS), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC),
ethylene dimethacrylate (EDMA), hexamethyldisilazane (HMDS), N-
hydroxysuccinimide (NHS), N-isopropylacrylamide (NIPAm), N'-methylen-bis-
acrylamide (BIS), morpholinethansulphonic acid (sodium salt, MES), N-tert-
butylacrylamide (TBAm), N,N,N’,N’-tetramethylethylendiamine (TEMED), IgG
(BIgG), bovine serum albumin (BSA), N,N’-diisopropylcarbodiimide (DIC), 4-
(N,N-dimethylamino)pyridine (DMAP), ethanolamine, N,N'-
ethylenedimethacrylamide (EDAM), glycerol dimethacrylate (GDMA, mixture of
1,2 and 1,3 isomers) were purchased from Sigma-Merck (Milan, Italy). Hen egg
lysozyme (LLZM) was purchased fromBoehringer Ingelheim (Milan, Italy).

Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The water used was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerization inhibitors in the monomers were removed by filtration
through activated basic alumina.

Protein stock solutions were prepared by dissolving 25 mg of protein in 25 mL of
phosphate buffer (20 mM, pH 7.4) and stored in the dark at -20 °C. Coomassie Blu
G250 protein assay reagent was from VWR International (Milan, Italy).

5.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads in 50 mL of 1 M aqueous
NaOH and boiled for 1 h. Then, they were diluted with 50 mL of ultrapure water
and filtered on a 0.22 pm nylon membrane. The glass beads were washed with 100
mL of 1 M aqueous HCI and with ultrapure water till neutrality. Then they were
rinsed twice with acetone and dried at 60 °C overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS were added, and the
mixture let to react overnight. The glass beads were filtered on a 0.22 uym nylon
membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred in a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
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azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture let to react overnight. The
end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a
0.22 Um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
After silanization, the amino groups available on the silanized glass beads surface
were determined by Kaiser’s method as 1,1 tmol/g.

5.2.3 Template immobilization

In a 100-mL round-bottom flask provided of reflux condenser, 10 g of aminated
glass beads, 50 mg (0.50 mmol) of succinic anhydride and about 1 mg of DMAP as
catalyst were suspended into 40 mL of anhydrous pyridine. The mixture was
heated at 90 °C for six hours, cooled, filtered on a 0.22 um nylon membrane, and
washed with dimethylformamide and HCI 1 M.

The hemisuccinated beads were transferred in a 100-mL flat-bottom flask
containing 40 mL of dimethylformamide 6 mg of NHS (0.050 mmol) and 8 puL of
DIC (0.052 mmol). The suspension was incubated at 4 °C for 60 min onto a
horizontal roller, filtered on a 0.22 um nylon membrane, washed with cold
dimethylformamide and dried under vacuum suction.

The activated glass beads were transferred in a 100-mL flat-bottom flask and 40
mL of 1 mg/mL of rabbit IgG dissolved in bicarbonate buffer (150 mM, pH 8.5)
were added. The suspension was incubated at room temperature overnight onto a
horizontal roller, filtered on a 0.22 uym nylon membrane, washed with water, dried
under vacuum suction and stored in the dark at 4 °C.

5.2.4 Synthesis of nhanoMIPs

The polymerization mixtures were prepared in according with the literature and
previous works [1]. A pre-polymerization mixture (molar ratio crosslinker : AA :
NIPAm : TBAm = 2 : 20 : 30 : 48) was made in 25 mL of ultrapure water by mixing
under sonication 0.0065 mmol of cross-linker (BIS: 1 mg, EDAM: 1.1 mg, NOBE:
1.3 mg, EDMA: 1.3 mg, GDMA: 1.5 mg), 4.7 mg of AA (0.065 mmol), 11 mg of
NIPAm (0.097 mmol) and 19.8 mg of TBAm (0.156 mmol, dissolved in 0.5 mL of
ethanol). Then, 5 mL of mixture was added to 50-mL polypropylene SPE cartridges
containing 2.5 g of functionalized glass beads. The cartridges were purged with
nitrogen for 5 min. 3 uL. of TEMED and 100 uL of 30 mg mL aqueous solution of
APS were added and the polymerization was carried out at room temperature for
60 min in a roller-equipped incubator. The supernatant was drained by vacuum
aspiration, the dry cartridges were cooled to 4 °C and polymerization by-products
and low-affinity nanoMIPs were washed with 10x2 mL of ice-cold water. High
affinity nanoMIPs were collected by eluting the cartridges at room temperature
with 5x3 mL of 0.1 M aqueous HCl. The eluates were immediately neutralized
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with aqueous ammonium hydroxide 1 M- and purified by gel-filtration in
ultrapure water onto a 26 x 250 mm Sephadex G25 column. The nanoMIPs were
isolated by centrifugation at 14000 x g, dried by lyophilisation and stored at 4 °C.

Not-imprinted polymers (nanoNIPs) were prepared in the same experimental
conditions in terms of composition of the polymerization mixture and
polymerization time but using glass-beads functionalized with diclofenac as solid
phase [41].

5.2.5 Determination of nanoMIPs size and charge

Hydrodynamic particle size and zeta potential were measured with a ZetaView®
Nanoparticle Tracking Analyzer PMX-120, (Analytik, Cambridge, UK) using a laser
source at 488 nm. Solid samples of each nanoMIPs were dissolved to the working
dilution with ultrapure water under sonication. pH was adjusted with HCl 0.1 M,
and about 2 mL of sample immediately injected in the analyzer. Results are the
average of three distinct measurements made at 25.5+0.1 °C.

5.2.6 Atomic force microscopy of nanoMIPs

Borosilicate glass slides, 10 x 10 mm, were washed with ‘piranha’ solution (98%
sulphuric acid + 30% hydrogen peroxide, 3+1 v/v. Caution! It reacts violently with
organic materials) for 10 min, rinsed with ultrapure water, dried under nitrogen
and immersed overnight in a 1% v/v solution of APTMS in dry toluene. The
aminated slides were washed with ethanol and ultrapure water and covered with
an adequate volume of MES buffer (50 mM, pH 4.7) containing 1 mg mL* of NHS-
activated nanoMIPs (see below), incubated at room temperature overnight, rinsed
with ultrapure water and dried under nitrogen.

The Atomic Force Microscopy imaging was performed with a Park System XE—100
microscopes (Park Systems Europe GmbH, Mannheim, Germany) in non-contact
mode (scan rate 0.4 Hz) using ACTA-10M cantilevers (Applied Nano Structures,
Mountain View, USA).

5.2.7 Coupling of nanoMIPs to glass beads

In 4-mL glass vials 1 mg of nanoMIPs were dissolved under sonication in 1 mL of
MES buffer (50 mM, pH 4.7), 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC
(0.138 mmol) were added and the solutions incubated at room temperature for 60
min. Then, they were transferred in 10-mL flasks containing 1 g of amminated
glass beads. The suspensions were incubated at room temperature overnight,
filtered on 0.22 pm nylon membranes, washed with ultrapure water, rinsed twice
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with acetone, dried under vacuum at room temperature and stored in the dark at 4
°C.

5.2.8 Protein determination

The protein determination was carried out by Bradford assay method. Briefly, 150
uL of protein sample was added to 150 pL of protein assay reagent in polystyrene
microplates (12x8 wells, flat bottom, VWR International, Milan, Italy). After
shaking for 10 s the absorbance was read at 450 and 595 nm. Concentrations were
calculated from a calibration graph covering the 0.5-50 ug mL* range of protein
diluted in same phosphate buffer plotting the ratio A595/A450 vs. the
concentration [42].

5.2.9 Determination of binding properties

To measure binding isotherms, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4 mL flat bottom amber glass vials. Then, 1.0 mL of
phosphate buffer (20 mM, pH 7.4) containing increasing amounts of protein
ranging from 0.5 to 50 pg was added. The vials were incubated for 2 hours at room
temperature under continuous agitation on a horizontal rocking table. Then, the
solutions were filtered on 0.22 pm nylon membranes and the free amounts of
target protein were measured by Bradford assay. Each experimental point was
assessed as the average of two repeated measures.

Binding parameters were calculated by using SigmaPlot 12 (Systat Software Inc.,
Richmond, CA, USA). Non-linear least square fitting was applied to the averaged
experimental data. Binding isotherm parameters were calculated by using a
Langmuir binding isotherm model.

The binding selectivity, a, was calculated as:

KqProtein
K.qRabbit IgG

a =

where Keq (Rabbit IgG) and Keq (protein) are the equilibrium binding constants
calculated for Rabbit IgG and any other protein, respectively.
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5.3 RESULTS AND DISCUSSIONS

In order to investigate the effect of different cross-linkers in IgG-imprinted
nanoMIPs, in the pre-polymerization mixtures BIS was replaced with other similar
cross-linkers: N,N'-ethylene dimethacrylamide (EDAM), N,O-bis-
methacryloylethanolamine (NOBE), ethylene glycol dimethacrylate (EDMA) and
glycerol dimethacrylate (GDMA), without changing the molar proportions with
functional monomers and using the same persulfate/TEMED-induced radical
polymerization protocol in water at room temperature.
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o H
o)
NOBE cﬁi\V/H
|| N\/\O 4
o)
0]
EDMA o
~ ~"0 7
O
OH
GDMA
f% OJ\/OTH%
O 0]

Figure 5-1 - The five crosslinker used

After gel filtration, centrifugation and drying, nanoMIPs were collected as white
solids, with yields calculated with respect to the amount of monomers in the
polymerization mixtures of 15-18% (1-1.2 mg). When dissolved in water, nanoMIPs
gave transparent and colourless solutions, without any perceivable turbidity.
Nanoparticles composition can be influenced by the different reactivity of the
monomers, as well as the effective degree of crosslinking, but, because of the
limited quantity of nanoparticles obtained, no attempts were made to establish the
effective degree of crosslinking. Therefore, as a first approximation, we assume
that it does not vary significantly between the different polymers.
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5.3.1 Size and charge of nanoMIPs

In the table 5-1 are reported, for each nanoMIPs, the measured properties of ¢
potential, polydispersity index (PDI), and hydrodynamic diameter measured
through a NTA instrument.

Table 5-1 - Hydrodynamic diameter (dp) + s.d., relative increase (swelling capacity) of
the nanoparticle volume between pH 7 and pH 3 (dV), polydispersity index (PDI), zeta
potential () and absolute difference of zeta potential between pH 3 and pH 7 (A
measured for nanoMIPs

dp (nm) PDI ¢, mV
(rosS pH3  pHy AV pH3 pH7 pH3 pH7 A
BIS 171+ 83 120+66 2.34 0.24 0.26 +7.7 -23.9 31.6
EDAM 189+94 160+84 1.40 0.25 0.25 +10.4 -8.3 18.7
NOBE 186+87 148 +72 1.98 0.22 0.24 +15.1 -18.0 33.1
EDMA 158+79 140+73 1.44 0.25 0.27 +1.0 -22.2 23.2
GDMA 147+77 120+71 1.48 0.27 0.30 +10.6 -7.4 18.0

Acrylic acid was used as charged functional monomer, thus nanoMIPs can be seen
as charged polyelectrolytes at neutral pH. This is confirmed by { potential
measurements, where at pH 7 all the nanoMIPs show a net negative potential, with
¢ values between -7.4 mV (GDMA) and -23.9 mV (BIS), while at pH 3, in more
acidic conditions where carboxyls are fully protonated, { turns positive, with values
between +1.0 mV (EDMA) and +15.1 (NOBE). The little values of { potential in
both the conditions mean the possibility for the nanoMIPs to aggregate
themselves. In figure 5-2 they are graphical reported these values.

20

. I
, N

Zeta potential (mV)

pH 3 pH 7

W BIS NOBE B GDMA MEEDAM mEDMA

Figure 5-2 - Zeta potential for the five nanoMIPs in the two pH conditions
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The hydrodynamic diameter, dp, measured by laser nanoparticle tracking at pH 7,
shows nanoparticles with average diameters just over a hundred nm, ranging from
129 nm (BIS) to 169 nm (EDAM), and with polydispersity index between 0.24
(NOBE) and 0.30 (GDMA), corresponding to moderately polydispersed
nanoparticles. In the figure 5-3 are graphically reported the diameters of the
nanoparticles. In more acidic environment, at pH 3, the formation of aggregates
larger than 1 um (instrumental limit of the particle tracker set-up), was indirectly
observed, because the nanoparticles count fell by two orders of magnitude from
105 to 103. About the fraction of nanoparticles remained in solution, the
polydispersity index remains essentially constant, but diameters increase
markedly, ranging from 147 nm (GDMA) to 189 nm (EDAM). These results show
that in the solid phase synthesis the cross-linker structure marginally affect the
dimensions of the resulting nanoparticles, which are probably mainly controlled by
the formation of dangling long chains of monomers, some or most not cross-
linked. Anyway cross-linker in some manner is yet capable of influencing nanoMIP
flexibility. In fact, while nanoparticles containing BIS or NOBE are able to double
their volume from pH 7 to pH 3, nanoparticles containing EBIS, EDMA or GDMA
swell significantly less. It must be noted that nanoparticles swelling ability does
not seem to be related to the binding properties (see the section 5.3.3 for
experimental binding results), as BIS- and GDMA-based nanopolymers show
comparable binding constants but very different swelling ability from pH 7 to pH
3. It is also noteworthy that the absolute difference in the ¢ values measured
between pH 7 and pH 3 is proportional to the swelling ability of the nanoparticles.
This is not unexpected because as the volume changes, the surface charge density
changes proportionally (whatever its sign), equally affecting the resulting A(
potential.
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Figure 5-3 - Variation of the hydrodynamic diameter of the nanoparticles for the five
nanoMIPs influenced by pH condition. pH 3 = dark color, pH 7 = light color
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5.3.2 AFM imaging of nanoMIPs

The results obtained by laser nanoparticle tracking are confirmed by atomic force
microscopy performed onto nanoMIPs covalently grafted onto aminosilanized
glass slides. NanoMIPs were covalently grafted onto the glass slides at pH 4.7, in
conditions within the pH jump covered by the tracking measurements (from pH 7
to pH 3), thus the formation of these structures is likely to be due to grafting of
clustered nanoparticles stabilized by electrostatic interactions. In the follow table
5.2 are reported the image for all five polymers obtained at higher resolution (x25)
on an area of 2 x 2 um.

The preliminary images performed on relatively large area of 10 x 10 pm show that
the glass surface is randomly covered with what seems to be sparse clusters of
nanoparticles. The imaging of the clusters in high resolution shows an overall
shape rather irregular, with an approximate size of some um2 and with thickness of
hundreds of nm, apparently composed of several tightly packed globular objects
with a slightly wrinkled surface and with individual diameters comparable to those
measured by nanoparticles laser tracking, therefore compatible with an aggregate
of nanoparticles. There isn’t visible difference between the different types of
nanoMIPs. This means that the crosslinker has not an influence on the
morphology of the nanoparticles.

A further evidence of nanoparticles clustering induced by electrostatic interactions
comes from imaging of deposited nanoMIPs at higher ionic strength (0.1 M+
NaCl). In this case, clusters are significantly larger for all the nanoparticles
examined, often exceeding dimensions of 2 x 2 um, even if their height with
respect to the underlying glass surface does not seem to grow proportionally.
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Figure 5-4 - EBIS Figure 5-5 - NOBE

Figure 5-6 - BIS Figure 5-7- EDAM

°0
Figure 5-8 - GDMA

Table 5-2 - AFM images for the different five polymers nanoMIPs. It is possible observe
only aggregates of nanoparticles and no single nanoparticles
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5.3.3 Binding properties of nanoMIPs

In the traditional molecular imprinting techniques (bulk, suspension/emulsion,
etc.) BIS is very little used and the cross-linker constitutes up to 80% molar of the
polymerization mixture, thus exerting a deep effect not only on the morphology of
the polymer and its bulk properties, but also on the binding properties [43-45]. On
the contrary, in SPPS technique BIS is the preferred cross-linker, and in the pre-
polymerization mixture it is added in a much more limited amount, practically
never more than 3% by moles. Consequently, it is to be expected that the effect on
molecular recognition properties by the cross-linker is limited, and that the
presence of structurally different cross-linkers is not able to affect these properties.

In the table 5-3 are reported the equilibrium binding constants measured in
phosphate buffer (20 mM, pH 7.4) for RIgG, BIgG, BSA and LZM on RIgG-
imprinted (nMIP) and not imprinted (nNIP, aka nMIP imprinted for the
diclofenac molecules) nanoparticles supported onto glass beads.

Table 5-3 - Keq values (M x 10°) £ 1 s.e

Crosslinker RIgG BIgG BSA LZM
BIS nMIP 16.0 £ 1.3 3.5+ 0.4 2.2+ 0.3 1.7+ 0.3
nNIP 1.3+£0.3 3.4 £ 0.7 1.0+ 0.2 0.6 £ 0.2
nMIP 8.8 £1. .3+£0.8 2.1+0. 2.3+0.6
EDAM 9 3-3 5 3
nNIP 1.6 £ 0.3 2.8+ 0.9 0.3+0.2 1.3+0.2
MIP 15.9 + 2. 6.2+1.2 0.6 £ 0. 0.2+0.2
NOBE n 59 5 3
nNIP 2.2+ 0.5 1.7+ 0.1 0.3+£0.1 0.2+ 0.1
MIP .4 £ 0. 2.4 £0. 1.4 £ 0. 0.3+0.1
EDMA n 34 7 4 4 4 4 3
nNIP 1.2+ 04 1.6 £ 0.4 0.9+ 0.2 0.1 + 0.0
MIP 12.8 £ 1. .3+1.0 1.8 £ 0. 1.4 £ 0.
GDMA n 5 4.3 3 4 3
nNIP 1.1+ 0.3 1.8 £ 0.5 0.6 £ 0.2 0.6 £ 0.0

Surprisingly, the determination of the equilibrium binding constant, Keq, by
equilibrium partition experiments shows a distinctly different situation. In fact, all
the cross-linker used for the imprinting of RIgG gives nanoMIPs with Keq around
107 M+, with the remarkable exception of EDMA, which gives a significantly lower
value of 3.4 x 106 M. In comparison, the corresponding nanoNIPs, prepared by
SPPS with diclofenac as template, show Keq with values significantly lower than the
values for the corresponding nanoMIPs and indistinguishable from each other (t-
test: a=0.05, n=10, t<2.101).
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Figure 5-9 - Imprinting factor for the different five polymers nanoMIPs calcolated on
the binding capability of the correspondent nanoNIP

The differing values of Keq obtained for each nanoMIP have an obvious influence
on the imprinting factor (IF) that is an estimate of how much the binding affinity
increases for an imprinted polymer respect to a not imprinted one of identical
composition. In Figure 5-9 all five nanoMIPs show IF values higher than unity,
confirming the success of the SPPS technique in the imprinting of RIgG. However,
while nanoMIPs containing BIS and GDMA show IF values higher than 10 (BIS:
12.3+3.0, GDMA 11.6+3.5), corresponding to a very strong imprinting effect, the
others show markedly lower IF values (EDAM: 5.5+1.6, NOBE: 7.2+2.0),
demonstrating that the choice of right cross-linker is important to achieve an
efficient SPPS process, regardless of whether the cross-linker itself is present in the
pre-polymerization mixture in very limited quantities, compared to the other
monomers. It should be noted that the GDMA-based nanoMIPs are to be
considered structurally more complex than the other nanoMIPs, as they are
composed of an almost equimolar mixture of two different cross-linkers,
respectively glycerol 1,2- and 1,3-dimethacrylate. However, the resulting nanoMIP
does not appear to behave significantly differently from other nanoMIPs, except, of
course, for those based on EDMA. It is also noteworthy that the polymer with the
lowest IF value (2.8+1.1) contains EDMA, which represents the predominant
cross-linker used to prepare imprinted polymers with the traditional approaches.
This fact is a strong evidence of how the SPPS technique differs from the other
molecular imprinting approaches, and how it is necessary to paid attention to
transfer pre-polymerization mixtures formulations from one approach to another
without a careful preliminary evaluation.
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Figure 5-10 - Keq (10° M) values of nanoMIPs binding for the Rabbit IgG, Bovine IgG,
BSA, Lysozyme and the non-specific binding of the rabbit IgG on the correspondent NIP

In addition to the magnitude of the binding constant and imprinting factor, a third
essential parameter for evaluating the molecular recognition properties of
nanoMIPs is binding selectivity, a. In this work we evaluated the selectivity of
Rabbit IgG-imprinted nanoMIPs towards a structurally very similar protein such
as bovine IgG, a protein structurally different but of similar isoelectric point,
bovine serum albumin (BSA), and a protein of different structure and isoelectric
point such as hen egg lysozyme (LZM).

The values in Figure 5-10 show that all the nanopolymers characterized by high
affinity (Keq ~107 M) are selective towards the template RIgG, with a limited but
substantial recognition (0.2 < a < 0.4) towards BIgG, confirming the results
reported in literature for human IgG-imprinted nanoMIPs [31]. This limited
recognition can be explained on the basis of the shared presence in the IgG
structure of the Fc fragment, which differs little between proteins of different
species [4]. As a template Rabbit IgG is randomly grafted on the surface of the
glass beads, and nanoMIPs produced by SPPS will have molecular recognition
properties towards different parts of the template structure. Some will have
binding sites recognizing the Fc fragment, common to IgG from different species,
while others will recognize other portions of the protein, which are typical for IgG
of a particular species. Therefore, during the rebinding of BIgG, some nanoMIPs
will preferentially bind the Fc fragment, regardless of its origin (rabbit or bovine),
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while others, more selective, will not be able to bind the BIgG. Thus, the resulting
binding will be an average between the full (Fc-binding nanoMIPs) and the weak
(non-Fc-binding nanoMIPs) recognition of Bovine IgG.

On the contrary, because of the low affinity resulting in a limited imprinting factor,
with EDMA-based nanoMIPs RIgG and BIgG are recognized almost in the same
way, confirming a substantial absence of selectivity. It must be noted that the low
values of Keq measured for EDMA-based nanoMIPs (2.4+0.4 x 10°® M-1) and
nanoNIPs (1.6+£0.4 x 10 M) are statistically indistinguishable from each other (t-
test: a=0.05, n=10, t=1.414). Therefore, in this case the binding to BIgG cannot be
attributed for certain to the presence of imprinted binding sites.

Concerning BSA and LZM, as these proteins are very different from IgG, for all the
nanopolymers the molecular recognition results very limited, lower than that
observed for BIgG. However, it should be noted that the binding behaviour
presents significant differences, since for BIS-, EDMA- and GDMA-based
nanopolymers the recognition follows the order of similarity, i.e. BIgG > BSA >
LZM, while in the case for EDAM- and NOBE-based nanopolymers it is different,
as the first recognizes the three proteins in the same way, while for the second,
BSA and LZM show almost no recognition, confirming that small changes in the
nature of the cross-linker — i.e. the replacement of an amide group with an ester
group (NOBE vs. EDAM) — exert a significant effect on the binding properties of
the nanoMIPs.

A two-way ANOVA was conduced on the Keq values, for the type of nanoMIPs and
the different proteins. For the difference between the five nanoMIPs, we obtained a
Fp value lower than the F value (1.570 < F(, 16) 3.007), that means that the
behaviour of the five nanoMIPs is comparable. For the proteins, it confirmed the
difference of the bovine IgG recognition on the non-specific binding (5.03 < F(3,12)
3.49), and the absence of difference between BSA and LZM to the nonspecific
binding (0.64 < F(2,8) 4.46).
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5.4 CONCLUSIONS

The results reported in this work confirm the relevance of the cross-linker
structure in the SPPS technique. Although present in minimal quantities compared
to the other monomers in the pre-polymerization mixture, they are able to
influence the binding affinity and selectivity of protein-imprinted nanopolymers
through subtle differences in their structure, i.e. the replacement of an amide
group with an ester group (NOBE vs. EDAM), the presence of a hydroxyl group
(GDMA vs. EDMA) or the number of atoms in the molecular bridge (BIS vs.
EDAM). The experimental results currently available are not sufficient to advance
quantitative hypotheses on the relationship between binding properties of
nanoMIPs and structural properties of cross-linkers, but it is plausible that a
further expansion of the number of cross-linkers tested could provide robust
indications on the type of molecular structures optimal to obtain nanoMIPs with
high affinity and selectivity for the target molecule.

Also, we obtained several nanoMIPs with the capability to selectively bind the
template molecule for rabbit IgG and able to distinguish protein with different
structure than IgG. The capability to discriminate IgG from other animal species is
low, and is possible an application of this nanoMIPs in a “protein A substitution
system”.
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The use of the mimic template in the solid phase synthesis:
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6 THE USE OF THE MIMIC TEMPLATE IN THE SOLID-
PHASE SYNTHESIS: THE EXAMPLE OF AN OCHRATOXIN
A-IMPRINTED NANOMIP

6.1 INTRODUCTION

In classical imprinting methods such as the bulk synthesis, the presence in the
final product of unwashed template molecules is an enormous problem. With the
normal analytical use of the imprinted particles, the lattice structure can degrade,
and an amount of the trapped template molecules is released at every use of the
MIP particles. Historically, this has represented the principal limit to the MIP
application in the solid-phase extraction. This phenomenon takes the name of
“bleeding” [1, 2]. To overcome this problem, the technique of the “mimic
template”, also known as “dummy template” [3-5], was introduced in bulk
synthesis method. This technique consists into imprinting not the real
template/target molecule itself, but one of its structural homologues. So, in the
final MIP particles it is not the target substance that is trapped but a different one,
so that the former does not pollute the analysis.

In the solid-phase polymerization the template molecules are not trapped in the
final product, because all of them are moved away together with the silica
microspheres after the synthesis, and for this reason the use of the mimic template
may appear useless. But this technique allows achieving another advantage beside
avoiding the bleeding phenomenon: limiting the use of expensive or dangerous
templates. Indeed, in the case of dangerous target molecules, such as ochratoxin A,
limiting their employment represents a security issue.

Ochratoxin A (OTA) is a mycotoxin with a potential carcinogenic effect, and it is an
important and dangerous food-contaminant [6] with an enormous analytical
interest. The individuation and the quantification of OTA in food samples is
required by the law in several countries [7]. In literature a lot of studies about
OTA-imprinted MIPs are present [8-10], with some of them leveraging the mimic
template technique.

6.1.1 Aim of the work and objectives

The principal goal of this work was exploring the possibility to use the mimic

template strategy also in the solid-phase synthesis and measuring the efficiency of

this approach. Secondarily, the focus was put on producing a nanoMIP against

OTA. For this purpose, we selected a phenylalanine derivate as a mimic template,

namely N-(4-chloro-1-hydroxy-2-naphthoylamido)-(L)-phenylalanine, shortened

in CHNA-Phe. This type of structural homologue has a less toxic effect than OTA.
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The principal responsible of the protein synthesis inhibition behavior of the
mycotoxin is in the isocumarine moiety [11]. This structure is different in CHNA-
Phe with respect to OTA. This mimic template was previously successfully used for
OTA-binding-MIPs in several works [8, 9]. All these works used the bulk synthesis
to obtain the MIP.

The monomeric formulation was selected by a previous work of Loépez-Puertollano
et al. [9]. To evaluate the binding capability of the CHNA-Phe-imprinted nanoMIP,
we measured the binding constant for the mimic template itself, and for the
original OTA. Also, we measured the non-specific binding for each of the target
substances with a nanoMIP imprinted for diclofenac with the same formulation.
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6.2 EXPERIMENTAL

6.2.1 Materials

Glass beads were Spheriglass-2429, with 70-100 um average particle size (Potters,
UK).

Acrylic acid (AA), 2-aminoethylmethacrylate hydrochloride (AEMA), 3-
(aminopropyl)trimethoxysilane (APTMS), ammonium persulphate (APS), N,N’-
diisopropylcarbodiimide (DIC), ethylenglycole methacrylate phosphate (EGMP),
hexamethyldisilazane (HMDS), N-hydroxysuccinimide (NHS), N-
isopropylacrylamide (NIPAm), N,N’-methylenN,N’—N,N’-methylen-bis-acrylamide
(BIS), morpholinethansulphonic acid (sodium salt, MES), N-tertbutylacrylamide
(TBAm) and N,N,N’,N’-tetramethylethylendiamine (TEMED), N-(4-chloro-1-
hydroxy-2-naphthoic acid) (CHNA), L-phenylalanine (Phe), N,N-
dicyclohexylcarbodiimide were purchased by Sigma-Merck (Milan, Italy).
Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The used water was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerization inhibitors in the monomers were removed by filtration
through activated basic alumina.

CHNA-Phe and OTA stock solutions were prepared by dissolving 10 mg of the
substance in 25 mL of methanol then stored in the dark at -20 °C.

6.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads was dispersed in 50 mL of 1
M aqueous NaOH and boiled for 1 h. Then, they were diluted with 50 mL of
ultrapure water and filtered on a 0.22 um nylon membrane. The glass beads were
washed with 100 mL of 1 M aqueous HCl and with ultrapure water till neutrality.
Then they were rinsed twice with acetone and dried at 60 °C overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS was added, and the
mixture let to react overnight. The glass beads were filtered on a 0.22 um nylon
membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred in a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture was let to react overnight. The
end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a
0.22 um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
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After silanization, the amino groups available on the silanized glass beads surface
were determined by Kaiser’s method as 1,1 umol/g [12].

6.2.3 Synthesis of the OTA analog

The synthesis of the OTA analog N-(4-chloro-1-hydroxy-2-naphthoylamido)-(L)-
phenylalanine (CHNA-Phe) reported in Figure 6-1, was developed utilizing the
reaction between a primary amine and the N-hydroxysuccinimidyl derivative of a
carboxylic acid according to the procedure previously reported in literature with
minor modifications [8].

In a 250-mL round-bottom flask containing 500 mg (2.25 mmol) of CHNA
dissolved into 50 mL of ice-cold anhydrous tetrahydrofurane, 271 mg (2.36 mmol)
of NHS and 487 mg (2.36 mmol) of freshly crystallized N,N-
dicyclohexylcarbodiimide were added in sequence. The mixture was stirred for 2 h
at 4 °C, the obtained N,N-dicyclohexylurea was separated by filtration with a G4
Biichner funnel, and then rapidly added drop by drop under vigorous stirring in a
solution of 1.12 g (6.75 mmol) of Phe dissolved in 50 mL of 0.1 M NaHCOs. The
reaction mixture was stirred at room temperature overnight, then evaporated in a
rotavapor. The residue was acidified to pH 2 with 0.1 M aqueous HCI, dispersed
under sonication into 50 mL of ethylacetate and washed three times with 50 mL of
acidified water. The organic layer was dried over anhydrous Na.SO, and
evaporated under a stream of air. The obtained raw product was recrystallized
twice in absolute ethanol, giving the product as a white powder (648 mg, 78%
yield), deemed pure by HPLC-MS with a mobile phase constituted by MeCN—
AcOH, 99/1 v/v (eluent A) and H20—AcOH, 991 v/v (eluent B) in A + B gradient,
from 1/9 (1 min) to 91 (6 min), then in isocratic conditions up to 7 min.

0 OH 0 OH
N 0 OH O N (|3 OH
NH 0 NH
CHg
Cl Cl

Figure 6-5-11 - The OTA (left) and CHNA-Phe (right) molecular structures

6.2.4 Template immobilization

In a 25-mL glass vial, 111 mg (0.300 mmol) of template was dissolved in 10 mL of
DMF, 38 mg of NHS (0.330 mmol) and 52 uL of DIC (0.332 mmol) were added
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and the solution incubated at 4 °C for 60 min. Then, it was transferred into a 50-
mL vial containing 5 g of aminated glass beads. The mixture was incubated at
room temperature overnight onto a horizontal roller, filtered on a 0.22 pm nylon
membrane, washed with DMF and ultrapure water, rinsed twice with acetone,
dried under vacuum at room temperature and stored in the dark at 4 °C.

6.2.5 Synthesis of the nanoMIPs

The polymerization mixtures were prepared according to the literature [9, 13] and
to previous experiments performed within our research group. A pre-
polymerization mixture was made in 100 mL of ultrapure water by mixing, under
sonication, 1.1 uL of AA (0.016 mmol), 1 mg of AEMA (0.006 mmol), 33.6 mg of
EGMP (0.16 mmol), 19 mg of NIPAm (0.17 mmol), 16.5 mg of TBAm (0.13 mmol,
predissolved in 0.5 mL of ethanol) and 1 mg of BIS (0.0065 mmol). Then, 8 mL of
mixture was added to 50-mL polypropylene SPE cartridges containing 5 g of
template-functionalized glass beads. The cartridges were purged with N- for 5 min.
30 uL of TEMED and 500 pL of 30 mg mL* aqueous solution of APS were added
and the polymerization was carried out at room temperature for 1 h in a roller-
equipped incubator. The supernatant was drained by vacuum aspiration, the dry
cartridges were cooled to 4 °C and polymerization by-products and low-affinity
nanoMIPs were washed away with 10x2 mL of ice-cold water. High-affinity
nanoMIPs were collected by eluting the cartridges at room temperature with 5x3
mL hot water and 5x1 mL of 90% methanol/10% acetic acid v/v. The eluates were
purified by gel-filtration in ultrapure water onto a 26 x 250 mm Sephadex G25
column. The nanoMIPs were isolated by centrifugation at 14000 x g, dried by
lyophilisation and stored at 4 °C.

Non-imprinted polymers (nanoNIPs) were prepared in the same experimental
conditions in terms of composition of the polymerization mixture and
polymerization time but using glass-beads functionalized with diclofenac as solid
phase.

6.2.6 Coupling of nanoMIPs to glass beads

In 4-mL glass vials, 1 mg of nanoMIPs was dissolved under sonication in 1 mL of
MES buffer (50 mM, pH 4.7), 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC
(0.138 mmol) were added and the solutions incubated at room temperature for 60
min. Then, they were transferred in 10-mL flasks containing 1 g of aminated glass
beads. The suspensions were incubated at room temperature overnight, filtered on
0.22 um nylon membranes, washed with ultrapure water, rinsed twice with
acetone, dried under vacuum at room temperature and stored in the dark at 4 °C.
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6.2.7 HPLC method

Reverse-phase HPLC analysis was used for OTA and CHNA-Phe determination.
The HPLC apparatus (Merck-Hitachi, Milan, Italy) was a LaChrom Elite system
composed of a programmable binary pump L-2130, an auto-sampler L-2200, a
fluorescence detector L-2480, provided with EZChrom Elite software for the
instrumental programming, data acquisition and data processing. The used
column was a 100 mm x 4.6 mm Chromolith RP-18 (Merck, Milan, Italy). The
mobile phase was water/acetonitrile 50/50, acetic acid 1% (v/v). Elution was
performed in isocratic conditions at a flow rate of 0.5 mL/min. The sample volume
that was injected was 5 pL and the fluorescence wavelengths were: CHNA-Phe: Aex
= 350 nm/Aem = 416 nm; OTA: Aex = 333 nm/Aem = 460 nm. Standard solutions
between 5 and 80 ng/mL were prepared in the eluent immediately before use. The
solutions were analyzed in triplicate and mean peak areas were plotted against
standard concentration. The calibration plot was drawn by using a weighted linear
regression (weight = 1/conc).

6.2.8 Determination of binding properties

To measure binding isotherms, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4-mL flat bottom amber glass vials. Then, 1.0 mL of 20
mM buffer with different pH (from 4 to 8) containing increasing amounts of target
molecule ranging from 0.5 to 10 ug was added. The vials were incubated for 2 h at
room temperature under continuous agitation on a horizontal rocking table. Then,
the solutions were filtered on 0.22 ym nylon membranes and the free amounts of
target molecule were measured by HPLC-fluorescence analysis. Each experimental
point was assessed as the average of two repeated measures.

Binding parameters were calculated by using SigmaPlot 12 (Systat Software Inc.,
Richmond, CA, USA). Non-linear least square fitting was applied to the averaged
experimental data. Binding isotherm parameters were calculated by using a
Langmuir binding isotherm model.

The binding selectivity, a, was calculated as:

K.,OTA
~ K,qCHNA — phe

a

where Keq OTA and Keq CHNA-Phe are the equilibrium binding constants
calculated for OTA and CHNA-Phe, respectively.
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6.3 RESULTS AND DISCUSSIONS

6.3.1 Binding properties of the nanoMIP

To evaluate the possibility of using the strategy of the mimic template in the SPPS
type of synthesis, we have measured the bindings of a CHNA-Phe-imprinted
nanoMIP for the mimic template itself and for the original OTA. We have also
tested different pH conditions for the rebinding experiments environment. The
testing of different pH was performed to find the best rebinding conditions,
because both the CHNA-Phe and OTA molecules present several polar atoms like
oxygen and nitrogen that can modify binding in function of their protonation state.
In Table 6-1 and in the Figure 6-2 the Keq values are reported.
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Figure 6-2 - Keq (106 M) values of bindings between nanoMIP and CHNA-Phe (blue) or
OTA (orange) at different pH. Error bars indicate 1 standard error unit.

Table 6-1 - Keq (10° M) values of binding of the nanoMIP and nanoMIP with the CHNA
and the OTA at different pH.

MIP NIP
pH
CHNA-Phe OTA CHNA-Phe OTA
4 1.52 £+ 0.98 1.11+0.62 0.54 +£0.30 0.60 £+ 0.53
5 3.67+0.63 3.71£1.00 1.61+0.43 1.92+0.71
6 834+1.82 7.80+1.88 1.91+0.33 1.88+0.87
7 6.58 +0.99 5.58+0.55 1.33+0.22 1.87+0.41
8 1.46 £ 0.35 1.36 £1.04 0.88+0.66 1.32+0.34
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For the buffer pH dependence of the CHNA-Phe binding, the Keq presents a perfect
gaussian behavior (r2 = 0.973,a = 8.7 £ 0.7, b = 6.3 £ 0.1, ¢ = 0.9 + 0.1), with a
maximum binding at pH 6.3. This pH is near to the pH of the synthesis
environment (neutral water with a slight presence of acrylic acid), and thus it is
reasonable to think that the target molecule is in the same ionization condition of
the template molecules employed to form the binding sites. Like in the case of
CHNA-Phe, for OTA the best binding condition is found to occur at pH 6. A
statistical comparison (t-test: = 0.05, n = 20, t < 2.101) between the equilibrium
binding constants for CHNA-Phe and OTA measured onto the nanoMIP show that
the values for the corresponding nanoMIPs and indistinguishable from each other.

In Table 6-1 the binding values for CHNA-Phe and OTA for the non-imprinted
polymer are also reported. The values are lower than the specific, and a similar
trens is observed. At pH 5 and 6, the non specific binding is higher, probabilly for
the optimal ionization states of the target molecules and the nanoparticles surface
functionality. At the extremes, the values of the specific binding for OTA and
CHNA-Phe are the same as those of the non-specific binding. Instead, at central
pH values, specific binding is much higher than the non-specific one, with
imprinting factors over 4. In the figure 6-3 are reported the imprinting factor
values.
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Figure 6 3 — Imprinting factor values (IF) for the nanoMIP at different pH. Error bars
indicate 1 standard error unit.
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Figure 6-4 reports the selectivity values, calculated as a ratio between the Keq of the
OTA binding over the Keq of the CHNA-Phe binding at every pH condition. No
general behaviour is observed, and the binding is better for the CHNA-Phe or for
the OTA template without any understandable trend. If focus is put onto the
central pH 6 — the condition with the higher binding constants — there is an
absolute equality in the recognition of the targets. Compared to work presented in
the previous chapters, for this nanoMIP the goal was obtain the smaller
selectivities, because with the mimic template strategy it is backfired obtain a large
selectivity.
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1.5
1
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0

4 5 6 7 8
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Figure 6-4 — Selectivity values (a) for the nanoMIP at different pH. Error bars indicate 1
standard error unit.
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6.4 CONCLUSIONS

According to the experimental results, we have demonstrated that the strategy of
the mimic template is a successful way to obtain solid-phase nanoMIPs for
dangerous and expensive substances, such as ochratoxin A. We have obtained a
nanoMIP imprinted for a mimic molecule that, in the best buffer conditions, binds
the effective imprinted mimic molecule as efficiently as the original dangerous
target. The binding constants have very high values in both cases (107 M-1).

We have also observed that the rebinding buffer pH conditions are very important,
similarly to what was discussed in Chapter 2. Adopting pH conditions close to the
synthesis conditions is best, while increasing/decreasing pH of 2 units determines
the near disappearance of selective binding, leaving only non-specific binding.
Thus, the pH of the synthesis environment is deemed fundamental for the
following rebinding experiment. In the future, it will be necessary to study the
possibility of regulating the pH of the synthesis environment (especially in
aqueous media) to better control the binding capability of the nanoMIP as a
function of the ionic state of the template molecule.

124



6.5

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

(9]

[10]

The use of the mimic template in the solid phase synthesis:
the example of a Ochratoxin A-imprinted nanoMIP

BIBLIOGRAPHY

L. Chen, S. Xu, J. Li. Recent advances in molecular imprinting technology:
current status, challenges and highlighted applications. Chemical Society
Reviews, 2011, 40, 2922—2942, d0i:10.1039/c0cs00084a.

A. Zander, P. Findlay, T. Renner, B. Sellergren, A. Swietlow. Analysis of
nicotine and its oxidation products in nicotine chewing gum by a
molecularly imprinted solid-phase extraction. Anal Chem, 1998, 70, 3304—
3314, doi:10.1021/ac971272w.

L.I. Andersson, A. Paprica, T. Arvidsson. A highly selective solid phase
extraction sorbent for pre-concentration of sameridine made by molecular
imprinting. Chromatographia, 1997, 46, 57—62, doi:
10.1007/BF02490930.

J.L. Urraca, M.D. Marazuela, E.R. Merino, G. Orellana, M.C. Moreno-Bondi.
Molecularly imprinted polymers with a streamlined mimic for zearalenone
analysis. Journal of Chromatography A, 2006, 1116, 127-134, doi:
10.1016/j.chroma.2006.03.032.

J. Matsui, K. Fujiwara, T. Takeuchi. Atrazine-selective polymers prepared
by molecular imprinting of Trialkylmelamines as dummy template species
of atrazine. Analytical Chemistry, 2000, 72, 1810-1813, doi:
10.1021/ac9911950.

15th Report on Carcinogens, 2021, National Toxicology Program, U.S.
Department of Health and Human Services.

Commission regulation (EU) 2022/1370 of 5 August 2022 amending
Regulation (EC) No 1881/2006 as regards maximum levels of ochratoxin A
in certain foodstuffs.

C. Baggiani, F. Biagioli, L. Anfossi, C. Giovannoli, C. Passini, G. Giraudi.
Effect of the mimic structure on the molecular recognition properties of
molecularly imprinted polymers for Ochratoxin A prepared by a fragmental
approach. React Funct Polym, 2013, 73, 833-837, doi:
10.1016/j.reactfunctpolym.2013.03.018.

D. Lépez-Puertollano, T. Cowen, A. Garcia-Cruz, E. Piletska, A. Abad-
Somovilla, A. Abad-Fuentes, S. Piletsky. Study of epitope imprinting for
small templates: Preparation of nanoMIPs for Ochratoxin A.
ChemNanoMat, 2019, 5, 651-657, doi: 10.1002/cnma.201900050.

C. Baggiani, L. Anfossi, C. Giovannoli. Artificial systems for molecular
recognition of mycotoxins. In: M. Rai, A. Varma (eds). Mycotoxins in food,

feed and bioweapons. Springer, Berlin, Heidelberg, 2010, doi:

125



[11]

[12]

[13]

The use of the mimic template in the solid phase synthesis:
the example of a Ochratoxin A-imprinted nanoMIP

10.1007/978-3-642-00725-5_1.

T. K6szegi, M. Poor. Ochratoxin A: molecular interactions, mechanisms of
toxicity and prevention at the molecular level. Toxins, 2016, 8, 111, doi:
10.3390/toxins8040111.

E. Poli, V. Chaleix, C. Damia, Z. Hjezi, E. Champion, V. Sol. Efficient
quantification of primary amine functions grafted onto apatite ceramics by
using two UV-Vis spectrophotometric methods. Anal Methods, 2014, 6,
9622—9627, doi: 10.1039/c4ay02012j.

F. Canfarotta, A. Poma, A. Guerreiro, S.A. Piletsky. Solid-phase synthesis of

molecularly imprinted nanoparticles. Nat Protoc, 2016, 11, 443-455, doi:
10.1038/nprot.2016.030.

126



The effect of the presence of an enantiomeric template:
the example of levothyroxine nanoMIPs

7 THE EFFECT OF THE PRESENCE OF AN ENANTIOMERIC
TEMPLATE: THE EXAMPLE OF LEVOTHYROXINE
NANOMIPS

7.1 INTRODUCTION

Discriminating different chiral isomers is one of the most important goals of
chemical sciences. In nature a lot of molecules present chirality, and in living
systems it is common that only one of the possible enantiomers of a molecule
presents biological activity. Examples of this are amino acids, for which only the L
enantiomers are used by organisms to build proteins. Moreover, natural antibodies
have a great capability of discriminating different enantiomers [1, 2].

In the MIP technology the possibility to make systems with chiral recognition
properties has been a goal for a long time. The first MIP imprinted to a chiral
molecule was produced by Wulff et al. in 1978, namely a MIP imprinted for the 4-
nitrophenyl-a-D-mannopyranoside, with a recognition of the D enantiomer twice
as efficient as that of the L enantiomer [3]. With the classical bulk synthesis
method, the imprinting of chiral substances has found large applications, both
with normal and chiral monomers [4]. The principal application of
enantioselective MIPs is in separation techniques such as SPE, HPLC and sensors
[5]. In general, all the MIPs imprinted for a chiral enantiomer present a good
enantiomeric selectivity. It is important to remember that a lot of template
molecules — especially in the case of big molecules - present several chiral centers,
but “chiral templates” are usually employed to isolate the only enantiomer which is
most commonly found. For example, cholesterol presents eight chiral centers, but
one enantiomer is predominant [6].

7.1.1 Aim of the work and objectives

To evaluate the possibility of obtaining a nanoMIP with the solid-phase
polymerization synthesis characterized by chiral recognition capabilities, we
selected levothyroxine (1T4) as a template. This molecule is a derivate of
aminoacid tyrosine produced by the thyroid gland, and together with the -
trilodothyronine (LT3) it forms the class of the thyroid hormones. In the human
organism, the L isomers present the principal active effect, while the D isomers are
not used in the pharmacological treatment of hypothyroidism [7, 8]. Besides, the D
isomers also display secondary effects on the organism [9]. An enantioselective
MIP for this substance is already present in literature but was not obtained with
the SPPS technique [10]. To study the influence of the template chiral center in the
imprinting process, we immobilized the template molecule onto the glass beads
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through two different positions (Figure 7-1): the ammino group on the chiral
center (template A) and the phenolic group (template B).

)

! © OH
S | Q)
Template B Template A
binding site binding site

Figure 7-1 - The levothyroxine molecular structure and the template’s immobilization
sites.

For the two different template nanoMIPs — in addition to the affinity for the
template molecule - two types of selectivities were measured. Firstly, the classical
chemical selectivity on the structural homologues was measured. For this purpose,
we measured the binding for the less iodine-substituted structural homologues of
T4, namely LT3 and 3’,5’-diiodo-L-thyronine (LT2). Also, we measured the chiral
selectivity using the alternative enantiomers of T4 and LT3, i.e., pT4 and pT3.
The non-specific binding was measured with the use of a nanoMIP imprinted in
the same conditions as for diclofenac and measuring the affinity for all thyroid
hormones.
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7.2 EXPERIMENTAL

7.2.1 Materials

Glass beads were Spheriglass-2429, with 70-100 um average particle size (Potters,
UK).

Acrylic acid (AA), 3-(aminopropyl)trimethoxysilane (APTMS), ammonium
persulphate (APS), azobisisobutyronitrile (AIBN), 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC), hexamethyldisilazane (HMDS), N-
hydroxysuccinimide (NHS), N-isopropylacrylamide (NIPAm), N,N'-
methylenN,N’~N,N’-methylen-bis-acrylamide (BIS), morpholinethansulphonic
acid (sodium salt, MES), sodium borohydride, N-tert-butylacrylamide (TBAm),
N,N,N’,N’-tetramethylethylendiamine (TEMED), N,N-dimethylaminopyridine
(DMAP), N,N’- dicyclohexylcarbodiimide (DCC), borabicyclo[3.3.1]Jnonane (9-
BBN), levothyroxine (LT4), dextrothyroxine (pT4), r-triiodothyronine (LT3), b-
triiodothyronine (pT3), 3’,5-diiodo-L-thyronine (LT2), succinic anhydride, N,N’-
diisopropylcarbodiimide  (DIC), 4-dimethylaminopyridine (DMAP) were
purchased by Sigma-Merck (Milan, Italy).

Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The used water was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerization inhibitors in the monomers were removed by filtration
through activated basic alumina.

Hormone stock solutions were prepared by dissolving 10 mg of the substance in 25
mL of DMF/1 M NaOH 80/20 (v/v) then stored in the dark at -20 °C.

7.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads was dispersed in 50 mL of 1
M aqueous NaOH and boiled for 1 h. Then, they were diluted with 50 mL of
ultrapure water and filtered on a 0.22 um nylon membrane. The glass beads were
washed with 100 mL of 1 M aqueous HCl and with ultrapure water until neutrality
was achieved. Then they were rinsed twice with acetone and dried at 60 °C
overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS was added, and the
mixture was let to react overnight. The glass beads were filtered on a 0.22 pm
nylon membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred into a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
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azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture was let to react overnight. The
end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a
0.22 um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
After silanization, the amino groups available on the silanized glass beads surface
were determined by Kaiser’s method as 1,1 umol/g.

7.2.3 Glass beads hemisuccination

10 g of aminated glass beads was added to 20 g of succinic anhydride in 20 mL of
pyridine at 9o °C for 12 h. A few grains of DMAP were added to catalyze the
reaction. After the reaction the solid were separated with a filtration on glass filter
and washed with pyridine and water.

7.2.4 Template A immobilization

To bind the template molecule LT4 to the glass beads through the chiral center
(template A), LT4 was introduced into the reaction environment without any
modification. 5 g of hemisuccinated glass beads was placed in a 25-mL glass vial,
with 7.6 mg of NHS, 10 pL of DCC and 10 mL of anhydrous DMF, and the mixture
was moderately stirred for 60 min. Meanwhile, 235 mg of T4 was dissolved in 13
mL of DMF, while adding 2 drops of trimethylamine. The T4 solution was then
added to the stirred glass beads suspension. The mixture was incubated at room
temperature overnight onto a horizontal roller, filtered on a 0.22 pm nylon
membrane, washed with DMF and ultrapure water, rinsed twice with acetone,
dried under vacuum at room temperature and stored in the dark at 4 °C.

7.2.5 Synthesis of T4-CME (template B)

The synthesis of 4'-carboxymethoxy-3,5,3',5'-tetraiodothyronine (T4-CME), i.e.,
template B, was conducted according to literature [11], and consists of four
reaction steps. In the Figure 7-2 the synthesis procedure is reported.

In the first step, the nucleophile groups were protected. 100 g (1.29 mmol) of T4
was dissolved in 10.0 mL of 1 M aqueous NaOH at 4 °C. The solution was diluted
with water and 1 M aqueous NaOH to 70 mL (pH 11) and it was stirred for 20 min.
The pH was brought to 10.5 with 0.1 M aqueous HCI, and then 0.70 mL of acetic
anhydride (AcO-) was added. The pH was kept constant at 10.5 with 5 mL of 2 M
aqueous NaOH and stirred for 2 h. 0.10 g of activated charcoal was added, and all
was stirred for another 30 min at 10 °C. The suspension was filtered on a Gooch
filter and the activated charcoal washed away with 3 mL of 1 M aqueous HCI. The
solution was left overnight at 4 °C. The resulting white suspension (N,O-diacetyl-
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L-3,5,3',5'-tetraiodothyroxine) was filtered on a 0.22 um membrane filter. This
product is instable and needs to be used as soon as possible.

In the second step, the phenolic moiety was deprotected. The previous product was
dissolved in 50 mL of methanol (CH3;0H) and 17 mL of aqueous NH3; 25% v/v and
left overnight at 4 °C. 0.10 g of activated charcoal was added and the mixture was
stirred for 30 min, and then filtered on a Gooch filter. The resulting solution was
evaporated to reduce the volume to 66% of the initial one in a rotavapor
instrument under 30 °C. The initial volume was restored by adding water and the
pH was brought to 5. After an overnight wait at 4 °C, a gel precipitate (N-acetyl-L-
3,5,3',5'-tetraiodothyroxine) was separated on a 0.22 um membrane filter. This
product is stable over time if it is held away from light and humidity.
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Figure 7-2 - Synthesis scheme of T4-CME (template B)

In the third step, the phenolic group was carboxymethylated. The previous product
was dissolved in 12 mL of anhydrous DMF with 50 mg of dried K-CO3. Under
stirring, 0.11 mL of ethyl bromoacetate was added. The solution was stirred for 3 h
at room temperature in the dark. After this time, 20 mL of cold water (4 °C) was
added. The solution was evaporated to reduce the volume to 66% of the initial one
in a rotavapor instrument under 30 °C in the dark. The volume was restored by
adding water and the pH was brought to 5. After an overnight wait at 4 °C, a gel
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precipitate  (4'-carboxymethoxy-N-acetyl-L-3,5,3',5'-tetraiodothyroxine) = was
separated on a 0.22 um membrane filter and dried in a dessicator. This product is
stable over time if it is held away from light and humidity.

In the last step, the protecting groups on O and N were hydrolyzed. The previous
product was dissolved in 16 mL of an acetic acid/37% HCI 50/50 v/v solution and
refluxed in the dark for 4 h. After this time, the solution was reduced to half its
volume using a rotavapor in the dark. The T4-CME product precipitated as a grey
solid. This was separated on a 0.22 um membrane filter and dried in a dessicator.
This product is stable over time if stored in the dark at 4 °C.

7.2.6 Template B immobilization

To bind the template molecule T4 to the glass beads with the phenolic moiety
(template B), LT4 was introduced into the reaction environment in the form of T4-
CME and with a protecting group on the chiral moiety.

To protect the chiral moiety [12,13], 50 mg of T4-CME (0.061 mmol) was
introduced into a 100-mL flask with 7.5 mg of 9-BBN (0.062 mmol). The solids
were dissolved in 50 mL of methanol and refluxed for 3 h. After this time the
methanol was evaporated through a rotavapor.

Wrgfmg{

Figure 7-3 — Molecular structure of the T4-CME - 9-BBN adduct

In 25-mL glass vials, 50 mg of protected T4-CME (0.061 mmol) was dissolved in 8
mL of DMF, 7.6 mg of NHS (0.066 mmol) and 10 pL of DCC (0.064 mmol) were
added and the solutions incubated for 60 min. Then, they were transferred in 25-
mL flasks containing 5 g of aminated glass beads. The suspensions were incubated
at room temperature overnight, filtered on a 0.22 um nylon membrane, washed
with DMF, rinsed twice with acetone, dried under vacuum at room temperature
and stored in the dark at 4 °C.

The protecting group was removed incubating the template-glass beads conjugate
overnight with 10 mL of methanol/chloroform 9o/10 v/v. The solid was washed
with 20 mL of methanol ad 25 mL of ultrapure water.
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7.2.7 Synthesis of nanoMIPs

The polymerization mixtures were prepared according to the literature [14] and
previous experiments performed within our research group. A pre-polymerization
mixture (Formulation G, molar ratio BIS : AA : NIPAm : TBAm =2 : 20 : 30 : 48)
was prepared in 25 mL of ultrapure water by mixing under sonication 1 mg of
cross-linker (BIS: 0.0065 mmol ), 4.7 mg of AA (0.065 mmol), 11 mg of NIPAm
(0.097 mmol) and 19.8 mg of TBAm (0.156 mmol, dissolved in 0.5 mL of ethanol).
Then, 8 mL of mixture was added to 50-mL polypropylene SPE -cartridges
containing 5 g of template-functionalized glass beads. The cartridges were purged
with N- for 5 min. 30 uL of TEMED and 500 uL of 30 mg mL-! aqueous solution of
APS were added and the polymerization was carried out at room temperature for 1
h in a roller-equipped incubator. The supernatant was drained by vacuum
aspiration, the dry cartridges were cooled to 4 °C and polymerization by-products
and low-affinity nanoMIPs were washed away with 10x2 mL of ice-cold water.
High-affinity nanoMIPs were collected by eluting the cartridges at room
temperature with 5x3 mL hot water and 5x1 mL of 90% methanol/10% acetic acid
v/v. The eluates were purified by gel-filtration in ultrapure water onto a 26 x 250
mm Sephadex G25 column. The nanoMIPs were isolated by centrifugation at
14000 x g, dried by lyophilization and stored at 4 °C.

Non-imprinted polymers (nanoNIPs) were prepared in the same experimental
conditions in terms of composition of the polymerization mixture and
polymerization time but using glass beads functionalized with diclofenac as a solid
phase.

7.2.8 Coupling of nanoMIPs to glass beads

In 4-mL glass vials, 1 mg of nanoMIPs was dissolved under sonication in 1 mL of
MES buffer (50 mM, pH 4.7), 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC
(0.138 mmol) were added and the solutions incubated at room temperature for 60
min. Then, they were transferred in 10-mL flasks containing 1 g of aminated glass
beads. The suspensions were incubated at room temperature overnight, filtered on
0.22 pum nylon membranes, washed with ultrapure water, rinsed twice with
acetone, dried under vacuum at room temperature and stored in the dark at 4 °C.

7.2.9 HPLC-MS method

Reverse-phase HPLC-MS analysis was used for target determination. The HPLC
apparatus (ThermoScientific) was an Accela LC system composed of a
programmable quaternary pump, an auto-sampler and a mass spectrometer with
an LCQ Fleet single ion trap and an ESI ion source, provided with Xcalibur and
LCQFleet softwares for the instrumental programming, data acquisition and data
processing. The used column was a 150 mm x 4.6 mm Kinetex XB-C18A 5 um
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(Phenomenex). The mobile phase was methanol/water 70/30, formic acid 1%
(v/v). Elution was performed in isocratic conditions at a flow rate of 0.5 mL/min.
The injected sample volume was 50 uL. The ESI parameters were: sheath gas flow
rate 35 au, aux gas flow rate 5 au, sweep gas flow rate o0 au, spray voltage 4.50 kV,
capillary temperature 260 °C, capillary voltage 44 V, tube lens 120 V. The analyses
were conducted in SRM method with the selection of the molecular ions and their
following fragmentation in a MS2 experiments. Standard solutions between 10 and
100 ng/mL were prepared in the eluent immediately before use. The solutions
were analyzed in duplicate and mean peak areas were plotted against standard
concentration. The calibration plot was drawn by using a weighted linear
regression (weight = 1/conc).

7.2.10 Determination of binding properties

To measure binding isotherms, about 40 mg of glass beads supporting nanoMIPs
were exactly weighed in 4-mL flat bottom amber glass vials. Then, 1.0 mL of 20
mM phosphate buffer at pH 7.4 containing increasing amounts of target molecule
ranging from 0.5 to 10 ug was added. The vials were incubated for 2 h at room
temperature under continuous agitation on a horizontal rocking table. Then, the
solutions were filtered on 0.22 pym nylon membranes and the free amounts of
target molecules were measured by HPLC-MS analysis. Each experimental point
was assessed as the average of two repeated measures.

Binding parameters were calculated by using SigmaPlot 12 (Systat Software Inc.,
Richmond, CA, USA). Non-linear least square fitting was applied to the averaged
experimental data. Binding isotherm parameters were calculated by using a
Langmuir binding isotherm model.

The binding selectivity, a, was calculated as:

K.qtarget molecule
- KoqLT4

where Keq target molecule and Keq 1T4 are the equilibrium binding constants
calculated for the other molecule and T4, respectively.
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7.3 RESULTS AND DISCUSSION

7.3.1 Binding properties of the nanoMIP

To evaluate the binding properties of the nanoMIPs, they were measured for the
two different-oriented template nanoMIPs through rebinding experiments with
different thyroid hormones. Firstly, the affinity for LT4, the template molecule, was
measured, to evaluate how well the two MIPs could bind it. The same was applied
to the binding affinity to thyroid hormones with fewer iodine atoms (summarized
in Figure 7-4): LT3 (one I atom less than LT4) and T2 (two I atoms less than 1T4),
to evaluate the selectivity of the nanoMIPs for the template structural homologues.
The affinity for the enantiomers of the LT4 and LT3 hormones was measured as
well, to evaluate the chiral selectivity of the nanoMIPs. In Table 7-1 and in Figure
7-5 the resulting Keq values for these target substances, and their relative non-
specific bindings, are summarized.
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Figure 7-4 - Molecular structures of the thyroid hormones used to evaluate the selectivity
of the nanoMIPs. T4, T3 and T2 are general abbreviations for both the L and D
enantiomers.
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Table 7-1 - Keq (10° M) values of the thyroid hormones binding with the two nanoMIPs
(template A and template B) and the diclofenac-imprinted nanoMIP (non-specific). The
values are reported with + 1 standard deviation.

Template A Template B R et

MIP MIP
LT4 25.4 + 13.4 107.9 + 45.5 4.4 2.2
pT4 22.3+ 7.7 26.0 + 6.8 5.9 £ 4.4
LT3 14.3 £ 6.9 29.4 + 15.9 4.8 £ 5.0
pT3 15.9 £ 0.7 11.8 £ 5.8 3.6 £ 1.7
T2 5.1+ 1.3 2.7 +1.23 3.1+1.6

For the template molecule, each nanoMIP displays a good affinity, but the
template B nanoMIP — i.e., the one imprinted for the LT4 bound to the opposite of
the chiral center — presents a better value, in the range of 108 M-1. The template B
nanoMIP presents a Keq 4 times higher than that of the template A nanoMIP.
In agreement with the decrease of the number of iodine atoms, for the selectivity of
the other thyroid hormones a decrease of the recognition capability for both the
nanoMIPs is observed, although the rest of the molecular structure remains
identical. This is explainable with the entropic gain of the binding between the
target molecule and the nanoMIP binding site compared to the initial entropic
state, in which the molecule is solvated. With a decrease of the number of iodine
substituents, this gain disappears. For T2, the specific portion of the binding is
empty, and the Keqvalues for both the nanoMIPs are the same of the non-specific
binding.
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Figure 7-5 - Keq (10° M) values of the thyroid hormones binding the two nanoMIPs
(template A and template B) and the diclofenac-imprinted nanoMIP (non-specific). Error
bars indicate 1 deviation standard unit.

Observing the data, another behaviour can be observed. If the template A nanoMIP
binds the D and L isomers equally for both T4 and T3 molecules, the same does
not apply to the template B nanoMIP. Indeed, this binds the L isomers much
better than the D ones. This behavior is explainable with the binding position of
the template on the glass beads. For template A, the binding on the chiral site
creates a steric hindrance, which leads the binding site to being “badly imprinted”
on this side of the molecule. Also, in this template one of the most polar groups of
the molecule — the amino group — is lost, which implies a lower imprinting
potential, translating into a smaller affinity for the template. For template B, the
binding with the glass beads occurs on the phenolic group, and the chiral moiety is
well exposed. In fact, this nanoMIP has a good chiral recognition capability: L
isomers are bound 4.15 times better in the case of T4 and 2.5 times better in the
case of T3 than the D isomers. Also, the exposition of the amino group means a
major recognition capability, which translates into a higher binding affinity
(imprinting factor of 24.5 for LT4).
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7.4 CONCLUSIONS

According to the data, with the solid-phase polymerization synthesis it is possible
to obtain nanoMIPs imprinted to chiral molecules with high enantioselectivity of
the binding site. At the same time, it is fundamental for this type of molecule to
choose the best functional group to bind with the glass beads, to maximize
enantioselectivity. In cases such as that of the template A nanoMIP, a binding of
the template on the chiral center itself can cancel out all the chiral selectivity on
the resulting nanoMIP. In contrast, a good choice to maximize the enantiomeric
selectivity may introduce an additional binding pivot over the geometricity of the
molecule and the chemistry of the functional groups, obtaining higher affinity.
Although, this last point needs additional experiments and studies to be
confirmed.

At the same time, a nanoMIP (i.e., the template B nanoMIP) with very good
properties was developed for T4, with the capability to discriminate very well both
the L enantiomer from the D one and LT4 from the other thyroid hormones that
are present in the organism, such as LT3. In the future, it will be possible to apply
this nanoMIP to an analytical system.
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8 NANOMIP-BASED SOLID PHASE EXTRACTION OF
FLUOROQUINOLONES FROM HUMAN URINE

8.1 INTRODUCTION

Molecularly imprinted polymers (MIPs) find in the so called “molecularly
imprinted solid phase extraction” (MISPE) technique one of their most popular
applications, consisting of selectively extracting target analytes in the presence of
interfering substances and complex matrices. Whether in the form of cartridges
[1], monoliths [2], magnetic particles [3], or nanofibers [4], the application of
MIPs to extraction problems is certainly competitive due to their resistance to
chemical and biological degradation, the versatility of their applications and the
operative costs (if compared to similar methods based on natural receptors such as
immunoaffinity extraction) [5,6].

Despite these advantageous characteristics, the MISPE technique shows several
drawbacks which limit its wider applicability. First, the preparation of the
imprinted material requires the introduction into the polymerization mixture of a
fair amount of the target molecule that must act as a template [7]. Thus, the
preparation of an adequate quantity of the polymer requires a large quantity of the
template, which cannot always be recovered and recycled. In the case of analytes
that are difficult to find, expensive or unstable, or those that represent a hazard to
health or safety, this is a practical obstacle that cannot be easily overcome.
Furthermore, the complete removal of the template from the imprinted polymer is
frequently rather difficult [8,9] and the unextracted residues can slowly leach out
in the so-called “bleeding effect”, contaminating the samples in the solid phase
extraction process and irreparably compromising the results of the analysis.

To overcome these drawbacks, the “mimic template” technique has been
introduced, where a putative molecule that is structurally similar to the target
molecule is able to raise imprinted binding sites but does not interfere with the
subsequent analytical technique. This approach avoids the bleeding effect, but still
requires the availability of large quantities of the mimic template, which frequently
must be prepared by ad hoc synthesis [10].

An innovative approach for solving all these issues is presented by the solid phase
synthesis of nanoMIPs [11,12]. However, to date only limited attention has been
paid to the use of nanoMIPs in solid phase extraction [13]. Therefore, since
nanoMIPs show close similarities, in terms of binding behavior, to natural
antibodies, it seems relevant to check wether it is possible to use them as
substitutes of natural antibodies in immunoextraction methods.
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8.1.1 Aim of the work and objectives

As a proof-of-concept study, we decided to prepare a MISPE system with the
“standard” nanoMIP imprinted for the ciprofloxacin, with the previous optimized
synthesis method (formulation mixture G for synthesis in water, 1 hour
polymerization). The ciprofloxacin has a relevant interest as an analytical target in
MISPE [14-16]. As extraction matrix, the human urine was selected. There is a real
interest in the individuation and quantification of the ciprofloxacin and other
fluoroquinolones in urine, to prevent the release into the environment of large
amounts of antibiotics. This also means to prevent the strengthening of antibiotic
resistance [17].

To develop the MISPE system, we started from a simplified model where the
human urine was substituted with a “synthetic urine”: a buffer with several salts
and proteins that mimics the natural compound. This approach eliminates the
matrix effect caused by human’s individual variability. The extraction parameters
were optimized with this artificial matrix. Therefore, with real human urine, the
system was tested in real conditions of use.
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8.2 EXPERIMENTAL

8.2.1 Materials

Glass beads were Spheriglass-2429 70-100 um average particle size (Potters, UK).
Ciprofloxacin was purchased from Supelco (Milan, Italy).

Acrylic acid (AA), 3-(aminopropyl)trimethoxysilane (APTMS), ammonium
persulphate (APS), azo-bis-isobutyronitrile (AIBN), chlorotetracycline (CYX), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide = (EDC),  hexamethyldisilazane
(HMDS), N-hydroxysuccinimide (NHS), N-isopropylacrylamide (NIPAm), N,N'-
methylen-bis-acrylamide (BIS), morpholinethansulphonic acid sodium salt (MES),
sodium borohydride, N-tert-butylacrylamide (TBAm), N,N,N’,N’-
tetramethylethylendiamine (TEMED), ciprofloxacin (CPX), levofloxacin (LVX),
danofloxacin (DAN), enrofloxacin (ENR), moxifloxacin (MOX), norfloxacin
(NOR), lomefloxacin (LOM), sarafloxacin (SAR), N,N’-diisopropylcarbodiimide
(DIC), N,N-dimethylaminopyridine (DMAP), succinic anhydride and
trimethylolpropane trimethacrylate (TRIM) were purchased from Sigma-Merck
(Milan, Italy).

Solvents and all other chemicals were purchased from Sigma-Merck (Milan, Italy).
All the solvents were of HPLC grade, whereas all chemicals were of analytical
grade.

The water used was ultra-purified in Purelab Prima System from Elga (Marlow,
UK). Polymerization inhibitors in the monomers were removed by filtration
through activated basic alumina.

Antibiotic stock solutions were prepared by dissolving 10 mg of the substance in 25
mL of methanol/acetic acid 95/5 (v/v) then stored in the dark at -20 °C.
Synthetic urine was prepared as previously reported [18], stored at 4 °C and
discarded no later than a week after its preparation.

8.2.2 Glass beads amination

In a 100-mL round-bottomed flask, 25 g of glass beads in 50 mL of 1 M aqueous
NaOH and boiled for 1 h. Then, they were diluted with 50 mL of ultrapure water
and filtered on a 0.22 pm nylon membrane. The glass beads were washed with 100
mL of 1 M aqueous HCI and with ultrapure water till neutrality. Then they were
rinsed twice with acetone and dried at 60 °C overnight.

The dried glass beads were transferred in a 1-L round-bottomed flask and
dispersed in 50 mL of toluene, removing water by azeotropic distillation. Then, the
flask was cooled to room temperature, 10 mL of APTMS were added, and the
mixture let to react overnight. The glass beads were filtered on a 0.22 um nylon
membrane and washed with 3x50 mL of toluene.

To end-cap the residual silanols, the glass beads were transferred in a 250-mL
round-bottomed flask and dispersed in 50 mL of toluene, removing water by
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azeotropic distillation. Then, the flask was cooled to room temperature, 1 mL of
HMDS was added to the dispersion and the mixture let to react overnight. The
end-capped glass beads, named “short-chain beads” (SC-beads) were filtered on a
0.22 Um nylon membrane, rinsed twice with acetone and dried at 60 °C overnight.
After silanization, the amino groups available on the silanized glass beads surface
were determined by Kaiser’s method as 1,1 mol/g.

8.2.3 Synthesis of ciprofloxacin hemisuccinamide

The template molecule, -ciprofloxacin hemisuccinamide (CPX-HS), was
synthesized according to a modification of the procedure given by Noél et al. [19].
Succinic anhydride (100 mg, 1 mmol) was added to a suspension of CPX (331 mg, 1
mmol) in DMSO (2.0 mL) containing a catalytical amount of DMAP. The reaction
mixture was stirred under nitrogen overnight at 95 °C and cooled down to room
temperature. The resulting precipitate was filtered, washed successively with water
and diethylether, and dried under reduced pressure. The expected
hemisuccinamide was isolated as a fluffy white powder (98 mg, yield 75%),
deemed pure by MS-HPLC (ESI: m/z 431.1 [MH+]).

8.2.4 Template immobilization

In 25-mL glass vials 10 mg of hemisuccinade ciprofloxacin (0.231 mmol) were
dissolved in 10 mL of DMF, 26.7 mg of NHS (0.232 mmol) and 29.3 mg of DIC
(0.232 mmol) were added and the solutions incubated for 60 min. Then, they were
transferred in 25-mL flasks containing 5 g of aminated glass beads. The
suspensions were incubated at room temperature overnight, filtered on a 0.22 um
nylon membrane, washed with DMF, rinsed twice with acetone, dried under
vacuum at room temperature and stored in the dark at 4 °C.

8.2.5 Synthesis of nanoMIPs

The polymerization mixtures were prepared in according with the literature [20]
and previous experiments by us. A pre-polymerization mixture (molar ratio BIS :
AA : NIPAm : TBAm = 2 : 20 : 30 : 48) was made in 25 mL of ultrapure water by
mixing under sonication 0.0065 mmol of cross-linker (BIS: 1 mg), 4.7 mg of AA
(0.065 mmol), 11 mg of NIPAm (0.097 mmol) and 19.8 mg of TBAm (0.156 mmol,
dissolved in 0.5 mL of ethanol). Then, 5 mL of mixture was added to 50-mL
polypropylene SPE cartridges containing 2.5 g of template functionalized glass
beads. The cartridges were purged with nitrogen for 5 min. 3 uL. of TEMED and
100 pL of 30 mg mL-! aqueous solution of APS were added and the polymerization
was carried out at room temperature 1 hour in a roller-equipped incubator. The
supernatant was drained by vacuum aspiration, the dry cartridges were cooled to 4
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°C and polymerization by-products and low-affinity nanoMIPs were washed with
10x2 mL of ice-cold water. High affinity nanoMIPs were collected by eluting the
cartridges at room temperature with 5x3 mL hot water and 5x1 mL of 90%
methanol/10% acetic acid v/v. The eluates were purified by gel-filtration in
ultrapure water onto a 26 x 250 mm Sephadex G25 column. The nanoMIPs were
isolated by centrifugation at 14000 x g, dried by lyophilisation and stored at 4 °C.

8.2.6 Coupling of nanoMIPs to glass beads

In 4-mL glass vials 1 mg of nanoMIPs were dissolved under sonication in 1 mL of
MES buffer (50 mM, pH 4.7), 8 mg of NHS (0.069 mmol) and 21.5 mg of EDC
(0.138 mmol) were added and the solutions incubated at room temperature for 60
min. Then, they were transferred in 10-mL flasks containing 1 g of amminated
glass beads. The suspensions were incubated at room temperature overnight,
filtered on 0.22 pum nylon membranes, washed with ultrapure water, rinsed twice
with acetone, dried under vacuum at room temperature and stored in the dark at 4
°C.

8.2.7 HPLC method

Reverse phase HPLC analysis was used for fluoroquinolones determination. The
HPLC apparatus (Merck-Hitachi, Milan, Italy) was a LaChrom Elite system
composed of a programmable binary pump L-2130, an auto-sampler L-2200, a
fluorescence detector L-2480, provided with EZChrom Elite software for the
instrumental programming, data acquisition and data processing. The column
used was a 100 mm x 4.6 mm Chromolith RP-18 (Merck, Milan, Italy). The mobile
phase was water/acetonitrile 85+15, acetic acid 1% (v/v) for the fluoroquinolones
and a 50 mM acetate buffer and pH 8.1/methanol 40 + 60 (v/v) for
chlortetracycline. Elution was performed in isocratic conditions at a flow rate of
0.7 mL/min. The sample volume that was injected was 5 uL and the fluorescence
wavelengths were: CPX, DAN, ENR, LOM, NAR, SAR: Aex = 280/Aem = 440 nm;
LVX: Aex = 278/}\em = 540 nm; MOX: Aex = 294/)\em = 503 nm; and CTX: Aex =
380/Aem = 532 nm. Fluoroquinolone solutions between 5 and 500 ng/mL were
prepared in the eluent immediately before use. The solutions were analyzed in
dubled and mean peak areas were plotted against fluoroquinolone concentration.
The calibration plot was drawn by using a weighted linear regression (weight =
1/conc).

8.2.8 Preparation of MISPE Cartridges

Adequate amounts of glass beads grafted with nanoMIPs (1 g) were suspended in
water and packed into 5 mL capacity, empty polypropylene SPE cartridges that
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were provided with frits to secure the packing and outlet stopcocks. The columns
were connected to a vacuum manifold and washed extensively with water, then
dried under a vacuum. Immediately before any use, the cartridges were activated
with 500 uL of MES buffer 50 mM at pH 4.5. When necessary, the columns were
cleaned and regenerated by washing with 500 uL of water/acetic acid 9 + 1 v/v and
3 x 500 uL of water.

8.2.9 Optimization of the MISPE Method

In order to optimize the procedure of fluoroquinolone extraction, different
protocols were applied during the loading and washing steps. In the subsequent
experiments, each extraction was repeated three times and the amount of analyte
recovery was evaluated as the average of the single values that were measured.

To investigate the effects of the different loading solutions, ciprofloxacin (200 ng
mL-1) in synthetic urine was diluted 1 + 9 v/v with 50 mM MES (pH 4.5-5.5) or
phosphate buffers (pH 6.5—-8.5), and then 250 pL of diluted solution was loaded
into the cartridge. After the sample loading, the cartridge was washed with 250 uL
of methanol/acetic acid 9 + 1 v/v.

To investigate the effects of the different washing solutions, ciprofloxacin (200 ng
mL1) in synthetic urine was diluted 1 + 9 v/v with 50 mM MES buffer, pH 4.5,
then 250 pL of diluted solution was loaded into the cartridge. After the sample
loading, air was passed through the cartridge for 10 min in order to remove all of
the residual traces of the solution. Then, the cartridge was washed with 250 pL of
50 mM MES buffer, pH 4.5, ultrapure water, methanol, acetonitrile, acetone,
tetrahydrofuran or ethyl acetate. Air was passed through the cartridge for 10 min
to remove all the residual traces of the washing solution and the retained
ciprofloxacin was eluted with 250 pL of methanol/acetic acid 9 + 1 v/v.

To investigate the effects of the different loading volumes, ciprofloxacin (200 ng
mL-1) in synthetic urine was diluted 1 + 9 v/v with 50 mM MES buffer, pH 4.5 and
0.10, 0.25, 0.50, 1.00, 2.00 or 5.00 mL of diluted solution was loaded into the
cartridge. Then, air was passed through the cartridge for 10 min to remove all of
the residual traces of the loading solution and the retained ciprofloxacin was eluted
with 250 uL of methanol/acetic acid 9 + 1 v/v.

8.2.10 MISPE Selectivity

To investigate the selectivity of the optimized extraction protocol in the loading
solution, ciprofloxacin was substituted with 7 other fluoroquinolones
(danofloxacin, enrofloxacin, levofloxacin, lomefloxacin, moxifloxacin, norfloxacin
and sarafloxacin), and chlortetracycline, which was chosen as an unrelated
substance. For each of these ligands, a standard solution of 200 ng mL-! in
synthetic urine was diluted 1 + 9 v/v with 50 mM MES buffer, pH 4.5 and then 250
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uL of this diluted solution was loaded into the cartridge. Then, air was passed
through the cartridge for 10 min to remove all the residual traces of the solution.
The retained ligands were eluted with 250 uL of methanol/acetic acid 9 + 1 v/v.

8.2.11 MISPE of Real Samples

Blank urine samples collected from four individuals (two men and two women)
were mixed and then filtered through a 0.22 um polypropylene membrane. The
resulting 10 mL samples were spiked with known amounts of ciprofloxacin
(ranging from 2 to 20 pg), or a mixture of ciprofloxacin, danofloxacin and
norfloxacin (20 ug each), and then immediately extracted with the optimized
protocol reported in Section 8.2.9. To evaluate the reproducibility of the MISPE
protocol, each extraction was repeated five times and the rate of analyte recovery
was evaluated as the average of the single values that were measured.
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8.3 RESULTS AND DISCUSSIONS

8.3.1 Optimization of the MISPE Protocol

To optimize the procedure for fluoroquinolone extraction, the attention was
initially focused on the composition of the loading and washing solutions.
Synthetic urine containing 200 ng mL-! of ciprofloxacin was diluted 1 + 9 with
buffers with different pH levels. As reported in Figure 8-1, there is a clear effect of
the buffer’s pH on the retention of ciprofloxacin, as the acidic buffer shows a
limited loss of analytes while the neutral and basic pH buffers do not quantitatively
retain them. This result confirms the results saw in the chapter 2, where
ciprofloxacin-binding nanoMIPs show a decreasing of the binding constants when
pH increases.
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Figure 8-1 - Effect of pH on loading of 1 mL of synthetic urine containing 200 ng mL~" of
ciprofloxacin, diluted 9 + 1 v/v with 50 mM buffers.

Once optimal loading conditions were defined (pH 4.5), the effect of the washing
solutions was evaluated. Thew was considered 1 mL of water, an MES buffer at pH
4.5 and organic solvents of decreasing polarity (methanol, acetonitrile, acetone,
tetrahydrofuran and ethyl acetate). As reported in Figure 8-2, none of these
solutions, except for the less-polar ethyl acetate, is capable of quantitatively
retaining ciprofloxacin. It should be noted that the loading buffer is also unable to
fully retain the analyte, even if the loss is significantly less (~25%) than that of all
the other solutions. As a consequence of this result and taking into account that, by
eluting the cartridges loaded with real urine samples with ethyl acetate, the
corresponding chromatogram does not show any peak whatsoever, it was therefore
decided to omit the washing step, limiting the process to drying the cartridges
carefully after loading the sample.
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Figure 8-2 - Effect of 1 mL of washing solutions on retention of ciprofloxacin after
loading of 1 mL of synthetic urine containing 200 ng mL~" of ciprofloxacin, diluted 9 + 1
v/v with 50 mM MES buffer, pH 4.5.

The effect of increasing loading volumes was evaluated considering samples of
synthetic urine spiked with ciprofloxacin at a fixed concentration of 200 ng mL-!
and diluted 1 + 9 v/v with 50 mM of MES buffer. The results, reported in Figure 8-
3, show that when the loading volumes are larger than 0.25 mL, the recovery of the
analyte drops sharply, becoming very small when 5 mL of the sample is loaded.
This is unexpected, as the nanoMIP G (see chapter 3) that was used to prepare the
MISPE cartridges shows a binding site concentration of 9.5 + 1.4 nmol g-*. This is a
static binding capacity of ~3 ug/cartridge of ciprofloxacin, corresponding to 3
times greater than the amount present in 5 mL of the sample. The cause of this
poor loading capacity is probability related for the non-equilibrium condition of
the system, because the binding time of 10 minutes is not enough to achieve the
thermodynamic equilibrium. In any case, a loading volume of 0.25 mL ensures a
good retention of the analyte in the MISPE protocol reported here.
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Figure 8-3 - Effect of sample loading volumes on retention of ciprofloxacin, 200 ng mL*
in synthetic urine, diluted 9 + 1 v/v with 50 mM MES buffer, pH 4.5.
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8.3.2 MISPE Selectivity

The selectivity of the optimized MISPE protocol was investigated by extracting
several analogues that are related to different generations of antibiotics [21], the
molecular structures of which are reported in figure 8-4. They are different from
ciprofloxacin by substituents, but they share the common fluoroquinolone nucleus
(highlighted in red in the structures).
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Figure 8-4 - Template, fluoroquinolones with similar molecular structure and
chlortetracycline.

The results, reported in Figure 8-5, show that the imprinted cartridge is able to
retain all of the examined fluoroquinolones with recovery rates greater than 80%,
while chlortetracycline (an antibiotic substance with a molecular structure
completely different from that of fluoroquinolones) is poorly retained. The group
selectivity shown by the nanoMIPs can be explained by considering that the
positions on the rigid molecular structure of the fluoroquinolone, which
presumably are most responsible for the interaction with the binding site,
correspond to the positions C3 (carboxyl) and C4 (quinone); these are far from the
positions N1 and C7 that determine structural differences. It follows that the
significant molecular recognition of all fluoroquinolones is essentially determined
by the presence of some ubiquitous structures on this class of molecules. These
ubiquitous structures are the condensed ring systems that give shape and size to
the binding site and the presence of the carboxyl-quinone system in positions C3-
C4, which guarantees the same non-covalent interaction mechanism for all
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molecules. Moreover, it is clear that the basic shape of the ligands is equally
important. Chlortetracycline, which possesses a pair of substituents in the C1-C2
positions (like the carboxyl-quinone system) but exhibits a radically different
condensed ring system, is poorly recognized by nanoMIPs.
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Figure 8-5 - Selectivity after loading of 1 mL of synthetic urine containing 200 ng mL~" of
analyte, diluted 9 + 1 v/v with 50 mM MES buffer, pH 4.5

8.3.3 MISPE of Real Samples

To evaluate the ability of the MISPE cartridges to extract from real samples of
human urine, blanks were spiked with known amounts of ciprofloxacin or a
mixture of three different fluoroquinolones (ciprofloxacin, danofloxacin, and
norfloxacin).

The recovery of ciprofloxacin was determined by comparing the HPLC detector
responses of five different urine samples. The recovery rates, reported in Table 8-1,
were determined at five concentration levels of ciprofloxacin (between 0.2 to 2 ug
mL-1), resulting in levels between about 82% and 85% with a relative standard
deviation <5%. Moreover, pairwise t-tests performed to compare the recovery rates
obtained at different ciprofloxacin concentrations showed no statistical differences
between the groups, with t-values (n = 5, a = 0.05) between 0.290 and 0.938 (see
Table 8-2). These results show that the extraction protocol performed well, with
good recovery rates and a substantial insensitivity to varying concentration levels.
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Table 8-1 - Recovery of ciprofloxacin in human urine after dilution 9 + 1 v/v with 50 mM
MES buffer, pH 4.5 and MISPE. Values are the mean + 10 of 5 samples.

Ciprofloxacin, ug mL-! Recovery, %
0.2 84.8 £ 4.4
0.5 82.7 + 4.5
1.0 85.4 + 4.5
1.5 82.9+3.6
2.0 85.0 + 3.1

Table 8-2 - Recovery of ciprofloxacin in human urine after dilution 9 + 1 v/v with 50 mM
MES buffer, pH 4.5 and MISPE. t-values for pairwise comparison of samples at different

concentration.
ug
ml -1 0.2 0.5 1.0 1.5 2.0
0.2 - 0.432 0.821 0.477 0.910
0.5 0.432 - 0.316  0.938 0.290
1.0 0.821  0.316 - 0.352 0.880

1.5 0.477 0.938 0.352 - 0.334
2.0 0.010 0.290 0.880 0.334 -

Satisfactory sample clean-up was achieved: this can be seen in the example
reported in Figure 8-6, where the chromatograms of before and after the MISPE of
the urine spiked with the fluoroquinolone mixture at a concentration level of 2 ug
mL-! are reported. When comparing the chromatograms, fluoroquinolones can be
detected with some difficulty when a sample of urine is separated directly by
reverse phase-HPLC without preliminary MISPE, while the same sample that was
analyzed after MISPE shows a cleaner chromatographic trace, where the peaks
corresponding to fluoroquinolones can be more easily detected and, therefore,
quantified.

152



NanoMIP-based Solid Phase Extraction of
fluoroquinolones from human urine

100

80

60

A =

_.—-————-"—_P
B
(=]
fluorescence 440 nm, mV

/; / /// I / / W I \—\-;\J ’/// i
/ // / /7 Liire
) y, / V4 ')‘/ /),‘ // // //
/i S 4 yd ,/ /" 4 /x
b / e y @
v / y . 7 oG =
rd g )’l s p " rd ,'/’ z
/ y y y . Y Iz
,// / /
P, 7 /7 e
/ / y.
// / i
T T T T
0 5 10 15 20

Time, min

Figure 8-6 - HPLC chromatograms of human urine spiked with ciprofloxacin (violet
area), danofloxacin (yellow area), and norfloxacin (grey area) at final concentration of
2 ug mL-* and diluted 9 + 1 v/v with 50 mM MES buffer, pH 4.5.

RED LINE: sample injected without MISPE; : not retained loading.
BLUE LINE: eluate from MISPE cartridge.
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8.4 CONCLUSIONS

In this work, it was demonstrated that is possible to use nanoMIPs prepared by
solid-phase synthesis to develop a MISPE technique suitable with real matrices.
Unlike materials prepared with more traditional molecular imprinting techniques,
solid-phase synthesis allows the preparation of nanopolymers only in very small
quantities, at the level of mg per synthesis cycle. Furthermore, due to their typical
dimensions, nanoMIPs are not directly usable as packing materials for SPE
cartridges. Therefore, nanoMIPs were supported on glass microspheres, based on
an experimental approach previously used to successfully measure the binding
isotherms of this type of nanomaterials. We also considered it feasible to use very
limited amounts of the nanoMIPs by designing their use in this study to align with
the use of natural antibodies in the preparation of cartridges for immunoaffinity
studies. In fact, even in this case, the typical quantity of antibodies that are
covalently bond to the supports is very small. Nonetheless, this small amount does
not affect the extraction efficiency of the method [22]. However, it should be noted
that the attempt to preconcentrate the samples to further increase the method’s
sensitivity was not effective, as the ability of MISPE cartridges to retain the
analytes with loading volumes greater than 0.25 mL involves a significant drop in
the recovery rate.

In conclusion, the experimental results reported here show a MISPE/HPLC
method allowing the direct extraction of fluoroquinolones from buffered urine
samples at the ug mL-! level, with good recovery rates and precision, without
interference from the matrix. We believe that these results are, although limited to
a small number of analytes in a single real matrix, a good proof-of-concept for the
use of nanoMIPs in MISPE methods.
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Summary and outlooks

O GENERAL CONCLUSIONS

In these three years of PhD, several aspects of the innovative MIP synthesis
approach called solid-phase polymerization synthesis were thoroughly explored. A
large part of the research was dedicated to increase the knowledge about this
technique. In particular, the exploration of the parameters involved in the
polymerization mechanism and their influence on the final binding properties is
one of the most important focuses of this PhD work. The application of the
technique to analytical systems, though, will need to be addressed in-depth in the
near future.

As a main aim of the work, some great differences between the SPPS mechanism
and the traditional synthesis in the effect of the cross-linker and the
polymerization time were successfully highlighted. In Chapter 5 it was observed
that a change in the cross-linker structure can have an enormous impact on the
binding properties of the nanoMIPs, but a less pronounced one on the morphology
of the nanoparticles. This unexpected behaviour represents yet today a mystery,
which will certainly act as a source of further studies. In particular, further
attention needs to be directed to the understanding of why such a little amount of a
molecular compound unrelated to the binding with the template during the
polymerization step and the rebinding phase can modify the binding itself in such
a significative way? A secondary question to be addressed is whether this effect is
template-correlated. This behaviour was observed on a nanoMIP imprinted for the
RIgG — a big molecule — but no similar trials were pefrormed on smaller templates
such as the over-studied ciprofloxacin. As observed in literature, for large
molecular templates the influence of the monomeric mixture is secondary [1], but
in Chapter 3 it was found that this is not true for small templates. Additional future
studies on this effect are fundamental, and in this sense in-silico calculations can
be explored as a means to identify the cross-linker properties involved by this
effect (e.g., polarity, hydrophobicity, rigidity, etc.). Nonetheless, the N,N’-
methylenN,N’-N,N’-methylen-bis-acrylamide (BIS) cross-linker showed a very
high flexibility in its application. Besides providing the best binding properties to
the IgG nanoMIPs, this cross-linker was indeed used to make nanoMIPs imprinted
for ciprofloxacin (Chapters 2, 3, 4 and 8), .T4 (Chapter 7) and CHNA-Phe (Chapter
6). In a sense, it can be claimed that BIS, which has rarely used in the classical
synthesis approach, has become a pivotal component of the SPPS technique. In
Table 9-1 all the best binding values obtained in the previous chapters for BIS
nanoMIPs are reported.

All these nanoMIPs have Keq values in the order of 106 — 108 M1, which are usually
very high for MIPs, comparable to those involved in the field of the natural
antibodies [2]. With these data, it is not possible to affirm that BIS is the absolute
best cross-linker for SPPS, but undoubtedly its use is applicable to several types of
templates with good results.
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Table 9-1 - Binding properties of the BIS nanoMIPs

Template Chapter Experimental Condition lggef\'/’[_l n]rsn“(‘)al’;’g
CPX 2 wLC-MIP, rebinding pH 4 15.40 £1.26  1.65 + 0.01
CPX 3 monomeric form. C 4.01 £ 0.62 8.8+0.7
CPX 4 15’ synthesis time 15.39 £ 2.14  1.05 + 0.10
RIgG 5 16.0 £ 1.3 1.37 £ 0.03

CHNA-Phe 6 rebinding pH 6 12.43 +2.61 1.00 + 0.10
LTy 7 template B 107.9 £ 45.5 1.75 £ 0.17

The polymerization time is, perhaps, the principal factor to consider during the
polymerization process. As observed in Chapter 4, the choice of the correct
polymerization time is able to alter the balance between the affinity and the
selectivity of the nanoMIP. Unlike the traditional MIP, for which the influence of
the polymerization time is in the order of hours [3], a difference of few minutes can
induce a huge modification of these properties. Moreover, the polymerization time
has a big effect on the morphology of the nanoparticles. The polymerization
appears to proceed until the exhaustion of the monomers in the solution. With the
monomer quantities employed in the discussed works, this happens about two
hours after the start of polymerization, after which the nanoparticles no longer
grow, and their rigidity increases. All the nanoMIPs produced in this PhD work
(except those in Chapter 3), displayed polymerization times of one hour, which is
reasonable for the preparation of good quality nanoMIPs. It can be supposed that
this is a general behavior and is not related to the ciprofloxacin template only.

In general, the water synthesis proved to be the main strength of the SPPS
technique. Without having extensively studied the synthesis in organic solvents,
the results of both Chapters 2 and 3 showed that the water-synthesized nanoMIPs
have better binding properties than their counterparts obtained in other solvents.
Water synthesis allows for the elimination of the organic solvents in the
polymerization process, granting a greener and cheaper production and a
simplification of the nanoMIPs collecting step. At the same time, the templates
used in this work display logD values that fall in the middle of the employed logD
scale (log D at pH 7.4 between -0.76 and 3.44). Template molecules at the extreme
of this scale, extremely hydrophobic or hydrophilic, may not be suitable for water
synthesis and additional studies in this direction are needed. Also, like the
previous literature has shown (see Introduction), in Chapter 5 the easy
applicability of water synthesis to proteins and other biomacromolecules,
previously unaccessible as templates to the SPPS technique, was demonstrated.

In Chapters 6 and 7 the flexibility of the SPPS technique was explored for
particular cases: that of the mimic template and that of the chiral template. In both
instances, the SPPS technique responded perfectly, providing nanoMIPs with the
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ability to bind a structural analogue of a dangerous target molecule in one case and
with enantiomeric selectivity in the other one. These results open the door to a
large number of applications for which these properties are much needed.

One of the most evident limits of the nanoMIPs obtained with SPPS is the low
number of binding sites, expressed by their Bmax values. Nevertheless, these few
binding sites on the surface of the nanoparticles exhibit very elevated binding
capability. This is explainable with the position of the template molecules on the
surface of the glass beads. During the polymerization step only a limited surface
area of the forming nanoparticle is exposed to the template molecules, and the
majority of the nanoparticle surface does not expose any binding sites, which leads
to low Bmax values. This aspect was of critical importance in the work presented in
Chapter 8, since the obtained ciprofloxacin MISPE system presented a very low
binding capability (nmol/g). This is an important difference compared to classical
MIPs, in which the number of binding site is generally elevated (umol/g) [2]. To
overcome this limit, efforts will be made to study a way of controlling the number
of template molecules on the glass microspheres.

In conclusion, the SPPS technique was proved to be a strongly innovative approach
to make nanoMIPs. Some of its mechanisms need further studies to be fully
understood, but the very high quality of the obtained nanoMIPs paves the way to a
possible application of nanoMIPs in the field of immunochemistry. The road to
this goal is far from simple: many parameters will have to be taken account of, and
in some instances, many more, as of now yet unknown, will need to be unearthed.
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10 APPENDICES

10.1 ADDITIONAL WORK OUTSIDE THE SCOPE OF THE THESIS

In addition to the scientific activities described in the previous chapter of this
thesis, I have collaborated on other research projects. These projects took place
within my research group, and they are focused always on development or
application of molecular recognition systems, both MIPs and immunochemistry
methods like lateral flow devices and ELISAs. Most of these works resulted in
publications. Below are reported the papers’ abstracts.

Effect of surfactants on the binding properties of a molecularly
imprinted polymer [1]

In molecularly imprinted polymers, non-specific interactions are generally based
on weak forces between the polymer surface and the sample matrix. Thus,
additives able to interfere with such interactions should be able to significantly
reduce any non-specific binding effect. Surfactants represent an interesting class of
substances as they are cheap and easily available. Here, we present a study of the
effect of three surfactants (the anionic sodium dodecylsulphate, SDS, the cationic
cetyltrimethylammonium bromide (CTAB) and the non-ionic polyoxyethylene-
(20)-sorbitan monolaurate Tween 20) on the binding affinity of a 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T)-imprinted polymer for the template and its
analogue 2,4-dichlorophenoxyacetic acid (2,4-D). The experimental results
indicate that increasing amounts of surfactant decrease the binding affinity for the
ligands strongly for the ionic ones, and weaklier for the non-ionic one. This effect
is general, as it occurs for both 2,4,5-T and 2,4-D and for both the imprinted and
the not-imprinted polymers. It also proves that the magnitude of this effect mainly
depends on the presence or absence of an ionic charge, and that the hydrophobic
“tail” of surfactants plays only a minor role.

Selective enrichment of ailanthone from leaves of ailanthus
altissima by tandem reverse phase/molecularly imprinted solid
phase extraction [14]

The biological activity of extracts from Ailanthus altissima is mainly due to the
presence of ailanthone, a compound belonging to the quassinoid class. Recently,
attention has been paid to its strong cytostatic activity. However, the extraction of
ailanthone is based on very long and demanding procedures, which keep the price
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of the commercial product very high. Thus, the development of selective
adsorbents for the purification of ailanthone from A. altissima leaves extracts
could help in reduce the costs of production. In this work, we describe the rational
design of a molecularly imprinted polymer selective for ailanthone based on the
screening of a 96- members not-imprinted polymeric library to rapidly identify
pre-polymerization mixtures able to generate MIPs with enhanced binding
properties. A 4-vinylpyridine-co-trimethylolpropane trimethacrylate polymer
showed high binding towards ailanthone. It was used to prepare an imprinted
polymer with acetonitrile showed interesting binding affinity (Keq = 18.3 x 103
M-1), high imprinting factor (IF = 3.8) and fast binding kinetics (kass = 0.390
min-!, kdais = 0.021 M- min-!). The imprinted polymer was used to develop a
successful purification protocol of extracts from Ailanthus altissima leaves. The
purification was based on the combination of a preliminary clean-up of Soxhlet
extracts onto a reverse phase-Ci18 cartridge and the subsequent isolation of
ailanthone by a molecularly imprinted solid phase extraction. This approach
allowed efficiently purifying the ailanthone contained in aqueous or methanolic
Soxhlet extracts with high yields compared to the quantities reported in literature
(water: 0.756 + 0.027 mg g-!; methanol: 0.770 + 0.030 mg g-!). Moreover, it
allows processing sample volumes up to 15 mL without significant losses of the
target compound.

Enzyme immunoassay for measuring aflatoxin B1 in legal cannabis
[15]

The diffusion of the legalization of cannabis for recreational, medicinal and
nutraceutical uses requires the development of adequate analytical methods to
assure the safety and security of such products. In particular, aflatoxins are
considered to pose a major risk for the health of cannabis consumers. Among
analytical methods that allows for adequate monitoring of food safety,
immunoassays play a major role thanks to their cost-effectiveness, high-
throughput capacity, simplicity and limited requirement for equipment and skilled
operators. Therefore, a rapid and sensitive enzyme immunoassay has been adapted
to measure the most hazardous aflatoxin B1 in cannabis products. The assay was
acceptably accurate (recovery rate: 78—136%), reproducible (intra- and inter-assay
means coefficients of variation 11.8% and 13.8%, respectively), and sensitive (limit
of detection and range of quantification: 0.35 ng mL-* and 0.4—2 ng mL |
respectively corresponding to 7 ng g-* and 8—40 ng g-! in the plant) and provided
results which agreed with a HPLC-MS/MS method for the direct analysis of
aflatoxin B1 in cannabis inflorescence and leaves. In addition, the carcinogenic
aflatoxin B1 was detected in 50% of the cannabis products analyzed (14 samples
collected from small retails) at levels exceeding those admitted by the European
Union in commodities intended for direct human consumption, thus envisaging
the need for effective surveillance of aflatoxin contamination in legal cannabis.
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A multi-target lateral flow immunoassay enabling the specific and
sensitive detection of total antibodies to SARS COV-2 [10]

A rapid test for detecting total immunoglobulins directed towards the nucleocapsid
protein (N) of severe acute syndrome coronavirus 2 (SARS CoV-2) was developed,
based on a multi-target lateral flow immunoassay comprising two test lines. Both
test lines bond to several classes of immunoglobulins (G, M, and A). Specific anti-
SARS immunoglobulins were revealed by a colorimetric probe formed by N and
gold nanoparticles. Targeting the total antibodies response to infection enabled
achieving 100% diagnostic specificity (95.75—-100, C.I. 95%, n = 85 healthy and
with other infections individuals) and 94.6% sensitivity (84.9—-98.9, C.I. 95%, n =
62 SARS CoV-2 infected subjects) as early as 7 days post confirmation of positivity.
Agreeing results with a reference serological ELISA were achieved, except for the
earlier detection capability of the rapid test. Follow up of the three seroconverting
patients endorsed the hypothesis of the random rise of the different
immunoglobulins and strengthened the °‘total antibodies’ approach for the
trustworthy detection of serological response to SARS CoV-2 infection.

Switching from multiplex to multimodal colorimetric lateral flow
immunosensor [13]

Multiplex lateral flow immunoassay (LFIA) is largely used for point-of-care testing
to detect different pathogens or biomarkers in a single device. The increasing
demand for multitargeting diagnostics requires multi-informative single tests. In
this study, we demonstrated three strategies to upgrade standard multiplex LFIA
to multimodal capacity. As a proof-of-concept, we applied the strategies to the
differential diagnosis of Human Immunodeficiency Virus (HIV) infection, a
widespread pathogen, for which conventional multiplex LFIA testing is well-
established. In the new two-parameter LFIA (x2LFIA), we exploited color
encoding, in which the binding of multiple targets occurs in one reactive band and
the color of the probe reveals which one is present in the sample. By combining the
sequential alignment of several reactive zones along the membrane of the LFIA
strip and gold nanoparticles and gold nanostars for the differential visualization, in
this demonstration, the x2LLFIA can furnish information on HIV serotype and stage
of infection in a single device. Three immunosensors were designed. The use of
bioreagents as the capturing ligand anchored onto the membrane or as the
detection ligand labelled with gold nanomaterials affected the performance of the
x2LFIA. Higher detectability was achieved by the format involving the HIV-
specific antigens as capturing agent and labelled secondary bioligands (anti-
human immunoglobulins M and protein G) as the probe.
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Detection of urinary prostate specific antigen by a lateral flow
biosensor predicting repeat prostate biopsy outcome [11]

This work describes the development and the application of a lateral flow
biosensor for the detection of the prostate specific antigen in urine (uPSA). The
biosensor allowed uPSA detection in 10 minutes with a limit of detection and a
range of quantification respectively of 20 ng mL-1 and 37 — 420 ng mL-1, showing
within and between-day coefficients of variation < 13%. It showed 92% of accuracy
and an almost perfect concordance with the reference electrochemiluminescence
immunoassay method. The biosensor design provides the disappearance of the
Test line signal at the cut-off concentration. This was achieved with a double layer
sensing strategy, in which gold nanoparticles were functionalized with
Staphylococcal protein A — a mediator — instead of anti-PSA antibody. This
strategy allow making a fine-tune on the concentration of the specific antibody,
obtaining an on/ off switch of the Test line at the cut-off value. The cut-off value
was also established in this work, based on the distribution of uPSA levels from
140 patients, who were suspected of prostate cancer and who underwent to first
biopsy. The clinical application of the biosensor to predict repeat biopsy outcome
in 28 patients showed sensitivity, specificity, positive and negative predictive
values of 100%, 64%, 74% and 100%, respectively.

Monoclonal antibodies with subnanomolar affinity to tenofovir for
monitoring adherence to antiretroviral therapies: From hapten
synthesis to prototype development [12]

Approximately 32 million people have died of HIV infection since the beginning of
the outbreak, and 38 million are currently infected. Among strategies adopted by
the Joint United Nations Program on HIV/AIDS to end the AIDS global epidemic,
the treatment, diagnosis, and viral suppression of the infected subjects are
considered crucial for HIV prevention and transmission. Although several
antiretroviral (ARV) drugs are successfully used to manage HIV infection, their
efficacy strictly relies on perfect adherence to the therapy, which is seldom
achieved. Patient supervision, especially in HIV-endemic, low-resource settings,
requires rapid, easy-to-use, and affordable analytical tools, such as the enzyme-
linked immunosorbent assay (ELISA) and especially the lateral flow immunoassay
(LFIA). In this work, high-affinity monoclonal antibodies were generated to
develop ELISA and LFIA prototypes for monitoring tenofovir (TFV), an ARV drug
present in several HIV treatments. TFV was functionalized by inserting a
carboxylated Cs-linker at the phosphonic group of the molecule, and the synthetic
derivative was conjugated to proteins for mice immunization. Through a rigorous
screening strategy of hybridoma supernatants, a panel of monoclonal antibodies
strongly binding to TFV was obtained. Following antibody characterization for
affinity and selectivity by competitive ELISA, a LFIA prototype was developed and
tentatively applied to determine TFV in simulated urine. The point-of-care test
showed ultra-high detectability (the visual limit of detection was 2.5 nM, 1.4 ng
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mL-1), excellent selectivity, and limited proneness to matrix interference, thus
potentially making this rapid method a valuable tool for the on-site assessment of
patient adherence to ARV therapy.

Ten years of lateral flow immunoassay technique applications:
Trends, challenges and future perspectives [8]

The Lateral Flow Immunoassay (LFIA) is by far one of the most successful
analytical platforms to perform the on-site detection of target substances. LFIA can
be considered as a sort of lab- in-a-hand and, together with other point-of-need
tests, has represented a paradigm shift from sample-to-lab to lab-to-sample aiming
to improve decision making and turnaround time. The features of LFIAs made
them a very attractive tool in clinical diagnostic where they can improve patient
care by enabling more prompt diagnosis and treatment decisions. The rapidity,
simplicity, relative cost- effectiveness, and the possibility to be used by nonskilled
personnel contributed to the wide acceptance of LFIAs. As a consequence, from the
detection of molecules, organisms, and (bio)markers for clinical purposes, the
LFIA application has been rapidly extended to other fields, including food and feed
safety, veterinary medicine, environmental control, and many others. This review
aims to provide readers with a 10-years overview of applications, outlining the
trends for the main application fields and the relative compounded annual growth
rates. Moreover, future perspectives and challenges are discussed.

Design of multiplexing lateral flow immunoassay for detection and
typing of foot-and-mouth disease virus using pan-reactive and
serotype-specific monoclonal antibodies: Evidence of a new hook
effect [4]

The foot-and-mouth disease (FMD) is the most important transbondary viral
disease of livestock in the international context, because of its extreme
contagiousness, widespread diffusion, and severe impact on animal trade and
animal productions. The rapid and on-field detection of the virus responsible for
the FMD represents an urgent demand to efficiently control the diffusion of the
infection, especially in low resource setting where the FMD is endemic.
Colorimetric lateral flow immunoassay (LFIA) is largely used for the development
of rapid tests, due to the extreme simplicity, cost-effectiveness, and on-field
operation. In this work, two multiplex LFIA devices were designed for the
diagnosis of FMD and the simultaneous identification of major circulating
serotypes of the FMD virus. The LFIAs relied on the sandwich-type immunoassay
and combined a set of well-characterized monoclonal antibodies (mAb) pairs. One
LFIA aimed at detecting and identifying O, A and Asia-1 serotypes, the second
device enabled the detection and differentiation of the SAT 1 and SAT 2 serotypes.
Both devices also incorporated a broad-specific test line reporting on infection
from FMDYV, regardless the strain and the serotype involved. Accordingly, five and
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four reactive zones were arranged in the two devices to achieve a total of six
simultaneous analyses. The development of the two multiplex systems highlighted
for the first time the relevance of the mAb positioning along the LFIA strip in
connection with the use of the same or different mAb as capture and detector
ligands. In fact, the excess of detector mAb typically employed for increasing the
sensitivity of sandwich immunoassay induced a new type of hook effect when
combined with the same ligand used as the capture. This effect strongly impacted
assay sensitivity, which could be improved by an intelligent alignment of the mAb
pairs along the LFIA strip. The analytical and diagnostic performances of the two
LFIAs were studied by testing reference FMDV strains grown in cell cultures and
some representative field samples (epithelium homogenates). Almost equivalent
sensitivity and specificity to those of a reference Ag-ELISA kit were shown, except
for the serotype SAT 2. These simple devices are suitable in endemic regions for in-
field diagnosis of FMD accompanied by virus serotyping and, moreover, could be
deployed and used for rapid confirmation of secondary outbreaks after FMD
incursions in free-areas, thus contributing to promptly implement control
measures.

Bacterial ligands as flexible and sensitive detectors in rapid tests
for antibodies to SARS-CoV-2 [3]

Lateral fow immunoassay (LFIA) is widely employed as point-of-care tests (POCT)
for the diagnosis of infectious diseases. The accuracy of LFIA largely depends on
the quality of the immunoreagents used. Typical LFIAs to reveal the immune
response to severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2)
employ anti-human immunoglobulin (hIG) antibodies and recombinant viral
antigens, which usually are unstable and poorly soluble. Broad selective bacterial
proteins, such as Staphylococcal protein A (SpA) and Streptococcal protein G
(SpG) can be considered alternatives to anti-hIG to increase versatility and
sensitivity of serological LFIAs because of their high binding capacity, interspecies
reactivity, and robustness. We developed two colorimetric LFA devices including
SpA and SpG linked to gold nanoparticles (GNP) as detectors and explored the use
of a specifc, stable, and soluble immunodominant fraction of the nucleocapsid
protein from SARS-CoV-2 as the capturing agent. The optimal amount of SpA-
GNP and SpG-GNP conjugates and the protein-to-GNP ratios were defned through
a full factorial experimental design to maximize the diagnostic sensitivity of the
LFIAs. The new LFA devices were applied to analyze 105 human serum samples
(69 positive and 36 negatives according to reference molecular diagnostic
methods). The results showed higher sensitivity (89.9%, 95% CI 82.7—97.0) and
selectivity (91.7%, 82.6—100) for the SpA-based compared to the SpG-based LFA.
In addition, 18 serum samples from cats and dogs living with COVID-19 patients
were analyzed and 14 showed detectable levels of anti-SARS-CoV-2 antibodies,
thus illustrating the fexibility of the SpA- and SpG-based LFAs
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Investigation of the “"Antigen Hook Effect” in Lateral Flow
Sandwich Immunoassay: The Case of Lumpy Skin Disease Virus
Detection [2]

Lumpy skin disease (LSD) is an infectious disease affecting bovine with severe
symptomatology. The implementation of effective control strategies to prevent
infection outbreak requires rapid diagnostic tools. Two monoclonal antibodies
(mAbs), targeting different epitopes of the LSDV structural protein p32, and gold
nanoparticles (AuNPs) were used to set up a colorimetric sandwichtype lateral flow
immunoassay (LFIA). Combinations including one or two mAbs, used either as the
capture or detection reagent, were explored to investigate the hook effect due to
antigen saturation by the detector antibody. The mAb-AuNP preparations were
optimized by a full-factorial design of experiment to achieve maximum sensitivity.
Opposite optimal conditions were selected when one Mab was used for capture
and detection instead of two mAbs; thus, two rational routes for developing a
highly sensitive LFIA according to Mab availability were outlined. The optimal
LFIA for LSDV showed a low limit of detection (103.4 TCID50/mL), high inter-
and intra-assay repeatability (CV% < 5.3%), and specificity (no cross-reaction
towards 12 other viruses was observed), thus proving to be a good candidate as a
useful tool for the point-of-need diagnosis of LSD

Development of molecular and antigenic-based rapid tests for the
identification of African swine fever virus in different tissues [16]

African swine fever (ASF) is a severe haemorrhagic infectious disease affecting
suids, thus representing a great economic concern. Considering the importance of
the early diagnosis, rapid point of care testing (POCT) for ASF is highly demanded.
In this work, we developed two strategies for the rapid onsite diagnosis of ASF,
based on Lateral Flow Immunoassay (LFIA) and Recombinase Polymerase
Amplification (RPA) techniques. The LFIA was a sandwich-type immunoassay
exploiting a monoclonal antibody directed towards the p30 protein of the virus
(Mab). The Mab was anchored onto the LFIA membrane to capture the ASFV and
was also labelled with gold nanoparticles for staining the antibody-p30 complex.
However, the use of the same antibody for capturing and as detector ligand showed
a significant competitive effect for antigen binding, so required an experimental
design to minimize reciprocal interference and maximize the response. The RPA
assay, employing primers to the capsid protein p72 gene and an exonuclease III
probe, was performed at 39 °C. The limit of detection of the method was assessed
using a plasmid encoding the target gene and resulted in 5 copy/uL. The new LFIA
and RPA were applied for ASFV detection in the animal tissues usually analysed by
conventional assays (i.e., real-time PCR), such as kidney, spleen, and lymph nodes.
A simple and universal virus extraction protocol was applied for sample
preparation, followed by DNA extraction and purification for the RPA. The LFIA
only required the addition of 3% H202 to limit matrix interference and prevent
false positive results. The two rapid methods (25 min and 15 min were needed to
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complete the analysis for RPA and LFIA, respectively) showed high diagnostic
specificity (100%) and sensitivity (93% and 87% for LFIA and RPA, respectively)
for samples with high viral load (Ct < 27). False negative results were observed for
samples with low viral load (Ct > 28) and/or also containing specific antibodies to
ASFV, which decreased antigen availability and were indicative of a chronic, poorly
transmissible infection. The simple and rapid sample preparation and the
diagnostic performance of the LFIA suggested its large practical applicability for
POC diagnosis of ASF.
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10.3 ACTIVITY DURING THE PHD
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e Ion Beam Techniques for Materials Science, Universita di Torino, 2020

e Academic English for PhD students of scientific and mathematical
disciplines, Universita di Torino, 2020

e Carbanion Chemistry in Organic Synthesis, Universita di Torino, 2020

e Chemical Sensors for Scientific Research and Everyday Life, Universita di
Torino, 2020

e Advances in Phytochemistry, Universita di Torino, 2020

e Organic Chemistry for Chemical Biology and Biomedical Applications,
Universita di Torino, 2021

Schools and workshops

e Machine learning meets chemistry, Universita di Torino, 17-18 February
2020

e Raman days, Universita di Torino, 2021

e Chemometric School - experimental design Module, Universita di Genova,
24-28 May 2021

e Advances in Biotechnology and New Horizons for Industry, Saint-Pierré
d’Oleron, France, organized by University of Leicester, 13-17 June 2022

Conferences I attended

e Bioanalytical day, Societa chimica italiana, online, 13 July 2021
e XXVII Congresso Nazionale della Societa Chimica Italiana, Societa chimica
italiana, poster, 14-23 September 2021

Posters and oral presentations

e NanoMIPs by solid phase polymerization synthesis: optimization and
analytical applications of a new technique. Oral presentation. Bioanalytical
day 2021

e Matteo Chiarello, Simone Cavalera, Fabio Di Nardo, Thea Serra, Laura
Anfossi, Claudio Baggiani. Effect of polymerization time on the binding
properties of imprinted nanoparticles (nanoMIPs) obtained by solid phase
synthesis. Poster, XXVII Congresso Nazionale della Societa Chimica
Italiana, 2021
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Teaching

Laboratory of analitycal chemistry, Bachelor’s degree in Chemistry and
chemical technologies, Universita di Torino, aa. 2020/2021, 2021/2022 and
2022/2023, Prof. Marco Minella and Debora Fabbri, 40 hours per year

Public engagement

Tecnologie per la salute pubblica: test diagnostici e Ingegneria dei tessuti.
Cervelli in citta. Associazione dottorandi e dottori di ricerca in Italia,
Biblioteche civiche torinesi, Citta di Torino. Biblioteca civica centrale,
Torino. 9 March 2022

Tecnologie per la salute pubblica: test diagnostici. Biennale tecnologia per le
scuole. Politecnico di Torino. IIS Ettore Majorana, Torino. 20 October 2022
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10.4 ABBREVIATION USED IN THE TEXT

9-BBN

AEMA

APTMS
BlgG
BIS
BSA
CHNA-Phe
CME
CPX
CTX
DAN
DIC
DMAP
pT3
pT4
EDAM
EDC
EDMA
EGMP
ENR
ESI
GDMA
HMDS
IF

IgG
LC
LOM
LT2
LT3
LT4
LT4
LVX
LZM

Borabicyclo[3.3.1]nonane

Acrylic acid

2-aminoethylmethacrylate hydrochloride
Atomic force microscopy
Azo-bis-isobutyronitrile

Ammonium persulphate
3-(aminopropyl)trimethoxysilane
Bovine immunoglobuline G
N,N’-methylen-bis-acrylamide

Bovine serum albumin

N-(4- chloro-1-hydroxy-2-naphthoylamido)-(L)-phenylalanine
Carboxymethoxy-

Ciprofloxacin

Chlorotetracycline

Danofloxacin
N,N’-diisopropylcarbodiimide
4-(N,N-dimethylamino)pyridine
pTriiodothyronine

Dextrothyroxine

N,N'-ethylene dimethacrylamide
1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
Ethylene glycol dimethacrylate
Ethylenglycole methacrylate phosphate
Enrofloxacin

Electrospray ionization

Glycerol dimethacrylate
Hhexamethyldisilazane

Imprinting factor

Immunoglobuline G

Long chain

Lomefloxacin

3’,5-diiodo-L-thyronine
LTriiodothyronine

Levothyroxine

Levothiroxyne

Levofloxacin

Hen egg lysozyme
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MAA Methacrylic acid

MES Morpholinethansulphonic acid

MIP Molecularly imprinted polymer

MISPE Molecularly imprinted solid phase extraction
MOX Moxifloxacin

nanoMIP Molecularly imprinted polymer with nanodimensions
nanoNIP Non-imprinted polymer with nanodimensions
NHS N-hydroxysuccinimide

NIP Non-imprinted polymer

NIPAm N-isopropylacrylamide

NOBE N,O-bis-methacryloylethanolamine

NOR Norfloxacin

NTA Nanoparticles tracking analysis

OTA Ochratoxin A

RIgG Rabbit immunoglobuline G

SAR Sarafloxacin

SC Short chain

SPPS Solid phase polymerization synthesis

TBAm N-tert-butylacrylamide

TEMED N,N,N’,N’-tetramethylethylendiamine
TRIM Trimethylolpropane trimethacrylate
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Below are reported the recipes used for the preparation of all the buffers. The
quantities refer to a final volume of 1 L. All the buffers were prepared by dissolving
the salts water ultra-purified in Purelab Prima System from Elga (Marlow, UK).
The pH values of all buffers were adjusted using 1 M NaOH or 1 M HCI solutions.
All the buffers were filtered through a 0.45 um recycled cellulose filter before used,

and stored a 4°C.
Phosphate buffer 20 mM pH 6

e Disodium hydrogen phosphate
e Sodium dihydrogen phosphate

Phosphate buffer 20 mM pH 7.4

e Disodium hydrogen phosphate
e Sodium dihydrogen phosphate

MES buffer 50 mM pH 4.7

NazHPO4 « 2 H20
NaH2P04 « H-O

NazHPO4 2 H.O
NaH2P04 « H2-0

e Morpholinethansulphonic acid (sodium salt)

MES buffer 10 mM pH 4.7

e Morpholinethansulphonic acid (sodium salt)

Synthetic urine pH 6.5

Calcium chloride

Magnesium chloride

Sodium chloride

Sodium sulphate

Sodium citrate

Potassium dihydrogen phosphate
Potassium chloride

Ammonium chloride

Urea

Creatinine

177

CaCl.-2H-0
NaCl

Na2804

Naj citrate-2H.O
KH-2PO,4

KCl

NH4CI

creatinine-HCI

0.3320 ¢
2.5030 g

2.8840¢g
0.5240 g

10.861¢g

2.1722 g

0.65¢
117 g
4.6
238

0.65¢
28¢g

1.6g
1.0g
258
1.46 g
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11 RINGRAZIAMENTI

“Viaggiano i perdenti. Viaggiano perché i vincenti non hanno bisogno di andarsene.
Viaggiano i perdenti pitu adatti ai mutamenti. Viaggia chi non ha speranza. Viaggia la
polvere. Viaggia quello che puo essere spazzato via senza stabilita. Viaggia chi le ha
provate tutte e ha trovato solo terra bruciata attorno a sé. Viaggia Ahmed che se ne va.
Viaggia perché Falchera non gli ha mai offerto nulla. Il sogno successivo era Torino, ma
quello che gli aveva da offrirgli € stata solo una sequenza di contratti di poche settimane da
pochi soldi per volta, spesso in nero. E si ritrova a quasi trent’anni senza nulla nel presente
e ancora meno del domani. E allora viaggia, prima di essere spazzato via come la polvere.
Ahmed spiega che ha trovato questo lavoro in Germania. E duro, sara dura, ma almeno ha
un contratto di un anno per partire. E una fabbrica, di quelle che schiantano e uccidono, e
sara su turni. Lo ascoltiamo tra un piatto e un bicchiere, tra una risata e una uscita piu
seria, sapendo che anche se fingiamo che nulla cambiera, il nostro gruppo - o almeno il
gruppo che abbiamo vissuto fino in questo momento - muore quella sera e che sara
sempre piu difficile organizzarsi come il solito.

- Ma non e gia cambiato? - mi fa da contraltare Amedeo all’esporre i miei pensieri
indicando la sedia vuota che sarebbe di Simone. - Il futuro lo abbiamo gia superato e non
ce ne siamo accorti - conclude.

- Sto pensando di andare a convivere con Camilla - rispondo io.

- Eccolo il futuro che abbiamo superato - dice Amedeo alzando il calice di vino.

- Ma quando ¢ che siamo diventati vecchi? - si chiede Francesco.

- Da quando ci siamo resi conto di non avere una direzione- dice Amedeo, -ma guardiamo
Lorenzo: quasi laureato, un’offerta di una borsa in universita, anche nel caso sicuramente
un bel lavoro. Ma € messo come noi. Ma non dovrebbe essere lui il fortunato? -

Ahmed chiede perché dovrei essere il fortunato.

- Perché sono 'unico che é riuscito ad andare all’'universita, che non ha mai avuto i vostri
problemi economici, che nei fatti non dovrei lamentarmi rispetto a voi - rispondo io.

- Pero ognuno ha i propri problemi, e ci troviamo sulla stessa barca- conclude Amedeo.

- Tu zitto, che hai l'alpeggio - dice ridendo Ahmed.

Francesco chiede sorpreso che cosa e questa storia dell’alpeggio, e Amedeo inizia a
spiegare che lui e Marta sono in trattativa per ristrutturarne uno su in Val Grande, che
anche per loro qua si trova nulla di importante e allora meglio andarsene dalla citta. Solo
chi e cresciuto fuori dalla citta puo sognare di venire a viverci sostiene: chi ci ha vissuto
vuol fare il contrario. E allora se devi resistere a questo mondo cosa fai? Non ti resta che
salire in montagna. Ripenso alle nostre camminate e dormite in tenda che sembra siano
passati mille anni da quando si facevano tutti insieme, la sull’Assietta o in val Troncea. E
ora Amedeo ci va a vivere su quelle montagne. Dieci pecore, del latte, produrre formaggio.
La neve, il freddo, la legna da tagliare. Una donna insieme, tante difficolta, ma la volonta
di fare qualcosa di estraneo a quello che ci impone 'esterno. E perché dovremo criticarlo
nel suo coraggio?”

Da ‘I ragazzi di Falchera sognano Torino ma vanno a Berlino”, tratto da un
qualcosa che prima o poi sara, scritto da me

Sono stato io il fortunato? Guardando gli amici attorno a me, in quasi tutti i casi posso
rispondere di si, che lo sono stato. Concludo questo percorso di studi durato 24 anni con
poca certezza nel futuro, ma con molte certezze nel presente e nel passato, con certezze
che molti miei amici non hanno potuto avere. Con certezze costruite grazie al contributo di
molte persone. Dovrei fare un elenco? Non lo ho fatto per la tesi magistrale e dovrai farlo
ora? Massi, facciamolo. Pero rapido:
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Vuoi fare un dottorato? Devi darmi una risposta subito -. Domanda dalla quale ¢ partito
tutto, e tutto e stato.

Ringrazio poi Marco Ghibaudi, unico mio antico amico che ha affrontato lo stesso viaggio
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