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CHAPTER 1

Introduction and context

We need alternatives to antibodies for diagnostics and bioanalysis!

A near future, in which mimetic entities will be able to replace the use of
antibodies (Abs) in diagnostics, is upcoming. Abs production has relied for
decades on animal immunization, but today this approach is no longer
acceptable. During the last years, it has been flanked by new technologies
based on mimetics, affinity elements obtained without impacting on animal
welfare. Besides, it is crucial not only to have a sustainable vision of the
mimetic receptors of the future, but also to move in the direction of low-cost,

high-impact technologies, speed of implementation, and versatility.
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CHAPTER 1

1.1 Content and structure of the dissertation

This dissertation primarily focuses on biomimicry, the term coming from the
Greek words bios meaning life in Greek and mimesis meaning to imitate [1],
a field that seeks to mimic natural mechanisms, structures, and functions to
exploit them into several scientific applications. We have been exploring
nature-inspired catecholamine-based biopolymers to straightforwardly
develop molecularly imprinted polymers (MIPs), mimetic receptors, for
bioanalytical and diagnostics applications. From a more comprehensive
standpoint, this dissertation addressed the broad need for simple, cost-
effective, and accurate catecholamine-based assays, using animal-free
reagents. The general structure of this dissertation is explained herein along

with an overview of the research goals.

Chapter 1 is devoted to the description of MIPs design and to how they are
synthesized. The Chapter gives a brief outline of molecular imprinting
technology (MIT) along with recent MIPs synthesis progresses, focusing on
the selection of the template molecule, a critical factor to assemble efficient
receptor mimics.

Chapter 2 deals with catechol-derived biopolymers, chiefly focusing on
polydopamine (PDA) and polynorepinephrine (PNE), which are becoming
increasingly appreciated as soft, sustainable, versatile, and biocompatible
materials able to address challenging tasks.

Chapter 3 reports on the use of MIPs for the detection of the small peptide,
namely gonadorelin, in biological specimens, i.e., human urines. This is the
main purpose of the PhD research study which is part of a larger project
entitled “"New analytical approaches aimed at tackling doping in sports:
development of optical biosensors for the analysis of peptide hormones
through molecularly imprinted polymers” funded by the Italian Ministry of
Health. First, an optical, label-free, and real time sensing strategy was
developed for the detection of gonadorelin using Surface Plasmon Resonance
(SPR) transduction. In addition, a portable test was settled, motivated by the

lack of decentralized rapid gonadorelin assays for quick decision-making and

11



CHAPTER 1

extensive athlete monitoring before and during competitions. More in detail,
a biomimetic enzyme-linked immunosorbent assay (BELISA) was developed
onto disposable microplates aiming to cut testing costs and time that are
usually required for gonadorelin detection (e.g., mass spectrometry). The
detection of gonadorelin through a MIP-based bioanalytical approach has
been a very ambitious goal, as no point-of-care devices and only a few
monoclonal antibodies are commercialized targeting this analyte. The MIP
based approach is able to cheaply measure the drug levels directly from
human urine specimens by using a small sample volume (in order of
microliters). More specifically, a polynorepinephrine (PNE) based MIP was
first designed for targeting gonadorelin, and then it was employed as a
receptor element in an SPR-based optical sensing platform. A competitive
bioanalytical label-free assay has been built over the MIP for gonadorelin
quantification in urine samples. After this, the second task of the project
involved the scaling down of the competitive assay, i.e., BELISA, into a
portable and simple platform to analyze human urine. The strategy developed
was validated by mass spectrometric analysis. Urine samples and LC-MS/MS
equipment were available at Pisa University Hospital’s Clinical Pathology Lab,
partner of the project.

Very soon, the journey across MIPs will continue in the direction of nano-
MIPs, which we foresee could be further used as advantageous alternatives
to antibodies, both in vitro diagnostics and in vivo therapeutic applications.
Chapter 4 is, thus, about the preliminary development of catecholamine-
based nanoparticles which will be implemented in the MIPs nanotechnological
applications.

Chapter 5 describes how catecholamines may be exploited in colorimetric
microplate-based bioassays to screen different analytes, in addition to their
use as functional monomers in mimetics (MIPs) synthesis. In this case, the
redox PDA properties, and the capability to build up coating, non-imprinted
material, were exploited for analytical purposes. Two colorimetric tests for
molecular diagnostics were developed and applied respectively to analyze

serum albumin, a biomarker for kidney function, in human fluids (urine) and
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CHAPTER 1

to preliminarily screen hypochlorous acid, a key determinant for
neurodegenerative disorders.

Chapter 6 summarizes the pithiest points of the PhD research studies,
discussed in the preceding chapters, and introduces considerations for future

work on the topic.

1.2 Imprinting technology (IT) for molecular recognition:
beyond natural antibodies

Biomimetic receptors including affibodies, aptamers (nucleic acids),
polypeptides (engineered binding proteins), oligopeptides, and molecularly
imprinted polymers (MIPs, inorganic or organic matrices) have recently
gained a lot of attention for specific recognition of biomolecules [2]. They are
an attractive alternative affinity tool to antibodies for both diagnostic and
therapeutic approaches. Antibodies are routinely used in affinity technology
(immunoassays, immunoaffinity separation, biosensors, bioimaging, etc.,)
and biomedicine for their ability to specifically recognize an antigen, the
target molecule, which perfectly fits the antibody’s binding sites [3].
Antibodies are proteins and come with a few drawbacks which limit their
production on a large-scale and hamper their integration into standard
processes. The latter limitations are mainly related to the high costs
associated with in vivo animal immunization and processing, biochemical
instability at high temperature with the consequence that most antibodies
are stored at low temperature to prevent degradation and microbial infection,
and “limited” availability for certain targets.

In this context, biomimetic affinity tools should be desighed and synthesized
mimicking the functions of the natural receptor entities, while going beyond
their limits. As a result, the research in the area of mimetic (artificial)
receptors has been expanded markedly in recent decades. Their chief
advantages over protein receptors, to be emphasized, are the high stability

under harsh conditions as well as the extended lifetimes in biological fluids
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[4-5]. Biomimetics’ production is relatively simple, cost-effective, and does
not require animals [3].

Besides, mimetic receptors can be synthesized to recognize different target
molecules, including likewise small non-immunogenic compounds and toxic
molecules to animals [6].

In this dissertation, our attention largely centered on the design and
“household” synthesis of PNE-based MIPs. In this section, we provide a

general introduction about MIPs and the existing strategies to build them.

1.3 A long molecular imprinting history: background
Molecular imprinting is a technique to create biomimetic recognition sites
within polymeric materials that mimic biological receptors. The polymeric
architecture consists of a “skeleton” built via a template-assisted synthesis
[5,7-9]. In detail, the functional monomers are co-polymerized in the
presence of a template, that can be the whole target molecule or a portion of
it, and of possible crosslinkers and initiators [3-9].

After the polymerization reaction occurs, the template molecule is extracted
by leaving binding cavities in the polymer network which retains
complementarity in shape, structure, and functional groups assembly to the
template molecule. The functioning mechanism resembles a “lock and key”
process [4] to selectively re-bind the target molecule by mimicking the
biological antibody-antigen affinity [10]. Currently MIPs, thanks to the
relentless research on material science, appear as rivaling their natural
counterparts in molecular recognition assays. Specifically, MIPs low-cost and
ease of production, their chemical and thermal stability (e.g., tolerance to
solvents and extreme pH, the possibility of undergoing sterilization), firmness
during storage under non-controlled environmental conditions, and the
morphological freedom (films or nanostructures) as well as the electronics
integrability, are gainful features which have entailed an outstanding interest
during the years [5,11]. Moreover, MIPs retain numerous biomimetic
functions beyond the molecular recognition ability, including catalytic activity

and stimuli-responsive functions [9]. The concept of MIPs arose most notably
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around 1940 following the L. Pauling theory about the in vitro antibodies’
manufacture using template molecules [9-12]. Nevertheless, the beginnings
of MIPs prosperity have indisputably occurred since 1970 with two seminal
works pioneered by Wulff and by Mosbach [3]. They proposed two different
approaches in molecular imprinting, on one side Wulff reported a covalent
imprinting method to obtain MIPs, on the other side, Mosbach described a
non-covalent imprinting approach. The number of research articles
concerning MIPs has rapidly increased since 2013 and to date, through a
bibliometric analysis over time (1999-2022) by using the Scopus database,
more than 10,000 papers have been published.

g

@ Chemistry

@ Biochemistry, Genetics and Molecular Biology
Materials Science

@ Chemical Engineering

@ Engineering

@ Physics and Astronomy

@ Environmental Science

@ Pharmacology. Toxicology and Pharmaceutics
Agricultural and Biological Sciences

Documents
g g
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1980 1092 1005 1008 2001 2004 2007 2010 2013 2016 2019 2022

Year

Fig. 1 (a) The annual (black dots) and cumulative (black line) numbers of
research articles about molecularly imprinted polymers indexed in Scopus
from 1989 until 2022; (b) cumulative numbers of research articles divided
per subject area

As can be seen from Fig. 1, the molecular imprinting technique has attracted
the attention of many scientists and has greatly diversified in terms of
materials, templates’ type used, and area of application.

As a whole, MIPs are excellent versatile tools in different research fields,
including biosensing [14-21], separation science [22-23], biomedical
diagnostics [24], environmental monitoring [25-28], pharmaceutical
screening [29], drug delivery [30-31], and tissue engineering [32-35].
Regarding the healthcare field, MIPs are exploited to address both diagnostic

and therapeutic challenges. The use of MIPs for in vitro diagnosis is based on
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the detection and quantification of a certain measurable biomarker associated
with biological state or (patho-) physiological condition. In this area, MIPs are
ideal to set-up diagnostic assays onto solid-support or in solution or for pre-
analytical uses, i.e., proteins enrichment or interferences removal, for
example from complex biological samples (blood, plasma, serum). In
addition, further efforts have been undertaken to design MIPs with in vivo
therapeutic properties. This is one of the main tasks pursued in the field of
nanomedicine which is an emerging and fast-growing area of application for
MIPs. These antibody mimetics, usually in the form of spherical nanoparticles
(namely nano-MIPs), are used as immune checkpoint inhibitors or as a drug
delivery system [31] to a specific pathological site. In general, nano-MIPs act
as a “dart” towards a pre-determined target, e.g., cancer cells [36].

The combination of diagnostic and therapeutic properties, namely
theranostic, within a single MIP formulation, has recently started to be drawn
[37]. In this regard, only a few examples are presented in the scientific
literature, and it has not been the subject of interest of this experimental
dissertation. A general synthetic receptor-analyte recognition mechanism is
expressed by a reversible affinity reaction: [MIP] + [A] « [MIPA], where
[MIP] is the concentration/density of the surface MIP binding sites, [A] is the
concentration of free analyte (g mol?!) while [MIPA] is the complex
concentration, so the concentration analyte which is bounded to the mimetic
receptor, MIP. To evaluate the effectiveness of the mimetic receptors in the
analyte recognition analyte event and to evaluate their performances, three
main parameters can be assessed [3]:

1) Binding affinity, which is expressed as dissociation equilibrium
constant, Ko (mol Lt) = [MIP][A]/[MIPA]. In this case, stronger
binding corresponds to lower Kbp;

2) Specificity, which is defined as the MIP’s ability to bind only the
analyte, without interferences due to other molecules;

3) Imprinting factor (IF), which is expressed as the ratio of the analyte-
MIP vs. analyte-NIP (non-imprinted polymers) average binding

response (IF = MIP/NIP) under identical conditions.
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The NIP’s surface is synthesized as a MIP receptor in absence of the
template molecule [38-39].
The following paragraphs will briefly describe the rationale behind the MIPs,
and the diverse imprinting strategies that have been employed for their

preparation intended for in vitro and in vivo applications.

1.4 Fundamentals of designing molecularly imprinted
polymers (MIPs)

Biomimetic thin films are frequently exploited in the field of diagnostics where
different planar solid supports are involved, both in benchtop and in point of
care diagnostic systems. Recent years have withessed a significant progress
in molecular imprinting technology which led to the expansion of the MIPs
use to the burgeoning in vivo therapeutic areas. This technology-driven shift
from film layer into nanostructures domain. In particular, spherical MIP
nanoparticles (or nano-MIPs) have gained great attention because of their
high surface-area-to volume ratio and handling ability [40]. Beyond the
mimetics’ format we are going to develop, the key issue in designing these
types of mimetic receptors is the rational choice of template molecules. In
the following sections, we deal with this issue by briefly describing the main

imprinting strategies in relation to the chosen template.

1.5 An excursion into various molecular imprinting
strategies

Relatively to the choice of the appropriate template to be involved in the
imprinting process, a distinction must be made between biomolecules that
differ greatly in size (across angstrom-to-micrometer length scales). The
choice of the template from a small molecule is relatively a simple task due
to the fact that, usually, it matches with the target itself (including toxins,
antibiotics, molecular markers as peptides constituted by few amino acids,
metal ions, etc. scheme 1); in other words, the whole target molecule is

imprinted. Unlikely, the imprinting of Ilarge molecules (proteins,
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glycoproteins, nucleic acids, cells, bacteria, viruses, etc.) is an intriguing and
challenging task due to their large size, complexity, flexibility, and poor

solubility in organic solvents [41].

Templates Molecularly imprinted polymers

(MIP)

@

® 5
L P l ¢
mﬂ €
Amino RNA Peptide Protein Lipid Glycan Virus Bacteria Cell
acid

Scheme 1 Schematic depiction of the templates’ panel, with a very different
dimensions, that may be involved in the imprinting process

In this scenario, the following paragraphs are dedicated to providing an
overview of the main existing molecular imprinting techniques including bulk
imprinting, epitope imprinting, micro-contact imprinting, and oriented-

surface/site-directed imprinting.

1.5.1 Bulk imprinting

By this type of approach, namely bulk imprinting (scheme 1.1), the target
molecule is imprinted as a whole in the polymer matrix.

Bulk imprinting, at first glance, appears as the simplest approach to create
template-shaped sites in the polymer network which can bind and release the
target molecule. In a general process, the monomer and the template,
possibly cross-linkers and initiators, if required in the type of polymerization
pursued, are let to react to form a polymer matrix [42]. The functional groups
of the monomers can non-covalently assemble (by involving weak
interactions like hydrogen-bonds, ion pair interactions, Van der Waals forces,
and dipole-dipole bonds) with the template molecule allowing its

incorporation in the polymeric matrix during the synthesis. The template
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molecules involved in the interaction are held in position by the highly
crosslinked polymeric network formed around. The number of non-covalent
interactions must be sufficient to allow the stochastic organization of the
binding pockets during the polymerization reaction. This approach is
extremely useful to imprint small molecules (molecular weight, MW, less than
1000-1300 Da), both inorganic and/or organic, while it is still challenging
with biomacromolecules due to their huge dimension, complex spatial
structure, unstable (variable) conformation of the template [43], and
environmental depended conformation. Accordingly, recently, significant
progress has been reached in this direction in order to solve difficulties
associated with large biomolecules imprinting, in particular, their poor
compatibility with the organic environment, template leakage (loss of
conformational epitope) upon unfolding of the tertiary and quaternary
structure [41], high cost of template molecules, and scarce removal efficacy
of the template entrapped in the polymer network.

So, are the biomolecules too large to fit in polymer networks?

To troubleshoot this challenging issue, other approaches have been

established such as epitope-mediated imprinting, oriented surface

§ Binding event

imprinting, and micro-contact imprinting.

Monomers
1 A\ —
Substrate —— Substrate
Bulk

polymerization Template removal

Scheme 1.1 Schematic illustration of bulk imprinting
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1.5.2 Epitope-mediated imprinting

The epitope approach (or fingerprint imprinting (FIP, scheme 1.2)) [44-49]
is one of the most promising imprinting techniques for MIPs production which
was firstly introduced by Rachkov and Minoura [50]. It is based on the use
of a short “fingerprint” synthetic peptide (few amino acids 10-15 are
rationally selected), as a template, that constitutes only a small portion of
the large macromolecule to which belongs, and that, in turn, may be
recognized by the MIP. This technique allows to achieve unexpected
advancements in the recognition of large biomolecules, by mimicking the
efficacy of the natural binding of antibodies. In detail, it mimics the natural
antibody-antigen recognition, in which the paratope on the antibody, i.e., the
antigen-binding site, recognizes and interacts with the antigen determinant
(the epitope) through affinity binding to trigger an immune response. The
same epitope, if known, can be eventually exploited for diagnostic purposes
i.e., detecting the presence/absence of the analyte by affinity-based assays.
In Nature, epitopes of few amino acid residues (less than ten) are able, alone,
to evoke highly specific recognition by antibodies.

To translate the ‘epitope approach’ to MIPs production, the first phase is to
perform a modelling of the target biomolecule structure by using
bioinformatic tools. Free computational approaches are employed to bridge
the gap between the known analyte sequence and the 3D structure, even if
this approach is limited to sequences available as X-ray structures and
deposited in the Protein Data Bank (PDB) [51]. In this way, it is possible to
evaluate potential peptide templates for polymer imprinting by selecting well-
exposed and flexible portions. For example, the external portion of a loop
region, in the 3D biomolecule structure, likewise to the specific portion/s of
the antigen (epitope) to which an antibody paratope may bind (known
structural epitopes from the literature), define possible portions (peptides) to
be selected. Bioinformatics software may be also worthwhile to perform
multiple sequence alignment, in order to identify unique epitopes over a
protein family and/or isoforms (e.g., mutation involving the SARS-CoV-2

spike variants, glycoprotein hormones, IgG subclasses, etc.,). Similarly, also
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the portion of amino acid sequences, which are preserved among the families,
may be selected if the receptor is designed to bind a whole family/class of
molecules. Moreover, a multiple template approach may be used in two
different modalities. In the first case, more than one epitope can be selected
from the same macromolecule, and in this scenario arose the concept of
cooperative binding. The epitopes cooperation may be advantageous to
better anchor the target biomolecule to be determined, but also it can help
to bind the target with a certain structural orientation, eventually increasing
the binding affinity (expressed as equilibrium dissociation constant). In the
second case, two or more epitopes may also belong to different molecules or
close molecule analogues and this selection may be very interesting for a

multi-analyte determination on the MIPs cavities.

S o, 2
(P Epitope(s) 00 Monomers
selection
5 GO
| Substrate
Analyte-MIP Bulk
5 binding 3 polymerization

Template removal
4

Substrate Substrate

Scheme 1.2 Schematic illustration of epitope-mediated imprinting
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1.5.3 Oriented-surface imprinting

An alternative strategy to bulk and epitope polymerization provides the
chemical orientation of the template molecule over a functionalized substrate
to build the mimetic receptor. In this case, also whole molecules can be
successfully imprinted via the creation of reversible strong non-covalent or
covalent interactions between key functional groups of the template/target
and solid support, modified with appropriate chemistry [41]. Then, the
polymerization was carried out around the template, as in the previous cases,
but here the attention must be paid to the growth of the polymeric film, not
above the diameter of the immobilized biomolecule. If the film grows above
the diameter, the extraction of the templates from the polymer matrix is
complicated, as already faced in bulk polymerization. After the
polymerization, the bonds between the template and the substrate are
cleaved. The functional groups are renewed to allow them to make the same
covalent interactions with the target molecule in the obtained binding cavities
of the polymer. Wulff et al. [52] introduced the first covalent imprinting by
using boronic acid which is well known for its ability to reversibly interact with
the diol groups found in sugars, glycoproteins, and catecholamines [53-54]
(scheme 1.3). Besides boronic acid, the most common functionalities
involved in this process are aldehyde, diols, or amine groups. This approach
requires a deep a priori knowledge about the dimension and the functional
groups of the template and the polymer film thickness. For this reason, it is

not an approach that can be easily pursued for the imprinting of all molecules.
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Scheme 1.3 Schematic illustration of oriented-surface imprinting
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1.5.4 Micro-contact imprinting

Finally, the last imprinting technique onto a solid substrate, namely micro-
contact imprinting (scheme 1.4), is described here. This is an encouraging
technique, which shares some similarities with soft phototypography, also
because a variety of substrate materials, both hydrophilic and hydrophobic,
can be printed [55]. It is successfully adopted to create MIPs for
biomolecules; actually, it overcomes some challenges associated with the
bulk imprinting (e.g., solubility, conformational stability, and aggregation
during the polymerization reaction) [41]. In a typical procedure, a template
or a pattern of template molecules for inking, are primarily immobilized or
absorbed onto a solid support (such as glass or PDMS slabs), that act/s as an
imprinting mask to create the MIP cavities. Then, the mask is placed in micro-
contact and softly pressed, for a certain period of time, over the functional
monomer solution, undergoing polymerization [55-56]. The imprinted
receptor is ready for use after detaching off the mask, to extract the template

molecules.
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Scheme 1.4 Schematic representation of micro-contact imprinting
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1.6 Building blocks that make up polymers: from hard to soft
Many examples of scaffolds may be used to create polymeric mimetic
receptors, MIPs. There are multiple synthetic building blocks to develop
classic polymers, like polyester or nylon, polyethylene, and polyvinylchloride,
and can be assembled by different polymerization reactions. For example,
polyesters may be assembled using a step-growth condensation reaction that
takes place between the monomers and forms linking ester groups [57].
Among these, there are polyethylene terephthalate (PET) [58] produced by
ethylene glycol and terephthalic acid, as building blocks, polybutylene
terephthalate (PBT) produced by polybutylene pipe, and polycarbonate (PC)
produced by bisphenol A reacting with phosgene. Other synthetic polymers,
such as polypropylene are produced by polymerization catalysts and among
these, we can report the example of poly(propylene carbonate) (PPC) which
is made from polypropylene oxide, as a building block, that reacts with carbon
dioxide in a catalytic process.

Poly(vinyl chloride)-based polymers (PVC) are another class widely produced
by employing vinyl chloride monomer (VCM), while polyaryletherketone-
based (PAEK) ones are composed of bis(phenolate) salts as functional
monomers [59]. Nowadays, the research for new materials is increasingly
moving toward greener, soft, and sustainable polymer syntheses involving
building blocks coming from Nature. In the following chapter (Chapter 2) the
state-of-the-art on biopolymers is briefly reviewed and, among them, a
special focus primarily on the poly(catecholamines) is reported. Besides, an
interesting and still poorly explored field is the use of natural ingredients as
building blocks for MIPs creation, which can be assembled by living organisms

to build mimetic receptors.
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CHAPTER 2

Catechol-derived imprinted biopolymers:
recent advances and challenges for
diagnostic and therapeutic applications

Nowadays green (environmentally friendly) and biocompatible materials
which also possess bioactive potentialities, are desirable for all in vitro
diagnostic and in vivo biomedical applications. For this purpose, the relentless
research, throughout history, for new materials has pushed in the direction
of naturally bio-inspired polymers [1] which not only challenged the
traditional materials but also contributed to extend the range of their
applicability. In the past decades, the research on biomaterials (biopolymers,
scheme 2.1) expressing useful chemical/physical/biological properties
extensively blossomed, gaining inspiration from the biological architectures
of living organisms. Thus, looking at the surrounding natural resources, by
mimicking their architecture and/or their building blocks by re-using some of
the discarded sources, several functional biomaterials can be identified and

implemented [2].
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Scheme 2.1 Overview of few nature-derived materials (reproduced from
ref. [5])

Additionally, green, and straightforward production strategies have been
employed to design tailored biomaterials with finely tuned unique properties.
Natural polyphenols, relevant to numerous compounds derived from plants
(e.g., tea polyphenols, tannin and lignans, melanin-related phenolic polymers
[3-4]), protein-based polymers (elastin-like polypeptides (ELPs), collagen,
gelatin) and polysaccharide derivatives, etc. (alginates, dextrin, gelatin,
casein, starches [6] and chitosan) [1,5] are examples of sustainable
biopolymers present in the literature. All of these materials retain peculiar
and tunable properties that may be exploited for a multitude of applications
(bioanalysis, biomedicine, bioengineering, etc.). A new biopolymer inspired
by mussels was presented by PB. Messersmith et al. in 2007 [7] and in a
short time it turned one of the most promising biomaterials, opening the way

to modifying various substrates and much more. In this scenario, the
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following sections provide a comprehensive overview of poly(catecholamines)
(pCA) family starting from polydopamine (PDA), considered the leading
material, up to analogues, e.g., poly-norepinephrine (PNE), -epinephrine
(PEP), -levodopa (pLD) [8]. From a structural point of view, all of these
molecules derive from phenylalanine and/or tyrosine [8-9]. In detail, the
pertaining functional monomers are formed by a benzene ring with two ortho-
hydroxyl groups, amine moieties, and a few distinct functional groups which
provide biopolymers with their own features. Dopamine (DA), as well as
norepinephrine (NE) are endogenous neurotransmitters that have an
important role in the central nervous system’s functions affecting motor
control, cognition, emotion, memory processing, and endocrine modulation
[10]. Among the pCA series, there are also polyserotonin (PSE) [11] and
poly-octopamine (POA) which are very similar to the neurotransmitters
(monomeric structures) listed above but differ from them due to the loss of
a hydroxyl group from the catecholic functionality.

The following paragraph introduces the foremost physico-chemical and
biological properties of PDA and PNE, which have been exploited for analytical
chemical purposes aiming to design novel, sensitive, selective, and specific
diagnostic strategies as well as to develop modern detection devices. We
would like to underline that analytical chemistry (AC) has played a vital role
in life sciences and has provided important support also for the development
of material/energy/environmental/space sciences [12]. In addition, AC has
increasingly  addressed exciting challenges, currently boosting
multidisciplinary investigations to implement frontier research from its very
beginning. Following this path, Chapter 4 introduces some insights on the
chemical physical characterization of biopolymers, dealing with recent

advances and future perspectives.
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2.1 Poly-dopamine (PDA) as “class leading” bio-inspired
material — an overview

The discovery of PDA, currently one of the most widely employed bio-inspired
soft materials for surface coating and functionalization, was presented by
Messersmith and coworkers in 2007, replying to the following question: How
can mussels, in wet conditions, cling to surfaces? [7] The secret lies in the
mussels’ plaque, composed by an abundance of adhesive mussel foot
proteins (mfps) constituted, in turn, by a high percentage of 3,4-
dihydroxyphenylalanine (L-DOPA), lysine and histidine residues (primary and
secondary amines) [7,13-16]. The second route of PDA inspiration is related
to the natural melanin (eumelanin), which is found in mammals’ pigments of
hair and skin, or in the substantia nigra (SN) of the midbrain [16-17]. In
relation to this, the Messersmith group discovered that PDA can be used as
a cheap and versatile alternative to dopa-enriched peptides [18-19]. From
these sources of inspiration, dopamine (DA, 3,4-
dihydroxyphenylethylamine), structurally close to L-DOPA [14], has been the
first small-molecule catecholamine extensively exploited to modify countless
solid substrates. This is a consequence of the excellent ability of PDA to
strongly stick to all types of solid surfaces even in wet conditions, thanks to
the catechol moieties assisted by amino groups [18, 20]. DA is easily oxidized
to self-polymerize under alkaline aerobic conditions (pH > 7.5), which
simulate the natural environment of mussels. For all of these features
mentioned, PDA has been explored for an impressive plethora of applications
(energy harvest, storage, separations, environmental remediation,
healthcare, and biosensing) [16]. Further, despite the exciting properties of
PDA and the numerous attempts to characterize it (through solid NMR, high-
performance liquid chromatography (HPLC) mass spectrometry (MS), X-ray
crystallography, FTIR spectroscopy, AFM, etc.), the exact mechanism of DA
polymerization is still uncleared and debated. The pathway(s) of PDA
formation start(s) by auto-oxidation of the catechol ring of DA leading to the

production of dopamine-quinone (DAQ) followed by intramolecular cyclization
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via 1,4 Michael-type addition to yield leuco-dopamine chrome (Fig. 2.2).
Further oxidation and rearrangement formed the indole quinone units, 5,6-
dihydroxyindole (DHI), which is easily oxidized to form 5,6-indolequinone
(Fig. 3.1). The dihydroxyindole structure can form several tautomers
[14,18,20-21]. All of these intermediates can be involved in the formation of
a single C-C bond, the PDA central scaffold, in a random manner.
Nonetheless, the latter reactions and the nature of such couplings remain
unclear as well as the chemical structure of PDA.

A never-ending story? Liebscher et al. posed this question [22].

OH
OH OH
oxldauon nucleophlhc OH )
(2H +2e’) reacllon =
HN —> Y
- -
NH,

leukodopamine-
chrome

(A) /

on (B)

Covalent oxidative OH  Physical self-assembly
polymerization pathways

5,6- dlhydroxymdole

H

HO.
-0,

J N

HO N OH HO.
DHI-DHI dimer HaN O oH @\/\
+ OH

H
HO. O 1y y OH /\/\OH
s’
HO ) OH

dopamine dopammequnnone dopaminechrome

(Dopamine),/DHI Physical trimer

Dopamine-DHI-DHI trimeric conjugate

Fig. 2.2 Pathways process for the formation of PDA through (A) covalent
bonds and via (B) physical self-assembly of dopamine and DHI. Adapted with
permission from ref. [14] Copyright {2014} American Chemical Society
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The most common hypothesis is that PDA is a supramolecular
aggregate/mixture of monomeric and/or oligomeric species differing in chain
length (composed of dihydroxyindoline, indolinedione, and dopamine units in
diverse oxidative states [22]) that are held together through weak
interactions (hydrogen bonding, charge transfer, n-n stacking interaction, n-
cation assembly and/or quinhydrone-like interactions) [18]. The
(dopamine)?/DHI physical trimers, that can be formed, lead to the formation
of a brown-black polydopamine precipitate. Delparastan et al. recently
provided insights into the understanding of PDA polymeric nature [16]
proposing an alternative pathway of reaction (covalent binding). Based on
the results acquired via single-molecule force spectroscopy (SMFS)
characterization, they provided structural information about PDA films
constituted by high-molecular-weight polymer chains units whose subunits
are covalently linked. As a whole, PDA is a dark-black solid polymer insoluble
in most solvents, with an isoelectric point (pI) about 4 £ 0.2 [23]. When the
pH < pI PDA possesses a total positive surface charge (protonated amino
groups), whilst when pH > pl it has a negatively charged surface
(deprotonated hydroxyl groups). It is optically characterized by a wide UV/Vis
absorption extending from visible to near-infrared region (210-325 nm). In
addition, under excitation with UV light, polydopamine exhibits a weak
fluorescence, unlike DA, at 400-550 nm [24-25].

Concerning the PDA chemical reactivity, among the strong adhesion
reactivity, due to the presence of various functional groups (amino imine and
carboxylic groups, catechol or quinone functions, planar indole units, etc.) in
the chemical structure. All of these groups are reactive starting points to
trigger covalent or non-covalent modifications with different molecules. The
reactivity is mainly related to the catechol/quinone chemical equilibrium;
under basic conditions the catechol groups can be oxidized into the
corresponding quinones, acting as electron acceptor sites, by transferring two
electrons (2e”) [18]. The cross-linking reaction of PDA with nucleophilic
molecules, possessing amine and/or thiol groups, occurred via Michael-type
addition and/or Schiff base reaction, as depicted in Fig. 2.3 [26-27].
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Fig. 2.3 Schematic illustration of Michael addition and Schiff base reactions,
respectively, between amine- and/or thiol functional groups with reactive
functionalities of PDA. Adapted with permission from ref. [16] Copyright
{2016} American Chemical Society

Moreover, PDA can be also functionalized via the Aza-Michael addition
reaction, occurring between nucleophilic amine groups and «, 8 — unsaturated
carbonyl compounds [28], or exploiting the pH sensitive reactivity to form
catechol-boronate esters [29-30]. Among these covalent reactions, other
types of organic molecules can modify PDA surface also by establishing non-
covalent interactions, for example, metal chelations, charge-transfer
interactions, n—n stacking, and electrostatic interactions.

These reactivity features are extremely important to perform a multitude of
secondary modifications with specific functionalities on PDA, including the
anchoring of molecules or cells, etc., intensifying its application. Additionally,
another valuable feature of PDA lies in the outstanding redox-activity, since
catechol/o-quinone functional groups can be oxidized and reduced,
respectively (redox potential = -530 mV) [31]. The PDA redox capability is
mainly exploited toward the direct reduction of metal ions into nanoparticles

in the fabrication of original organic-inorganic hybrid materials.
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The formation of PDA films, on an endless surface type (organic and
inorganic), with a thickness in the nanometer range, typically 1-50 nm [14],
requires a variable period of time from minutes to hours. The monomer
concentrations, type, and pH of the buffer (e.g. Tris, phosphate saline,
sodium hydrogen carbonate, piperidine, etc. buffers), temperature or
microwave irradiation, and nature of oxidants used (oxygen, NaOH, NHs3,
H202, NaClO, metal ions, etc. [32-33]) are all key factors that affect the
speed/time of polymerization and in particular the thickness of the deposited
film that can be tuned to the specific desires/synthetic route.
Complementarily to the classical synthesis method, it is also possible to
produce PDA by means of an enzymatic oxidation process or through direct
electropolymerization of DA [34-35]. In addition, it is important to note that
the PDA anchoring process is effective at an early stage of the polymeric
formation when aminoethyl groups are not cyclized yet. This is because when
the indoles are formed, these are more reluctant to join supports [18].
Additionally, the multi-use of PDA is not restricted to surface coatings, but it
is capable also to self-assemble into nanostructures or different architectures.
For this reason, also considering the excellent biocompatibility, PDA is
efficiently incorporated into a wide range of applications across the chemical,
biological, medical, and materials sciences, as well as in applied science
engineering.

In the analytical field, the main benefit gained from the employment of PDA
comes from its exceptionally straightforward and versatile synthesis [36].
PDA has earned a prominent place in the scientific literature to easily modify
bioactive surfaces and to develop bio-mimetic receptors, without the need
for expensive equipment. The awesome growing broad applications of PDA,
as attested by the enormous number of publications (more than 20,000 by
Scopus search results), recorded from its first report, is not going to stop.
This trend clearly reveals the global significance and the interest in PDA [14].
Concerning mimetics receptors (MIPs), more than 200 studies about the
development of PDA-based MIPs selective for inorganic and organic

molecules, are reported [36-41]. This universal interfacial bio-glue paved a
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new way for the functionalization of biomaterials, significantly expanding its
applicability to a plethora of support materials for (bio)analytical purposes,
i.e. metals, semi-metals, glass, and silicon for biosensing; soft (e.g.
polydimethylsiloxane, PDMS) and hard polymers used for disposable UV-Vis
and fluorescent detection, included ELISA plates; cellulose paper for lateral
flow assays (LFA) [42] and more. In light of the physicochemical properties
described, our research group started working with PDA and developed
several smart optical-based assays [43-46] and MIPs-based mimetic
receptors for biosensing [18,47-49]. More recently, also polynorepinephrine
(PNE), a close analogue of PDA, displayed very good analytical performances
when exploited for MIPs synthesis, giving interesting and promising results
[50-52]. In general, catecholamines-based MIPs, in this dissertation focusing
mainly on PNE, are very attractive since their polymerization is obtained
spontaneously and under mild aqueous conditions starting from the
corresponding low-cost monomer, i.e., norepinephrine (NE), and can be
performed in any laboratory as they do not require specific technology (being

easy to operate) or expensive devices.

2.2 Poly-norepinephrine (PNE): challenge and opportunities
Norepinephrine (NE) is a close chemical analogue molecule of dopamine (DA)
slightly differing for a supplementary aliphatic hydroxyl group from DA.
Besides the physiological role as neurotransmitter, NE shares with DA the
same capacity to self-polymerize, by inducing electrons transfer (2e-), and
to stick to different surfaces [52-54]. Compared to PDA, which drew
impressive researchers’ attention, PNE currently has been neglected as
underlined by the incidence of scarce studies in the literature that lacks
insight into this analogue catecholamine, as pointed out by Baldoneschi et al.
[52-53].

Prompted by this, besides DA studies [55,36,43-46], our research group

recently started to explore the potential of this close homologue monomer in
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the analytical field, mainly for mimetics receptors building for further
application in bioassays.

In this section, we provide an overview about the unique key features
(properties and polymerization mechanism process) proper of PNE, mainly
related to the incorporation of an additional anchoring site -OH, as the other
chemical-physical features remain basically similar to PDA (described in
paragraph 2.1). We focus mainly on its potential development in bioanalysis
and biomedicine, including the most recent studies. From the structural point
of view, NE and DA, both being endogenous molecules, differ only for a
supplementary hydroxyl group in NE. These catecholamine functional
monomers share the impressive capability to self-polymerize in “green” mild
alkaline environment, without the use of hazardous solvents, leading to
highly adhesive pCA nanolayers or nanoparticles [9,57-64].

On the other hand, PNE displays a markedly more hydrophilic trait as well as
more homogenous and smoother surfaces [63-64], by shrinking surfaces’
roughness typical of PDA, which represent one of the drawbacking features
for its use in MIP-based diagnostic assays. The formation of a smoother and
more homogenous PNE surface is related to the presence of a reaction
intermediate 3,4-dihydroxybenzaldehyde norepinephrine (DHBA-NE), not

present in the PDA formation mechanism (Fig. 2.4).
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Fig. 2.4 Schematic PDA and PNE polymerization mechanisms. Adapted with
permission from ref. [9] Copyright {2018} American Chemical Society

Among a few examples of PNE applications in materials science, PNE has been
revealed as a powerful tool in medicine and (bio)-analytical field, although
currently, research studies reported are limited. The interest for PNE in the
(bio)analytical field is mainly centered on separation science for the elution
of molecules [53]; in turn, the applications in bioanalysis/biosensing are
limited to a few examples.

Considering the urgent need for alternatives to antibodies production and use
for diagnostics, we believe that PNE deserves much more attention, as it
could be an innovative and performing functional monomer alternative to DA
to build improved natural mimetic receptors. As previously demonstrated for
PDA, PNE can be exploited in affinity sensing as well as in bioanalytical assays
(e.g., ELISA-like), thanks to the extremely low-cost of the starting monomer
and the long-term stability features. In the analytical panorama, the first
examples of PNE-based receptors were employed in separation science to
wrap capillary columns or microchips for electrophoresis and

electrochromatography to separate chiral molecules, amino acids and
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proteins, or to extract a specific class of pharmaceuticals [58,63,65-68].
Differently, here we present the innovative exploitation of PNE for mimetic
receptors production, an appealing alternative beyond antibodies for
diagnostics. In this context, we used the advantages of PNE, compared to the
leading PDA, in terms of superior hydrophilicity, which drastically contributes
to the reduction of non-specific adsorption of molecules on the polymeric
surface, increasing the selectivity of the imprinted biopolymers (IBPs), as
demonstrated by our group in the first examples [50-51,69].

The first studies performed by Baldoneschi [51] et al., and Battaglia et al.
[69], as well as those here presented and further detailed [50], involved the
use of pioneering PNE-based mimetic receptors, integrated into an optical
biosensor based on a surface plasmon resonance (SPR) transduction, to
address different diagnostic issues (see paragraph 3.5.3.1).

The first example introduced a PNE-based epitope imprinting approach (EIA)
(detailed in paragraph 1.5.2) in which a small portion of cardiac Troponin I
(cTnI) was rationally selected as an epitope for acute myocardial infarction
diagnosis [51]. Conversely, the second study successfully involved the whole
canine/equine procalcitonin imprinting, as sepsis biomarker [69]. These first
mimetic receptors showed high recognition ability, high stability, good
repeatability, and sensitivity in real untreated matrices. Due to the successful
outcomes recorded so far, now our work is moving beyond bench to prove
that, in addition, to being effective when coupled to the SPR biosensor, these
new generations of IBPs are suitable for replacing antibodies even on widely
used platforms i.e., 96-well plates for ELISA readers. In this context, it
appears a fundamental task to take a leap forward, as an outlook on the
future investigation, in a deeper understanding of the actual potential of the
imprinting technology. Accordingly, we propose two major research paths to
track for the expansion of PNE and pCA analogues (i.e., PSE, POA, etc.). On
one hand, one of the issues to address is which type of template, generally
one or more peptides, must be chosen to succeed in having specific and high
affinity IPBs. We observed that PNE (but also other pCAs) shows a marked

predilection to efficiently incorporate some peptide templates into the
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polymeric network to generate recognition cavities. Contrarily, other peptides

failed in being included into the polymeric matrix thus being able to be

excluded a priori as imprinting epitopes. On the other hand, it is important

to establish new insights into the chemical/physical characterization of

polymer matrix-template interaction and the surface density distribution of

recognition cavities on the surface of the IBP. This latter task is extremely

challenging due to the dimension of peptides which require a sub-angstrém

() resolution.
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A polynorepinephrine (PNE)-based mimetic
against gonadorelin:
from the design to bioanalysis

The main purpose of this dissertation deals with the design and integration
of a novel PNE-based mimetic receptor in the development of an original
bioanalytical assay in order to target a small peptide hormone, namely
gonadorelin, for anti-doping control. The PNE-based mimetic receptor was
synthesized, for the first time, by following a surface bulk imprinting
polymerization (see paragraph 1.5.1). In this Chapter, we first introduce a
general overview about the use of drug doping in sports and then narrow the
field to the analyte’s description; its physiological and pharmaceutical role,
and the current state-of-the-art analytical methods (available in the research
literature and on the market) used to detect it when misused illicitly in sports-
setting. In addition, the motivation that prompted us to perform this

experimental study, was explained, looking towards promising future

51



CHAPTER 3

applications.

3.1 Doping in sports: an outline of prohibited substances in
the S2 class

The word “doping” originates from the Dutch word ‘dop’ [1,2], a term that
refers to a stimulant beverage used by African tribes during the eighteenth
century. There is a long history of doping in the sports arena, but it grew
remarkably during the 20% century with the introduction of amphetamine
formulations [3]. The assumption of doping substances by athletes,
attempting to enhance sports performance, has been attested since ancient
Greece [4].

What is doping? Doping refers to - the use of forbidden substances/methods
by athletes in order to increase either physical or psychological performance.
The incessant desire to win, along with the vision of glory and money, prevails
over sporting ethics and health [1]. Local level factors (e.g., team, school,
home etc..) and their structural environment (e.g., education system, sport
organizations etc..), the so called “dopogenic environment”, are key issues
that may influence the athlete’s decision to violate anti-doping rules [5]. The
recent debate encompasses the athletes’ health risks associated with the use
of doping substances and the role of anti-doping authorities in this regard [6].
Ongoing efforts by the authorities are dedicated to promoting social and
structural actions that support athletes and their staff to behave responsibly
[5]. Though-out time several unfair and harmful substances have been used
in sport competitions. Since 2003, when the World Anti-Doping Agency
(WADA) Code was adopted for the first time, documents containing the
prohibited list of substances and methods have been regularly revisited and
updated [7]. In detail, WADA's Prohibited List is formed by 11 classes of
prohibited substances (S0-S9 plus P1 class) and by 3 categories of forbidden
methods (M1-M3) [6,7]. Over the last few years, the use of doping agents
and methods which are easily "masked” has grown along with the increase
of athletes' monitoring. Blood manipulation, a practice to artificially boost the

blood’s ability to carry oxygen, and genetic engineering, which involves the
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insertion of DNA into a person’s body to enhance athletic performances [8-
9], are recent technological doping practices which have been used (as in the
first case) or that the prospect of being used is edging close (as in the second
case). Athletes also misuse substances that are physiologically produced by
our body such as peptide hormones of which synthetic analogues are also
regularly employed to treat various diseases. Focusing on the main
performance-enhancing drugs under the S2 class of the WADA Code,
recombinant human erythropoietin (rHUEPQO), as well as gonadotropins have
been the most widespread peptide hormones. rHUEPO is a glycoprotein (MW
~ 34kDa) belonging to hematopoietic growth factors able to increase the
number of circulating red blood cells by leading to enhance the body’s blood-
oxygen carrying capacity [9-10]. Among the gonadotropins, human chorionic
gonadotropin (hGC) can be noticed. It is a heterodimeric glycoprotein
hormone constituted by two subunits noncovalently linked (the a and
subunits), in which the B subunit is 85% closely homologous to luteinizing
hormone (LH) [11]. hCG and LH are both used to stimulate testosterone
production. A plethora of bioanalytical methods for detecting these
macromolecules are currently present in the research literature. Vice versa,
by moving the attention versus small molecule drugs such as small peptide
hormones, constituted by a maximum of 10 amino acids (buserelin, deslorelin,
gonadorelin, goserelin, leuprorelin, nafarelin and triptorelin), the bioassays
available for their detection and measurement are impressively reduced.
Thus, nowadays the necessity to widespread and improve analytical methods
for targeting small peptide hormones, listed among the WADA'’s prohibited

list, denote an important task for modern sports drug-testing programs [12].

3.2 Peptide hormones - definition

Peptide hormones are physiologically produced and denote one of the major
classes of chemical signals, including polypeptide hormone, growth factors,
neuropeptides, and glycoprotein hormones. They all consist of a few numbers

of amino acids (10-100 aa) and are produced by specialized endocrine glands
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[13,14]. Since the discovery of insulin in 1922, peptides have been
recognized as chemical signals which regulate a broad spectrum of
physiological processes [15]. The mature bioactive hormones were spawned
in the rough endoplasmic reticulum and Golgi apparatus of the cells, where
preprohormones are proteolytically cleaved by removing the N-terminal
signal sequence (signal sequence, like a flag) to generate prohormones, and
then further mature peptide hormones [14]. Once the peptide hormones are
secreted and released into the bloodstream, they are directed to bind specific
receptors situated on the plasma membrane of target cells. This event
triggers multiple physiological regulating signaling pathways. Several peptide
hormones were identified as potentially doping drugs for humans, in the
course of history, and all of them are prohibited in sports and listed in the
WADA code [7].

3.3 Gonadotropin-releasing hormone (GnRH) exploration

Gonadotropin-releasing hormone (GnRH) over decades has assumed multiple
aliases name in the medical literature, some of these are: gonadotropin
releasing hormone I (GnRH I), luteinizing hormone-releasing hormone
(LHRH), gonadotropin-releasing factor (GnRF), gonadoliberin, luliberin and
gonadorelin [16], widely used referring to the bioactive principle of a
pharmaceutical drug [17]. Herein we use the following terminology, GnRH to
indicate the tropic neuropeptide endogenously produced and gonadorelin
(acronym G) to tag the same synthetic peptide. Gonadorelin (G), is a
bioactive synthetic decapeptide (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-
NH, MW = 1182.33 Da) with an isoelectric point (pI) in the alkaline pH range
(pI around 9), that has the same chemical structure as the endogenous GnRH
[18]. It possesses a pyroglutamic acid at the N-terminus and a C-terminal
amidated. It is also possible that the amino acids residues -ProGly- at the C-
terminus, from a 3D structure viewer, adopted a beta-turn motif [19] through

hydrogen bonds (Fig. 3.1).
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Fig. 3.1 The gonadorelin 3D chemical structure was generated from UniProt
(protein data bank) - P01148 (GON1-HUMAN) and displayed in DS Biovia
(San Diego: Dassault Systémes, 2019)

In addition, the gonadorelin synthesis occurs on a solid phase in the N-to -C
direction, as usual in the case of peptides. The UV peak of gonadorelin
absorbance spectrum at 280 nm is associated with the presence of aromatic
amino acids, tyrosine and tryptophan, in its sequence [20].

Physiologically, GnRH is a highly conserved decapeptide encoded by the
GnRH1 gene located on chromosome 8.p11.2-p21 [21]. It is the pivotal
central regulator of the hypothalamic-pituitary-gonadal (HPG) axis and plays
a significant role in the processes of mammalian reproduction [22-23]. The
pulsatile secretion of GnRH, by a small number of neurons located in the
medio basal hypothalamus, stimulates the synthesis and the release of
pituitary gonadotropins, luteinizing hormone (LH) and follicle-stimulating
hormone (FSH), both in adult males and females, by binding to the GnRH
receptors (GnRH-R) which are mainly expressed in the anterior pituitary
[22,24]. Detailing, the latter receptors belong to the G-protein coupled
receptors (GPCRs, 328 amino acids (aa) [25]) family which are constituted
by seven integral membrane proteins (IMPs) that are used by cells to
transduce extracellular signals into intracellular signaling pathways for the
regulation of the reproductive axis functions [26]. Besides, it is now well

established that GnRH-R overexpression takes place in gonadal steroid-
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dependent (responsive) tumors, such as prostate, breast, endometrial
tumors, and ovarian adenocarcinomas [25,27].

The molecular pathway, triggered by pituitary GnRH-R, proceeds with the
production of both steroid hormones (testosterone in males and progesterone
in females) and gametes, triggered by the two gonadotropins which in turn
act on the gonads, which regulate the endocrine functions [28].

From a structural point of view, GnRH is first synthesized and released by the
hypothalamus as pre-prohormone, a large precursor protein named
progonadoliberin-1 precursor (MW 10.380 Da, length 92 aa), which
undergoes post-translational modifications carried out in multiple steps to
obtain the mature form [29-30]. Firstly, the N-terminal signaling sequence of
23 amino acids (1-23 aa position) is removed and then the residual peptide
(24-92 aa), the prohormone or pro-neuropeptide, is proteolytically cleaved
by specific endopeptidases in two fragments: GnRH bioactive peptide (24-33
aa position - 10 aa length, MW 1182.33 Da) with amidation of the carboxy-
terminal portion; GnRH-associated peptide (GAP 37-92 aa position - 45 aa,
MW 1492 Da) [16]. Finally, the GnRH decapeptide is directly followed by a
residual small polymer chain of three a.a. as dibasic cleavage site (Gly-Lys-
Arg) [15,31-32]. To date, in addition to the hypothalamic GhnRH form, other
isoforms exist among vertebrates which have conserved the 10 amino acids
length during the evolution. The isoforms can be classified in 3 different
groups divided on the basis of development origin and physiologic analysis.
GnRH I denoted the first GnRH structure identified in mammals and the amino
acids of GnRH are completely conserved in most mammalian species [31].
Notwithstanding, other two GnRH forms were identified and the amino acids
differing from the native form were highlighted in bold, as follows: GnRH II
(pGlu-His-Trp-Ser-His-Gly-Trp-Tyr-Plo-Gly-NH,) refers to the structure
originally identified in the chicken brain but seems to be ubiquitous, found in
fish as well as in humans; GnRH III is the form found in sea lamprey (pGlu-
His-Trp-Ser-His-Asp-Trp-Lys-Pro-Gly-NH,) [31]. The episodic production of
GnRH from hypothalamus is controlled by the hypothalamic pulse generator

identified by E. Knobil [33] approximately four decades ago even if the
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genesis of GnRH pulse generation is still incompletely comprehended [34]. It
is important to note that the frequency and the amplitude of pulsatile GnRH
release plays an important role in controlling the loop-feedback mechanism
of the HPG axis to avoid the downregulation of the GnRH-R in the pituitary
[28]. Besides, differences in GnRH secretion were observed between females
and males. In males, GnRH is pulsatile secreted at a constant frequency;
otherwise, in females, the frequency of the pulses is more variable due to the
reproductive cycle. The following paragraph describes the pharmaceutical

role of gonadorelin.

3.4 Gonadorelin’ use in sports: an introduction

Since 1971, when the GnRH (see paragraph 3.3) isolation and
characterization has occurred from the hypothalamus of pigs and sheep [31
35], structural analogues of the endogenous GnRH have been developed. In
some cases, L-peptides (e.g., native GnRH) are vulnerable to enzymatic
degradation in vivo and can be replaced by analogues D-peptides which are
more resistant towards proteolysis [36]. The GnRH synthetic analogues
synthesized in the recent years, e.g., gonadorelin, buserelin, gonadorelin,
goserelin, leuprorelin, nafarelin, and triptorelin [7], are used as
pharmaceutical drugs to treat different pathophysiological states, e.g.,
hormonal dysfunctions, such as endometriosis, uterine fibroids, precocious
puberty, infertility, and hormone-sensitive tumors whose cells overexpress
the GnRH-R [37-40]. The reverse side is that these peptides with a wide
spectrum of physiological activity, have been improperly misused by male
athletes by triggering testosterone secretion to unnatural high levels [41],
promoting muscle growth, with possible improvement in athletic performance.
Continuous administration of gonadorelin and analogues drugs, available as
intranasal “pulse-dose” spray (e.g., kryptocur), leads to the desensitization
and down-regulation of GnRH-R pituitary gonadotrophs with impact on health,
the so called “flare effect”. Accordingly, to protect the athletes’ health and
ensure equal competitive opportunities, all these small peptides have been

listed, since 2014, among the substances banned in sports in the S2 class of
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the WADA code which is annually reviewed and updated [7,41-42].

It is important to note that gonadorelin is also included in veterinary medicine
to treat animals with infertility secondary disorders, cystic ovarian disease,
and to induce medical castration [43]. Thus, for pharmaceutical drugs,
containing gonadorelin as active principle, are available on the market:
Cystorelin® (gonadorelin diacetate tetrahydrate), Factrel® (gonadorelin
hydrochloride), Fertagyl® (gonadorelin diacetate tetrahydrate), Gonabreed®
(gonadorelin acetate). All of them are approved by the Food and Drug
Administration since 2013 (except Cystorelin approved in 2018) for dairy and
beef cows [44-45]. Unfortunately, in this case performance-enhancing drugs
to animals’ race, especially used in horses and greyhounds, are not involved
in a Worldwide legislation but they are only prohibited, yet, at State level

(e.g., Australia under the Rules of Racing) [46].

3.5 Analytical detection methods for gonadorelin: past,
present and future

Peptide-derived drugs represent an emerging class of prohibited substances
in modern doping controls as reported by Thevis et. al. [6].

Physiologically, GnRH (see paragraph 3.3) is not found in biological fluids,
such as plasma and urine, because through various metabolic processes it is
degraded to form metabolites. On the contrary, GnRH can be found in
cerebrospinal fluid (basal CSF-GnRH 1.3 pg mL1) [47] and human milk (0.1-
3 ng mL1!) [48]. Nowadays, WADA labs lack unambiguous criteria regarding
Gonadorelin (the so-called “pseudo-endogenous” peptide because it is
endogenously produced and is prohibited if it is administered exogenously)
to report adverse analytical findings. The ongoing development of an
Endocrine Module of the athlete’s biological passport (ABC) should further
help to better detect the abuse of gonadorelin and other hormones. For this
reason, gonadorelin is currently classified among the Non-Threshold
Substances and for this, the Minimum Required Performance Levels (MRPL)
= 2 ng ml? (1.69 nmol L) was established to guarantee that all WADA-
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accredited laboratories can report the presence of gonadorelin, in their
routine daily analysis, in a uniform way [49-50].

In this section, we aim to provide an overview of the current detection
methods used for gonadorelin (or the endogenous peptide analogue, GnRH)
in biological fluids for sports medicine or related applications. Current
research literature focuses primarily on clinical studies and drug delivery
systems linked with GnRH pathophysiological conditions. First, we reviewed

the analytical methods according to the research literature over the last 20
years and a tabulated comparison of the performances, in terms of detection
limits, will be provided. Conventional immunoassays are also described
covering strengths and limitations of those currently available. Moreover, the
role of biosensors, with an emphasis on opto-biosensing platforms, and novel
spectroscopic bioanalytical assays, will be addressed to introduce our recent

breakthroughs on this topic (sections 3.5.3).

3.5.1 LC-MS/MS methods: an outline

The scientific literature dedicated to the synthetic peptide hormones
detection is very limited, most of the studies reported in it allow the
quantitative determination of these short peptides through high-performance
liquid chromatography (HPLC) [51-52], tandem-MS techniques (LC-MS/MS)
[53-56], or capillary zone electrophoresis [57-58]. The largest percentage of
studies, related to the analytical field, involved the use of liquid
chromatography coupled or not to mass spectrometry. Only a few studies
involve conventional immunoassays and sensing platforms. WADA labs
currently consider mass spectrometry as the gold standard analytical
technique for the unambiguous detection of small molecules thanks to its
high sensitivity. Furthermore, mass spectrometry is considered the only
platform that ensures a timely analysis of all athletes’ biological fluids from a
technical, logistical, and cost-saving standpoint. This analytical technique
addresses the need to analyze several hundreds of prohibited substances

every day.
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Chromatographic assets can be various, eventually coupled to detection
approaches, i.e., optical, electrochemical, spectrometric etc. Among optical
detection, fluorescence is suitable for sensitive peptides’ detection [60] and
the chemical derivatization is usually the pretreatment requested.
Conventional fluorogenic reagents used for the peptide’s derivatization are o-
phthalaldehyde, naphthalene-2,3-dicarboxaldehyde, fluorescamine,
ninhydrin, and phenanthrenequinone [59-62] which react with primary or
secondary amine groups. Benzoin or ninhydrin, newer derivatization
reagents, can react with arginine present in the peptide, as gonadorelin.
Arginine reacts with the guanidino group of the derivatization reagents under
strongly basic conditions (pH 12) to generate a fluorescent product which is
measured online. The excitation wavelengths for ninhydrin and benzoin are
respectively 390 nm and 325 nm while the fluorescence emission was
monitored with a 470 nm and 435 nm cut-off filters. In this way, arginine-
containing peptides, as gonadorelin, may be detected [59-62].

Although a wide variety of detectors can be coupled to LC, in this context,
the mass spectrometer has emerged as a selective, sensitive, and universal
detector. A literature summary table about this task is reported (Table 3.1)
to easily compare the analytical performance, mainly in terms of detection

limits.
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Table 3.1 Literature analytical chemistry methods for gonadorelin detection

Target Detection LOD Matrix Ref.
method* (ng
company
mL™1)
LHRH HPLC UV detector 1 Not tested [63]
ICN (210 nm)
pharmaceuticals
(Costa Mesa,
CA)
GnRH UPLC-MS/MS 0.1 Urine samples [42]
Bachem Ion source: spiked
(Bubendorf, e_Igctrpspray Recovery:
positive ion mode 87 + 10%
Switzerland) Sample preparation
method: SPE
Targeted method
Gonadorelin HILIC-HRMS 0.02 in Equine plasma [64]
Bachem Ion source: plasma and urine
. electrospray 0.04 in spiked with 44
Americas Inc. positive ion mode - id
(Torrance, CA, Sample preparation urine peptides
method: SPE
USA) Untargeted method
MS full-scan range
m/z 200-2000
LHRH LC-HRMS/MS <0.1 Human urine [65]
Sigma-Aldrich Ion source: ESI samples
(Saint Louis MS full-scan range
! m/z 300-1500
MO, USA)
Online sample
clean-up using a
Dionex UltiMate
3000 Rapid
Separation LC
system
GnRH HPLC-MS 0.1 Human urine [66]
Abbiotec, LLC (Q-TOF) samples spiked.
(San Diego, CA, Ion source: ESI Matrix effect:
USA) MS full-scan range 59%
m/z 50-1350
Sample preparation
method: SPE
LH-RH LC-MS 0.25 Human urine [67]
Australian Ion source: ESI samples
Sports Drug MS full-scan range spiked
Testing m/z 50-1350
Laboratory Sample preparation
(Sydney, method: SPE
Australia)
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Kryptocur LC-MS/MS 0.005 Human urine [60]
Sanofi-Aventis (Orbitrap) samples
(Frankfurt, Ion source: ESI
Germany) MS full-scan range
m/z 300-2000
LHRH UPLC-MS/MS 0.05 Human urine [68]
Bachem (TsQ) samples (diluted
(Bubendorf, Ion source: HESI spiked
Switzerland) Sample preparation Recovery%: 86
method: SPE
MS full-scan range
m/z 300-2000
GnRH Nano LC-MS/MS 0.001 Equine urine [69]
AusPep (TSQ) spiked
(Melbourne, Ion source: ESI Matrix effect:
Australia) 170 = 8%
LHRH ECD-Tandem FTICR X Not tested [70]
Sigma-Aldrich MS
(Saint Louis, Ion source:
MO, USA) microESI
LH-RH LC-MS/MS 0.10 Artificial [61]
Sigma-Aldrich (TSQ) urine samples
(Milan, Italy) Ion source: ESI spiked
Sample preparation Matrix effect:
method: SPE 35%
Gonadorelin. Screening method: 50 Not tested [71]
European LC-MS/MS
Pharmacopoeia
reference
standards
Kryptocur nano-UHPLC-MS 0.002 Urine samples [41]
Sanofi-Aventis (Orbitrap) Recovery: 49%
(Frankfurt, Ion source: nano-
Germany) ESI
MW 1181.57 Da | Sample preparation
method: SPE
LHRH LC-MS 59 Plasma samples [72]
(LTQ linear ion trap spiked
mass spectrometer)
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Appropriate sample preparation represents a critical and long step for
LC-MS techniques which therefore influence the high-throughput analysis.
Solid-phase extraction (SPE) is a single-use low-resolution chromatographic
process, and it is widely involved upstream of LC-MS allowing the extraction
of the target from standard solutions or biological matrix. For example,
Thomas et al. used an immunoaffinity purification in which biotinylated
antibodies tethered to streptavidin magnetic beads are employed as
stationary phase [60]. Conversely, Richards et al. [69] report the use of the
first biomimetic receptor, a spiegelmer (NOX-1255, detailed in the next
paragraph) for SPE, as an alternative to bioreagents by overcoming known
limitations (extremely high costs for disposable use, etc.). The biomimetic
receptor was immobilized on magnetic beads, through conventional biotin-
streptavidin chemistry and employed in a pilot study to clean up gonadorelin
from equine urine samples. The enrichment of peptide targets by biomimetic
antibodies is an effective and outstanding alternative to the bioreagents.
The serial and long process required by LC-MS gonadorelin analysis, as well
as the size/high cost of the instrumentation, the requirement of qualified
operators, and long pre-treatment of the samples, limit high-throughput
analysis in the case of a single specific target to quantify. This occurred
nonetheless the current advancements of the analytical apparatus and the

progress to reduce the pre-analytical sample processing.

3.5.2 Immunological techniques

Immunoassays denote a very powerful analytical techniques field. These are
widely employed in clinical laboratories, as diagnostic tests for the analysis
of multiple diverse analytes, or as immunoaffinity tools for pre-analytical
samples’ preparation due to its straightforwardness protocol and small
samples’ amounts required. Immunological techniques conventionally rely on
antibody-antigen affinity reaction able to form a stable complex (Ab-Ag) that

can be described according to the law of mass action: Ag + Ab ﬁ;: Ag — Ab;

where Ag/Ab/Ag-Ab is the antigen/antibody/complex concentration,
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respectively; ka and kq correspond to the kinetic constant respectively of
association and dissociation [73]. The ratio of the two kinetic constants
expresses the equilibrium constant. Besides, this technique allows the
multiplexed screening of different biological samples (e.g., blood, urine,
saliva, etc.) or different analytes on disposable plastic microplates, offering
many practical advantages. These microplates are usually constituted by
several wells used singly as micro test tubes (till a maximum of 384 micro-
test tubes for a single plate). In this scenario, enzyme-linked immunosorbent
assay (ELISA) is the most established technology which integrates the
specificity of antibodies and the sensitivity of a simple enzymatic signal
amplification reporter. ELISA is considered one of the most widespread
diagnostic tools in clinical routine measurements. It is used to detect and
measure a wide variety of analytes belonging to peptides, proteins, viruses,
cells, and other organic as well as inorganic molecules of interest in several
bioanalytical and biomedical research areas. Moreover, it does not require
expensive instrumentation and it is often readily available as commercial kits
where the analytical signal is generally based on an optically active product
[74]. There are different formats to design an ELISA detection strategy
(direct, indirect, sandwich, and competitive format), and determining which
one is appropriate for addressing the research question depends mainly on
the analyte being detected and on the availability of the capturing agents
(i.e., specific antibodies). The ELISA assay has undergone numerous
welcomed changes from the first one described by Engvall and Perlmann in
1971 [75]. As a result, the term ELISA now refers to a wide range of micro-
welled plate assays, some of which do not involve enzymatic reactions [76-
78] and/or immune complex formation [79-80]. The sensitivity and specificity
of immunoassay have allowed the detection of analytes at very low
concentrations not easily measured by other analytical techniques [73].
Nowadays, the smartphone technology, coupled with microplates-based
assays enables rapid point-of-care (POC) diagnosis (or mHealth, mobile
health) for in situ-analysis, namely mobile phone-based ELISA (MELISA) [81].

In this context, the bottleneck of immunoassays for the detection of small
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molecules (MW < 2 KDa), such as gonadorelin, is related to the production
of bioreceptors. Small molecules do not represent good immunogens mainly
due to their size (namely haptens) and elicit antibody titers only when
combined with a larger carrier molecule such as bovine serum albumin (BSA),
ovalbumin (OVA), keyhole limpet hemocyanin (KLH), or linked to other
peptide fragments, etc. Moreover, small molecules lack multiple epitopes for
response enhancement by sandwich format and therefore the assays can be
designed only in a competitive mode. In the competitive assay, the antigen
competes with a chemically identical molecule (competitor molecule)
tethered to a signal reporter for the antibody’s binding sites immobilized onto
a solid microtiter plate. Up to this point, there are only a few competitive
inhibition ELISA assays for gonadorelin dosage, available on the market as a
research tool that might tentatively be applied in the anti-doping samples
testing. In this regard, a lack of clearness transpires, from our viewpoint,
about the target employed in the kit and the immunogen used to produce
antibodies. Some handbook kits report the name of different peptides
portions (gonadorelin, progonadoliberin-1, GAP, etc.) belonging to the
prohormone but their sequences do not coincide with that of gonadorelin, for
this reason understanding the kits’ effectiveness in detecting gonadorelin is
difficult. Moreover, the unknown antibody-binding epitope and the scarce
information about the immunogen used to trigger the immune response limit
the applicability of the present gonadorelin’s Kits.

Outside the field of sport, despite the significant role that GnRH
physiologically plays, the detection of GnRH does not take place directly from
blood specimens. This is related to the fact that the hypophyseal portal blood
sampling, a small and relatively inaccessible blood system, is extremely
difficult and invasive [82]. For this reason, examining the research literature
concerning immunoassays to dose GnRH, a lot of tests have been conducted
in vivo animal models. The pioneered immunoassay developed for GnRH
quantification exploited a radioactive signal label [73]. As a first example,
Morris et al. (1981) propose a radioimmunoassay (RIA) for the measurement
of hypothalamic GnRH in the rat [83] while Inaba et al (1988) measured it in
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canine plasma [22]. Though, regarding the safe handling of radioactive
reagents, regulatory disposal, and waste of working with radioactive
materials have led to the development of alternative non-isotopic labeling
strategies, such as enzymatic tracers [73]. Besides, studies focused on the
quantification of GnRH, through a competitive ELISA, were conducted in vivo
by sampling hypothalamo-hypophyseal portal blood in dogs and seabreams.
Inaba et al. (1994) proposed a newly competitive ELISA for GnRH detection
in the canine hypothalamus and plasma, whilst Holland et al. (1998) [84]
developed three competitive ELISA assays to measure various GnRH isoform
(GnRH I, GnRH II, and GnRH III) in male and female seabreams’ pituitary
(sb) [22, 84-85]. Rodriguez et al. [86] reported the measurement of sbGnRH
levels by applying the same assay methodology of Inaba et al. [22].
Immunoassays represent an established technique in the clinical field and
emerge also as promising portable and high performing bioanalytical tools in
the forensic field, to unmask chelating athletes. However, since current
research interest is dictated by the requirement of greater throughput and
sensitivity alternatives, as well as cheaper, conventional immunoassays could
gradually be replaced by abiotic pseudo-ELISA assays. In this context, several
efforts have been already devoted to discovering new signal reporters to
increase pseudo-ELISA assays sensitivity [76] and to pinpoint capturing
agents, i.e., mimetics [87-88], able to flank and/or supplant antibodies that
generally are expensive and sensitive to environmental conditions.

Looking at mimetic capturing agents, the literature has highlighted aptamers
and molecularly imprinted polymers (MIPs) as the most promising ones
suitable for pseudo-ELISA assays. Both these mimetics can be in vitro
produced and exploited to develop diagnostic “antibody-free” assays for
ELISA-like format, i.e., enzyme-linked oligonucleotide assay (ELONA), where
aptamers are used as mimetic receptors [79,88]; biomimetic enzyme-linked
immunoassay (BELISA), pseudo-ELISA [80, 89-92], or nanoparticles-based
assay (MINA) [74, 93-99]. At present, a positive imbalance of the literature
is in favor of aptamers, with only few reports about MIPs starting from 2014.

In addition, the ELISA format is currently a source of inspiration for many
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biosensors applications [100]. But in the specific case of gonadorelin there is
still an open challenge: the need for effective alternative receptors to the
biological ones. To face this issue, biomimetic recognition elements (i.e.,
aptamers or MIPs) may be employed. A portion of the experimental study fits
into this context/demand.

In the next item, we provide a broad introduction to biosensing technologies
in this field and then, in connection with the point previously mentioned, an
overview to give a broad picture of existing biomimetic receptors to recognize

gonadorelin.

3.5.3 Biosensing technologies

Biosensing represents a well-established and extremely changeable
analytical technology. Since its introduction occurred in 1956 [101],
biosensors [102] have witnessed a fast growth becoming a field thriving
worldwide for advancing human healthcare, for pharmaceutical companies to
screen different drugs or vaccines’ libraries, food, and environmental analysis,
but also for anti-doping control analysis. Sensing technology gained attention
over conventional analytical techniques because they enable quick and in
real-time detection of a plethora of analytes (spanning from biomarkers,
environmental, food and drug targets) by monitoring the interactions
(qualitative ranking, calculation of kinetic and affinity constants), without the
need of labeling and with a minimal (or no) sample pretreatment. Specifically,
a biosensor is defined as an analytical device constituted by a biological or
biomimetic element integrated within a transducer system, which may be
optical, electrochemical, thermometric, piezoelectric, magnetic, or
micromechanical [103]. Biosensors can be classified on the basis of
biorecognition elements (e.g., tissues, microorganisms, organelles, enzymes,
cell receptors, antibodies and biomimetic receptors) and signal transducers.
In addition, they can be divided into two classes: the first class enclosed
affinity-based biosensors established on the specific binding of an analyte to

the receptor; on the other hand, the second class comprises enzyme-based
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biosensors based on the enzymatic turnover, i.e., the enzyme converts the
substrate into a product [104]. In a general analysis, the receptor element
binds the analyte, and this recognition event is converted by the transducer
into a measurable signal (signalization). The latter, in turn, is processed to a
readable analytical signal by electronic devices. In the case of gonadorelin
detection, only one stripping-based electrochemical sensor was described by
X. Cai et al. [105]. They reported a potentiometric stripping analysis (PSA)
which was successfully applied to determine gonadorelin in buffer solution
(0.2 M sodium phosphate, pH 7.0) [105]. The tryptophan and tyrosine
residues in the gonadorelin sequence produce two-well resolved
potentiometric peaks at the corresponding potentials, tryptophan shows a
peak around 0.7 V (against Ag/AgCl reference electrode) instead of tyrosine
around 0.55 V. This sensing platform provides high sensitivity, down to
picomole peptide level. Likewise, optical biosensors (e.g., fluorescence
spectroscopy, SPR including imaging and localized, surface-enhanced Raman
scattering (SERS), interferometric spectroscopy and guided mode resonance
(GMR) [104] are an effective, affordable, and non-invasive alternative to
electrochemical ones. Optical biosensors, especially those based on SPR
principle, may offer a valid approach to expand the cohort of techniques
applied to the anti-doping controls [54, 106-107], as already reported in the
past for proteins of anti-doping interest and gene doping [108-109]. In this
scenario, we introduce our study based on the implementation of an optical
sensing platform, based on SPR transduction, alongside MIP as capturing

element, to successfully quantify gonadorelin (see paragraph 3.6).

3.5.3.1 Surface Plasmon Resonance - overview of the
principle

SPR and localized (L)-SPR are optical biosensors that currently constitute the
ground base of the plasmonic research field [100]. The basic principle that
allows the transduction is based on the coupling of the electric field of incident

lights, at a certain incident angle (greater than the critical angle to achieve
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the total internal reflection (TIR) optical phenomenon), with the free
electrons of metallic films (SPR, typically gold layer) or metallic nanoparticles
(LSPR) generating surface plasmon-polaritons or surface plasma wave (SPW).
SPW, constituted by the collective oscillation of electron clouds, propagates
along with the metal-dielectric interface. In detail, this self-propagating
transverse wave has a magnetic vector parallel to the interface plane and is
described by the propagation constant and electromagnetic field distribution

[110]. The propagation constant, 5, of an SPW is expressed as:

_w ’ EMED
ﬁ - Cc £M+£D (1)

where w is the angular frequency, c is the speed of light in vacuum, €p and
em are respectively the vacuum dielectric and the metal permittivity [110]. If
the real part em, which describes the spatial periodicity in the direction of
propagation, is negative and its absolute value is smaller than the imaginary
part €p, describing the SPW attenuation, the above equation may describe
the SPW. The electromagnetic field of SPW reaches the maximum at the
metal-dielectric interface and then decreases exponentially into both media.
The distance from the interface before its amplitude decayed by a factor 1/e

into the dielectric is typically 100-500 nm, for metal films, and 10-50 nm for

metallic nanoparticles, in the visible (source A=630-670 nm) and near-

infrared regions (source A=850 nm) [110]. In general, the SPW propagation

constant is highly sensitive to refractive change and in turn to each event
occurring to the metal/dielectric interface. Hence ligand-analyte interaction
(SPR fixed angle), allowing bulk sensing, and even adsorption phenomena,
leading to the measurement of the film thickness absorbed on the metal
surface (angle-scanning SPR), can be monitored by using the SPR technique.
Undoubtedly, the core of SPR affinity biosensing is based on the study of
biomolecular interactions in which recognition elements can be immobilized

onto the metal surface, through various chemistry, and capture analytes
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present in a sample solution, or vice versa. This carries to a measurable
increase of the refractive index at the metal surface which is directly
proportional to the concentration of the interacting molecules with the

immobilized counterparts. The change in refractive index, 4,,, taking place

within a layer of thickness h, can be described as follows:

AT

dn
And = (d_c)vol 7

where (Z—”) is the increase of refractive index n with the volumetric analyte

concentration, ¢, and AT is the surface concentration of the molecule (analyte)
being bound. A kinetic evaluation of the interactions can be accomplished
thanks to the change in the coupling of incident light and SPW caused by the
local change of refractive index [110-111].

In our case, the SPR equipment, namely Biacore X-100, used to develop the
experimental part of this dissertation is a prism-based system. Classical
microfluidic SPR instrumentation, based on Kretschmann configuration,
include a glass prism coated with a flat metal layer (usually gold ~ 50 nm of
thickness) in contact with the analyte solution. SPR phenomenon occurs in
conducting films at the interface between media possessing different
refractive index [112]. A conventional straightforward SPR sensor works at a
fixed incident angle, under conditions of total internal reflection, the incident
light passes through the high refractive index prism, totally reflected at the
prism-metal interface, and leaks an electric evanescent decaying field across
which penetrates the metal layer [111], medium of lower refractive index,
and reaches the upper edge between metal-sensing medium. When the
wavevector of the incident photons match with the wavevector of SPW, a
characteristic absorption of energy via the evanescent wave field occurs and
SPR phenomenon produces a resonance dip in the reflection spectrum. This

condition is expressed by the following equation:
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2r
Tnpe = Py = Re (ﬂspp)

where n, is the refractive index of the dielectric prism, 4 is the wavelength
and 0 is the angle of the incident light, ., is the propagation constant of the
evanescent field [113].

Because the evanescent wave field penetrates the solution, conditions for this
resonance effect are very sensitive to the refractive index, as described above
[112]. Binding response is presented in a sensorgram where SPR response is
measured in resonance units (RU) and plotted versus time. The sensorgram
displays binding events over the entire course of an interaction and reveals
association and dissociation rates of complexes, with the binding kinetics (ka,
kd). The accumulated mass on the sensor chip surface (which is generally
expressed as surface density pg mm~2) correlates linearly with the change in
the refractive index near the sensor surface measured by instrument. In
Biacore instrumentation, ~8.2 resonance units (RU) correspond to 1
millidegree (m®) SPR angle shift and in addition 1 RU corresponds to exactly
10-% refractive index unit (visible light). Notwithstanding that most SPR
instrumentations presently commercially available hold large size (benchtop
equipment), with advances in modern biosensing, few effective portable SPR
kits have been developed (e.g., Plasmetrix) [114]. So gradually SPR
biosensing technology evolves from off-site laboratory to on-site diagnosis,
for point-of-care testing (POCT). SPR technology, in our case, represents a
powerful technique to characterize novel “household” receptors, in terms of
analytical performances, and to design novel and original abiotic assays,
taking inspiration from convention ELISA assays’ format. Furthermore, SPR
is an interesting transduction principle i.e., label-free allowing target species
quantitative measurements. Here the SPR approach has been used for
development of a label free quantitative assay for gonadorelin, based on the
PNE selective MIP. Further development has involved the scaling down of the
experimental asset’s size, versus conventional platforms assays, widely used

in clinical routine analysis. This to demonstrate the applicability of the PNE
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biomimetic receptor-based approach to microwelled platforms coupled to
simple readers, available in most clinical diagnostic as well in antidoping
laboratories.

In this dissertation, a pseudo-ELISA assay was established, which unlike SPR,
involves a signal reporter. In this direction, in addition to microwelled based
assay (BELISA), optofluidic POC devices’ application can be foreseen, through
the integration of PNE-based receptors, for example on blotting paper or
nitrocellulose membranes, and eventually combined with nanomaterials. In
this way sample processing, measuring, and signal output in all-in-one ready

to use MIPs-based devices for in-situ clinical applications will be available.

3.5.4 Biomimetic receptor elements: types and features

Novel biomimetic receptor elements can be successfully synthesized and
integrated for compound analysis (e.g., ELISA assays and biosensing
platforms) but also for sample purification (e.g., molecularly imprinted solid-
phase extraction (MISPE)) intended for forensic investigations in anti-doping.
In the case study of gonadorelin, there are only few existing examples in
literature of biomimetic receptors, such as aptamers and/or spiegelmers, to
recognize gonadorelin. In this context, the following paragraph illustrates the
existing examples of the aforementioned mimetic receptors. Subsequently,
the use of MIPs, another type of mimetics, in anti-doping control area is
briefly introduced prior to describing the experimental activities carried out

on this topic (paragraphs 3.6 and 3.7).

3.5.4.1 Aptamers and Spiegelmers

Aptamers are short synthetic single-stranded (ss) nucleic acid sequences
(DNA or RNA in the range of 15-60 nucleotides in length) able to fold into a
well-defined three-dimensional structure capable of binding the target
molecules non-covalently, with high affinity and selectivity [115-116]. They
can also be classified as peptide aptamers, and this depends on the random

sequence pools used to generate them [117]. The structural interactions
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between the aptamers and the targets (via van der Walls forces, hydrogen
bonds and electrostatic interactions etc.), as well as MIPs-targets, are similar
to the way in which antibodies bind antigens. Unlike their natural
counterparts’ receptors, aptamers are synthesized in vitro with no animal
sacrifice and in a shorter time, by reducing the batch-to-batch variability
associated to distinct immune responses, and also, they are cost-effective
and amenable to modifications [79]. Aptamers display an improved stability
compared to antibodies, on account of the presence of robust phosphodiester
backbone. Besides, they have a flexible structure (able to fold and unfold an
unlimited number of times) over an extensive range of physical-chemical
conditions (pH, ionic strength, T, denaturants, chemicals etc.); on the
contrary antibodies are subjected to irreversible denaturation [118] in the
same conditions. Chemical modifications of aptamers can impart resistance
to nuclease cleavage in biological matrices. Therefore, aptamers are a
versatile multifunctional instrument that find increasing application in various
fields of research such as targeted therapeutic agents, as recognition
elements, as affinity ligands and as a tool for cell tracking. Aptamers can be
potentially generated for a multitude of macromolecules (proteins, whole
cells, bacteria, and viruses) as well as for small molecules (peptides,
metabolites, small drugs, metal ions, toxins etc..) that don’t trigger an
immune response [115, 117] but compressively, aptamers for small
molecules represent a small percentage of all existing.

Traditionally, aptamers are produced via an in vitro screening process, namely,
systematic evolution of ligands by exponential enrichment (SELEX). This
process is characterized by iterative cycles consisting in the repetition of
sequential steps: selection, amplification, and conditioning (purification of the
relevant ssDNA) to produce selective aptamers fit for a certain non-nucleic
acid target. The SELEX procedure begins with a starting “pool”, a randomized
library of oligonucleotides (DNA and RNA) consisting of about 10'3 -10%°
different sequence motifs [119-120]. Each DNA sequence is composed of a
central region flanked by two constant primer binding sites, which are used

for polymerase chain reaction (PCR) amplification. In a general process, at
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the beginning, the pool and the target of interest are incubated in solution.
Conversely, the same reaction for small molecules involves their
immobilization onto a solid-support matrix to enable DNA (or RNA)-binding.
Several washing steps are further employed to remove unbound sequences,
to yield an enriched library, do not occur. This library is involved then for the
following rounds (4-20 rounds [120]). Among SELEX methodology, other
non-SELEX selection process of aptamers have been introduced that also
reduce the synthesis run time, e.g., non-equilibrium capillary electrophoresis
of equilibrium mixtures (NECEEM), a highly efficient affinity method [121-
122]. The equilibrium dissociation constants of aptamers against
macromolecules typically fall in the pico- or nano-molar range whilst Ruscito
et al. report, concerning small molecules binding aptamers, that averagely
recognize the low-MW targets with Kp in the low-mid micromolar range [118].
Notwithstanding, small molecules binding aptamers are still an active
research field of great relevance and among these, the development of RNA-
binding short elements named “riboswitches” as therapeutics and chemical
probes awaked an increasing interest [123-124]. Riboswitch’s structures act
as regulators of gene expression through direct interaction with small
molecule by triggering a conformational change in the RNA structure and this
enables the transduction of the binding event straight into an output signal
[123-125]. Leva et al [126] described for the first time two spiegelmers,
based on L-RNA and L-DNA respectively, mirror-image aptamers.
Spiegelmers are L-enantiomeric synthetic oligonucleotide, the perfect mirror
image of D-oligonucleotide ligands, built of L-2'-deoxyribose unit [130].
However, the spiegelmer synthesis (SELEX) is more complicated than
aptamer because it requires an appropriate non-natural mirror-image of the
target [131]. These spiegelmers are able to bind GnRH with high affinity, as
stated by Kp in the nM range, and with high specificity [126-129], as attested
by the ability to discriminate a single amino acid exchange in the chicken
GnRH sequence. In this study, spiegelmers’ affinity has been tested through
isothermal calorimetry, while the ligands’ specificity by mean SPR analysis

[125-126]. To this aim, the molecular recognition elements, 5’-biotinylated
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RNA and DNA spielgemers, were immobilized on a streptavidin-coated sensor
chip to test their affinity for control neuropeptides (concentration range 0.1-
100 pM), such as decapeptide chicken GnRH and nonapeptide buserelin (both
differing for one amino acids residue and also for the C-terminus in the case
of buserelin). DNA-spielgemer did not bind buserelin while RNA-spielgemer
recognized buserelin, albeit exhibited reduced affinity for it. The aptamers
could be implemented into bioanalytical platform to detect gonadorelin but,
till now, the attention was dedicated to the therapeutic field and in the
pretreatment (peptide enrichment) of samples.

Leva et al. (2002) explored the potential application of anti-GnRH
spiegelmers as a bioactive tool for cancer treatment by inhibiting the binding
of GnRH to its cell surface receptor, overexpressed in hormone sensitive
cancers, reducing in this way the release of the sexual hormones. A more
recent study by Richards et al. proposed a DNA aptamer (NOX-1255)-based
enrichment approach, after a clean-up of the equine urine investigated, to
detect GnRH by means of LC-MS/MS [69, 125-126]. In particular, the
effectiveness of the biotinylated L-DNA aptamer immobilized on streptavidin
coated magnetic beads was explored. But a significant matrix interference,
associated probably to the non-specific adsorption on the magnetic beads’
surface, and a low analytical recovery (29 £ 15%) were obtained. Up to now
no diagnostic aptasensors have been developed for analyzing gonadorelin
which could really emphasize the biochemical properties of D-aptamers/L-
aptamers presented by Leva et al. (2002). The aptamer technology has been
improved over the last 20 years and represents an intriguing tool for
biomimetic receptor source. However, the research in overcoming
immunoassay limitation continues, eventually exploring new biomimetic

approaches, based on biopolymers.
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3.5.4.2 Molecular imprinting in forensic science

Molecularly imprinted polymers are a versatile tool that can be developed in
multiple formats and applied in different fields. These receptors are easy to
prepare and lack biological components, which leads to a far superior shelf
life (see chapter 1) [130]. The possibility of tailoring the MIP to ensure the
coverage of a broad range of analytes/applications, makes this technology a
powerful and interesting tool in anti-doping research. They can be used
directly as a recognition element in bioassay to quantify illicit drugs; or can
be exploited as solid phase extraction (MIP-SPE) to clean several biological
samples, which then are massively processed with analytical anti-doping
election techniques (see paragraph 3.5.1) [130-133]. MIPs flexibility has led
to a significant interest in the development of these analytical tools for the
substances reported in the WADA prohibited list [7].

Bioanalytical portable assays in the forensic field represent an important tool
for upstream in-situ screening. In this context, nowadays, the challenges rely
on identifying newer rapid, specific, and sensitive strategies to quantify
gonadorelin in urine samples. Hence, in response to this emerging issue, we
carried out this study for gonadorelin detection. A selective MIP for
gonadorelin was developed and first exploited using an optical biosensor
(Surface Plasmon Resonance - SPR). It was then transferred to a disposable
micro welled platform-based assay. To the best of our knowledge, no optical
MIP-based sensor or MIP-based ELISA assay platform were developed to
detect gonadorelin. Only a few articles have already been published using
MIPs in the analysis of peptides in biological fluids and to concentrate the
samples. Here, we propose a new approach to detect gonadorelin which could
also be miniaturized, overcoming the pre-analytical step i.e., sample
preparation, and, possibly, avoiding complex instrumentation. Our approach
could be also implemented to simultaneously detect other bioactive peptides
or it could also be transferred to columns to fulfill a different function in the
analytical workflow, for upstream samples’ extraction. The work is illustrated

and discussed in the following paragraphs.
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3.6 A (bio)-sensing assay for gonadorelin detection via a
PNE - based MIP

The study we are going to present is based on the following article:

- F. Torrini, P. Palladino, V. Baldoneschi, S. Scarano, M. Minunni.
Sensitive ‘two-steps’ competitive assay for gonadotropin-releasing hormone
detection via SPR biosensing and polynorepinephrine-based molecularly
imprinted polymer, Analytica Chimica Acta 1161 (2021) 338481.

3.6.1 Aim and objectives of the study

This research study introduces an innovative sensing bioassay for the
detection of gonadorelin in urine. In particular, we exploited an SPR
biosensing platform to develop a label-free and regenerable device for its
detection. The main novelty of the study relies on the development of a
biocompatible, stable, and low-cost biomimetic receptor, the core of a
sensing platform. This receptor represents an effective alternative to classic
antibodies and, in the specific case of gonadorelin, is a simple and cost-
effective solution to the lack of receptors (as described in the previous
paragraphs). Starting from norepinephrine monomer, a highly selective and
sensitive MIP was developed and optimized for optical real-time and label-
free SPR biosensing. The selectivity has been addressed by testing a series
of peptides, from high to low similarity, both in terms of molecular weight
and primary sequence. Due to the very low molecular weight of gonadorelin
(1182 Da), a two-steps competitive assay was established. Particular
attention has been paid to the design of the competitor and its binding affinity
constant towards the MIP, being a key step for the success of the competitive
strategy. The SPR sensing assay was first optimized in standard conditions
and finally applied to untreated urine samples, achieving the sensitivity
required by WADA guidelines. The MIP, tested in parallel with a monoclonal
antibody, the only commercially available, gave comparable results in terms
of affinity constants and selectivity towards possible interfering analytes.
However, the biomimetic receptor appears clearly superior in terms of

sensitivity and reproducibility. This, together with its preparation simplicity,
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the extremely low-cost of the monomer and its reusability for hundreds of
measurements, make polynorepinephrine-based MIPs powerful rivals to

immune-based approaches in the near future for similar applications.

3.6.2 Introduction

At present, the development of MIPs targeting biomolecules, such as peptides
and proteins, is probably one of the most promising and challenging research
areas in biosensing. In recent years, successful results were obtained by the
so-called epitope imprinting (see paragraph 1.5.2) when the choice of the
polymer goes in the direction of a soft and biocompatible material. In this
framework, we report the development of a highly selective PNE-based MIP
for the sensitive detection of gonadorelin (10 aa, 1182.33 Da) by SPR
transduction. In mass-sensitive optical techniques, such as SPR, in which the
bottleneck of the detection is strictly related to the molecular weight of the
analyte [1], the imprinting of short peptides is mainly effective when they
belong to high molecular weight (MW) biomolecules [2] able to elicit a
valuable SPR response through MIP binding. Thus, in case of low MW peptides
like gonadorelin (< 1200 Da) they must be detected by competitive assays
[2-3] to achieve the required sensitivity. In this format, the target
biomolecule competes with a chemically identical labeled molecule for the
receptors’ binding sites onto a solid phase, the MIP receptor in this case.
The PNE-based MIP here developed for gonadorelin recognition was exploited
to set up an ultra-sensitive, label-free, and real-time competitive assay for
analyses in urine and the perspective use in anti-doping controls. The main
analytical parameters were accurately investigated by SPR, exploiting the
competition between gonadorelin and a tailored molecule able to compete
with gonadorelin for the same MIP binding cavities. The analytical
performances were compared with a commercial monoclonal antibody, and
with two ELISA kits on the market, evidencing the great advantages of MIP-
based detection by several points of view (costs, durability, reusability,

versatility etc.).
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3.6.3 Experimental section: materials and methods

3.6.3.1 Reagents

Gonadorelin European Pharmacopoeia (EP) Reference Standard (acronym G)
{pGLU}HWSYGLRPG-NH2 (MW = 1182.33 Da) and L-norepinephrine
hydrochloride (NE, =98.0%), tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI, = 99.%), 4-(2-hydroxyethyl)piperazine-1-
ethanesulfonic acid (HEPES), sodium chloride, hydrochloric acid, sodium
acetate trihydrate, acetic acid (2 99.7%), sodium dodecyl sulfate (SDS),

polyoxyethylene sorbitan monooleate (Tween-20), 1-ethyl-3-

(dimethylaminopropyl) carbodiimide (EDAC), N-hydroxysuccinimide (NHS),
ethanolamine hydrochloride (EA) were all purchased from Sigma-Aldrich
(Milan, Italy). Streptavidin from Streptomyces avidinii was from Alfa Aesar
(Waltham, MA, USA). Artificial urine prepared according to DIN EN
1616:1999, was obtained from Pickering Laboratories (Mountain View, USA)
and used without any further purification. Synthetic urine composition: Urea
25.00 g L, sodium chloride 9.00 g L!, potassium dihydrogen
orthophosphate 2.50 g L, disodium hydrogen orthophosphate anhydrous
2.50 g L', sodium sulphite hydrated 3.00 g L!, ammonium chloride 3.00 g L°
! creatinine 2.00 g L%, pH 6.6+/-0.1. Ultrapure Milli-Q™ water (R = 18.2 MQ
e cm) was used to prepare all the buffer solutions. Biotinylated gonadorelin
(acronym BG) {pGLU}HWSYGLRPG{Lys(biotin)} (MW = 1537.75 Da) and
negative control peptides: Leuprolide acetate {pGLU}HWSY{d-LEU}LRP-
NHEt (MW = 1209.4 Da); PEPT-1 H3COC-ISLAPKAQI-NH2 (MW 981.20 Da);
PEPT-2 FLDSPDR-NH2 (MW 847.92 Da); PEPT-3 EEAKEAEDGPM (MW =
1205.25 Da) were synthesized by GenScript (Leiden, Netherlands). HBS-EP
(10 mmol Lt HEPES, 150 mmol L' NaCl, 3 mmol L' EDTA, 0.005% Tween-
20, pH 7.4) was used as running buffer for all SPR-based experiments; HBS-
EP was also used for peptides’ dilutions and as buffer/solvent of the analyte
and “competitor” undergoing the binding events. All chemicals used were of
analytical grade. Buffered solutions were filtered through a microporous filter

(0.22 pm). GnRH1 monoclonal antibody (G-mAb) was from Life Technologies
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(Monza, Italy). Gold sensor chips and CM5 chips were purchased from GE
Healthcare Life Sciences (Milan, Italy). All the SPR measurements were
carried out by using Biacore X-100 instrumentation. A competitive inhibition
enzyme immunoassay (ELISA) kit for Human Gonadotropin Releasing
Hormone (GnRH) was obtained from ELISA Genie (Ireland) and used by

following the manufacturer’s indications.

3.6.3.2 Preparation of imprinted polymers and SPR experimental

setup
Molecularly imprinted polymers (MIPs) were grafted onto gold sensor chip

surface pre-cleaned with a fresh piranha solution (3:1 (v/v) H2504/H202) for
2 min, rinsed with deionized water and dried under nitrogen flow. Briefly, the
chip surface was modified by dropping the polymerization mixture containing
the functional monomer NE (2.00 g L' in 10 mmol Lt Tris-HCI, pH 8.5) in co-
presence of the G template (acronym MIPg). Two different template (G)
concentrations were used to explore different events, respectively a high G
(422.9 ymol L1) concentration to study the new system and a low G (4.2
pmol L) one to design a competitive assay. The polymerization was carried
out at 25.00 = 0.5 °C in a thermostatic oven for 5 h; then ensued a washing
step with acetic acid (5 % v/v) and deionized water to remove the template
from the binding cavities of the obtained MIPc. A non-imprinted polymer
(NIP) was prepared following the same procedure as for the MIPc without G
template addition. A surface passivation step was introduced for MIPc
imprinted at low template G concentration (4.2 pmol L), theoretically
leading to low density MIPg, and NIP as follows: an aqueous solution of 1 mM
cysteine, 1 mM lysine and 1 mM tris(hydroxymethyl)aminomethane was
dropped onto the polynorepinephrine surface and left overnight at 25 °C by
avoiding evaporation. The quinone residues of PNE interact with amine and
thiol groups via Schiff base reaction and/or Michael-type addition modifying
the MIPc surface [4-77]. The molded sensor chip was inserted into the

instrument and flushed with HBS-EP pH 7.4 to equilibrate the surface at a
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constant flow rate of 5.00 yL min- and 25.00 = 0.5 °C. Afterwards, a single-
cycle kinetics (SCK) analysis was performed for both gonadorelin (G) and
biotinylated gonadorelin (BG). SCK consists in a sequential injection of five
increasing concentrations of the target molecule over the MIPg surface,
bypassing the regeneration step (flow rate: 5.00 yL min, T = 25 °C). The
five concentrations diluted in HBS-EP pH 7.4, spanning from 0.81 pmol L' to
13.00 pmol Lt, were flushed over the MIPg surface for 120 s each, followed
by 30 s dissociation phase with running buffer. After each measuring cycle,
the polymeric surface was regenerated by injecting short (24 s) pulses of
acetic acid 5 % (v/v) aq. solution, 20 mmol L* HCI, 0.05% SDS and 20 mmol
L HCI. The effectiveness of the regeneration was confirmed by the baseline
level which turns to the value before the injection of the analyte.

The instrument worked with two channels in series for simultaneous
measurements, and the whole analysis was completely automated by setting
up a custom wizard template. The data analysis was performed by using
BIAEvaluation 3.1 Software (GE Healtchare Life Sciences) to extract kinetic
parameters (ka = association rate constant; kd = dissociation rate constant)
and the relative equilibrium constants (Kp) from SCK analysis by using a two-
state binding model fitting. All the other curves obtained were fitted to one-
site binding model and the equation applied was y=(Rmax*X)/(Kpo+X), where
Rmax is the maximum response (RU). The selectivity of MIPc was evaluated
by testing several peptides (4.23 pmol L!) from high to low similarity with
G. The performance of MIPc was directly compared to a standard immune-
based SPR assay. For anti-G antibody (G-mAb), the immobilization protocol
on a carboxymethyl dextran matrix occurs through amino coupling. After an
activation step with 50 mmol L' NHS and 200 mmol L' EDAC (contact time:
420 s, flow rate: 10 pyL min?), the dextran matrix was modified with G-mAb
(contact time: 420 s, 10 pg mL! in 10 mmol L' acetate buffer, pH 4.0
selected by a ‘pH scouting’ [8]), followed by the deactivation of the surface
with EA (contact time: 420 s, 10 ug mL!). Measurements were all performed

at least in triplicate.
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3.6.3.3 Competitive binding assay

A two-steps competitive assay to detect G was performed exploiting
sequential injections of the analyte G and its competitor conjugated with
streptavidin (BG:S) (flow rate: 5.00 yL mint, T = 25 °C). The latter was
prepared as follows: a 4:1 molar ratio solution of BG and streptavidin in HBS-
EP pH 7.4 (1.33 pymol L't and 0.33 pmol L, respectively) was incubated for
10 min in tubes at 4 °C. Non-specific adsorption of streptavidin on MIPg
surface was tested before G testing. For SPR measurements of G, the analyte
was first injected on the MIPg for 120 s at a standard concentration and, after
the washing step to remove the unbound analyte, the BG:S competitor was
injected for 240 s at a fixed concentration (BG 1.33 umol L%, and S 0.33
umol L) to bind eventually MIPc remaining free cavities. G was tested within
a concentration range: 0.42-13.54 nmol L.

MIPc was then regenerated with short pulses (24 s) of acetic acid 5% (v/v)
ag. solution, 20 mmol Lt HCl and 0.05% SDS. Each standard concentration
was tested at least in three independent replicates. The same protocol was
used to quantify G in spiked urine samples; the injection of urine samples
spiked with G substituted the standard solution injections. All the SPR results
collected from the competitive assays (one-step and two-steps) are here
reported as the net G binding after the subtraction of the BG:S complex
response, and the resulting G titration curves were fitted by using a one-site

binding model.

3.6.4 Results and discussion

3.6.4.1 Imprinting of gonadorelin by NE polymerization

As recently reported by our group [9-10], norepinephrine is gaining attention
as a functional monomer for MIP synthesis. This dopamine (DA) homologue
shares with it most of the features, such as the capability to self-polymerize
in mild conditions and leads to highly stable and adhesive nano-biofilms (or
nanoparticles) on almost any surface [11-13]. However, polynorepinephrine

(PNE) forms more hydrophilic and smoother surfaces [14-17]. The high
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chemical similarity of NE with DA also makes PNE an efficient but still poorly
explored monomer for MIP preparation, as we recently reported [9]. The
superior hydrophilicity of PNE-based MIPs contributes to the drastic reduction
of the well-known and undesired effect of non-specific adsorption on the
receptor surface [9-18], paving the way for recording the selective binding
signal only from the target on the MIPg surface, even in complex matrices.

The whole procedure here carried out for the preparation of PNE-based MIPs
(Scheme 3.1) is fast (5 h), simple (by direct drop casting of the polymerizing
NE solution on the SPR gold chip, see Material and Method section), and a
hundred times cheaper than an ELISA assay (per sample). The so-prepared
MIPs, moreover, display high reusability and stability. The MIP-based sensor
chip can be reused on average 40 complete experiments, considering that
one experiment comprises at least five sample injections at different
concentrations, each in triplicate, and the regeneration steps required. Once
prepared, the MIP-based sensor is stable for at least six months (to the best
of our knowledge), if properly regenerated at the end of each experiment,
and then stored at 4°C in Milli-Q water to prevent the biopolymer from drying
out. The MIP stability is also confirmed by the average value of the
sensorgram baseline (recorded along six months and on three different
chips), which displays a CVav% of 2.16. These experimental evidences, taken
together, make this PNE-based MIP extremely promising and advantageous
with respect to classic antibodies, presenting the well-known limitations of
protein reagents in terms of stability to temperature and reaction
aggressive/denaturing conditions (as the case of environmental analysis).
However, as previously demonstrated, the analytical performances and
reliability of a synthetic receptor/ligand system in biosensing is strictly related
to its rational design for both nucleic acid- and amino acid-based molecules
[19-22]. At this regard, for a wider application of PNE to peptide/protein
analysis, it is important to underline how the a priori estimation of MIP
feasibility requires a deep understanding of the system which is still under
study for a wider application of PNE to peptide/protein analysis. Collected

evidences [9,23] indicate that the primary sequence of the peptide plays a
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key role in the imprinting event, but a higher number of case studies is
necessary to draw a general guideline for the synthesis of PNE/PDA-based

MIPs for the detection of peptides/proteins.

Gonadorelin Norepinephrine
& OH

- HO NH,
o+

Tris-HCI pH 8.5 5h

A \_‘:

T=25°C O A
Au SPR chip ._) Au SPR chip |
1
Acetic acid 5% v/v
Template removal
Target
Au SPR chip | Au SPR chip |

_Prism, 3 2

SPR biosensor

Scheme. 3.1 Schematic representation of the imprinting strategy on SPR
gold chip surface. (1) The functional monomer (norepinephrine), in co-
presence of the template (gonadorelin), was polymerized. (2) The template
is removed from the resulting polymer matrix by leaving binding sites able to
recognhize (3) the target (gonadorelin).

3.6.4.2 Binding evaluation of gonadorelin and biotinylated gonadorelin

on MIP for competitive assay development

Despite the low-molecular weight of G (1182 Da), a first explorative direct
analysis involving the analyte G and its competitor BG, consisting in a
biotinylated G, in their ability to bind MIPs (G/BG - MIPg) was conducted (Fig.
3.2). The direct binding assay has displayed a well-measurable SPR signal,

97



CHAPTER 3

allowing to obtain a calibration curve in buffer and the relative equilibrium
dissociation affinity constants (Ko = 6.59 £ 0.24 pmol L for G and Kp = 6.00
+ 0.25 ymol L for BG). Fig. 3.2 reports the sensorgrams obtained by a
single-cycle kinetic (SCK) analysis method on the MIP surface. This method
provides sequential injections of five increasing concentrations of G (0.81-
13.0 ymol L%, blue line) over the surface receptor (here MIP) bypassing the
regeneration step. For this reason, the SPR signal increases in the
sensorgram by increasing G concentration. A single final regeneration step
allows us to repeat the SCK method on the same chip for several times [24-
25]. In the perspective of developing a competitive assay, the competitor
peptide BG has been also tested in the same format. As shown in Fig. 3.2,
we also verified the ability of BG (red line) in binding the MIPc with
comparable efficacy to unmodified G, when subjected to SCK protocol. This
is a key step in the good functioning of a competitive assay and the results
confirm this possibility. The biotin residue theoretically allows to obtain a 4:1
biotinylated G:streptavidin (BG:S) complex. The four-sites specifically bind
BG through biotin (Kp in the order of 10-1%), and streptavidin (ca. 61.50 kDa)
allows to increase the BG molecular weight. Consequently, the SPR signal
inferred by the BG:S complex, competing with the G analyte for MIPg
recognition sites, significantly increases.

The calibration curves for G (blue) and BG (red) were obtained by plotting
the binding level against the concentrations tested and were fitted with a
one-site binding model. Although binding curves are not superimposable, the
fitting provided very close Kp values for G (Kp = 6.59 + 0.24 ymol L!) and
BG (Kb = 6.00 £ 0.25 pmol L), indicating a marginal interference of the
biotin on molecular recognition and binding. Consequently, the BG can be
properly employed in a competitive assay with target G. The estimated limits
of detection (LOD) and quantification (LOQ), calculated as three times or ten
times the standard deviation of the blank samples interpolated in the curves,
were LODg = 0.10 £ 0.01 pmol L't and LOQe= 0.44 £+ 0.04 umol L for G,
while the LODgg = 0.12 + 0.01 pmol L't and LOQss = 0.44 £+ 0.05 pmol L*
for BG, respectively. In light of the findings obtained, we can state that the
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direct binding of G and BG on MIPc was highly successful. However, to
achieve anti-doping tests requirements (Minimum Required Performance
Level, MRPL = 2.00 ng mL™?, 1.69 nmol L) [26-27] it is necessary to attain
lower limit of detection, here limited to the low micromolar range, which can
be reached by a competitive assay including a high MW competitor able to

produce enhanced SPR signals.
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Fig. 3.2 In clockwise: representation of G/BG-MIPg interaction; affinity
curves for the direct detection of G (blue) and BG (red) on MIPg; binding
sensorgrams of the kinetic analysis (SCK), same colors
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3.6.4.3 Comparison of SPR-based sensing using MIPs; and monoclonal

anti-G antibody modified surfaces

To have a reference assay for the MIPg performance, a monoclonal anti-G
antibody (G-mAb) was immobilized (immobilization level = 7278.10 RU) and
tested following a classic SPR protocol (see material and methods section) in
a direct assay format i.e., flowing the analyte on the modified surface with
the MIPc (see above 4.6.3.2 section) or the G-mAb receptor. Fig. 3.3 reports
the sensorgrams obtained for the G-mAb, and a manual run analysis was
performed since the SCK method failed due to a prompt saturation of the
receptor surface. In this case, we hence injected different concentrations
(13.0-0.81 pmol L) following a decreasing trend. After each concentration,
a short regeneration step was carried out. The G-mAb shows a slightly higher
binding ability in terms of surface loading (Fig. 3.3). However, the Kp values
(7.48 £ 4.25 ymol L for G, and 5.65 £ 0.50 ymol L for BG) resulted very
close to those obtained on MIPc. Even if typical Ko values for mAb directed
versus proteins fall in the low nanomolar range, mAbs versus low
immunogenic analytes, such as short peptides, often do not display good
binding ability [28-30], as we also previously reported with other short
peptides of interest in anti-doping controls [31]. The overall decrease of the
sensorgram baseline, shown in Fig. 3.3, is associated with an instability of
the immobilized antibody (G-mAb). In this frame, our biomimetic receptor
MIPc competes with much more expensive G-mAbs in terms of G and BG
binding affinity constants. However, compared to MIPs, the anti-G mAb
resulted more sensitive (LODg = 16.63 + 3.11 nmol L' and LOQs = 55.42 =
10.4 nmol L't; LODgg 11.71 + 0.890 nmol L't and LODss = 19.24 + 3.60 nmol
L') and reproducible (%CVa:c = 5.00%, %CVasc = 4.78%) in the direct
detection of G, as we can expect by a monoclonal antibody. However, not
even the G-mAb resulted sensitive enough for the MRPL limit achievement
required by WADA.
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Fig. 3.3 In clockwise: representation of G/BG-mAb interaction; affinity
curves for the direct manual run of G (blue) and BG (red) on mAb; binding
sensorgrams (manual run analysis) of G-mAb (blue) and BG-mAb (red)
interactions

3.6.4.4 Choice of gonadorelin concentration for MIP imprinting

The concentration of the G template, theoretically reflecting the density of
binding sites obtained on the MIP surface, was also evaluated. In fact, a
successful surface competition may occur only if limited binding sites are
available on the receptor surface: the target (G) and the competitor peptide
complex with streptavidin (here BG:S) must thus compete for a discrete
number of cavities; otherwise, the competitive reaction does not take place
since there are enough binding sites to accommodate both G and BG:S.
Hence, the choice of a proper template concentration to be used in the
imprinting procedure is a mandatory step. Different MIPc densities were

obtained by using three G concentrations during the imprinting procedures
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i.e., 423, 42.3, and 4.23 ymol L (corresponding to 500, 50, and 5 ppm),
likely giving MIPs with a decreasing G binding sites density and an increased
non-imprinted surface area of the polymer. A passivation step was integrated
in the polymer preparation, before the template G removal, to avoid any
possible unspecific adsorption during the real sample analysis. Testing the
MIPc surfaces reported above with BG:S, the best binding ability for G
template was observed for the lower density of imprinting (template 4.23
pmol L 1), Tentatively, we ascribe such behavior to the steric crowding of the
binding molecules (BG:S), which depends on template concentration, leading
to a more efficient binding and a higher SPR signal (Fig. 3.4). Considering
also the economic savings derived from this choice, subsequent experiments
were conducted using G = 4.23 ymol L as template concentration for MIPg
preparation. The BG calibration curves obtained at the lowest (4.23 pmol

L'Y) and the highest (423 pmol L) concentration of template G, are
compared in Fig. 3.4. Even if not directly deductible, a further reduction of
the template could lead to even more stringent conditions for the

competition, which can be studied in the next future.

a) 1000 2

BG

1 [umol L")
6.67

¢ Low template MIPg
* High template MIPg

Response (RU)
5
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0 1 2 3 4 5 6 7 0 100 200 300 400
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Fig. 3.4 (a) Binding curves of 4:1 BG:S competitor on MIPc imprinted with
high (423 ymol L!; red circles and lines) and low (4.23 umol L; blue circles
and lines) concentration of template G, respectively. BG:S concentration
spans from 0.08 to 6.67 ymol L™t. (b) Sensorgrams of BG:S - MIPg interaction
on MIPg imprinted with the lowest concentration of G (4.23 ymol L)
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3.6.4.5 Optimization of the BG:S competitor concentration

Another key step in a surface competitive assay development is the right
choice of the competitor concentration, that should be set near its Kpo. Thus
BG:S calibration on the optimized MIPg at low density of G sites (4.23 pmol
Ll) was performed. Then the fitting by the one-site binding model was
performed by using BIAEvaluation 3.1 Software (GE Healtchare Life Sciences)
(see materials and methods). The Rmax, experimentally obtained from the
saturation curve reported in Fig. 3.4 (Rmax = 1094.61 £ 55.69 RU), allowed
to calculate the Kp (2.25 £ 0.27 pmol Lt) and, hence, to select the most
effective BG:S concentration in the competitive assay equal to 1.33 pmol L
for BG and 0.33 pmol Lt for S.

3.6.4.6 Selectivity of MIPg in gonadorelin recognition

The selectivity study of MIPc towards gonadorelin recognition was
investigated by testing Leuprolide (LEU), a second peptide of anti-doping
interest with high similarity to G, and three unrelated peptides as negative
controls. Beside MIPg, a NIP (non-imprinted polymer) as control surface, and
G-mAb (section 3.6.3.1) for conventional antibody-based assay chip, were
also prepared and tested in the same manner for comparison. MIPc and NIP
modified surfaces were treated with an additional passivation step to reduce
the possible non-specific adsorption of peptides. All the peptides (4.20 pumol
Ll each, Table 3.2 were selected with comparable molecular weight and
number of amino acid residues to gonadorelin and were tested under the
same experimental conditions. LEU is a peptide hormone analogue of GnRH
also used as doping agent and reported in the S2 class of the WADA list [31-
33]. PEPT-1, PEPT-2 and PEPT-3 have no sequence similarity to the target G
and should not be recognized by MIPs. As shown in Fig. 3.5, MIPc and G-mAb
exhibit an excellent selectivity against G and BG, while some interaction is
observed with LEU and no significant signals are recorded for the selected
peptides (PEPT-1, PEPT-2 and PEPT-3) on both MIPc and G-mAb modified

surfaces. For the same peptides, negligible responses were observed on the
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NIP surface. This behavior, on one hand, may be ascribable to the low affinity
of the peptides’ primary sequence for the catecholamine-based polymers
(PNE). On the other hand, it may be associated with the highly selectivity of
the MIPc and the good chemical modification (passivation) of the
polynorepinephrine surface, as NIP results corroborate. The Cross-Reactivity
(%CR) for LEU peptide, expressed as percentage ratio between LEU and G
response, results of 68% for LEU on MIPg and 32 % for mAb, compatible with
the use of the immunoreagent (mAb). However, considering the high
homology among the two sequences, these findings confirm the effectiveness
of the imprinting strategy adopted in producing MIPs for gonadorelin
(reference standard) able to discriminate peptides differing for only one
amino acid. The binding signals recorded for all the peptides (G/BG and LEU)
were largely suppressed on a NIP surface in comparison to the MIPg
responses. This behavior supports the usefulness of the passivation step

using small molecules (section 3.6.3.2) on the PNE surface.

Table 3.2 Sequence, number of amino acids and molecular weight
of each peptide tested
Name Sequence Size MW
(aa) | (pa)
G p{GLU}HWSYGLRPG-NH, 10 1182.33
BG {pGLUYHWSYGLRPG-{Lys(biotin)} 11 1537.75
LEU {pGLU}HWSY{d-LEU}LRP-NHEt 9 1209.40
PEPT-1 Ac-ISLAPKAQI-NH, 9 981.20
PEPT-2 FLDSPDR-NH, 7 847.92
PEPT-3 EEAKEAEDGPM 11 1205.25
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Fig. 3.5 Specificity test performed respectively on MIPg (blue bars), NIP (grey
bars) and G-mAb (dashed bars), against LEU, a homologue peptide of anti-
doping interest, and unrelated peptides (PEPT-1, PEPT-2, PEPT-3) by SPR.
The bar-chart indicates SPR responses + SD recorded for the target (G), the
competitor (BG), and all the tested peptides (PEPT-X), all at 4.20 ymol L

3.6.4.7 Surface competitive assay for gonadorelin

Finally, the competitive heterogenous assay format was set. This approach,
suitable for small molecules such as gonadorelin, is based on the competition
for a limited number of binding sites [93] between the analyte G and a fixed
amount of the detecting molecule (here BG:S). Most of the direct competitive
assays’ protocols, named ‘one-step’ format, involve the simultaneous
addition of the target analyte and the competitor on the binding surface with
the receptors. However, some literature reports the advantage of sequential
competitive assay (named ‘two-steps’ format) [34-39], in which the analyte
and the competitor interact subsequently with the surface receptor. In these
conditions, the target is firstly injected onto the receptor surface (here MIP)
and binds the recognition sites. Then, the detecting molecule is added to
occupy the remaining free binding sites. Thus, the higher amount of target is

present in the sample, the lower amount of detecting molecule binds the
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receptor and, therefore, a lower analytical signal is recorded (turn-off assay).
Using the two-steps assay format, a larger amount of target is capable of
binding to the receptor (here MIP) than in the one-step assay (or
simultaneous assay), and therefore this strategy provides an improvement
of the assay sensitivity [37]. We performed both, ‘one step’ and ‘two-steps’
competition assays, to evaluate the best protocol to be adopted in the final
assay, remembering here that both G and BG present similar affinity
constants. For practical reason, to calculate the LOD of the competitive
assays, the total SPR signal (SPR signal of competitor BG:S and target G)
was directly subtracted from the SPR signal of the BG:S competitor alone.
The resulting curves were fitted by using a simple one-site binding model
reported in paragraph 3.6.3.2. The one step protocol was first performed in
standard solutions and then in spiked urine. In standard solutions this
approach displayed a limited dynamic range at micromolar concentration,
together with a high variability among assays, expressed as standard
deviation (Fig. 3.6), and poor repeatability (%CVay = 15.00%).
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Fig. 3.6 (a) Dose-response curve in buffer of the ‘one step’ competitive assay
in buffer, where G (0.07-2.11 ymol L'!) and BG:S are simultaneously injected
over MIPc surface. SPR signals in the graph are expressed as subtraction
between responses from BG:S (zero target G concentration) and BG:S + G.
(b) Representative sensorgrams of G interaction in competition with BG:S
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Moreover, to establish a competition reaction, a high concentration of the
detecting molecule (BG = 6.66 ymol L't and S = 1.66 umol L) was necessary
with long analysis time (contact time: 540 s). SPR signals resulted also very
low and, compared to data obtained by direct detection of G (Fig. 3.2), we
think that the steric hindrance due to the larger competitor BG:S mass, co-
present in solution with G, could prevent the analyte G binding. Therefore,
despite the benefit of the competitive one-step format leading to G detection
with a higher sensitivity (LOD = 25.50 + 3.90 nmol L' and LOQ = 87.00
+0.010 nmol L) compared to the direct format (LOD = 0.10 4+ 0.01 pmol L
1 see 3.6.3.2 section), there is still room to improve the system
performances to fulfill the anti-doping tests requirements. Then the two-steps
protocol provided the results reported in Fig. 3.7. The calibration curves were
obtained both in buffer and spiked urine (Fig. 3.8). In this case the
competition with G occurred in the very low nanomolar range (0.42 - 13.54
nmol L), with excellent repeatability (%CVav = 2.45% in buffer and %CVay
= 1.40% in urine). The range of G concentrations was finely tuned. In fact,
G concentrations in the low micromolar range (10 - 211 nmol L), gave a
calibration curve in buffer with a saturation profile already at 50 nmol L™* (Fig.
3.7) and a wide change in SPR signal between zero and the lowest G
concentration analyzed (10 nmol L) that suggested to decrease the G
concentrations to be tested. This clue was successfully confirmed by
subsequent results, which exhibited a well-defined dose response curve,

typical of a competitive assay (Fig. 3.8).
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Fig. 3.7 (a) Sketched representation of the ‘two-steps’ assay. (b) Dose-
response curve in buffer for the assay where G and BG:S are injected in
sequence over the MIPg surface. G concentrations ranges from 10 to 211
nmol L1, SPR signals in the graph are expressed as subtraction between
responses from BG:S (zero target G concentration) and BG:S + G.

The competitive ‘two-steps’ assay was applied in complex matrix, i.e.,
artificial urine with the addition of G in the range 0.42 - 13.54 nmol L!. The
selected operating analytical range is suitable for gonadorelin detection in
doping application. The average percentage recovery of the assay for G was
95.00%, calculated from SPR signals in urine and buffer
((SPRurine/SPRuuffer)*100). The calculated limit of detection and quantification
(LOD = 30*Kp/Rmax and LOQ = 100*Kp/Rmax Where sigma is the standard
deviation of the mean RU of the blank solution) resulted respectively 44.0 +
5.0 pmol L* and 146.8 £ 15.8 pmol L' in buffer, while LOD = 52.0 + 6.0
pmol L't and LOQ = 188.5 + 20.3 pmol L in undiluted artificial urine. In both
cases, the estimated LOD is in line with the Minimum Required Performance
Level (MRPL = 1.69 nmol L) [26-27] at which all the Word Anti-Doping
(WADA)-accredited laboratories must operate to assure the harmonization of
the methods’ analytical performance applied to detect non-threshold
prohibited substances (e.g., drugs in class S2.2.1 “Gonadotropin (CG/LH)
Releasing Factors”), according to TD2019MRPL [27].
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Fig. 3.8 (a) Two-steps competitive assay: comparison of dose-response
curves for G (0.42 - 13.54 nmol L1!) in buffer and artificial spiked urine
samples. Each point is representative of 3 replicates (RUmean £ SD). SPR
signals are expressed as subtraction between responses from BG:S (zero
target G concentration) and BG:S + G. (b) SPR sensorgrams of the assay in
urine. (c) Sketched representation of the assay

Besides, an artificial urine sample spiked with gonadorelin (EP Reference
Standard, 845.8 pmol L) was analyzed in parallel with our MIP-based assay
and with a commercial competitive enzyme-linked immunosorbent assay
(ELISA), respectively. Briefly in detail, the ELISA kit protocol relies on the
competition between the target (GnRH) and the competitor molecule for a
limited number of antibody binding sites. These were sequentially added onto
the 96-well plate pre-coated with antibodies and incubated 1h at 37°C. Then,
multiple washing steps were accomplished and the signal output, resulting in

a colored enzymatic reaction, is measured at A= 450 nm.
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While our assay resulted highly accurate (%error = 5.19%) in detecting
gonadorelin, with the ELISA kit we faced a saturated signal error
(Abs@450nm = 2.66 £ 0.11), impairing any quantification. To troubleshoot
this, we tested the ELISA kit with the calibrator concentrations (1.16 - 845.8
pmol L 1) suggested by the manufacturer and subsequently we tried to dose
the same concentrations of gonadorelin (EP Reference Standard) by using
the same diluent/washing buffers. Also, in this case, we faced saturated
signals attributable only to the binding of the competitor molecule (without
analyte, see Fig. 3.9). Probably gonadorelin (EP Reference Standard) is not
able to trigger a proper competitive reaction with the competitor molecule

provided by the kit and this impaired any further comparison (Fig. 3.9).
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Fig. 3.9 Dose-response of competitive ELISA kits performed with the
calibrators supplied by the manufacturer (black dots), and with gonadorelin
(EP standard reference, blue dots). Each point is representative of 3
replicates (RUmean + SD).

Finally, it is worthy to highlight that the MIP-based competitive assay here
designed represents the first example of highly performing biosensing
method (antibody-free) to detect a small biomolecule of anti-doping interest.

Real samples from athletes are not yet available (private communication with
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Prof. Botre, Director of the Italian WADA laboratory), but we rely on this

possibility in the near future.

3.6.5 Conclusions

In this study, we developed a novel polynorepinephrine-based MIP for the
detection of the peptide hormone gonadorelin, through SPR biosensing, for
anti-doping purposes. To the best of our knowledge, this is the first report
about gonadorelin detection based on optical biosensing and on a
catecholamine-based MIP. The analytical performances of the biosensor were
characterized by evaluating the binding capacity of gonadorelin (G), the
biotinylated competitor (BG), and random peptides as negative controls. The
results allowed the further optimization of a ‘two-steps’ competitive assay, in
which the target (G) and the detecting molecule (BG:S) complex sequentially
compete for a limited number of binding sites of the MIP. The selectivity of
the detection resulted excellent, showing the ability in discriminating one
single amino acid change over the peptide sequence. The optimized assay
achieves a high sensitivity (LOD = 52.0 + 6.0 pmol L) and an excellent
repeatability (%CVav = 1.40%) in untreated urine, in line with WADA
analytical requirements. A direct comparison with a commercial monoclonal
antibody in terms of selectivity, reusability and cost highlighted the overall
excellent features of this polynorepinephrine-based MIP. The strength of the
reported method is further reinforced by the difficulty to find ELISA kit on the
market for testing the EP G Reference Standard, as required by WADA.
Moreover, the only methods currently existing in the research literature for
G quantification rely on expensive liquid chromatography tandem-MS
techniques (LC-MS/MS) requiring highly trained personnel and long pre-
treatments of the samples. Last, but not least, the reported protocol to
fabricate PNE-based MIPs is about 100 times cheaper than an ELISA assay,
and ongoing tests are displaying their resistance to very drastic
environmental conditions, prohibitive for antibodies. The imprinting process

may be translated to other peptides/proteins of interest, and from SPR to
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other diagnostic platforms, such as multi-well microplates or other systems

conventionally used in immuno-based assays.
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3.7 A portable biomimetic-based platform: beyond bench
The study we are going to present is based on the following article:

F. Torrini, L. Caponi, A. Bertolini, P. Palladino, F. Cipolli, A. Saba, A.
Paolicchi, S. Scarano, M. Minunni. A biomimetic enzyme-linked
immunosorbent assay (BELISA) for the analysis of gonadorelin by using
molecularly imprinted polymer-coated microplates, Analytical and
Bioanalytical Chemistry (2022), https://doi.org/10.1007/s00216-021-
03867-7.

3.7.1 Aim and objectives of the study

An original biomimetic enzyme-linked immunoassay (BELISA) to target the
small peptide hormone gonadorelin is presented. We proposed a BELISA
assay which involves the growth of a PNE-based MIP directly on microwells.
Gonadorelin quantification was accomplished via a colorimetric indirect
competitive bioassay involving the competition between biotinylated
gonadorelin linked to the signal reporter and the unlabeled analyte. These
compete for the same MIP binding sites resulting in an inverse correlation
between gonadorelin concentration and the output color signal (A = 450 nm).
A detection limit of 277 pmol L' was achieved with very good repeatability
in standard solutions (avCV% = 4.07%) and in urine samples (avCV% =
5.24%). The selectivity of the assay resulted adequate for biological
specimens and non-specific control peptides. In addition, the analytical
figures of merit were successfully validated by mass-spectrometry, the
reference anti-doping benchtop platform for the analyte. This BELISA assay
was aimed to open real perspectives for PNE-based MIPs as alternatives to
antibodies, especially when the target analyte is a poorly or non-

immunogenic small molecule, such as gonadorelin.
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3.7.2 Introduction

In this study, we successfully report and demonstrate the versatility of the
developed PNE-based MIP, as capturing receptor, for gonadorelin (acronym
G), moving from a benchtop instrumental asset (i.e., SPR) towards a
portable, low-cost and very widely used bioanalytical platform, i.e., ELISA
reader. The capturing receptor, PNE-based MIP, was previously developed,
optimized and coupled to a SPR transduction to set up a sensitive and
selective ‘two-step’ competitive assay for anti-doping controls [1], described
in the previous paragraph 3.6. To this aim, the MIP for G has been adapted
to play the role of the capturing antibody in 96-well microplates, obtaining a
very sensitive and selective BELISA test in a competitive format [2]. The
assay exploits one of the most common ELISA readout strategies, i.e., the
use of horseradish peroxidase (HRP) as a signal reporter, and
tetramethylbenzidine (TMB) as substrate, developing the well-known optical
signal in the visible range. The colorimetric PNE-based BELISA assay
succeeded in quantifying gonadorelin directly from untreated (except for 1:10
dilution) human urine, the most sampled matrix in anti-doping controls. The
BELISA results on real samples correlate well with those obtained using high-
performance liquid chromatography-tandem mass spectrometry, which
represents the gold standard technique for anti-doping analysis. These
results represent one of the first answers to the need, in forensic and other

4

diagnostic fields, of developing versatile and cost-effective ‘antibody-free
analytical platforms, to be used in decentralized testing labs for athletes’
monitoring and, in general, for diagnostics. We believe that this new
generation of MIPs based on natural and biocompatible polymers will have a
noteworthy impact on bioanalysis, especially in terms of reagents cost and
stability, simplicity of handling and in opening new chances toward the
effective synthesis of mimetic receptors for low or non-immunogenic target

analytes.
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3.7.3 Experimental section: materials and methods

3.7.3.1 Reagents

Gonadorelin European Pharmacopoeia (EP) Reference Standard (acronym G)
{pGLU}HWSYGLRPG-NH2 (MW = 1182.33 Da), L-norepinephrine
hydrochloride (NE, =98.0%), L-lysine (298.0%)
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI, = 99.%), L-

cysteine hydrochloride monohydrate (2 98.%), 4-(2-
hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), sodium chloride,
hydrochloric acid, acetic acid (= 99.7%), polyoxyethylene sorbitan
monooleate (Tween-20), bovine serum albumin (BSA), streptavidin-
horseradish peroxidase conjugate (S-HRP), methanol LC-MS grade (99.8%),
water LC-MS grade, acetonitrile (ACN), ammonium hydroxide (NH4OH) and
formic acid (FA = 95%) were all obtained from Sigma-Aldrich (Milan, Italy).
3,3',5,5'-tretramethylbenzidine (TMB) substrate and stop solution were from
Thermo Fisher Scientific (Waltham, MA, USA).

Biotinylated gonadorelin (acronym BG) {pGLU}HWSYGLRPG{Lys(biotin)}
(MW = 1537.75 Da) and non-specific control peptides: PEP_A Ac-
ISLAPKAQIK-NH2 (MW = 1109.37 Da) and PEP_B {pGLU}HWSY{d-LEU}LRP
(MW = 1182.34 Da) were synthesized by GenScript (Leiden, Netherlands).
Dilution buffer (DB) (10 mmol L' HEPES, 150 mmol L NaCl, pH 7.4) and
washing buffer (WB) (10 mmol Lt HEPES, 150 mmol L* NaCl, 0.0001% BSA
and 0.1% Tween-20, pH 7.4) were used for peptides’ dilutions and for wells’
washing, respectively. All buffer solutions were prepared using ultrapure Milli-
Q™ water (18.2 MQ ¢ cm) and were filtered through a microporous filter
(Millipore, pore size of 0.22 ym). All chemicals used were of analytical grade.
96-well flat-bottom microtest plates and acetate foil for 96-well plates were
obtained by Sarstedt (Nimbrecht, Germany). OASIS cartridges (hydrophilic-
lipophilic-balanced [HLB], 60 mg, 3cm3) were acquired from Waters (Milford,
MA, USA).

118



CHAPTER 3

The internal standard (ISTD) (Des-Pyr!)-GnRH (MW = 1071.21 Da), used in
mass spectrometry analysis, was obtained from Bachem (Bubendorf,

Switzerland).

3.7.3.2 Preparation of imprinted polymers on microplates

MIPs were directly growth (via a bulk polymerization) onto disposable 96-
well microplates by dropping a fresh polymerization mixture (100 pL/well)
composed by the functional monomer NE (2.00 g L' in 10 mmol L Tris-HCI,
pH 8.50) in co-presence of the template G (4.23 nmol L1). The plates were
left upside down for 5 hours at a fixed temperature (T = 25.0 £ 0.5 °C),
under static conditions, to obtain the polymeric film formation both on the
base and walls of each microplate well. Then a surface passivation step was
performed to minimize possible non-specific binding of biomolecules, mainly
present in biological fluids, such as human urine or serum, to the polymeric
surface. An aqueous solution containing 10 mM cysteine (Cys), 10 mM lysine
(Lys), and 10 mM tris(hydroxymethyl)aminomethane (Tris) was dropped
onto the PNE surface (200 pL/well) and left overnight at 25 °C by avoiding
evaporation. This passivation step was allowed by aza-and thiol- Michael
addition reactions through the amines and thiol contained in the used
compounds (Cys, Lys, Tris). Washing steps with acetic acid (5 % v/v, 200
pHL/well for 3 times) and deionized water (200 pL/well for 3 times) were
accomplished to remove the template from the polymeric binding cavities and
any residual oligomers. Between washes, the plates were inverted and

blotted against absorbent paper.

3.7.3.3 Competitive assay for gonadorelin analysis

The competitive BELISA for the quantitative detection of G in standard
solutions and human urine was designed by employing a two-steps assay
architecture over the MIP (see Scheme 1). The first part of the study involved
the preliminary assessment of the BG binding affinity to the synthesized MIP

(see paragraph a below). Afterward, the competition was established by
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sequential incubations of the analyte G in water and its competitor BG
conjugated with streptavidin-HRP (see paragraph b below), respectively. The
last step involved the enzyme S-HRP cascade process to obtain a colorimetric
read-out signal. In detail, the S-HRP optimization was carried out using two
blocking solutions, 0.0001 % BSA and 0.1 % Tween-20, contained in the WB
which contribute to minimize possible non-specific binding by avoiding any
masking of the MIP cavities. The blocking reagents, 0.0001 % BSA and 0.1
% Tween-20, used in this bioassay were estimated using the approach
proposed by Steinitz [3] as a compromise between high specific signal and

low nonspecific background signal.

a) Biotinylated gonadorelin calibration

The protocol for calibrating BG is listed below: the MIP-coated wells were first
conditioned by washing with WB (200 pL/well) followed by incubating BG at
different concentrations (0.20 - 13.00 ymol L diluted in DB). BG solutions
were dispensed in triplicate into the modified wells. The microplate was gently
stirred for 10 min and incubated at 4°C for 40 min. A washing step with WB
(200 pL/well) was then performed, followed by streptavidin-HRP enzyme
(0.20 mg L?t) incubation (detecting molecule S-HRP, 200 uL/well) for 30 min
at 4°C. The wells were finally washed with WB (200 uL/well for three times)
and TMB reagent (100 pL/well) was added and incubated for 5 min before
the enzymatic reaction was stopped by the addition of 0.16 M H2S04 (stop
solution, 100 pL/well). The absorbance was measured by using iMark™

microplate absorbance reader (Bio-Rad, Milan, Italy) at A = 450 nm.

b) Competitive inhibition MIP-based assay

The PNE-based MIP was used in a competitive BELISA assay to quantify G
through a competition between a different concentration of free G and a fixed
amount of BG. The free analyte G diluted in DB, in the concentration range
8.460107°-8.46 umol L!, was dispensed into each well (100 uL/well) of the

microplate. The solution was blended, incubated at 4°C for 20 min, and then
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washed with WB (200 uL/well). Subsequently, the procedure continues as
described in the paragraph above by exploiting a fixed concentration of BG
(6.50 pmol L1, 100 pL/well). Besides, the MIP selectivity was assessed in the
competitive BELISA assay by measuring the response of unrelated peptides
(PEP_A and PEP_B, see details in materials paragraph) which replace the

analyte G incubation.

3.7.3.4 Analysis of gonadorelin in human urine samples

The two-steps competitive assay was tested on human urines from healthy
volunteers (see ethical standard). Samples were chosen among those
intended for disposal at the Clinical Pathology Laboratory of the University
Hospital in Pisa. Detailing, samples were selected among those that did not
present significant amounts of proteins, as verified by nephelometric
measurements, and which contained negligible G concentration (see mass
spectrometric analysis of unspiked urine). The use of the selected biological
samples has been approved by the local Ethics Committee (CEAVNO), Pisa,
Italy (19/02/2020). Hence the urine samples were diluted 1:10 in water and
spiked with a known amount of gonadorelin spanning from 0.084 to 846 nmol
L' to simulate post-administered human urine specimens. Spiked and
unspiked samples were explored following the same experimental procedure,

except for G addition, to evaluate the possible occurrence of matrix effects.

3.7.3.5 Urine samples analysis by LC-MS/MS

Mass spectrometry was used as an analytical gold standard technique for G

quantification to validate the designed competitive BELISA. To this aim, blank
and G-spiked urine samples from healthy volunteers were analyzed by LC-
MS/MS and BELISA test in parallel. For LC-MS/MS, the samples were diluted
1:10 in a water/methanol/formic acid (97:2.9:0.1; v/v/v) solution and spiked
with G at different concentrations (0 - 0.084 - 0.423 and 4.23 nmol L'!). The
ISTD (Des-Pyr1)-GnRH was added to these fortified urine samples to obtain

a fixed concentration of 100 ng mL™! and then extracted and purified via solid
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phase extraction (SPE) using Waters Oasis-HLBTM cartridges (3 mL, 60 mg),
as previously reported by Zvereva et al. [4]. Before the sample elution, the
cartridges were preconditioned by flowing methanol (2 mL) and water (2 mL)
and by rinsing with NH4OH/H20 (5:95 v/v, 2 mL) and with ACN/H20 (20:80
v/v, 2 mL). The sample elution was performed with 5% FA (2 mL) in an
ACN/H20 (75:25 v/v) solution and the eluates, thermostated at 45°C, were
evaporated to dryness under a nitrogen stream and reconstituted with diluent
solution. Referring to Thomas et al. [5], an implemented mass spectrometry
method was here developed. Sample analysis was performed on a LC-MS/MS
instrumental layout composed of an Agilent (Santa Clara, CA, USA) 1290
UHPLC system which comprehends a binary pump, a column oven set to 60°C
and a thermostated autosampler. This is coupled with an AB Sciex (Concord,
Ontario, Canada) QTRAP 6500+ mass spectrometer working as a triple
quadrupole and equipped with an IonDrive™ Turbo V source.
Chromatographic separation was achieved by using an Agilent Zorbax
StableBond 300 C18, 1 x 50 mm, 3.5 uym column, while the integrated
switching valve was used to discard both head and tail of the HPLC runs.
The mobile phases were constituted of (A) 0.1% FA in methanol and (B) 0.1%
formic acid in water and the gradient elution (100 pL/min flow rate) was
performed as follows: 0.0 min (A) 5%, 5.2 min (A) 50%, 6.2-7.2 min (A)
90%, 7.7-10.5 (A) 5% (volume injection = 5 pyL). A mass spectrometry
selected reaction monitoring (SRM) method was operated in positive ion
mode. For each compound, after the optimization of declustering potential
(DP), collision energy (CE) and collision exit potential (CXP), three transitions
were considered in the analysis. Based on the highest signal/noise ratios, one
of them was used as quantifier (Q) and the others as qualifiers (q) (see Table
3.3). Additional operative parameters were set as follows: collision gas (CAD)
nitrogen; operative pression with CAD gas ON, 3.6 mPa; curtain gas (CUR)
= 20 arbitrary units; gas source 1 (GS1) = 40 arbitrary units; gas source 2
(GS2) = 45 arbitrary units; ion spray voltage (ISV) = 5.5 kV; source
temperature (TEM) = 550 °C; entrance potential (EP) = 10.3 V and DP = 70
V.

122



CHAPTER 3

Table 3.3 MS operative parameters

Analyte SRM transition (Da) CE (V) CXP (V)
592.1 > 221.1 (q) 44 6.4
G 592.1 > 248.9 (Q) 38 7.1
592.1 > 748.1 (q) 31 9.8
536.4 > 110.2 (q) 32 5.7
(Des-Pyrt)-GnRH 536.4 > 110.2 (Q) 71 5.5
536.4 > 934.5 (q) 29 12.2

3.7.4 Results and discussion

In this study a PNE-based mimetic receptor to capture the small peptide G
was fabricated, as a first attempt, onto disposable 96-wells microplates (see
Scheme 1). The binding capacity, as well as synthesis conditions, of the MIP
towards G was previously characterized through a benchtop sensing platform
(Surface Plasmon Resonance- SPR) by growing the polymer layer onto a
planar gold support (see paragraph 3.6). The MIP showed very interesting
analytical behavior, overall, in terms of Kp and LOD. Thus, the opportunity to
adapt the PNE-based mimetic assay to an ELISA-like test, arose. For this
purpose, the synthesis conditions and dilution buffer (DB) were slightly
modified according to the previous study to be tailored to the different
support structure, here polystyrene microplates, and assay mode (static
conditions instead of continuous flow in SPR). To the best of our knowledge,
up to this point, there are only a few competitive ELISA tests based on
antibodies for the detection of gonadorelin, available on the market as a
research tool, which could be tentatively applied in the anti-doping field.
Nevertheless, the unknown antibody-binding epitope and the scarce
information about the immunogen used to elicit the immune response limit
their applicability. So, the main novelty of this study, with respect to the
current literature, relies on synthesizing for the first time a PNE-based
mimetic receptor onto microplates, and setting-up a BELISA, by exploiting
disposable miniaturized platforms for easier and cost-effective detection of

poorly or non-immunogenic small molecule, here G. This assay is like the
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conventional ELISA, but the traditional bioreceptor, i.e., the antibody, is
replaced with a "“household” PNE-mimetic receptor, showing several
advantages in terms of ease and speed of preparation, low cost, temperature
stability, versatility and the synthesis in vitro, avoiding any animal use. In
detail, a colorimetric two-steps competitive assay to quantify the analyte G
was directly carried out on the MIP surface. For this purpose, a fixed
concentration of the competitor molecule, the biotinylated G (BG) conjugated
to the signal reporter (S-HRP), was involved in the assay to trigger a
competitive reaction with G for the same MIP cavities. The whole BELISA
assay was designed to maintain the compatibility with one of the most widely
used readout that involves horseradish peroxidase (HRP) enzyme as a signal
reporter and TMB as a substrate that, in its classical use, leads to a final
yellow color with a maximum absorbance peak at A = 450 nm. Thus, the
colorimetric signal obtained was directly related to the amount of G and it
was measured by a simple absorbance reader, as those commonly present in
clinical laboratories.

The BELISA assay development has required the optimization of several
parameters, from the buffer composition for the washing steps (WB) and
binding interaction with the MIP (DB), to the optimal concentration of the BG
competitor, as well as the concentration of the detecting molecule S-HRP.
The working temperature and the incubation times for the different steps
(MIP-analyte, -BG, and BG-S-HRP interactions) were tried out to optimize the
assay. Finally, the developed BELISA was calibrated and applied to human
urine fortified with G. Mass spectrometric analysis was separately settled and

eventually performed to validate the BELISA test.
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Scheme. 3.2 Sketched illustration of the imprinting process onto a micro-
welled plate. (1) The functional monomer (norepinephrine) and the template
(gonadorelin) were dropped as a mixture onto the wells’ microplate and the
polymerization process occurred for 5 h at 25 °C. (2) Then, the template was
washed out the polymeric matrix, and the ‘two-steps’ competitive BELISA (3)
was set up

3.7.4.1 Evaluation of factors affecting the bioassay and BG binding

test

To exclude possible optical artifacts due to the sole presence of S-HRP, TMB,
and/or the reaction cascade involved in the readout step on the MIP, a dose-
response test was first carried out. To this aim, various S-HRP enzyme
concentrations in WB were dispensed into the MIP-coated wells and kept at
4°C for 30 min, followed by three washing steps with the same buffer (200
pL/well). Fig. 3.10 displays the curve obtained after S-HRP addition at
increasing concentration. Accordingly, we selected the optimal S-HRP
concentration giving the lowest Abs@450 nm, which significantly differs from
the blank (no S-HRP added into the wells), resulting in 0.20 pg mL?! (dilution
ratio 1:5000 in WB). This concentration was thus employed for all further
experiments. This first step demonstrated that the polymer does not interfere
with the enzyme-based optical detection, and this is the prerequisite to go

further in the assay development.
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Fig. 3.10 (a) Schematic depiction of the assay setup to select the S-HRP
concentration (0.20 ug mL™1); (b) Calibration curve of the enzyme conjugated
to streptavidin (S-HRP) on the MIP-coated microplate

Thereafter, the BG calibration, the competitor molecule, was tested and
optimized. Two temperatures, 4 °C and 25°C, were compared in terms of BG
binding efficacy on the PNE-based MIP (Fig. 3.11). These temperatures were
selected since they are most used in standard ELISA protocols for reagents’
incubation. Regarding this, we aimed to simplify the conventional ELISA kit,
by substituting the natural receptors with biomimetics, while minimizing the
standard ELISA protocol in terms of incubation temperatures, operative
steps, and laboratory equipment required. Besides, these temperatures are
also chiefly used for the storage of substrates modified with natural inspired
polymers (e.g., PNE and PDA). The calibration curves were obtained by
plotting the Abs@450 nm against the concentrations tested both at T = 4°C
(solid line) and T= 25°C (dashed line), as displayed in Fig. 3.11.
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Fig. 3.11 Comparison of BG calibration curves performed at 4°C (solid line)
and 25°C (dashed line), respectively

In this case, the test performed at T= 25°C provides a saturation level higher
(around 13.00 pmol L) than the curve resulting from a 4°C incubation
experiment (around 6.50 pmol L!). Nonetheless, these data (T =25°C) are
affected by a higher standard deviation. According to the latter evidence, the
overall assay repeatability at 4°C resulted slightly improved, as inferred by
the intra-assay average coefficient of variation (% coefficient of variation =
100* standard deviation/mean), avCV% (25°C) = 4.40 % and aCV% (4°C)
= 3.44 %, respectively. This, in addition to being well compatible with routine
ELISA incubation temperature, allows avoiding local temperature fluctuations
over seasons and among different laboratories, improving the assay
repeatability. This bestows robustness to the assay, as also denoted by the
good inter-laboratory reproducibility which was estimated avCV%aec= 4.8%
at 4°C. Lastly, the equilibrium dissociation constant, Kp, were extrapolated
from the saturation curves obtained by measuring the direct BG-MIP binding
interaction. In this case, the two datasets (Fig. 3.11) were fitted with a
Langmuir binding model (1:1) by the equation y=(Rabsmax*X)/(Kp+X) (Origin
2019b), where Rabsmax is the maximum response (Abs@450nm) and Kbp is the
equilibrium dissociation constant that was estimated for the curves. From this

evaluation, Rmax and Kb values resulted as follows: Rmax (25°C) = 0.440 %
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0.023, Kb (25°C) = 3.03 = 0.42 pmol L* and Rmax (4°C) = 0.317 £ 0.015,
Kb (4°C) = 1.24 = 0.20 pmol L.

Finally, for achieving an efficient competition, the optimal competitor
molecule (BG) concentration has been selected after its calibration. In this
case, the BG concentration was derived from the Kp estimation at 4°C (see
Fig. 3.12) and experimentally selected at 6.50 ymol L!. To note that the
estimated Kp value of the interaction MIP-BG extrapolated from the BELISA
is in the same order of magnitude to the one previously inferred by the SPR
biosensor (paragraph 3.6). This finding is very interesting since the surface
binding sites (surface capacity) of the two assay substrates (polystyrene
microwell vs gold chip) are very different in size and material, encouraging

further applications of PNE-based mimetics on both the platforms.
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Fig. 3.12 Saturation binding curve for BG where the BG concentration (0.20-
13.00 pmol L) was plotted against Abs@450nm. Each point indicates the
mean response £ SD of quadruplicate measures. The inset figure reports the
BG calibration scheme. An illustrative photo (at the top of the figure) reports
the wells color development for an increasing series of BG concentrations
(from left to right)
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3.7.4.2 Competitive binding assay on MIP-coated microplates

Once optimized the main experimental conditions, we moved forward with
the actual ‘two-steps’ competitive assay by calibrating gonadorelin in buffer
condition first and, finally, in real matrix, i.e., human urine. In the first step,
the analyte is incubated in the MIP-coated microplate wells (as detailed in
the experimental section (b)); thereafter, a fixed amount of the competitor
molecule (BG) is sequentially incubated at the defined optimal concentration,
followed by washing step and a standard HRP/TMB-based readout protocol.
The standard curve obtained in buffer (Fig. 3.13) within the range

8.46¢107°-8.46 pmol L' showed an evident inhibition of the absorbance
signals with the increase of G concentration, demonstrating the ability of G
to compete with BG. This is a key result obtained by successfully tuning the
BG concentration to be used in the assay, as aforementioned. The signals
measured (Abs@450nm) were expressed as the percent of analyte G bound
to the MIP binding sites (A) divided by the maximal binding of the competitor
molecule BG (Ao) to the MIP surface, measured in absence of the analyte
(blank) (%A/Ao). In detail, data are reported in Fig. 3.13 as a semilogarithmic
plot to display the typical S-shaped sigmoidal curve of the competitive

BELISA assay. The curve is fitted with a 4-parameters logistic (4PL)

regression (R?2 = 0.989) by the equation y=%+ A, where A; is the
0

theoretical response at zero G concentration (A; = 106.3 + 6.5 pmol L) and
A2 the theoretical response at infinite concentration (A1 = 19.4 £ 7.1 ymol L°
1); p is the slope factor (p = 0.36 = 0.09 pymol L) and xo is the mid-range
concentration (inflection point, xo = 0.011 + 0.005 pmol L!).

The assay (sigmoidal-shaped curve) showed a linear response in the
concentration range spanning from 0.42 to 846 nmol L! (Fig. 3.14).

The limit of detection (LOD) and quantification (LOQ) were calculated as three
times and ten times, respectively, of the standard deviation for the blank
samples interpolated in the sigmoidal curve, namely LOD = 277 pmol L™t and
LOQ = 14.1 nmol L. In addition, in terms of repeatability, the BELISA assay
performed very well, with avCV% = 4.07.
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Fig. 3.13 MIP-based competitive inhibition BELISA: typical S-shaped curve
(x-axis logarithmically transformed) for gonadorelin spiked in standard
solutions over the concentration range of 8.46¢10-5-8.46 pmol L. The curve
was fitted by using a 4-parameters (4PL) logistic regression
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Fig. 3.14 The linear range of the sigmoid-shaped curve (0.42 to 850 nmol L-
1) obtained by analyzing G spiked standard solutions was highlighted in red
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3.7.4.3 Selectivity of the BELISA assay for gonadorelin
The selectivity of the assay towards the analyte G was assessed by measuring
the BELISA response (Abs@450nm) to two different control non-related

peptides with comparable molecular weight and number of amino acids to
the analyte G (see Table in Fig. 3.15). To this, the two peptides were added
to the MIP surface as the first step in place of the analyte. Compared to G
behavior (Fig. 3.15), almost negligible inhibition responses (less than 10%,
expressed as A/AO0 * 100) were found for both the unrelated peptides A and
B. This means that the BG competitor may bind the MIP at the same level in
all the cases and very low or no competition with the nonspecific peptides
occurs. Therefore, non-related peptides compete very poorly with BG for the
same MIP cavities, confirming the very good selectivity of the assay for the
imprinted target. This also demonstrates that the PNE-based mimetic retains
this feature also in batch (static) conditions, consolidating data previously
obtained on the SPR biosensor [1].
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a Name Sequence Size (aa) MW (Da)
G p{GLU}HWSYGLRPG-NH2 10 1182.33
PEPT-A  Ac-ISLAPKAQIK-NH2 10 1109.37
PEPT-B {pGLU}HWSY{d-LEU}LRP 9 1182.34
b G
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Fig. 3.15 Selectivity test performed on MIP-coated microplates. (a)
Sequence, number of amino acids, and molecular weight of each peptide
tested; (b) the competitive assay was performed with the target G (white
color) and unrelated control peptides (PEP_A, grey bars, and PEP_B, grey
striped bars)

3.7.4.4 Analysis of gonadorelin in human urine by BELISA

To evaluate the applicability of the novel competitive MIP-based BELISA,
human urine samples from two healthy volunteers were tested. Preliminary
experiments were conducted on untreated urine since the direct analysis of
samples without the need of pre-analytical steps is one of the most important
requirements in ELISA-like assays. However, the ‘as it is’ urine testing
resulted in no signal development possibly due to some urine component that
impaired the test function. The stumbling-block has been overcome with a
1:10 dilution of the urine fortified with G (0.084-846 nmol L in aqueous
solution), significantly improving the output signal (Fig. 3.16).

132



CHAPTER 3

1.00 T T T T

[G] (nM)
846

——846
—4.23
——0.423
——0.084 AN _

0.75 H

0
0.50 —— PNE-based MIP

Absorbance

0.25

0.00

300 350 400 450 500
Wavelength (nm)

Fig. 3.16 Representative UV-vis absorption spectra of the BELISA assay,
before data elaboration, and an illustrative inset image of the assay.

The diluted urine samples were thus dispensed into the microplate and then
the assay procedure proceeds as described above (as detailed in the Materials
and Methods section (b)). In this case, a successful competition occurred
(Fig. 3.17), and the concentration of G in urine specimens was determined
using the calibration obtained in buffer (Fig. 3.13), performed on the same
day, to estimate the mean recovery. The mean recovery, expressing the
closeness of the concentration values obtained in biological samples, with
respect to the nominal spiked concentration, was calculated by the following
formula avrecovery% = % (measured concentration-basal
concentration/added concentration [6]). The basal G concentration in urine
specimens is almost zero (see the following LC-MS/MS analysis), thus the
resulting avrecovery% was equal to 91 £ 19 % for the urine sample 1 and 96
+ 25 % for the urine sample 2. The values obtained indicate a good recovery
albeit a recovery overestimation occurred at the lowest concentration tested
(recovery% = 118% for sample 1 and 124% for sample 2). Moreover, the
repeatability on real samples resulted very good, namely avsCV% = 3.49 for
sample 1 and asCV% = 5.24 for sample 2. Lastly, the BELISA was validated
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by mass spectrometry which is the reference analytical technique required

by WADA in anti-doping controls.
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Fig. 3.17 (a) Competitive inhibition curve obtained by performing the MIP-
based BELISA on human urine samples and standard solution fortified with
gonadorelin, spanning from 0.084 to 846 nmol L

3.7.4.5 LC-MS/MS method validation
LC-MS/MS analysis was set-up by modifying a previous protocol reported by

Thomas et al. [5]. Human urine samples were in parallel analyzed with
BELISA and LC tandem mass spectrometry, in this case in compliance with
European Medicines Agency (EMA) guidelines to assure the quantitative
performance of the assay (including selectivity, linearity, sensitivity, and
accuracy) [7]. Firstly, a calibration curve built with standard solutions of G in
water diluted urine (1:10), in the concentration range spanning from 0.084
to 8.46 nmol L1, was performed by LC-MS/MS (Fig. 3.19). Then the spiked
urine samples were analyzed, and the G concentrations were estimated based
on the response of the instrument to the known G standard solutions. All the
figures of merit were estimated. Initially, the selectivity of the proposed

method was assessed by performing repeated injections of urine samples,
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with and without analyte G, into the chromatographic system and the
retention time (RT) was monitored, RT (G) = 4.58 min and RT (ISTD) = 3.88
min (Fig. 3.18).
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Fig. 3.18 Chromatographic profiles of G (aka GnRH) and ISTD (Des-pyr!)-
GnRH (from top to bottom) and relative retention times

No interferences in the selected transitions occurred, demonstrating the
selectivity of the method. The linearity of the method was evaluated for the
G calibration curve (y = a + bx, where a = -0.022 £ 0.006 and b = 0.551 =
0.003), carried out in standard solutions, and it was expressed as correlation
coefficient (R) = 0.999 (Fig. 3.19). The G concentrations in standard solutions
providing a “signal-to-noise” (S/N) ratio close to 3 and 10, calculated using
a specific tool of ABSciex Analyst® software, were assumed as LOD and LOQ,
respectively. The LOD achieved corresponds to 21 pmol L't while the LOQ is
equal to 84 pmol L. The accuracy (%) was determined in human urine
samples diluted 1:10 in water at 0.11, 0.61 and 1.27 nmol L* and it was
calculated by the following formula % (measured concentration/nominal
spiked concentration). Thus, the resulting accuracy was found in the optimal
range of 85-115% as indicated by EMA [7]. Besides, recovery (%) and matrix
effect were studied as reported by Matuszewski et al. [8]. The mean percent

recovery was established by comparing the peak areas of G and those of
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ISTD which were added respectively before and after the extraction
procedure. The obtained recovery (%) for G was equal to 36.25 + 1.05 while
the recovery (%) for ISDT corresponded to 60.1 £ 0.8. In addition, the matrix
effect (%ME) was calculated by comparing the peak areas of the ISTD and
those of the analyte G which were respectively added to water (A) and urine
(B) samples [%(B/A)], both previously subjected to extraction procedure
(%MEc= 47.4 £ 9.9 and %MEisto = 88.1 £ 16.3). The recovery ratio (RR)
between the analyte G and the ISTD (Des-pyrl)-GnRH was eventually found
constant and concentration-independent. Therefore, RR is able to provide a

correct analysis and quantification of G in human urine samples.

5+ e Standard 4
S e Sample 1
E 4 ¢ Sample2 )
o
-
D3t :
E
<2t |
[
S
S [ 1
<

OF i

o 2 4 6 8 10
[G] (nmol L)

Fig. 3.19 Calibration curve for the LC-MS/MS analysis of gonadorelin (G) in
standard solutions (concentration range: 0.084-8.46 nmol L, black dots)
and results (red and blue dots) of urine specimens spiked with G at 0.084,
0.423 and 4.23 nmol L!

Additional experiments were executed to study the stability of GnRH and
ISTD (Des-pyr1)-GnRH as a result of freeze-thaw cycles. Aliquots of freshly
gonadorelin at a low, medium, and high concentration were prepared in water

and were divided into two aliquots. The first aliquot was quickly injected into
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the instrument while the second one was frozen at —20 °C and thawed at
room temperature before being analyzed. The acquired results were
compared and no peptide (G) and/or ISTD degradation was detected. This is
an important information confirming the stability of the reference lyophilized
peptide reconstituted in water and stored at -20°C which was then be

gradually used in the assay’s trials.

3.7.4.6 Bland-Altman analysis
The correlation between the BELISA test (A) here developed and the

reference method by LC-MS/MS (B) was assessed using a Bland-Altman plot
(aka Tukey mean-difference plot) [9]. This is a simple method of data plotting
used both in analytical chemistry and biomedicine to compare two different
analytical strategies. In this case, the agreement between two quantitative
measurements were evaluated by constructing a scatter plot, in which the y-
axis reports the difference between the two measurements (A-B) while the
x-axis describes the mean of the value-pair ((A+B)/2). On this basis, the
correlation between the paired data reported in Fig. 3.20 shows that all xy
scatter points lie within a predetermined interval of £ 2SD of the mean
difference [10] suggesting that the confidence level between the two
methods is equal to 95%. In this case, a good agreement between BELISA
assay and the LC-MS/MS method was achieved.
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Fig. 3.20 Bland-Altman plot displays the regression line between
measurements performed by BELISA assay (A) and the LC-MS/MS reference
method (B). The difference of each value pair (A-B) is plotted on y-axis
against the mean of each value-pair on the x-axis ((A+B)/2)

3.7.5 Conclusions

Antibodies, poly- and mono-clonal ones, have revolutionized the history of
bioanalytic and the related diagnostic fields since the 1980s. Alongside the
numerous and assessed advantages in using this naturally evolved tool to
fulfill specific biomolecular recognition, they also display well-known
limitations. ELISA tests are undoubtedly one of the most widely used
bioanalytical methods which have benefited enormously from the incessant
development in the immunological field, since antibodies in ELISA tests
almost always play both the role of receptor and signal reporter molecules.
However, they present environmental sensitivity, short lifetime even in
correct storage conditions, high costs and long production times, the need of
animals/cells use, and sometimes display low selectivity. For very low
molecular targets, such as chemicals and short peptides, sometimes there is
a lack of effective antibodies due to the scarce or absent immunogenicity of
the antigen itself. In this framework, the perspective development of mimetic

receptors alternative to antibodies in ELISA-like tests is an extremely exciting
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and challenging task for the bioanalytic field. This is also in line with the EU
Directive (2020/63/EU) on the protection of animals used for scientific
purposes and the recent EURL ECVAM recommendations on non-animal-
derived antibodies [11]. Here, an antibody-free competitive Biomimetic-
ELISA assay (BELISA) based on a nature-inspired molecularly imprinted
polymer as a recognition element was developed for the successful
quantitation of the short peptide gonadorelin. The aim of the study was the
conservation of a routine ELISA-type test protocol coupled to a classical
enzyme-based readout at Amax = 450 nm, except for the need of antibodies.
According to our knowledge, this is the first example of a BELISA test
involving a molecularly imprinted polymer based on polynorepinephrine, and
able to detect the analyte (gonadorelin, G) in buffer and untreated (except
for 1:10 dilution) human urine. The BELISA assay allows the sensitive and
selective measurement of this potential doping peptide, G, in representative
urine samples with very good performance. The results obtained in standards
solutions and urine samples showed a good repeatability (avCV%=4.07% for
standard solutions, avCV% (sample 1) = 3.49% and aCV% (sample 2) =
5.24%, a challenging task considering that all the receptors were manually
drop casted and polymerized in each microplate well. The prospective
improvement of this parameter can therefore be figured out by automating,
for example, the microwells preparation under highly controlled conditions.
To validate the BELISA test, simulated blinded urine samples spiked with G
were simultaneously dosed by BELISA and LC/MS-MS, the reference
benchtop platform in anti-doping analysis for such type of analytes. In both
cases, the detection limit achieved in standard solutions (LODgeLisa= 277
pmolL?! and LODic-ms/ms = 21 pmol L!) for G detection resulted in line with
the Minimum Required Performance Level (MRPL = 1.69 nmol L-1) at which
all the World Anti-Doping (WADA)-accredited laboratories must operate. The
results from the two platforms correlate well by performing a simple
statistical Bland-Altman analysis. The LC-MS/MS method resulted more
sensitive than the BELISA, as expected from a gold standard method.

Nevertheless, the BELISA assay may be largely enhanced, if needed, by
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involving more sensitive detection strategies (e.g. fluorescence or
chemiluminescence). As a whole, catecholamine-based MIPs, PNE in this
case, have shown (here for the G case study) to be an excellent candidate
material to imagine ELISA-like tests of the near future, antibody-free,
extremely cheap, able to be prepared for a large variety of targets (even
small non-immunogenic), very stable to environmental conditions, and highly
versatile. This approach could further open new possibilities as abiotic point-
of-care testing to make multiplexing biological samples analysis by
integrating the smartphone technology which can be also extendable to

several analytes.
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CHAPTER 4

Moving towards nano-sized imprinted
polymers as artificial antibodies

4.1 Nanomedicine: from films towards nano-therapeutics
Nanomedicine......is medicine at the nanoscale [1]!

Like for any breakthrough technology, the promising possibilities that
nanomedicine offers in the future must be balanced against risks.
Nanomedicine products are regulated, in terms of toxicity assessment and
multi-stage trials, and clinically evaluated for their benefit/risk ratio for the
patients. It is of utmost importance to examine upfront all possible side
effects to human beings and the environment. In this scenario,
biocompatibility and sustainability are crucial factors for specific applications
in the biomedical field. Nanotechnology offers multiple benefits to achieve
innovation in healthcare with impact in all fields of medicine from diagnostics
and therapeutics, going through medical imaging, vaccines, and regenerative
medicine. The field of nanomedicine primarily blossomed with the potential

of in vivo delivering drugs but now is spreading also for the treatment and
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follow-up of various diseases, for tissues and organs regeneration, and for
the early diagnosis at the nanoscale. Nanomedicine provides important
cutting-edge tools to deal with the actual clinical requests directed towards
personalization medicine. In this broad scenario, it is an urgent need to
explore many biomaterials which possess unique advantages, such as low
toxicity, low price, and biocompatibility. It's all about breaking old barriers,
indeed they are intended to pave the way as potential substitutes for nano-
metals. Poly(catecholamines) (pCAs) showed excellent biocompatibility and
can significantly decrease the occurrence of adverse effects, as demonstrated
by a few testing studies performed in vitro [2]. In the case of pCAs, their
ability to self-assemble, in one step, into nanostructures, but also to coat
non-planar surfaces, makes them a potential soft, non-toxic, biocompatible,
and sustainable tool to be exploited in different fields of nanomedicine.
Moving from nanofilms towards nanostructures, different properties change,
and we briefly detail these considerations in the following experimental
section.

In this section, we get an overview mainly on the current applicative state-
of-art of PNE@NPs (in terms of core-shell) and PNE-NPs (pure polymer NPs).
In order to progress beyond this, we briefly discuss our view concerning the
molecular imprinting at the nanoscale, bringing attention to the recent
existing progresses in this field. Few recent studies show that PNE can be
efficiently involved in the construction of drug delivery systems for small
therapeutics such as nitric oxide and chemotherapeutics, specifically for
chemo-photothermal cancer therapy. Among other fields of MIP applications,
drug delivery is considered an excellent and promising method of drug-
controlled release to achieve therapeutic results [3]. Two different
architectural structures are reported; from one side, a core-shell approach
was exploited by coating polystyrene beads nanoparticles with a PNE layer
with the function of store NO [4]. The same approach was also used
concerning chemo-photothermal cancer therapy, where FeOOH-NPs were

coated with PNE and then loaded with the drug, artemisinin [5].
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On the other side, always about chemo-photothermal cancer therapy, PNE
nanoparticles have been synthesized by one-pot method modified with
polyethylene glycol moieties (PNE PEG-based NPs) and loaded with
doxorubicin ((DOX)-loaded PNE-PEG based NPs). This DOX@system under
irradiation with a near-IR laser, or at acidic pH like in the tumor
microenvironment, releases DOX exhibiting an enhanced chemotherapeutic
efficacy [6]. We focus, as outlook for the near future, and comprehensively
explain the potential of the nano-imprinted biopolymers (nano-IBPs), starting
from PNE and then moving forward with polyserotonin (PSE) for diagnostics,
bioanalytical applications, and therapeutics of the future. Molecular
imprinting has been identified as the most efficient and promising path to
synthesize artificial receptors, as an alternative to their natural counterparts

(antibodies). Therefore, increasing efforts have progressed in this direction.

4.2 Introduction and objective of the study

Soft and green nano-imprinted biopolymers (nano-IBPs), represent excellent
candidates for mimic receptors to be exploited in future biomedical
applications. In particular, nano-IBPs can be a valid alternative to immune
checkpoint antibodies, a “hot” topic in cancer immunotherapy, in order to
block programmed cell death 1 receptor (PD-1) and/or programmed cell
death ligand 1 (PD-L1) [7]. These are two important targeting sites to
develop effective therapeutic strategies. PD-1, also known as CD279 (cluster
of differentiation 279), regulates T cell-mediated immune responses through
which cancer cells evade the immune system promoting tumor progression
[8-9]; it is highly expressed on T cells in patient tumors. PD-L1, also known
as CD274, is a membrane protein that binds PD-1 on the effector T cells,
overexpressed on tumor cell surfaces to escape immunosuppression [10],
transducing immunosuppressive signals. Nano-IBPs enabled sensors which
represent an appealing technology, simple and low-cost, for the highly
specific and sensitive detection of clinical biomarkers directly from samples
(e.g., biological, and environmental samples). Moreover, nano-IBPs are

promising alternatives to capture and reporter antibodies, commonly joined
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in diagnostic platforms i.e., sensing, and bioanalytical devices. By addressing
these two tasks, on one side nano-IBPs can be integrated as receptor
elements, also replacing IBPs films, to enhance the assay sensitivity by
increasing the specific surface area. Likewise, on the other side, nano-IBPs
can be used as reporter elements when the bioanalytical assay is properly
designed to achieve a sandwich architecture bringing along an impressive
improvement of the assay sensitivity. To the best of our knowledge, no study
on PNE based nano-IBPs or core-shell IBPs, involving PNE in the hierarchical
structure, has been reported. Several cases about PDA-based core-shell
nano-MIPs were described in the scientific literature by employing a two-
steps synthesis. In particular, almost all the cases that have been reported
involve PDA to build the shell structure around an inorganic core particle.
Regarding this, two explicative cases are described below. To date, Chen et
al. [11] synthesized hollow MIPs for horseradish peroxidase (HRP) recognition
using a SiO2@NH:2 core, showing an excellent specificity towards the analyte,
after that the dissolution of the core silica NPs, was occurred. Chaowana et
al. [12] presented, for the first time, a nanocomposite probe based on a
core@shell imprinted PDA@quantum dot (QD). This probe was applied as an
opto-sensor (fluorescent probe) for effective sarafloxacin, an antimicrobial
agent, recognition in chicken meat samples. The quantitative detection of
sarafloxacin was performed through fluorescence intensity quenching by the
analyte recognition event.

Herein we briefly report the characterization of the NPs that we have started
to synthesize and characterize by using a combination of dynamic light
scattering (DLS) and scanning electron microscopy (SEM) to provide
information on the morphology and size at the nanoscale. All these
measurements were performed in collaboration with Prof. Emiliano Fratini
and Dott. Giovanni Ferraro (University of Florence). In addition, we introduce
a preliminary promising test on the use of poly(catecholamines) based nano-
IBPs as mimetic receptors via SPR platform (see paragraph 3.5.3.1) to

capture gonadorelin (see chapter 3).
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4.3 Experimental section: materials and methods

4.3.1 Chemicals and instrumentation for the characterization

Dopamine hydrochloride (DA, = 98.0%), norepinephrine hydrochloride (NE,

> 98.0%), and NaOH were from Merck. Ultrapure Millli-Q™ water (R > 18.2

MQ e cm) was used throughout all of the NPs synthesis. N-
hydroxysuccinimide (NHS), 1-ethyl-3-(dimethylaminopropyl) carbodiimide
(EDAC), ethanolamine (EA) and CM7 sensor chip was purchased from Cytivia
Sweden AB. 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES),
sodium chloride, acetic acid (2 99.7%), polyoxyethylene sorbitan monooleate
(Tween-20) were obtained from Sigma-Aldrich (Milan, Italy).

Dynamic light scattering (DLS) is a non-invasive technique to size particles

by measuring the random changes in the intensity of light scattered from a
suspension or solution. The measurements were performed by a Brookhaven
Instruments 90Plus Nanoparticle Size Analyzer apparatus. The light scattered
from the sample was collected at 90° with respect to the incident 659 nm
laser light radiation The NPs samples were prepared by dilution to minimize
multiple scattering effects associated with the high concentration of the
particulate.

Characterization by field emission scanning electron microscopy (FE-SEM)

was performed using a high-resolution scanning electron Zeiss SIGMA
microscopy (Carl Zeiss Microscopy GmbH, German) equipped with GEMINI
Field-Emission SEM column (Carl Zeiss). It consists of a high-brightness
Schottky field emission source, a beam booster, and in-lens secondary
electron detector. Measurements were conducted on uncoated samples with
an acceleration potential of 2 kV and at a working distance of about 2-3 mm.
The analysis of SEM micrographs was conducted to determine the mean
particle dimensions using Imagel 1.52t software. Figure images were
converted into binary images by setting a threshold and then analyzed using
the macros included in the software. 100 individual nanoparticle
measurements were considered, and the size distribution below 10 nm was

not included because it was too close to the pixel size.
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Optical measurements: UV-Vis absorption spectra were recorded by a UV-

visible spectrophotometer Evolution 201 from Thermo Scientific at 25.0 °C,

by using quartz cells.

4.3.2 Synthesis of bio-nanoparticles

Polydopamine and polynorepinephrine nanoparticles were prepared via one-
pot, as a result of polymerization-induced precipitation, according to the
procedure reported by Wang et al. (2019) [13] for PDA with some
improvements. In a glass vial, the monomer (DA or NE, 10.55 mM) was
diluted to 10 mL with ultrapure water. After the temperature and magnetic
stirring were set up at 50°C and 700 rpm, respectively, 84 pyL of a NaOH
solution (1 M) was quickly added to the mixing reaction. The reaction
proceeded for 3 h and NPs were then collected by centrifugation (20000 g, 5
min), sonicated (2 minutes), and washed two times with deionized water to
remove unreacted dopamine and/or small oligomers. The collected pellet and

supernatant solution were stored at 4°C.

4.3.3 Synthesis of core-shell nanostructures

Core-shell molecularly imprinted polymer-based nanostructures were
synthesized, for the first time, entirely constituted by polycatecholamines.
The PNE core structure (d= 80 = 11) was composited with MIP via a
copolymerization process. Firstly, 4.3 mg of the template molecule,
gonadorelin (see chapter 3), and 2.8 mg of NE were dissolved in a solution
of 10 mM Tris-HCI pH=8.5 containing 0.01 g L' of PNE-NPs and stirred for 5
h at 25°C (700 rpm). In this case, we considered a shell growth of around 5
nm to estimate the amount of monomer to be added in the imprinting step,
by calculating the total surface areas exposed by the particles per unit mass
of sample. Core-shell non-imprinted BPs were synthesized under the same

experimental conditions, without the addition of the template molecule.
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4.3.4 SPR experiment

SPR binding testes were carried out with a Biacore X™ (Biacore AB, Cytivia

Sweden AB) instrument, with a flow rate of 5 pL mint, using a CM7 sensor
chip modified with a carboxymethyl-dextran matrix. HBS-EP (composition:
10 mM HEPES, 150 mM NaCl, 3 mM EDTA, and 0.0005% Tween-20, pH 7.4)
was used as running and immobilization buffer. The covalent immobilization
of gonadorelin (G) to the carboxymethyl-dextran matrix occurred via the
amine-coupling method, which is constituted by three sequential steps: 1)
activation of carboxymethyl groups with 50 mM NHS and 200 mM EDC (1:1
v/v, 35 pL); 2) G immobilization in HBS-EP pH 7.4 (423 pmol L, 100 pL);
3) deactivation of the remaining reactive hydroxysuccinimide esters with EA.
The immobilization of gonadorelin can occur randomly via the primary amine
on the N-terminal moiety or via the -OH group of the reactive serine. The
latter reaction takes place if there is a neighboring histidine residue, as in
this case, {pGLU}YHWSYGLRPG-NH2. In this first explorative test, after G
immobilization, nano-IBPs and non-imprinted IBPs were separately injected
(without dilution, 10 yL) four times. The regeneration among each injection
was performed with 10 mM NaOH (10 pL).

4.4 Results and outlook for future research

In the experimental conditions described above a first synthesis of PDA NPs
was carried out. This first trial was considered “a model reaction” to go further
with the study of the catecholamine-based NPs. The UV-vis spectroscopic
characterization of PDA NPs (pellet sample), DA, and the supernatant solution
was executed to follow the synthesis, i.e., the monomer consumption with
the polymer growth. By looking at the UV absorption spectra in Fig. 4.1a, the
peak of DA monomer (10.55 mM in water) is clearly observed at 280 nm (red
dashed line). During PDA NPs preparation, this peak is going to fade off, while
a broad absorption band (green line) between 200 and 700 nm (here the
spectrum arbitrarily ends at 350 nm), typical of the PDA polymer, gradually

increases. The absorption trend of supernatant displays an intermediate
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behavior between DA and PDA (PDA oligomers), but a certain monomer
component is evident. The hydrodynamic diameter was estimated by DLS
and a cumulant analysis, to analyze the correlation function (here not
discussed), a polydispersity index (PDI) related to the width of the
distribution, was performed.

The hydrodynamic diameter and the polydispersity of the NPs were measured
at time zero and after one day (Fig. 4.1), giving the values shown in Table
4.1. The samples resulted to be low polydisperse, as the PDI value is lower
than 0.1 [14]. Afterward, a morphology analysis by SEM was performed for
all the NPs studied. SEM micrographs at different magnifications are shown
in Fig. 4.1 and, overall, they spotlight low polydispersity spherical primary

units with a diameter 112 £ 14 nm.

Table 4.1 DLS results summaries obtained on a NPs PDA sample

Diameter Half width (nm) Polydispersity
(mean £ SD) (mean £ SD) (mean £ SD)
0 day 162.9 £ 1.8 38.7 £ 9.9 0.077 £ 0.032
1 day 188.6 £ 2.1 56.7 £ 5.7 0.099 + 0.015
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Fig. 4.1 (a) UV absorption spectra of DA, NPs PDA, and supernatant solution,
respectively are displayed; SEM micrographs showing low polydispersity
spherical NPs nanoparticles taken at 50000 kX (scale bar 200 nm) (b) and
20000 kX (c) magnifications (scale bar 100 nm), respectively

The reproducibility of the synthesis reaction was also evaluated by estimating
the mean diameter and the %CVmean Of the different NPs batches over three
different days. The mean diameter corresponds to 112 £ 12 nm, while an

excellent reproducibility was obtained %CVmean equal to 10.7 (Fig. 4.2).
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Fig. 4.2 (a) Morphology of PDA NPs over three days.
SEM micrographs (scale bar 200 nm) showing low polydispersity spherical
NPs nanoparticles taken at 10000 kX (a) and 50000 kX (b-c). The estimated
diameter for each sample is respectively equal to, left-to right direction: 112
+ 14 nm (a), 124 £ 25 nm (b) and 100 £ 11 nm (c)

PNE nanoparticles were synthesized following the same procedure for PDA.
In particular, the growth of PDA and PNE NPs during the synthesis was
monitored, as well as pH (pH range during synthesis: 8.6-8.3), by analyzing
NPs samples produced at different reaction times (Fig. 4.3). As shown in
Figure 4.3, the PDA nanoparticles gradually grow (from 60 to 310 nm) by
increasing the synthesis time. The capability to tune the size of the
nanoparticles, only as a function of time, is an interesting result that deserves
a more in-depth investigation. In the case of PNE, it seems that the kinetic
growth of seeds occurs slower compared to PDA. This first assumption is a
consequence of a simple experimental observation. PNE NPs subjected to a
synthesis process of less than 5 h, during the centrifugation (20 000 g)
remain in solution. In addition, morphological characterization will be
performed to complete the observation. The PNE NPs diameter, estimated
through Imagel software, results smaller compared to their PDA homologues,
as verified by SEM (Fig. 4.3).
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Fig. 4.3 SEM images acquired at different “time synthesis”. On the left SEM
micrographs for PDA while on the right SEM micrographs for PNE. The
estimated diameter for each sample is shown in the SEM figures

Thereafter, we carried out the first attempts to make core-shell nanoparticles
completely biocompatible, by avoiding the metal-based core. In this case, the
procedure was constituted of two steps. The first step consists in the core
synthesis (PDA or PNE), here described so far, a non-imprinted polymer,
which after the washing steps were lyophilized for longer storage. A
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morphological evaluation, pre (Fig. 4.4a) and post (Fig. 4.4b) freeze drying
process was performed on the PDA NPs revealing that this did not affect the
morphology and particles’ size (see Fig. 4.4). The second step consists in a
subsequent polymerization in co-presence of the seeds (core NPs), a
functional monomer (DA or NE) diluted in Tris-HCI buffer pH 8.5, to obtain
an external shell that covers the core. In Fig. 4.4 two different combinations
of core-shell NPs are presented: PDA@PNE (left) and PNE@PNE (right). A
significant increase in size (from 80 to 241 nm), comparing the core and the
core-shell structures, was observed only for the second combination,
PNE@PNE core-shell although clusters of two-three PNE NPs may be
observed. An interesting point that will be addressed, in terms of physical-
chemical properties, is the combination of different pCAs into the same
structure. The core-shell design will be optimized by well weighting the
monomers’ concentration to cover a single particle (considering the number

of particles) in order to be able then to print the shell itself.
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Fig. 4.4 SEM images of the PDA core (a), the freeze-dried core (b) and “core-
shell” PDA@PNE structures (c). On the right, SEM images of the PNE core (d)
and core-shell” PDA@PNE structures (e)
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4.4.1 SPR binding interaction analysis of nano-IBPs

Although a more-in depth nanostructure optimization, as well as
characterization, is needed, a first explorative binding test of nano-IBP was
performed. A direct binding analysis involving gonadorelin, immobilized on
the sensor chip with a suitable chemistry (gonadorelin immobilization level=
413.3 RU), and nano-IBPs was carried out.

The direct binding nano-IBPs test has displayed a well-measurable SPR signal
(88.9 £ 2.6) with very good repeatability (%CVa= 2.9, Fig. 4.5). Non-
imprinted BPs, as control surfaces, were also tested in the same manner. In
this second case, the analytical signal recorded is lower than nano-IBPs (Fig.
4.5). The results gathered during this SPR experiment (Fig. 4.5) strongly
suggested that the imprinting process was indeed successful and that
gonadorelin is reversibly bound to the cavities on the nano-IBPs. This
behavior may be associated with the selectivity of the nano-IBPs towards the
template gonadorelin. These “objects” proved to be extremely promising in

this first trial to undertake further studies in a multidisciplinary field.
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Fig. 4.5 SPR responses comparison for the nano-IBP (or nano-MIP) and non-
imprinted BP (or nano-NIP) versus the analyte, gonadorelin, covalently
immobilized onto a sensor surface chip
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Catecholamines — based bioanalytical tests
on microplates

Microplates, also known as microwell plates, are one of the most widespread
and straightforward tools employed in the biomedical field, as well as
conceived and designed by G. Takatsy in 1950 (Hungary) as an 8 x 12 matrix
of wells (96 total wells) [1]. These types of platforms are extensively used
since the 1970s for immunological testing assays (such as ELISA) along with
a rapidly growing, in recent years, for various biological measurements,
thanks also to the optimization of the automation technology. Moreover, they
are largely employed in clinical and analytical workflows to streamline and
miniaturize bioassays eventually a priori optimized and tested with benchtop
instrumentation. In our case, the strategy to move from benchtop optical
spectroscopic platforms towards their miniaturization, to accomplish in-situ
measurements, is a valid and ambitious goal to pursue (as described in
Chapter 3).
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This strategy allows reducing the costs of the overall analysis as fewer
reagents are required due to the lower well volume (micro-scale well
features). Moreover, microplates allow high-throughput screening of multiple
samples, simultaneously. This type of substrate is generally very useful to
develop the most disparate assays (liquid or solid-phase assays) limited only
by the research imagination. In this context, colorimetric assays
(colorimetry) have a prominent role in the bioanalytical field research for
detecting the presence of various analytes. These assays involved responses
that cause naked-eye visible and measurable color changes (intensity of
electromagnetic radiation in the visible region of the spectrum) due to
enzymatic, chemical, or plasmon-mediated chemical reactions between
spotted reagents and/or biological or mimetics receptors, analytes or
chemicals, previously deposited onto the microplate.

Motivated by the need for decentralized, simple, and low-cost platforms,
some research studies described in this PhD dissertation were dedicated to
addressing clinical problems that need diagnostic tests to guarantee quick
decision-making. The selection of a microplate, in terms of well shape and
polymeric composition, follows the choice of assay technology. In all
experiments, we have employed microplates constituted by common
untreated polystyrene (PS), an unsaturated hydrocarbon-based polymer
partially positive and negatively charged due to the presence of aromatic
substituents, which is capable of sticking to proteins. Moreover, the
microplates selected own flat-bottom wells that are well-suited for bottom-
reading applications, as our absorbance microplate reader [1].

In detail, two original colorimetric bioassays, which do not involve enzymatic
labels, were designed for detecting different analytes, by evaluating for all
the analytical figures of merit. Moreover, the tests developed are joined by
the role of the catecholamine DA (see chapter 2). The strategies designed
were also validated with commercial kits or the related reference methods,
when available, to highlight the positive and promising features of these
simple colorimetric microplate-based assays in order to expand their practical

use.

159



CHAPTER 5

References

1. Auld DS, Coassin PA, Coussens NP, Hensley P et al. Microplate selection and
recommended practices in high-throughput screening and quantitative biology. 2020;
In: Markossian S, Grossman A, Brimacombe K, et al., editors. Assay Guidance Manual.
Bethesda (MD): Eli Lilly & Company and the National Center for Advancing
Translational Sciences; 2004-.

The two case studies investigated were outlined below:

e A model screening tool was developed to detect hypochlorous acid,
produced by myeloperoxidase during inflammation, which is characteristic of
several neurodegenerative disorders. Physiologically, chlorinated byproducts
of dopamine (dopamine-quinones) were generated in neurons and were
observed in brains affected by Parkinson’s disease.

» A PDA-based method for the quantification of human serum albumin (HSA),

a “biochemical doorbell” of kidney damage, directly from urine samples.
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5.1 Preliminary screening tool for hypochlorous acid of
neuronal oxidative stress

Based on the following study:

P. Palladino, F. Torrini, S. Scarano, M. Minunni. Colorimetric analysis of the
early oxidation of dopamine by hypochlorous acid as preliminary screening
tool for chemical determinants of neuronal oxidative stress, Journal of
Pharmaceutical and Biomedical Analysis 179 (2020) 113016.

5.1.1 Aim and objectives of the study

The hypochlorous acid produced by the innate immune system during
inflammation characteristic of several neurodegenerative disorders is
responsible for the generation of chlorinated byproducts of dopamine in
neurons where this neurotransmitter reaches the highest concentration.
Therefore, this physiological acid could play a key role in neuronal oxidative
stress associated to aberrant dopamine-quinones (DQ) production. Here we
report a model study simulating simplified conditions of HOCI reaction with
dopamine (DA) in neurons, showing for the first time that DA is immediately
converted by HOCI to the yellow colored DQ molecule. The DQ originated
from dopamine oxidation results directly proportional to the total amount of
the oxidant with excellent reproducibility. Furthermore, following the several
evidences of the interplay between cytosolic dopamine and calcium in
neurodegenerative disorders, we have verified that the presence of calcium
cation influences the dopamine oxidation pathway likely due to the metal
chelation by semiquinone formed in the early stage of dopamine oxidation.
This experimental approach, based on the isolation of the highly reactive DQ
molecule, could be useful for prelaminar investigation of the (putative)

determinants of dopamine-poisoning derivatives formation.
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Graphical abstract
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5.1.2 Introduction

The history of dopamine (DA) investigation starts at the beginning of the 20th
century with the chemical synthesis [1]. Later on, DA was identified in human
body, together with the description of the DA metabolism in the brain and
peripheral areas that allowed the explanation of age-related synthetic
decline, the recognition of pathologies associated with concentration
anomalies of DA and subsequent associated-drugs application in several
medical conditions [2,3]. Finally, there was the reawakening of synthetic
dopamine at the beginning of the 21st century [4-6], when the non-
enzymatic oxidation to ortho-quinone and the subsequent self-polymerization
has generated several applications in medicine, (bio)analytical chemistry,
and materials science [7-11]. However, the largest body of research is still
focusing on the neuronal oxidative reactions of dopamine that have been
postulated to be involved in Parkinson’s disease (PD), according to the theory
of the conversion of neurotransmitters into cytotoxic molecules during
cerebral inflammation. In detail, DA is synthesized in the cytoplasm of
dopaminergic neurons, where it is transported into synaptic vesicles and
released by exocytosis; alternatively, DA serves as a precursor for the
synthesis of other catecholamine neurotransmitters. The excess of cytosolic
DA is catabolized by monoamine oxidase or sequestered into the lysosomes
forming neuromelanin starting from the oxidation of DA to dopamine- ortho-
quinone (DQ) (see Fig. 5.1) [4,12-14].The redistribution of DA from the
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synaptic vesicles, where it is maintained in a reduced state by the low pH, to
the cytosol can lead to cellular damage, for example inducing «-synuclein
misfolding and aggregation [15], with a mechanism common to other
proteins associated to neurodegenerative disorders [16,17], that could lead
to an unrestrained DA cytosolic accumulation and further oxidative stress
[14,18-20]. Particularly interesting appears the role of hypochlorous acid
(HOCIl), which is produced by the myeloperoxidase (MPO) during
inflammation and generates the chlorinated byproducts of dopamine
observed in brains affected by PD [21]. Although MPO is also able to directly
oxidize dopamine without producing HOCI, the latter could play a main role
in neuronal oxidative stress associated to aberrant DQ production.
Accordingly, here we propose a fundamental study on the early oxidation of
dopamine by means of visible spectroscopy, showing for the first time that
DA is immediately converted by HOCI to the yellow colored DQ molecule.
Furthermore, we have verified that the presence of calcium cation, involved
in a-synuclein stability and PD insurgence [22-24], effectively affects the
DQ formation likely due to its chelation by dopamine semiquinone formed in
the early stage of DA oxidation to DQ [4,12-14], whereas the time evolution
of the DQ interconversion to aminochrome (AC) indicates that the presence
of Ca?* does not influence the kinetics of this transformation. More in general,
this colorimetric assay could be useful for preliminary analytical screening of
putative chemical determinants of dopamine-poisoning derivatives formation
in presence of oxidative stress before any study in much more complex

biological models of neuronal environment [12,14,18,19,21,25].
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Fig. 5.1 Schematic representation of dopamine oxidation, and hypothetical
chlorination, by HOCI according to literature [4,12-14]. The initial oxidation
of dopamine (DA) produces the corresponding dopamine-ortho-quinone
(DQ). The following DQ cyclization step gives leukoaminochrome (LC) that is
subsequently oxidized to aminochrome (AC). Then, AC rearranges to 5,6-
dihydroxyindole (DHI), which can be oxidized to indole-5,6-quinone (IQ) and
polymerize to form neuromelanin

5.1.3 Materials and methods
5.1.3.1 Chemicals and reagents

Salts, dopamine hydrochloride, ethylenediaminetetraacetic acid disodium salt
dihydrate (EDTA), and spectrophotometer cuvettes disposable polystyrene
(PS) were purchased from Sigma Aldrich (Milan, Italy). Sodium hypochlorite
solution was purchased from Merck KGaA (Germany) (Lot number:

K50436114, containing 120 g L~ ! of active chlorine as calculated from
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iodometric titration). All reagents were used without further purification.
Water used for all preparations was obtained from a Milli-Q system (Millipore

Corporation, MA, USA) to avoid metal-induced oxidative processes on DA.

5.1.3.2 UV-Vis spectroscopy

Absorbance spectra were recorded on a Thermo Scientific Evolution 220 UV-
vis spectrophotometer. Optical measurements were performed at 20 °C using
quartz cells for kinetics for the wave- length range of 190+680 nm with
optical path length of 1.0 cm and PS cuvettes with optical path length of 1.0
cm for titration in visible region only. All the experiments were recorded with
a 30-s delay. Titration experiments were performed adding freshly prepared
oxidant solution of NaClO or Ca(ClO)2 in H20 to several dopamine-containing
PS-cuvettes with a final concentration of DA 1.2 mM in KH2PO4 0.5 M pH 3.8,
with three replicas for each oxidant concentration. Kinetics experiments were
performed keeping constant both concentrations of dopamine and oxidant.

Data were analyzed with Origin® software.

5.1.4 Results and discussion

5.1.4.1 The relevance of acidic pH in dopamine oxidation

Catecholaminergic neurons synthetize dopamine in the cytosol, where the pH
is neutral; then it is readily transported into the synaptic vesicles and stored
in an acidic environment where it is stable towards oxidation unless in
presence of high temperature and pressure, UV irradiation, transitions
metals, or other strong oxidants [26]. The latter two are the most
physiologically relevant enzyme-free conditions for aberrant quinones
production in the cell. In particular, the stability of dopamine at acidic pH
could be undermined in presence of HOCI generated by the innate immune
system during the inflammation process that is characteristic of several
neurodegenerative disorders [21]. Accordingly, to simulate the synaptic
environment and relevant reactions, we decided to study the first stage of

dopamine oxidation at acidic pH by HOCI to attempt for the first time the
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isolation, in ideal conditions, of the DQ monomeric species. Otherwise, the
auto-oxidation at neutral/basic pH would skip the DQ formation stage in favor
of AC and subsequent oxidations steps up to polydopamine (PDA) formation.
Considering that the relative concentrations of HOCI and its conjugate base
(OCI~) are strongly dependent on pH (pKa 7.5 at 25°C), herein several salts
have been tested to keep the pH of sample solutions around 4 where HOCI
virtually represents the total chlorine present in solution [27], therefore
excluding the contribution of OCI~ that is about equimolar to HOCI at the
neutral pH of cytosol, whereas should be a negligible component in the acidic
medium of synaptic vesicles here simulated for the screening of hypothetical
chemical determinants of dopamine oxidation. Among acetic acid/sodium
acetate, citric acid/sodium citrate (data not shown), and KH2PO4 (final
concentration 0.5 M, pH 3.8) the latter resulted the best in terms of UV-vis
data repeatability, somehow reinforcing the previously reported evidence
that phosphate salts do not alter the rate of dopamine oxidation in water,
whereas other buffers resulted unsuitable because inhibiting or accelerating

the dopamine oxidation [13].

5.1.4.2 Dopamine titration with HOCI at acidic pH

Dopamine-ortho-quinone has been previously observed by oxidation of DA

by using NalOs4 in water or MnO2 in aqueous acidic solution (HCI 30 %)
[14,28]. Early analysis of dopamine reaction with hypochlorous acid were
performed at neutral or basic pH, where large amount of chlorine is present
as CIO~ [27], without characterization of DQ intermediate [21]. Therefore,
this is the first report showing that DA is immediately converted by real HOCI
to the yellow colored DQ (Amax 395 nm). The titrations of dopamine solution
with HOCI are reported in Fig. 5.2. The color intensity of DQ solutions is
directly proportional to HOCI concentration (R? = 0.996, see Table 5.1) up to
a maximum corresponding to two equivalents of oxidant (Fig. 5.3) with very
good repeatability (CV%mean=2.97 between 31.2 uM and 5.00 mM), virtually
covering the amount of HOCI estimated in diseased brains (20 + 400 uM)

[29], which could correspond to both the complete two-electrons conversion
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of catecholamine to ortho-quinone, and DA chlorination. Additional oxidant
leads to color lost in proportion to the new amount of active chlorine added
in solution, likely due to further oxidation of DA to not-visible end products,
e.g., leukochrome (Amax 296 nm) and 5,6-dihydroxyindole (Amax 320 nm),
which are part of the electro- chemical and chemical reaction pathway of PDA
formation (Fig. 5.1). Furthermore, the observation of the same cuvettes after
60min shows the appearance of AC peak (Amax 480 nm) together with a
decreased intensity of DQ peak, plus broad absorbance at high wavelengths
indicative of dopamine polymerization. Notably, at higher concentrations of
HOCI (Fig. 5.2, right panels) AC formation is slightly visible, and, more
interestingly, the decreased intensity of DQ peak seems not accompanied by
dopamine polymerization. Accordingly, we infer that high HOCI concentration
could lead to dopamine ring chlorination, likely in position 5, that impairs the
DQ cyclization (Fig. 5.1) [21]. Thus, the relative concentration of HOCI and

dopamine could be determinant in the oxidation pathway.

167



CHAPTER 5

 —_HOCI250x 10° M " HOCI3.00% 10°M
1.5F HOCI 2.00x 10° M ——HOCI 3.50x 10° M
HOCI 1.50 x 10° M ——HOCI 4.00x 10° M
———HOCI 1.00x 10° M HOCI4.50 x 10° M
8 HOCI 5.00 x 10 M ——HOCI 5.00 x 10° M
c10F ——HOCI250x 104 M L ——HOCI 10.0x 10° M
@ ——HOCI 1.25x 104 M
2 ——HOCI6.25x 10° M
1 \ ——HOCI 312X 105 M
_Qos_‘ 3 HOCI 1.56 X 10°M |
< HOCI 7.81x 10° M
HOCI 3.91x 10° M
——HOCI 1.95x 108 M
[0
Q
c
@
o
S
o
7]
a
<
0.0 - —
300 350 400 450 500 550 600 300 350 400 450 500 550 600 650

Wavelength (nm) Wavelength (nm)

Fig. 5.2 Dopamine oxidation by HOCI at pH 3.8 analyzed by optical
spectroscopy. UV-vis spectra solutions containing a fixed concentration of DA
(1.2 mM) with increasing concentrations of HOCI from NaClO (1.95 uM to 2.5
mM on the left, and 3.0-10.0 mM on the right) recorded with a delay of 0.5
min (upper panels) and after 60 min (lower panels)

Table 5.1 DQ formation in dependence of oxidant concentration at 0.5 min
and 60 min

Oxidant ?mmi(re\) Range (103 M) Intercept+SD Slope £ SD R2
0-1.5 0.003+0.001 0.753+£0.015 0.996
0.5
3.0-10 2.011+£0.014 —-0.190+£0.002 0.999
NaClO
0-2.5 —0.005+0.009 0.389+0.009 0.993
60
2.5-4.0 2.451+0.106 —-0.609+£0.032 0.994
0-1.5 0.003+£0.003 0.261 +£0.005 0.996
0.5
3.0-10 0.545+0.068 0.023+0.013 0.436
Ca(ClO),
60 0-5.0 0.011+£0.006 0.158 +£0.003 0.996
5.0-10 N.A. N.A. N.A.
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Fig. 5.3 Dopamine oxidation by HOCI at pH 3.8. The absorbance at 395 nm
corresponds to DQ formed by DA oxidation (1.2 mM) in presence of HOCI
from NaClO (blue lines and circles) or Ca(ClO)2 (red lines and circles) in
cuvettes after 0.5 min (left panel) and 60 min (right panel) (For interpretation
of the references to colour in this figure legend, the reader is referred to the
web version of this article).

5.1.4.3 Calcium effect on dopamine titration with HOCI at acidic pH

There are several evidence of the interplay between cytosolic dopamine and
calcium in neurodegenerative disorders [22-25].

Accordingly, we have verified the direct influence of this cation in dopamine
oxidation too in a model system. The titration reported in Fig. 5.2 has been
repeated in presence of Ca?* introduced by using Ca(ClO):z instead of NaClO
to be quantitatively converted in HOCI at pH 3.8. Fig. 5.4 clearly shows the
reduced amount of DQ formed in presence of Ca?* in comparison with above
reported experiments. Moreover, additional important aspects appear from
data analysis in Fig. 5.3 and Table 5.1. Although reduced in presence of
calcium, the amount of DQ produced recalls a saturation curve, without any
decrease during all the HOCI titration. Furthermore, the same solutions
observed after 60 min show an increase of DQ intensity in presence of Ca%*
up to 5 mM of HOCI, which is the opposite behavior observed without Ca?*.

We try to rationalize these results considering the chelating effect of the
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semiquinone formed in the early stage of dopamine oxidation to DQ [28].
This anion would act as calcium sequestrant resulting stabilized and thus
slowing down the rate of DQ synthesis and subsequent reactions reported in
Fig. 5.1. At the same time, this kinetic trap would represent a reservoir that

generates larger amount of the DQ observed after 60 min.
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Fig. 5.4 Dopamine oxidation by HOCI at pH 3.8 in presence of

Ca?*. UV-vis spectra solutions containing a fixed concentration of DA (1.2
mM) with increasing concentrations of HOCI from Ca(ClO)2 (from 1.95 uM to
2.5 mM on the left, and 3.0-10.0 mM on the right) recorded with a delay of
0.5 min (upper panels) and after 60 min (lower panels).

5.1.4.4 Kinetics of dopamine oxidation by HOCI

Upon HOCI addition at DA acid solution, the catecholamine is visibly
converted in yellow DQ within few seconds, whereas the acidic pH delays the
AC formation. This simplified system allows to observe the time evolution of
the DQ interconversion to AC by means of UV-vis spectroscopy without

isolation steps. Fig. 5.5 shows equimolar amount of DA and HOCI (1.2 mM)
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at pH 3.8. The initial DQ absorption at 395 nm decreases and results
progressively replaced by AC with a maximum absorbance at 480 nm and a
shoulder around 307 nm. The isosbestic points clearly visible in Fig. 5.5
ensure the presence of only two molecular species during the experiments
here described. Such behavior is qualitatively preserved in presence of
calcium ions derived from Ca(ClO)2.. However, the intensity of each
characteristic peak is much lower, confirming the observation from dopamine
titration experiments (see above). Notably, the presence of EDTA, used as
calcium chelator, increases the absorbances, almost restoring the spectra
obtained in absence of Ca?". Moreover, the kinetic analysis of DQ
rearrangement has been reported in Fig. 5.6 considering a first-order reaction

according to Eq. (1):
AbsSgs,m = A+ (B — A) x e kXt (1)

where B is the absorbance of DQ at 395 nm and t°, i.e., prior of any molecular
rearrangement (B = g5, X [DQ],), whereas A is the absorbance at the same
wavelength after fully conversion to AC (A4 = &4,m X [DQ],). Data fitting
resulted very good, and the associated parameters are reported in Table 5.2.
The first-order rate constants appear identical within the error, clearly
indicating that the presence of Ca?* does not influence the kinetics of DQ-to-

AC transformation but only the DA oxidation to DQ.
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Fig. 5.5 DQ interconversion to AC inpresence of Na*, Ca?*, and EDTA. UV-
vis spectra of DA (1.2 mM) in presence of equimolar HOCI at pH 3.8 from
0.5— 60 min (left panel). The same experiment is reported in presence of
calcium ions derived from Ca(ClO)2 (middle panel), or in the presence of both
calcium ions derived from Ca(ClO)2 and EDTA (right panel).
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Fig. 5.6 Data analysis of DQ interconversion to AC. Absorbance values at
395 nm for DA solution (1.2 mM) in presence of equimolar hypochlorite from
NaClO (solid line and black circles) or Ca(ClO)2 (dashed line and white
circles). Data have been fitted considering a first-order reaction (Eq. (1)).
Results of data fitting are reported in Table 5.2.
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Table 5.2 First-order kinetics of DQ interconversion to AC in presence of Na*

or Ca%*

Oxidant A£SD B+SD k+SD (min~?t) R2
NacClO 0.095+0.025 0.820+£0.009 0.029 £0.002 0.997
Ca(ClO): 0.052+0.006 0.357+£0.002 0.030+0.001 0.999

5.1.4 Conclusions

To the best of our knowledge, this study represents the first report on the
ability of HOCI, a naturally occurring oxidant in neurons, in forming
dopamine-ortho-quinone (DQ) from dopamine. The impact of this pathway is
clinically relevant since aberrant DQ levels are connected to
neurodegenerative disorders. As a model system, to study the first stage of
dopamine oxidation isolating the DQ molecule, the experiments have been
performed in presence of HOCI at acidic pH to avoid the DA autooxidation.
The oxidation reaction was carried out at pH = 3.8 that is lower than the pH
expected for the neuronal cytosol but guarantees that the chlorine in solution
is quantitatively converted to HOCI [27]. DQ has been kinetically isolated,
and quantitatively determined as a linearly correlated product of HOCI
concentration (R? = 0.996), with excellent averaged repeatability (CV%mean
= 2.97). Moreover, following the several evidences of the interplay between
cytosolic dopamine and calcium in neurodegenerative disorders, the influence
of calcium cation in dopamine oxidation has been investigated. A reduced
amount of DQ formed in presence of Ca?* after few seconds together with an
increase of DQ intensity after 60 min has been evidenced. This is likely due
to the chelating effect of semiquinone formed in the early stage of dopamine
oxidation that could decrease the rate of DQ synthesis. Finally, we have
observed the time evolution of the DQ interconversion to AC, confirming the
intensity decrease in presence of calcium ions that is restored in presence of
EDTA. Remarkably, the first-order rate constants with and without calcium
ions (R? = 0.999 and 0.997, respectively) appear identical, indicating that

this cation does not influence the kinetics of DQ-to-AC transformation but
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only the DA oxidation to DQ. Our experimental conditions do not pretend to
represent the molecular complexity and heterogenicity of dopaminergic
neuron content even for health individuals [30], where, for example, the local
DA concentration ranges from 10~! M in vesicles to 10® M in cytosol [31,32],
whereas it is about 10° M in extracellular fluid in brain [33]. However, our
experimental approach, based on the isolation of the highly reactive DQ
molecule, could be useful as a preliminary screening tool to study the
influence of other aberrant chemical determinants of oxidative stress on
dopamine-poisoning derivatives formation (e.g., redox active metal cations,
thiols, and other organic reducing agents) before to deal with much more

complex biological models of neuronal environment.
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5.2 Quantification of human serum albumin (HSA) in urine
samples with a polydopamine (PDA)-based method

Based on the following study:

F. Torrini, S. Scarano, P. Palladino, M. Minunni. Polydopamine-based
quantitation of albuminuria for the assessment of kidney damage, Analytical
and Bioanalytical Chemistry (2021) 2217-24. 413

5.2.1 Aim and objectives of the study

Proteinuria is considered indicative of kidney damage that can be related to
various adverse outcomes. Nowadays, there is a huge demand for routine
urine screening methods to assess health risks in clinical setting without
expensive procedures and long pretreatment of the sample. To address this
issue, a polydopamine-based colorimetric assay to determine urinary albumin
concentration in real samples is proposed here. The core of this approach
relies on the established competitive adsorption of polydopamine film and
human serum albumin onto the polystyrene surface of ELISA plates. Herein,
we investigated the influence of temperature and the Tris-HCl buffer
concentration on the polydopamine film growth. The absorbance of
polydopamine film, after 24 h at 25 °C, decreases with the increase of HSA
concentration, allowing the selective detection of HSA down to 0.036 + 0.001
g L' in untreated urine. This simple and low-cost bioanalytical assay
exhibited very good repeatability, %CVmean = 2 in human urine, and was
superior in terms of analytical performances to some standard methods
available on the market, especially in comparison to the Bradford assay, for

early screening and assessment of kidney damage.
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5.2.2 Introduction

Urinalysis plays a pivotal role in routine clinical practice, along with other
exams, to detect the level of biomarkers used for disease diagnosis and
monitoring, including infections, diabetes, liver, and kidney disorders [1].
Timely and accurate assessment of kidney disease, a harmful and outspread
pathology, is extremely important for a prompt diagnosis and management
of the health risks [2]. In particular, the chronic kidney disease affects almost
10% of the population, which makes it the ninth leading cause of death in
the world, largely linked to elevated albumin in urine [3, 4]. Such proteinuria
may originate primarily from kidney damage and can be transient or
persistent [5-8]. A transient increase of proteins in urine may be correlated
to non-renal pathology, like intensive physical exercise, fever or sepsis,
anemia, and urinary tract infection. Conversely, a persistently high level of
protein excretion has a relevant impact on the clinical outcome, like
cardiovascular diseases, infections, metabolic and endocrine disorders,
frailty, and cognitive impairment. Among the possible causes of this condition
may be encountered glomerulonephritis, polycystic kidney disease, diabetes,
obesity, or ischemia. Furthermore, nowadays, clinical trials are focused on a

possible association between proteinuria and cancer incidence [4, 9, 10]. In
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clinical setting, proteinuria is classified as “selective” when albumin, the most
abundant protein of the human blood plasma, constitutes a substantial
majority of the urinary protein [5]. In this study, we considered the
aforementioned condition. Currently, albuminuria is mainly assessed by using
a semi-quantitative dipstick, alternatively by electrophoresis, colorimetric, or
turbidimetric assays [1, 5, 11]. The concentration of albumin in urine during
clinical exam is expressed as concentration of human serum albumin (HSA),
or as urinary albumin-to-creatinine ratio [12]. The latter value is extremely
useful when a sample is analyzed randomly because the concentration of
creatinine, a metabolic waste product, represents the normalization factor
that compensates some usual variation in the urine excretion over the course
of the day [5]. In this framework, we looked at the specific application of a
simple polydopamine (PDA)-based colorimetric platform described by
Palladino et al. [13], which essentially relies on the competitive isothermal
adsorption of a polydopamine layer and proteins on polystyrene surface of
multi-well plate. In particular, it has been reported that the PDA absorbance
in the visible region decreases with the increase of protein concentration,
allowing the analytical quantification of biomarkers like albumin here
examined. Here, we have investigated the influence of two fundamental but
unexplored parameters of dopamine polymerization other than its
concentration, namely temperature and salt concentration of the ordinary
buffer for pH control. This allowed to achieve further insights into
physicochemical determinants of PDA formation from its monomer by
providing a better overview and control of medium determinants of PDA
growth in the presence of real samples without pretreatments. Accordingly,
here we present a very simple, low-cost, and robust experimental asset for
high-throughput urine single spot screening of albuminuria condition, from
micro- (0.02 g L™ < [HSA] < 0.2 g L™!) to macroalbuminuria ([HSA] > 0.2 g
L-1), without sample treatments, including dilution [14-17]. As proof of
concept, the proposed methodology is compared with some commercial
colorimetric methods for proteinuria analysis covering different working

ranges, overlaying the dynamic range reported above, namely ELISA assay
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(0.003-0.240 g L™1), dipstick test (0.02-0.10 g L™!), and Bradford assay
(0.1- 1.4 g L71). The analytical performances of PDA-based colorimetric
approach have been evaluated by testing artificial and real human urine
samples spiked with HSA to cover the reference values reported above for
micro- and macro- albuminuria and used in the clinical practice to identify
the severity level of renal injury. The results obtained showed good
reproducibility, offering a complementary bioanalytical assay in clinical
proteomics, and appearing especially superior to the Bradford assay, for early

screening and assessment of kidney damage.

5.2.3 Experimental section

5.2.3.1 Materials and chemicals

Dopamine hydrochloride, sodium chloride, glacial acetic acid,
tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCI, purity >99%),
and human serum albumin were purchased from Sigma-Aldrich (Milan, Italy).
Ultrapure water (resistivity 18.2 MQ cm Millipore corporation, USA) was used
for all experiments. Buffers were filtered by using vacuum filter cups (0.22
pm pore size). All the trials were carried out by setting a fixed temperature
through a thermostatic oven. Artificial urine for testing sterile urethral
catheters, ready-to-use solution prepared according to DIN EN 1616:1999,
was acquired from Pickering Laboratories (Mountain View, USA). Artificial
urine composition (pH 6.6 + 0.1): 25.00 g L=! urea, 9.00 g L~! sodium
chloride, 2.50 g L' potassium dihydrogen orthophosphate, 2.50 g L'
disodium hydrogen orthophosphate anhydrous, 3.00 g L~! sodium sulfite
hydrated, 3.00 g L=! ammonium chloride, and 2.00 g L~! creatinine.
Disposable 96-well microtest plate flat-bottom, with low binding polystyrene
solid surface, and acetate foil for 96-well were obtained by Sarstedt
(Nimbrecht, Germany). Bradford protein assay was from Bio-Rad (Milan,
Italy) with a linear range from 0.1 to 1.4 g L=!. Human microalbumin ELISA
kit was purchased from Bioassay Technology Laboratory (Shanghai, China)
with a standard curve range from 0.003 to 0.240 g L~!. Micral urine test strips

(0.02-0.10 g L) were purchased from Roche diagnostics (Monza, Italy).
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5.2.4 Methods and instrumentation
5.2.4.1 The effect of temperature on the PDA film growth

Polydopamine films were prepared on a disposable microwell platform by

dropping a freshly prepared solution of 5.00 g L=! dopamine in 20 mM Tris-
HCI pH 8.50 (100 pL/well). The platform was left upside down for 24 h at a
fixed temperature on a thermostatic oven under static condition to achieve
the polymeric film formation. The dependence of PDA growth on temperature
has been determined at 5 °C, 15 °C, 20 °C, 25 °C, 30 °C, 35 °C, 40 °C, and
45 °C with eight replicas for each temperature. In this context, to prevent
the dehydration of the PDA film at high temperature, the microwell platforms
were properly sealed with an acetate foil. The polymerization was followed
by four washing steps. The wells were rinsed with deionized water and then
emptied onto absorbent paper. Lastly, the wells were filled with 100 pL/well
of deionized water for optical density measurements at different wavelengths
(415, 450, 490, 555, 595, 655, 750 nm) by using iMark™ microplate

absorbance reader.

5.2.4.2 The effect of buffer concentration on the PDA film growth

Polydopamine films were prepared on a disposable microwell platform by

dropping a freshly prepared solution of 5.00 g L=! dopamine in Tris-HCI pH
8.50 (100 pL/well), at several concentrations (160 mM, 80.0 mM, 40.0 mM,
20.0 mM, 10.0 mM, 5.00 mM, 2.50 mM, 1.25 mM, 0.625 mM), or H20. The
platform was left upside down for 24 h at 25 °C in a thermostatic oven under
static condition to achieve the polymeric film formation. The polymerization,
washing, and reading steps were the same reported above to monitor the

temperature effect on the growth of the PDA film.

5.2.4.3 The effect of urine matrix on the PDA film growth

The potential urine matrix interference in the measurements of the urinary
HSA content was tested by measuring the influence of artificial and human

urine samples on PDA growth from dopamine. Moreover, the same
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experiments were repeated in the presence of the target macromolecule and
the results were compared to the blank (dopamine in buffer only). The
samples of urine (50 uL/well) were carefully added to wells and gently mixed,
to avoid foaming, with 10.00 g L=! dopamine in 320 mM Tris-HCI pH 8.50,
with or without HSA (2.00 g L~1) (50 uL/well). The plates were flipped for 24
h at a controlled temperature of 25 °C under static condition and then washed
as mentioned in the previous section. The wells were filled with 100 uL/each
of deionized water and the optical density measurements were conducted at

a fixed wavelength (415 nm).

5.2.4.4 The analysis of artificial and human urine samples

The study focused on the examination of standard artificial urine, and real
matrix samples collected from a healthy volunteer. The artificial and real
urine samples were spiked with HSA at different concentrations spanning
from 0.02 to 1.00 g L. Spiked and unspiked urine sample aliquots were
subjected to the same experimental procedure except for HSA addition. No
preserving agent was added to the urine real samples, since they were
immediately analyzed. The standard artificial urine is not stabilized but stored
at — 20 °C. The samples (50 uL/well) were carefully added to wells and gently
mixed, to avoid foaming, with 10.00 g L~! dopamine (50 pL/well) in 40 mM
or 320 mM Tris-HCI pH 8.50. The procedure continues as described in the
previous section. The same urine samples have been analyzed with some
commercial kits/analytical methods, i.e., Bradford protein assay, ELISA kit,
and dipstick test kit specific for urine analysis, according to the standard
operating procedure reported by each supplier. In particular, the Bradford
assay protocol consists of mixing 5 yL of protein sample with 145 pL of
Bradford reagent (Coomassie blue) on the microwell plate (150 uL/well),

reading the color developed by solution at A = 595 nm.

5.2.4 Results and discussion
With the aim to develop a robust method with large applicability for

polydopamine-based quantitation of albuminuria, here we have preliminary
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investigated two fundamental environmental factors, other than dopamine
concentration previously explored [13], influencing dopamine polymerization
and its adsorption onto the surface. In detail, we have studied a broad range
of conditions for temperature and buffer concentration that normally could
change between different laboratories or set of experiments, and potentially
affecting the reproducibility of the urine analysis. Subsequently, we have
studied the effect of the urine matrix on PDA growth prior to analyze real
human urine samples also in comparison with common analytical methods

for urine analysis.

5.2.4.1 PDA growth as function of temperature

Here, we conducted, for the first time to our knowledge, a systematic study
of the polydopamine growth as function of the temperature at fixed
concentration of dopamine (5 g L7!), by measuring the absorbance of the
polymeric film grafted to polystyrene microwell plates. Temperature effect
was investigated over the range 5 to 45 °C that covers the ambient operating
temperatures. Figure 5.7a shows the increase of the optical density with the
temperature, recorded on the visible range, likely due to thicker layer
formation of PDA onto polystyrene surface. In particular, the absorbance at
415 nm, most indicative of PDA formation, follows a sigmoidal trend
increasing with the temperature. The sigmoid shows the inflection point
around 25 °C, with a larger relative increase between 15 and 35 °C, whereas
below 15 °C and above 35 °C, the relative growth of PDA film is less marked
than between these temperatures (Fig. 5.7b). The same behavior has been
observed at any wavelength (data not shown). These results appear
particularly significative underlying that temperature variability, typically
encountered among analytical laboratories, can largely affect the dopamine
polymerization and deposition. Accordingly, we have chosen 25 °C as the
working temperature, fixed by a thermostatic oven for subsequent
experiments, because this condition ensures absorbance readability, high
repeatability, and limited incorporation of irregular aggregates which can

potentially be formed at higher temperature due to drying. The complete
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dataset for experiments in dependence of temperature in Fig. 5.7 is reported

in tables 5.3 and 5.4.

Table 5.3 Coefficient of variation (%CV) for PDA absorbance values
(Dopamine 5.00 g L't in 20 mM Tris-HCI) vs wavelength (A) from Fig. 5.7a

%CV of Appa @ different A

A (nm) 5°C 15°C 20°C 25°C 30°C 35°C 40°C 45°C
415 23 10 5 4 3 4.7 3 2
450 23 11 6 4 6 5.4 3 5
490 24 12 7 5 5 5 4 5
555 27 14 8 6 7 7 4 6
595 27 14 8 6 1 6 4 7
655 29 16 9 7 5 7 5 8
750 28 17 12 8 9 9 6 9

%CVmean 26 13 8 6 5 6 4 6

Table 5.4 PDA Absorbance (Dopamine 5.00 g L' in 20 mM Tris-HCI) at 415
nm (mean £ SD) and related Coefficient of variation (%CV) vs Temperature

(°C) from Fig. 5.7b

T (°C) Appa@415nm %CV
5 0.056 + 0.013 23
15 0.077 + 0.008 10
20 0.132 + 0.006 5
25 0.185 + 0.007 4
30 0.208 % 0.006 3
35 0.232 + 0.011 4.7
40 0.239 + 0.008 3
45 0.251 + 0.005 2

O/OCVmean 7
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Fig. 5.7 Polydopamine film growth onto the surface of polystyrene multi-well
plates. a) Absorbance of PDA film recorded on a plate reader in the visible
range after 24 h of dopamine 5.00 g L=t polymerization in 20 mM Tris-HCI pH
8.50, and b) its dependence on temperature at 415 nm. ¢) Microwell plate
after 24 h at 25 °C with 5.00 g L=! dopamine at increasing Tris-HCI buffer
concentration and d its absorbance dependence on buffer concentration at
415 nm. The lines in a, b, and d are inserted to guide the eye. Each point
represents the average of eight measurements * standard deviation

5.2.4.2 PDA growth as function of buffer concentration

Herein, we reported the polydopamine growth as a function of the Tris-HCI
concentration, the typical buffer for PDA preparation. The pKa of Tris-HCI is
8.07 at 25 °C, showing a good buffer capacity between 7.1 and 9.1 (pKa +
1). Of course, its resistance to pH change is directly proportional to buffer

concentration [18] and this aspect is particularly important for PDA formation
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because, generally, buffer solutions reported in PDA literature are about 10-
20 mM, which is practically equimolar to the typical dopamine hydrochloride
concentrations (2-5 g L=%, 10 - 26 mM) used in polymerization experiments
[13, 19-22]. Consequently, dopamine alters the solution pH which
determines the equilibrium concentration of the different dopamine species
[23], potentially affecting the PDA formation. Here, we have quantified this
buffer effect by studying the polydopamine growth as function of the buffer
concentration, fixing both the temperature (25 °C) and the concentration of
dopamine (5.00 g L!), and measuring the absorbance of the polymeric film
growth onto the microwell plates as depicted in Fig. 5.7c. Figure 5.7d shows
the progressive increase of the absorbance with the buffer concentration,
probably due to larger deprotonation and self-polymerization of dopamine at
higher pH, as expected. Again, these results appear particularly useful to
achieve high reproducibility for the PDA film formation and its absorbance in
the visible range by avoiding concentration variability of buffer encountered
in different experimental protocols. Moreover, it is also fundamental to
minimize the possible result discrepancies due to unknown composition and
pH of real samples like urine [24] by using an efficient buffer. Accordingly,
we have chosen dopamine 5.00 g L%, 25 °C, and 160 mM Tris-HCl pH 8.5 as
the working conditions for subsequent experiments, conferring larger buffer
capacity to solution and higher optical absorbance values for PDA film
compared to literature data [13]. The complete dataset for experiments in

dependence of buffer concentration in Fig. 5.7 is available in Table 5.5.
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Table 5.5 PDA Absorbance (Dopamine 5.00 g L ') at 415 nm (mean = SD)
and related coefficient of variation (%CV) vs [Tris-HCI] at 25 °C from Fig.
5.7d (artificial urine)

[Tris-HCI] (mM) Appa@415nm %CV
0.000 0.060 + 0.008 13
0.625 0.067 £ 0.010 15
1.250 0.074 £ 0.006 8
2.500 0.088 + 0.002 2
5.000 0.101 £+ 0.006 6
10.00 0.117 £ 0.009 8
20.00 0.162 + 0.008 5
40.00 0.210 £ 0.007 3
80.00 0.235 £ 0.013 5.5
160.0 0.346 + 0.018 5.2

% CVmean 7

5.2.4.3 PDA growth in the presence of artificial and real urine matrix

In this study, we analyzed the potential interference of matrix on the
detection of selective albuminuria condition. In particular, we have evaluated
the contribution of artificial (see Materials and chemicals for composition) and
real matrix to PDA film formation via optical spectroscopy, by fixing the
dopamine concentration at 5.00 g L™!, the temperature at 25 °C, and
choosing 160 mM Tris-HCI pH 8.5 as buffer. The absorbance was recorded at
415 nm, corresponding to maximum absorbance wavelength for
polydopamine film as reported in Fig. 5.7a.

The mean absorbance values of PDA film onto microplates without interferent
(blank, dopamine in buffer) or formed from dopamine in artificial (orange) or
human (yellow) urine, whose components could compete/interfere with PDA
formation and adsorption onto plate surface, are plotted as histograms in Fig.
5.8. Furthermore, absorbance values were also recorded for PDA film formed
from the same urinary matrices with the addition of human serum albumin
(1.00 g L7 HSA), simulating a sample from a patient with severe kidney
damage and a consequent macroalbuminuria. Figure 5.8 shows that artificial
and human urine matrices have almost no effect on PDA formation, even in

the presence of 2 g L' of glucose (green), giving a matrix-independent
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absorbance within the experimental errors, which represents undoubtedly a
good result for HSA quantification in the real specimens. On the contrary,
matrices spiked with HSA show a large absorbance decrease due to high
competition with PDA for adsorption onto surface of polystyrene. These
results are qualitatively in line with our recent findings at lower buffer
concentration but with a different dependence on protein concentration of the
PDA absorbance (vide infra) [13].

0.40
0 Blank
1 T ® Urine 1
I O Urine 2
@ Glucose
E 0.30 - @ HSA blank |
c 2 HSA 1
0 @ HSA 2
F
é 0.20 + E
g
(m]
<°' 0.10 | / 27
0.00

Fig. 5.8 Polydopamine film growth onto the surface of multi-well plates after
24 h at 25 °C by using dopamine 5.00 g L™! in blank solution (160 mM Tris-
HCl pH 8.5) without (gray) or in the presence of artificial urine (orange),
human urine (yellow), or artificial urine spiked with 2 g L=! of glucose (green)
samples. Bars with stripes represent the PDA film growth in the presence of
HSA (1 g L) in blank solution (gray), artificial urine (orange), and urine
(yellow). PDA absorbance at 415 nm has been measured for each solution,
reporting the mean value (£ SD) calculated on three replicates

5.2.4.4 Artificial and synthetic urine analysis

We have investigated and compared the effect of spiking artificial standard
and real human urine samples with different concentration of HSA (Fig. 5.9).
The range of HSA concentration was chosen to span from microalbuminuria
(0.02 g L7t < [HSA] < 0.2 g L) to macroalbuminuria ([HSA] > 0.2 g L),

which are conditions associated with kidney damage [17]. The human urine
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sample collected has shown a pH around 6, whereas the artificial urine has a
certified pH = 6.6 £ 0.1. The pH of both samples is similar and within the
normal range of pH for urine, usually ranging from 4.5 to 8.0 [16, 20]. Figure
5.9 displays the effect of the competitive adsorption at 25 °C at different
concentrations of HSA in the copresence of dopamine (5.00 g L=!) in 160 mM
Tris-HCI pH 8.5. The absorbance of polydopamine film decreases upon the
increase of HSA concentration. This experimental evidence has been ascribed
to decreased thickness of the adhesive PDA layer onto the polystyrene
surface for increased amount of protein in solution due to a competitive
adsorption process, as extensively discussed by Palladino et al. [13]. Besides,
it is necessary to mention that tris molecules are getting incorporated into
poly(catecholamine) (here PDA) films due to the reactivity of amine groups
towards quinone. It is possible that by increasing tris concentration, the
crosslinking of the polymeric film gradually increased. In this context, we can
ascribe that a competitive intrinsic reaction between the amine groups of tris
molecules and HSA for the quinones modulate the polymer formation,
negatively affecting the PDA film when a higher HSA concentration is
absorbed to the solid surface [25]. However, for a better comparison with
Bradford protein assay (vide infra), Fig. 5.9a is presented as absorbance of
blank (PDA formed in matrix without HSA) minus absorbance of samples in
the presence of this protein, obtaining an excellent linear trend (R? = 0.994),
almost superimposable for human and artificial urine, with excellent
repeatability (%CVmean = 2 and 4, respectively) over the HSA concentration
range 0.00 to 1.00 g L™ (see Table 5.6). Although this result was expected
based on our recent literature [13], such large linear dynamic range achieved
in 160 mM Tris-HCI pH 8.5 appears easier to handle than the Langmuir-
shaped curve previously obtained [13], and here replicated, at lower buffer

concentration (20 mM Tris- HCI pH 8.5) as reported in Fig. 5.10.
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5.2.4.5 Comparative analysis of colorimetric bioanalytical assays for

albuminuria detection

Different standard and commercial analytical methods for albumin detection
in urine samples have been tested for comparison with the PDA-based
quantitation of albuminuria here proposed. Namely, Sandwich ELISA kit and
dipstick test, in addition to Bradford protein assay, have been used to analyze
the same samples tested with the PDA-based strategy.

Unfortunately, in our hands, the commercial ELISA kit for microalbuminuria
failed to give useful results for the analysis of the urine samples spiked with
HSA. The enzyme was completely saturated during the experiment and no
differences between concentrations have been highlighted by measuring the
absorbance at 450 nm both within the standard curve range (0.003-0.240 g
L-1) or, as expected, above it (data not shown). For the other assays, the
results of the analyses of human and artificial and urine samples spiked with
HSA are reported in Fig. 5.9, Tables 5.6, 5.7 and 5.8. Figure 5.9b shows a
significative matrix-dependent behavior for the Bradford protein colorimetric
assay, which is based on the absorbance at 595 nm of Coomassie brilliant
blue G-250 (Ac250@595 nm), with a much larger difference between the
curves for urine and artificial urine samples in comparison with the PDA
strategy applied at the same samples reported in Fig. 5.9a. The analysis of
such data shows better analytical parameters for PDA-based method, as
detailed in Tables 5.6 and 5.7. Specifically, there is a lower relative variability
of data, demonstrated by lower mean coefficient of variation (%CVmean for
HSA in urine = 2 for PDA assay and 4 for Bradford assay), and larger values
of the coefficient of determination (R? for HSA in urine = 0.994 for PDA assay
and 0.982 for Bradford assay), confirming the visible superior goodness of
linear fit for the PDA-based method with respect to the Bradford assay in this
HSA concentration range. Moreover, the dynamic range for PDA reaches a
lower analyte concentration, as indicated by lower limit of detection (LOD)
values for HSA spiked in human or artificial urine (0.036 + 0.001 g L=! and
0.053 + 0.001 g L%, respectively), near to the threshold between normo-
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and microalbuminuria [15-17], whereas the LOD values achieved by using
the Bradford assay are closer the threshold between micro- and macro-
albuminuria in both matrices (0.147 + 0.005 g L=t and 0.204 + 0.007 g L%,
respectively) [15-17]. Notably, as clearly shown in Fig. 5.9b, for the Bradford
protein assay, a sigmoidal fit (red lines) represents better the piecewise trend
than the linear fitting (black lines) suggested by the supplier. Differently, for
PDA data, there is no such large practical advantage in applying the sigmoidal
fit (red lines in Fig. 5.9a) instead of the linear one that covers very well the
whole dynamic range (black lines in Fig. 5.9a, and Table 5.8). Finally, Fig.
5.9c shows the images of semi-quantitative commercial dipstick strips tested
against human urine spiked with HSA. The main advantage of this
colorimetric immunoassay is the test rapidity (60 s), whereas the PDA
strategy currently takes 24 h. Accordingly, a different modulation of buffer to
accelerate the polymerization and deposition will be the subject of future
work to shorten the assay time. However, because of the presence of a
monoclonal antibody and gold nanoparticles, the cost of dipstick test is about
100 times higher than that of the PDA-based strategy. Moreover, the
application of these semi-quantitative strips is limited to the
microalbuminuria concentration range, requiring sample dilution for higher
analyte concentration, and it is much more difficult to appreciate the analyte
concentration solely by the naked eye comparison of color intensities of such

strips with a limited reference color scale [26].
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Fig. 5.9 Analysis of human and artificial urine spiked with HSA. (a)
Absorbance at 415 nm of PDA layer (Arpa@415 nm) from dopamine 5.00 g
L~ in 160 mM Tris-HCI pH 8.5 at 25 °C presented as absorbance of blank
(PDA formed in matrix without HSA) minus absorbance of samples in the
presence of increasing concentration of HSA, spanning from 0.02 to 1.00 g
L-!, spiked into human (open circle) or artificial (black circles) urine samples.
(b) Absorbance at 595 nm, after blank subtraction, of Coomassie brilliant
blue G-250 (AG250@595 nm) from Bradford protein assay applied to the same
spiked urine reported above. The least-squares fitting for the linear
regression (black lines; see Table 1) or sigmoidal (red lines; see Table 5.8)
analysis of data in a and b was achieved by using OriginPro 2019b.
Absorbance values are reported as the mean value (£ SD) calculated on three
replicates. (c) Images of dipstick strip test for albumin applied to human
urine sample spiked with HSA, and the related color reference scale
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Table 5.6 Analytical parameters for PDA-based method (Fig. 5.3a) both
tested in human and artificial urine samples

Parameters
m(g7tL)
LOD (g L™1)
R2
[HSA] (g L)

0.00

0.02

0.04

0.08

0.15

0.20

0.25

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0/OCVmean

Urine

0.251
0.036
0.994
Mean

0.350
0.337
0.320
0.315
0.307
0.305
0.284
0.279
0.242
0.222
0.185
0.166
0.143
0.135

0.113

PDA-based method (Appa@415 nm)

+ 0.005

+0.001

SD

0.003
0.012
0.001
0.003
0.006
0.005
0.002
0.002
0.003
0.010
0.009
0.006
0.005
0.002

0.006
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%CV
0.9
3.6
0.3

0.7
0.7

4.5

Artificial urine

0.282 + 0.006
0.053 +0.001
0.994

Mean SD
0.372 0.005
0.357 0.003
0.344 0.007
0.337 0.002
0.314 0.004
0.312 0.007
0.305 0.004
0.293 0.007
0.260 0.014
0.219 0.014
0.188 0.005
0.168 0.012
0.138 0.011
0.131 0.017
0.106 0.014

%CV

0.8

0.6

5.4
6.4

7.1
8.0
13
13
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Table 5.7 Analytical parameters for Bradford protein assay (Fig. 5.3b) both

tested in human and artificial urine samples

Bradford assay (Ag250@595 nm)

Parameters Urine Artificial urine

m (g7t L) 0.251 + 0.005 0.282 + 0.006

LOD (g L™Y) 0.036 +0.001 0.053 £0.001

R? 0.994 0.994

[HSA] (g L™!) | Mean SD %CV | Mean SD %CV
0.00 0.173 0.017 9.8 0.181 0.016 8.8
0.02 0.193 0.014 | 7.3 0.191 0.018 9.4
0.04 0.192 0.010 | 5.2 0.183 0.011 6.0
0.08 0.202 0.003 |1 0.195 0.019 9.7
0.15 0.220 0.014 6.4 0.205 0.017 8.3
0.20 0.245 0.011 4.5 0.211 0.010 4.7
0.25 0.256 0.004 |2 0.220 0.009 4
0.30 0.311 0.005 |2 0.231 0.009 4
0.40 0.346 0.015 | 4.3 0.274 0.010 3.7
0.50 0.380 0.006 |2 0.324 0.015 4.6
0.60 0.385 0.016 | 4.2 0.351 0.007 2
0.70 0.434 0.007 |2 0.362 0.013 3.6
0.80 0.458 0.006 |1 0.364 0.020 5.5
0.90 0.465 0.008 |2 0.365 0.017 4.7
1.00 0.476 0.008 |2 0.421 0.017 4.0

%CVmean 4 6
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Table 5.8 Sigmoidal fitting parameters for HSA (0.02 - 1.00 g L!) from Fig.

5.9
Boltzmann model
_ Al — A2
Y= Iy eGxorax T 42
PDA-based method Bradford-assay
(APDA@415I7I‘TI) (A(5250@595nm)
Parameters Urine Artificial urine Urine Artificial urine
Al -0.037 = -0.007 = -0.083 = -0.050 +
0.028 0.014 0.055 0.036
A2 0.268 £ 0.023 | 0.212 £ 0.012 0.321 + 0.306 + 0.028
0.020
x0 0.438 £ 0.038 | 0.422 £ 0.030 0.299 = 0.432 + 0.040
0.057
dx 0.269 + 0.060 | 0.141 £ 0.031 0.234 = 0.284 + 0.066
0.054
R? 0.992 0.974 0.989 0.992
a b
0.20 T T 0.20 T T T T
o Avrtificial urine e Artificial urine
o Urine o Urine
£ 015} | g o015} |
c 1 €
0 n
- 1 = .
< <
@ 010} 1 @ 0.10
< 1 < _
(m) (]
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< 0.05} < 0.05}
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Fig. 5.10 Competitive adsorption isotherms for HSA (0.03 - 1.00 g L'!)/PDA
(Dopamine 5.00 g L' in 20 mM Tris-HCI) in urine and artificial urine. (a)
Absorbance recorded at 415 nm for PDA layer grafted onto ELISA plate. (b)
Linear regression curves resulting from semilogarithmic plot of data in Table
5.9 and Fig. 5.1a. Absorbance values are reported as the mean value (£ SD)

calculated on three replicates
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Table 5.9 Linear fitting parameters for HSA (0.03 - 1.00 g L')/PDA
(Dopamine 5.00 g L't in 20 mM Tris-HCI) from Fig. 5.4b

Calibration curve: Absjmax = Absyy. + m X [HSA];
Abs? s the intercept at [HSA] = 0 and m is the slope

Sample Urine Artificial urine
m (g L) -0.048 + 0.002 -0.056 £+ 0.001
AbsY . 0.043 £ 0.001 0.046 + 0.001
LOD (g L) 0.562 0.193
R? 0.980 0.996
[HSA] (g LY) Mean SD %CV Mean sD %CV
0.00 0.160 0.004 3 0.150 0.009 6
0.03 0.128 0.008 6 0.110 0.009 8
0.07 0.105 0.007 7 0.094 0.005 5
0.15 0.091 0.006 7 0.085 0.009 11
0.30 0.080 0.005 6 0.073 0.006 8
0.40 0.070 0.007 10 0.061 0.005 8
0.50 0.065 0.007 11 0.059 0.007 12
0.60 0.060 0.004 7 0.053 0.008 15
0.70 0.054 0.003 6 0.052 0.008 15
0.80 0.050 0.007 14 0.050 0.005 10
0.90 0.048 0.007 15 0.045 0.005 11
1.00 0.045 0.006 13 0.040 0.005 13
%CVmean 9 10

5.2.5 Conclusions

Albuminuria is considered a potential diagnostic marker for early renal
damage. Here, we propose a colorimetric method to quantify the urinary
albumin concentration based on the competitive adsorption of a
polydopamine layer and human serum albumin (HSA) onto the polystyrene
surface of ELISA plates. The method has been optimized by evaluating the
effect of temperature and buffer concentration variability, typically
encountered among analytical laboratories, on PDA film formation and,
consequently, on the reproducibility of the analysis. Furthermore, it has
shown the limited matrix effect on the optical measurements. Accordingly,
the analytical performances of this approach have been successfully
evaluated testing artificial and human urine samples spiked with HSA,

covering the whole reference concentration range required by the clinical
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practice to identify both micro- and macroalbuminuria. The results obtained

showed excellent repeatability (%CVmean = 2 for human urine), with a broad

linear dynamic range up to 1 g L=!, and superior analytical performances in

comparison with some standard and commercial colorimetric analytical

methods, like dipstick test or Bradford protein assay. As a whole, the method

here reported results in a flexible and cost-effective bioassay, based on a

common optical platform, for routine screening and assessment of selective

albuminuria in urine without the pretreatment of the samples.
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CHAPTER 6

Overall conclusions

The research study of these three years has focused on exploring
neurotransmitter-derived biopolymers, in the analytical chemistry field, to
design original diagnostic and (bio)analytical assays addressing various
research questions. The focus was on the use of norepinephrine (NE) as a
promising building block to produce mimetic receptors, rivaling their natural
counterparts i.e., antibodies (Abs). This is a strong need in diagnostic for
overcoming the wide use of animals for the routine production of antibodies,
in compliance with the EU Directive on animal protection for scientific
purposes (2010/63/EU). Animal-friendly polynorepinephrine (PNE)-based
receptors (molecularly imprinted polymers, MIPs) may represent the entities
of the future, thanks to their sustainability, easy production processing, and
low cost. In this work, PNE-based MIPs were synthesized for the detection of
gonadorelin, a small synthetic neuropeptide, misuse in sports settings. The
PNE-based MIP displayed an interesting Kp in the low micromolar range; it

was successfully integrated into a two-steps competitive bioanalytical assay
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on a benchtop opto-sensing platform based on Surface Plasmon Resonance
transduction. In addition, the developed biosensor was successfully applied
to the label-free and real-time detection of gonadorelin in urine samples
displaying very good analytical performance. The selectivity of the detection
resulted excellent, showing the ability in discriminating one single amino acid
change over the peptide sequence. The optimized assay achieves a high
sensitivity (LOD = 52.0 pmol L!) and an excellent repeatability (%CVav =
1.40%) in untreated urine, in line with WADA analytical requirements. A
direct comparison with a commercial monoclonal antibody in terms of
selectivity, reusability, and cost, highlighted the overall excellent features of
this PNE-based MIP. The stability and versatility of this receptor also
represent important features for point-of-care testing applications. In this
framework we moved to apply PNE-based MIP for gonadorelin to simple
analytical platforms, widely spread instrumentation available at clinical or
anti-doping laboratories. Thanks to the high versatility feature of
catecholamine-based biopolymers to stick to different material surfaces, as
well as the transferability of the imprinting technology, allowed to miniaturize
the assay for decentralized anti-doping analysis. In this case, the MIP for
gonadorelin has been adapted to play the role of capturing antibodies in
disposable 96-well microplates. The colorimetric PNE-based biomimetic
enzyme-linked immunoassay (BELISA) developed, succeed in quantifying
gonadorelin in standard solutions but also in untreated urine samples. In
addition, according to our knowledge, this is the first example of a BELISA
test involving a MIP based on PNE. The results obtained in standards solutions
and urine samples showed good repeatability (avCV% = 3.49 for sample 1
and avCV% = 5.24 for sample 2), a challenging task considering that all the
receptors were manually drop-casted and polymerized in each microplate
well. Also in this case, the detection limit achieved in standard solutions
(LODgeuisa= 277 pmol L1) for gonadorelin detection resulted in line with the
Minimum Required Performance Level (MRPL = 1.69 nmol L) at which all
the World Anti-Doping (WADA)-accredited laboratories must operate.

Validation of BELISA has been performed using mass spectrometry, as a gold
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standard technique, demonstrating the ability of BELISA to correctly achieve
gonadorelin quantitative measurements. This issue is of crucial importance
for further PNE-based assays with application to real problems.

The strength of the reported diagnostic platforms is further reinforced by the
difficulty to find antibodies capable to bind properly gonadorelin.
Catecholamine-based MIPs, PNE in this case, have shown (here for the case
study on gonadorelin) to be an excellent green and sustainable candidate
material to imagine ELISA-like tests of the near future, antibody-free,
extremely cheap, able to be prepared for a large variety of (even non-
immunogenic) targets, very stable to environmental conditions, and highly
versatile. This approach could further open new possibilities as abiotic point-
of-care testing to make multiple biological samples analysis by integrating
the smartphone technology which can be also extendable to several analytes.
The imprinting technology (IT) may be transferred to other biomolecules,
platforms, and architecture formats (layers or nanostructures) for all
biomedical applications. In general, polycatecholamine-based biopolymers,
represent excellent candidates for mimic receptors, indeed they are intended
to pave the way for “breaking old barriers”, i.e., bioreagents and classical
non-sustainable polymers. In this scenario, it appears a fundamental task to
leap forward, as an outlook on the future investigation, in a deeper
understanding of the actual potential of the catecholamine-based
biopolymers. Moreover, driven by the significant advances in
nanotechnology, nano-imprinting biopolymers (IBPs) recently gained a lot of
attention for therapeutic and diagnostic purposes. In this dissertation, we
have started to study polydopamine and PNE nano-biopolymers (BPs) as
promising tools to further extend the use of MIPs.

Smart optical catecholamine-based assays, in this case using DA/PDA, were
also designed to address some clinical urgent demands. Mainly, two different
(bio)analytical assays were developed. The first study produced a model
screening tool to detect hypochlorous acid, produced by myeloperoxidase
during inflammation, which is characteristic of several neurodegenerative

disorders. Physiologically, chlorinated byproducts of DA (dopamine-
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quinones) were generated in neurons and were observed in brains affected
by Parkinson’s disease. In this case, a creative approach was developed in
which the presence of the biomarker (hypochlorous acid) drives oxidation of
DA to quinone under acidic conditions, thus avoiding DA auto-oxidation and
providing an easily accessible readout by UV-vis absorption. This assay could
be useful as a preliminary simple screening tool to study the influence of
aberrant chemical determinants of oxidative stress on dopamine-poisoning
derivatives formation (e.g., redox active metal cations, thiols, and other
organic reducing agents) before moving to complex biological neuronal
systems. In addition, a polydopamine-based colorimetric assay was
established to determine urinary human serum albumin (HSA), a biomarker
of kidney damage. The core of this approach relied on competitive adsorption
of PDA film and HSA onto micro welled polystyrene plates, allowing the
selective UV-vis detection of HSA down to 0.036 + 0.001 g L! in untreated
urine, with very good repeatability (%CVmean = 2) in human urine, eventually
superior in terms of analytical performances to some standard methods
available on the market (i.e., dipstick strip test, Bradford protein assay, and
ELISA kits). Finally, two studies were presented in the appendix which do not
involve catecholamine-based strategies for quantitative analytical
applications. However, they refer to the “research line” of our group based
on the development of smart, cheap, sensitive, and low-cost quantitative
assays. Two more colorimetric-based assays on microplates are reported. In
the first study 3,3’,5,5'-tetramethylbenzidine is used as a multi-colorimetric
indicator of chlorine in water; in the second, the selective quantification of
anthocyanin with catechol/pyrogallol moiety in edible plants upon zinc

complexation is illustrated.
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The scientific activities so far described in the present dissertation were
addressed primarily on the use of catecholamines to design MIPs and

bioassays. Besides, here, other studies flanking this pathway, are reported.

o Appendix 1: Determination of chlorine via a multichromatic 3,3’,5,5'-

tetramethylbenzidine -based method.

Based on the following study (A) and patent (B):

A) P. Palladino, F. Torrini, S. Scarano, M. Minunni. 3,355 -
tetramethylbenzidine as multi-colorimetric indicator of chlorine in water
in line with health guideline values, Analytical and Bioanalytical Chemistry
412 (2020), 7861-69.

B) Kit for colorimetric determination of chlorine level in water used for
recreational purposes. Inventors: P. Palladino, M. Minunni, F. Torrini, S.
Scarano. Priority number: 102019000024778 (IT)

Filed: December 19, 2014. Date of Patent: October 29, 2020. Assignee:

University of Florence.

e Appendix 2: Colorimetric selective quantification of anthocyanins with
catechol/pyrogallol moiety in edible plants upon zinc complexation

Based on the following study:

F. Torrini, L. Renai, S. Scarano, P. Palladino, M. Del Bubba, M. Minunni,
Colorimetric selective quantification of anthocyanins with catechol/pyrogallol

moiety in edible plants upon zinc complexation, Talanta 240 (2022) 123156.
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Appendix 1

Determination of chlorine via a multichromatic
3,3’,5,5'-tetramethylbenzidine -based method

3,3',5,5'-tetramethylbenzidine as multi-colorimetric indicator
of chlorine in water in line with health guideline values

Pasquale Palladino*, Francesca Torrini, Simona Scarano, Maria Minunni
Department of Chemistry '‘Ugo Schiff’, University of Florence, Via della
Lastruccia 3-13, 50019 Sesto Fiorentino, Italy

*Corresponding author: pasquale.palladino@unifi.it

A1l.1 Abstract

Sanitizing solutions against bacterial and viral pathogens are of utmost
importance in general, and in particular in these times of pandemic due to
Sars-Cov2. They frequently consist of chlorine-based solutions, or in the
direct input of a certain amount of chlorine in water supply systems and
swimming pools. Colorimetry is one of the techniques used to measure the
crucial persistence of chlorine in water, including household chlorine test kits
commonly based on colorimetric indicators. Here we show a simple and cheap
colorimetric method based on 3,3’,5,5-tetramethylbenzidine (TMB),
commonly used as chromogenic reagent for enzyme-linked immunosorbent
assays. TMB is converted by chlorine to a colored molecule though a pH-
dependent multi-step oxidation process where the chromaticity of TMB is
directly proportional to chlorine content. This molecule offers several
advantages over other commonly used reagents in terms of safety, sensitivity
and, peculiarly, hue modulation, giving rise to the detection of chlorine in
water with a multi-color change of the indicator solution
(transparent/blue/green/yellow). Moreover, through the appropriate setting

of reaction conditions, such coloration is finely tunable to cover the range of
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chlorine concentration recommended by international health agencies for
treatment of drinking water and swimming pools and to test home-made
solutions prepared by dilution of household bleach during health emergency

events such as during the current pandemic.

Graphical abstract

_
TMMB Chlorine Test

Al1l.2 Introduction

Chlorine and chlorine-based compounds are widely used for oxidative

inactivation of several disease-causing viruses and bacteria in water
treatments, for food preservation, and during other cleaning procedures
[1,2]. In all cases, the presence of chlorine residual is required to ensure the
protection from recontamination. The range of chlorine concentrations
recommended by international health or environmental agencies depends on
the application, spanning several orders of magnitude from drinking water to
sanitizing or disinfecting solutions. In detail, chlorine can be added to drinking
water or swimming pools to achieve a minimum level of 0.2-0.5 mg L
(expressed as Cl2) for an effective disinfection and residual concentration but
should stay below 4-5 mg L! to avoid eye/nose irritation and stomach
discomfort [3,4]. Whereas, sanitizing solutions applied to reduce germs for
example on food contact surfaces or mouthed toys are obtained by dilution
of concentrated chlorine bleach to 50-200 mg L!. Finally, disinfecting
concentration for toilet or diapering areas should be larger than 2400 mg L

1. The standard analytical methods for the determination of chlorine in natural
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and treated waters are based on electrochemical techniques, iodometry, and
absorption spectrophotometry [5,6], usually requiring devices for signal
transduction or UV-lamp for fluorescence emission [7-9]. However, several
kits for household chlorine test are present on the market for naked-eye
quantification of chlorine concentration based on monochromatic indicators
[10]. Here we introduce a peculiar use of 3,3’,5,5'-tetramethylbenzidine
(TMB) as multi-colorimetric indicator for determination of chlorine in aqueous
solution. TMB is still one of the most commonly used chromogenic reagent
for enzyme-linked immunosorbent assays (ELISAs) 46 years after its first
synthesis as safer substitute for carcinogenic benzidine in the detection of
occult blood [11-14]. This molecule gives rise to non-colored solution in
reduced state that becomes blue upon oxidation (diamine). Further oxidation
leads to a green stage, which is a mixture of the blue stage and the yellow
endpoint (diimine). Notably, the blue colored product has been characterized
as the diamine/diimine charge-transfer complex in equilibrium with the
cation-radical and diamine/diamine mixture, as reported in Fig. A1 [15,16].
This reaction sequence is sensitive to several factors, like pH [16], solvent,
temperature [17,18], and catalyst [14,19,20]. The application of TMB as an
analytical reagent outside the field of clinical chemistry started long time ago
thanks to good stability of the reaction product and high sensitivity and
selectivity of such analytical methods [21-24]. Notably, thanks to ion-
masking salts, TMB-based assays have shown high tolerance for potential
interfering species in drinking water (including CI-, I, NO3, S04%, CO3%,
H2PO%, P207%, Na*, K*, Mg?*, Ca2+, Zn2+, Fe3* and H20:) being the
common and permitted concentrations of these molecules below the
respective limits of interference elsewhere described [21-24]. Consequently,
the reactions reported in Fig. Al have been used for quantitative
measurements of chlorine in water [21-25], under organic matter-rich
conditions [26], or generated by myeloperoxidase of neutrophils [27-29],
reaching an enhanced degree of automation, reduced reagent consumption
and waste production [23]. Although a rigorous control of pH is not

necessary, the pH range determines the color development. In detail, pH 1-
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2 allows to follow the yellow TMB-diimine formation only (Fig. A1C) [21-
23,25], whereas pH 4-6 has been used to track the blue TMB charge-transfer
complex formation (Fig. A1B) [24]. In both conditions, the color intensity is
directly proportional to the total amount of the chlorine present in the
solution, reporting a limit of detection as low as 2 yg L't at pH 1.5 and 4 ug
Lt at pH 4.5 [22]. TMB presents several advantages in terms of sensitivity
and safety over the other reagents used for colorimetric analysis of chlorine
in water like o-tolidine (OTO), syringaldazine, N,N-diethyl-p-
phenylenediamine (DPD), and dopamine [9,10,21,22,30]. Here we report the
experimental tuning of TMB concentration, according to one-to-one
stoichiometry for oxidant/substrate system [15], to achieve the visual and
spectroscopic detection of chlorine by means of the color change of solution
from blue to yellow (Fig. Al) like a universal indicator that covers the entire
range of chlorine concentrations recommended for drinking water and
swimming pools treatment [3,4]. This method appears superior to common
household chlorine test kits for drinking water and swimming pools, which
are based on monochromatic indicators, and could offer a useful tool to check
home-made chlorine-based sanitizing solutions, which become rare during

public health emergency events due to large demand.
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Fig. Al The reaction sequence of TMB oxidation by chlorine (this work) [24,
25], or by H20:2 in presence of peroxidase catalyst (HRP) [15, 16, 18, 19], as
elsewhere identified by means of optical spectroscopy, electron spin
resonance spectroscopy, and resonance Raman scattering spectroscopy [15,
16, 18, 19, 24, 25]. A) Non-colored reduced state (diamine). B) Blue charge-
transfer complex (diamine/diimine). C) Yellow two-electron oxidation product
(diimine). D) One-electron oxidation product (cation-radical). The most
representative UV-Vis spectra for the TMB species upon oxidation by chlorine
(this work) are reported on the right

A1l.3 Materials and methods
A1.3.1 Reagents and materials

Disposable low-binding 96-microplates were purchased from Sarstedt
(Germany). Absorption suprasil® quartz cuvettes of 10 mm pathlength and
1400 pL chamber volume were provided by Hellma GmbH & Co. KG
(Germany). Sodium hypochlorite solution was purchased from Merck KGaA
(Germany) (Lot number: K50436114, originally containing 120 g L™! of active
chlorine as calculated from iodometric titration) and used to prepare stock
solutions based on the intrinsic UV-absorbance of CIO- [31]. DPD1 free
chlorine test kit was purchased from Powehaus24® GmbH & Co. KG
(Germany). TMB and other chemicals were purchased from Sigma Aldrich

(Milan, Italy). A stock solution of about 1 mM TMB has been prepared in
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ethanol/H20 1:1 v/v and left overnight at Room Temperature (RT) until
completely dissolved before storing it at 4 °C in a dark bottle. All reagents
were used as received without any further purification. Milli-Q water with a
resistivity of 18.2 MQ cm at 25.0 °C was degassed and used in preparation

of all the solutions (Merck Millipore, Italy).

Al.3.2 UV-Vis Spectroscopy

Optical measurements have been performed on a UV-visible

spectrophotometer Evolution 201 from Thermo Scientific at 25.0 °C, by using
quartz cells also for determination of hypochlorite concentration of stock
solution, and on a microplate absorbance visible reader iMark™ from Bio-Rad
at room temperature, by using 96-well polystyrene microplates. Acetic
acid/sodium acetate 200.0 mM in presence of tetrasodium diphosphate 40.0
mM (Na4P207), referred to hereinafter as buffer 1, or disodium dihydrogen
diphosphate 20.0 mM (Na2H2P207), referred to hereinafter as buffer 2, have
been chosen to stabilize TMB solution around pH 4.5. Spectrophotometric
measurements have been carried out by filling the quartz cuvette with 700
puL of TMB 42.3 x 10® M plus 700 pL of freshly prepared H20O or tap-water
samples containing chlorine in the range 0.25 - 5.00 mg L' with three
replicas for each chlorine concentration. After the analysis of each chlorine
concentration, the cuvette has been emptied and thoroughly washed.
Analogously, microplates experiments have been performed adding 150 pL
of freshly prepared H20 or tap-water samples to each well containing chlorine
in the range 0.25 - 5.00 mg L' with 4 replicas for each chlorine
concentration. All the wells have been preloaded with 150 pL of TMB 42.3 x
10¢ M, which is equimolar to 3.00 mg Lt of active chlorine for drinking water
or swimming pool simulation. Finally, DPD1 chlorine test kit has been used
following the manufacturer instructions. Data were analyzed with OriginLab

Corporation software.
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A1.4 Results and discussion
Al.4.1 Chlorine titration experiments
Titration curve of TMB with H202 (50 x 10°® M at pH 5.0) in presence of

horseradish peroxidase catalyst (HRP) has been elsewhere reported [15],

showing that the blue charge-transfer complex formation and subsequent
destruction is nearly symmetrical about the midpoint. The endpoint has been
found to correspond to about equimolar peroxide and TMB, obtaining the full
conversion to diimine and thus confirming a one-to-one stoichiometry for this
catalyzed TMB/oxidant reaction. Analogously, here we follow
spectrophotometrically all the stages of reaction in Fig. A1 exploiting the full
potential of the catalyst-free TMB reaction with active chlorine by titration, in
polystyrene plates or quartz cuvettes, in mild acidic buffer that controls
chlorine speciation and TMB reactivity.

In detail, molecular chlorine (Clz2) in mostly present at pH < 2, hypochlorous
acid (HOCI) dominates the equilibrium at 4 < pH < 6, and hypochlorite
(ClO") is predominant at pH > 8 [29,31]. Buffering the sample solutions in
one of these pH ranges can limit the variability of results due to different
reactivity of chlorine species. However, mild acidic buffer guarantees the best
conditions to measure the chlorine content in real samples by tracking all the
non-catalytic oxidation stages of TMB (Fig. Al). In fact, it has been
demonstrated that a pH below 2 prevents the formation of the blue TMB
charge-transfer complex formation (Fig. A1B) in favor of yellow TMB-diimine
formation only (Fig. A1C). Analogously, it has been reported that the charge-
transfer complex formation is significantly reduced at pH above 6. Therefore,
we have performed experiments stabilizing TMB solution at pH 4.5 with
diphosphate salts (see Materials and method), thus preventing interference
from redox active ions like Fe(III) potentially present in water supply
systems, as elsewhere demonstrated by extensive interference studies [21-
24]. Differently from previously reported single-color intensity estimation
with TMB (either yellow or blue) or DPD (magenta) [21-26,29], this method

allows the naked-eye quantification of chlorine by multi-color changes of TMB
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solution. This approach for the first time proposes TMB as a universal
indicator for the selected range of chlorine concentrations, from a minimum
blue level for an effective disinfection, through an optimal green level, up to
the safe yellow guideline level corresponding to equimolar chlorine and TMB

(see below).

Al.4.2 TMB reaction with active chlorine in H>O and tap water

Fig. A2A shows preliminary experiments of color development for TMB test
solution in buffer 1 (pH 4.5, see Materials and method) with chlorine samples
in H20 in quartz cuvettes. The main representative absorbances selected from
UV-visible spectra at 25.0 °C have been acquired in a kinetic rate mode and
reported in Fig. A2B. In detail, after 30 seconds of incubation necessary for
sample preparation, three fixed wavelengths (280 nm, 450 nm and 655 nm)
have been recorded every 10 s for a total accumulation time of 300 s. The
solution of a fixed amount of TMB 42.3 x 10® M is initially transparent due to
UV absorbance only of diamine (Amax 280 nm, Fig. A1A) that decreases along
with chlorine accumulation (Fig. A2C). Simultaneously, the solution develops
a blue color of increasing intensity in the presence of chlorine from 0.25 mg
L to 1.00 mg L. This visible band corresponds to the blue diamine/diimine
charge-transfer complex (Amax 655 nm, Fig. A1B). The titration curve at 655
nm shows the formation and subsequent disappearance of the blue product
(Fig. 2C). Higher concentrations of chlorine lead to the appearance of green
color, due to blue/yellow absorbance mixing. A yellow solution due to yellow
diimine form of TMB (Amax 450 nm, Fig. A1C) is obtained at higher chlorine
concentration up to 3.00 mg L of Clz. Finally, the solution becomes orange
when chlorine reaches the 5.00 mg L1 (70.5 x 10°® M), which is the guideline
value that could lead to potential health effects from long-term exposure
[3,4]. Data show a good reproducibility, obtaining a mean coefficient of
variation of 4.72 % for absorbance values at 280 nm, 3.91 % at 450 nm, and
3.52 % at 655 nm over the entire range of chlorine concentrations after 0

seconds, for example (Table Al). All the reactions appear complete within 1
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minute in agreement with previous observations of blue color development
obtained in similar conditions but with a large excess of TMB [24]. The time
evolution plots of main absorbance bands are reported in Fig. A2D showing
quite stable colors at 25.0 °C. Similar results were obtained in buffer 2,
however absorbance values appear less stable after 15 minutes (data not
shown). The same experiments performed by using tap water for chlorine
dilutions instead of H20 have been reported in Fig. A3, showing a limited
matrix effect (likely due to foreign ions) on colors appearance and intensity
along chlorine titration with respect to H20 alone, confirming the good
reproducibility, obtaining, for example, a mean coefficient of variation of 3.18
% for absorbance values at 280 nm, 3.23 % at 450 nm, and 2.66 % at 655
nm after 0 seconds (Table Al). The complete dataset, for H20 or tap water,
in dependence of time, chlorine concentration, and Amax is available on

request.
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Fig. A2 Reaction of TMB solution in buffer 1 (pH 4.5) with active chlorine in
H20 at 25.0 °C. a) Color development for TMB oxidation by chlorine in quartz
cuvettes. b) Absorbance at 280 nm, 450 nm and 655 nm. ¢) Time evolution
plot for the TMB absorbance at different wavelengths after reaction with
chlorine. The absorbances are reported as mean value of three replicates for
each chlorine concentration
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Fig. A3 Reaction of TMB solution in buffer 1 (pH 4.5) with active chlorine in
tap water at 25.0 °C. a) Color development for TMB oxidation by chlorine in
quartz cuvettes. b) Absorbance at 280 nm, 450 nm, and 655 nm. c) Time
evolution plot for the TMB absorbance at different wavelengths after reaction
with chlorine. The absorbances are reported as mean value of three replicates
for each chlorine concentration
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Table A1l. Coefficient of variation (%CV) for Absorbance values vs [Cl2] from
Fig. 2A (H20) and 3A (Tap water)

Time O (s) Absorbance H20 (%CV) Absorbance in tap water (%CV)

[C2]] mgL! 280 nm 450 nm 655 nm 280 nm 450 nm 655 nm
0.00 0.92 4.89 1.55 0.29 8.25 1.06
0.25 1.00 3.73 2.34 3.51 0.50 7.58
0.50 0.71 4.80 2.50 0.88 3.11 4.23
1.00 1.00 9.58 8.08 2.02 4.16 4.72
1.50 4.86 5.77 1.69 1.11 9.99 3.93
2.00 6.02 2.86 1.06 5.03 0.69 2.69
2.50 1.72 9.18 1.07 0.47 0.77 0.62
3.00 14.5 3.35 1.91 1.27 2.51 0.05
3.50 2.37 0.49 2.70 1.07 2.58 1.98
4.00 1.44 1.00 3.39 5.85 3.15 1.39
4.50 15.9 0.77 5.60 13.8 2.42 3.31
5.00 6.17 0.54 10.3 2.87 0.60 0.30
%0 CVmean 4.72 3.91 3.52 3.18 3.23 2.66
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Al1.4.3 Comparison of TMB method with a DPD1 chlorine test kit

96-well polystyrene microplates have been used for the optimization of the

method, enabling the experimental procedure described for quartz cuvettes
to be carried out on 96 samples simultaneously, with minor volume
consumption and thus more replicates for each chlorine concentration.
Furthermore, taking the advantage of distinct visible Amax absorbances for
TMB oxidation products by reaction with chlorine, we have used a filter-based
plate reader instead of a spectrophotometer preliminarily used for greater
flexibility due to wavelength scanning capability from UV to visible. In detail,
DPD-containing tablets from a commercial test kit have been compared to
TMB solution in buffer 1 here formulated for the naked-eye sensing of chlorine
concentration in water samples. Figure A4A shows a polystyrene microplate
containing Clz in H20, including the range of concentrations recommended for
drinking water treatment, about 0.25-3.00 mg L' [3,4], in presence of a fixed
amount of DPD or TMB. DPD solutions have been prepared mimicking a
swimming pool test, i.e., using one DPD tablet for 13 mL of water, which is
the volume of the commercial test tube. Such chlorine solutions present a
magenta color with intensity depending on chlorine content and here ideally
representing the color reference scale for a chlorine sample test with DPD.
However, it seems difficult to distinguish the analyte concentration solely by
naked eye comparison of color intensities. On the contrary, the same chlorine
solutions give different colors in presence of TMB, from light blue to bright
yellow through green hues, depicting the color reference scale for a chlorine
test with this TMB formulation, which allows an easier visual sensing and
estimation of chlorine content, behaving like a universal indicator within the
chosen range of chlorine concentration. The same results have been obtained
by using tap water for chlorine dilutions (Fig. A4B). The representative
absorbances of the main molecular species and colors are reported in Figs.
A4C and A4D for H20 and tap water solutions, respectively. As expected, the
absorbances of TMB solution recorded at 450 nm (yellow) and 655 nm (blue)
follow the trend observed in quartz cuvettes with optimal results in terms of

reproducibility expressed as percent coefficient of variation (%CV in Table
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A2). In particular, the titration curve at 655 nm shows the formation and
subsequent disappearance of the blue product with a bell-shaped trend
symmetrical about the midpoint corresponding to 0.50 mol chlorine/mol of
TMB, i.e., 1.50 mg L (Fig. A4C), as theoretically expected and previously
shown for another oxidant system [15]. The yellow diimine absorbance (Amax
450 nm) reaches the maximum when the oxidant concentration is equimolar
with TMB, i.e., 3.00 mg L of Cl> chosen as maximum safe concentration for
active chlorine in water, whereas at same chlorine concentration the blue
color contribution from charge-transfer complex returns to the minimum level
and the green color disappears from the plate with it (Figs. A4A and A4B).
Conversely, the absorbance of DPD solutions recorded at 555 nm (magenta)
shows a monotone increase with chlorine concentration, as expected (Figs.
A4C and A4D), also presenting a reproducibility worse than TMB (Table A2).
Finally, in agreement with previous studies describing the better precision,
sensitivity, and safety of TMB over the other reagents used for colorimetric
analysis of chlorine [21,22], here we report a comparison at t 0 s of the
proposed method based on TMB, and commercial method based on DPD. The
analytical parameters have been obtained on three chlorine concentration
ranges by using the piecewise linear fitting implemented in the Originlab
software (Fig. A5). In detail, Table A3 show the best detection limit for the
linear fitting of TMB blue color development (Amax 655 nm) for lower chlorine
concentrations (0.00-1.50 mg L!) in H20 and tap water. Moreover, the
sensitivity represented by the slope (m) of the calibration curve, and the
reproducibility reported as %CVmean appear both superior for TMB (both at
Amax 655 nm and 450 nm) over DPD method, in H20 and tap water, within

the working range for chlorine determination (0.00-3.00 mg L1).
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Fig. A4 TMB prepared in bufferl versus DPD test kit for chlorine detection by
microplate visible reader. Chlorine concentration ranges from 0.25 to 5.00
mg L=t with four replicas for each chlorine solution in H20 (@) or tap water
(b). Each well of a 96-well polystyrene microplate contains 300 pL of sample
solution with a final concentration of 1 tablet of DPD for 13 mL of water, as
required by original commercial test, or TMB equimolar to 3.00 mg L~ of Cl>
in buffer. The absorbances at 450 nm and 655 nm (TMB), and 555 nm (DPD)
for chlorine in H20 (c) or tap water (d) are reported as mean value of four
replicates for each chlorine concentration
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Fig. A5 Piecewise linear fitting for TMB and DPD titration experiments with
chlorine in H20 (A) and tap water (B) at t 0 s. Data and fitting parameters
are reported in the main text in Figure A4 and Tables A3/A4, respectively.
The chlorine concentration ranges are 0.00-1.50 mg L%, 1.50-3.00 mg L%,
and 3.00-5.00 mg L
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Table A2 Coefficient of variation (%CV) for Absorbance values vs [CI2] from
Fig. A4c (H20) and Fig. A4d (tap water)

Time O (s) Absorbance H20 (%CV) Absorbance in tap water (%CV)
DPD TMB DPD TMB

[Cl2]] mgL! 555nm 450 nm 655 nm 555 nm 450 nm 655 nm
0.00 5.89 5.29 5.41 14.7 7.64 2.56
0.25 11.0 17.9 1.11 16.9 17.5 6.54
0.50 18.4 6.05 4.07 16.2 9.79 1.78
1.00 11.1 10.7 2.66 15.3 9.43 1.57
1.50 10.9 0.48 0.71 10.2 3.77 2.53
2.00 8.86 0.81 1.83 7.94 2.21 1.45
2.50 8.19 1.28 4.58 7.83 7.62 12.0
3.00 2.57 1.25 13.1 8.46 0.75 8.25
3.50 6.20 0.93 16.6 2.84 1.38 9.59
4.00 3.92 0.97 18.0 1.32 2.44 29.2
4.50 5.68 1.81 4.88 4.84 0.64 2.92
5.00 3.60 0.66 10.3 3.44 1.38 17.9
%0CVmean 8.03 4.01 6.94 9.16 5.38 8.02
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Table A3 Comparison of the proposed (TMB) and commercial (DPD) methods
at t 0 s. The analytical parameters of the proposed method (TMB), at t 0 s,
have been obtained on three chlorine concentration ranges by using the
piecewise linear fitting implemented in the Originlab software (Fig. A5)

TMB

H20

Tap water

H20

Tap water

Cl Analytical
[Cla] v Jmax 450 nm (yellow)
Amax 655 nm (blue)
(mg L) parameters
AbsS 0.03 £ 0.02 0.03+0.01  0.05+001  0.04+0.01
m (mg~'L) 0.12 + 0.01 0.08 +0.02  0.15+0.01  0.17 +0.01
0.00-1.50 %CVmean (N =4) 8.08 9.62 2.79 3.00
LOD (mg L) 0.05 0.11 0.04 0.02
-0.87 + 0.07 -1.01 +£0.06 0.48 + 0.02 0.53 £ 0.02
Abs}?max
1.50-3.00 m (mg~'L) 0.71 + 0.04 0.77 £ 0.03 -0.14 + 0.01 -0.16 +£ 0.01
%CVmean (N =4) 0.95 3.59 5.06 6.05
1.46 + 0.19 1.48 + 0.12 0.11 + 0.05 0.10 + 0.04
Abs)?max
3.00-5.00 -0.06 + 0.05 -0.05 + 0.03 -0.01 £ 0.01 -0.01 £ 0.01
m (mg~'L)
%CVmean (N =4) 1.12 1.32 12.57 9.48
R2 0.99 0.99 0.98 0.98
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Table A4 The analytical parameters of the commercial method (DPD), at ¢t
0s, have been obtained on three chlorine concentration ranges by using the
piecewise linear fitting implemented in the Originlab software (Fig. A5)

DPD
[Cl2] Analytical H20 Tap water
(mg L) parameters Amax 555 nm (magenta)
AbSSax 0.08 + 0.01 0.10+ 0.02
m (mg~'L) 0.11 £ 0.01 0.11 + 0.03
0.00-1.50 %CVmean (N =4) 11.47 14.64
LOD (mg L) 0.13 0.42
AbSSax 0.05 + 0.03 0.07 + 0.07
1.50-3.00 m (mg~'L) 0.13 +£ 0.01 0.13 £ 0.03
% CVmean (n =4) 7.63 8.60

0.17 £ 0.03 0.16 £ 0.09

Absfmax
3.00-5.00 m (mg~'L) 0.0940.01  0.10 4 0.22
%CVmean (N =4) 4.40 4.18
R2 1.00 0.98

A1.5 Conclusions

This work contributes to the field of the colorimetric determination of free
chlorine in water by using TMB, which is the safer chromogenic substitute of
benzidine in clinical chemistry assays, already shown to have a precision and
sensitivity higher than other common colorimetric methods and offering the
further advantage of hue modulation upon oxidation. The latter feature of
TMB solutions have been exploited here for spectroscopic detection of
chlorine in water, and even naked eye sensing appears possible through the

recognition of typical color of each oxidation stage of TMB in diphosphate-
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based buffer at pH 4.5, which is also able to mask potential redox active ions,
e.g. Fe(III), commonly present in drinking water and swimming pools. The
key novelty of this work lies in the appropriate setting of reaction conditions,
showing for the first time that it is possible to finely tune the TMB colors
change to cover exactly the range of chlorine concentration recommended by
international health agencies for treatment of drinking water and swimming
pools. The assay relies on the simple tuning of TMB final concentration to be
equimolar to chlorine concentration value with limited potential health effects
from long-term exposure. Therefore, obtaining a multi-colorimetric indicator
of chlorine in water working between minimum value, to achieve an effective
disinfection, and maximum health guideline value, to avoid irritations or
discomfort. Consequently, the improvement of the current detection limit of
chlorine concentration in water, well below guideline concentrations, is clearly
out of the scope of this paper. In detail, TMB solutions produce a yellow color
at the maximum safe concentration of chlorine, a green color at intermediate
and recommended optimal chlorine values, and a blue color at the prescribed
lower end concentration of chlorine in water. The method has been also
successfully applied in tap water and appears superior to a commercial test
kit for visual sensing and quantification of chlorine in swimming pools that
are instead based on monochromatic chromophores like DPD. Finally, this
analytical method could offer a practical tool to test home-made sanitizing
solutions, and their “shelf life”, necessarily prepared by serial dilution of
household chlorine bleach during supply shortage for public health
emergency events such as pandemic influenza, as we did here to prepare a
stock solution from concentrated chlorine bleach bottle, pointing out the
significance of this work in human healthcare. A different modulation of TMB
assay for a direct measure of higher chlorine concentration will be the subject

of future work.
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Appendix 2

Colorimetric selective quantification of anthocyanins with
catechol/pyrogallol moiety in edible plants upon zinc
complexation
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A2.1 Abstract

Here is examined the colour development from common anthocyanins (i.e.,
cyanidin, delphinidin, malvidin, and pelargonidin glycosides) and from
anthocyanins-rich extracts (i.e., bilberries, strawberries, and raspberries),
using zinc-anthocyanin complexes as molecular probe. We have observed the
absorbance increase in the blue region in presence of large excess of zinc ion
at acidic pH for cyanidin and delphinidin derivatives, likely due to quinoidal
base stabilization from catechol and pyrogallol moiety. The assay conditions
were studied and applied to natural extracts containing these compounds.
The same behavior was observed for bilberry and, to a minor extent, for
raspberry extracts, due to the larger cyanidin/delphinidin contents in the
former than in the latter. Anthocyanin standard UV-Vis analysis in buffer has
shown a very good linear correlation for cyanidin and delphinidin (R? = 0.995
and 0.997, respectively), good precision (CV% = 7.4% and 5.3%
respectively), high sensitivity (Cy€soonrm = 8300 M~ cm~1, LOD = 0.264 %
0.005mg L%, LOQ = 0.478 = 0.007 mg L™ !, and Dpesoonm = 15,900 M~ cm~
1 LOD = 0.143 £ 0.002 mg L™ %, LOQ = 0.478 £ 0.007 mg L~ 1). The
effectiveness of this colorimetric method for the selective quantification of
catechol/pyrogallol-based anthocyanins has been demonstrated in the

aforementioned complex real matrices and compared to LC-MS/MS analysis
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and pH- differential method, offering a valuable tool to characterize plant and

food extracts particularly rich in zinc- coordinating anthocyanins.
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A2.2 Introduction

Anthocyanins (ACs) are water-soluble plant pigments well-known for their
antioxidant properties and largely used to colour foods and beverages.
Hundreds of ACs have been isolated, according to the kind of glycosylation
(with hexose and/or pentose) and/or hydroxyl/methoxy substitution of the
three aromatic rings of the shared flavylium chromophore (Fig. A1) [1-3].
ACs with ortho hydroxyl substitutions in the B ring, such as cyanidin- (Cy),
delphinidin- (Dp), and petunidin- (Pt)-derivatives, can coordinate metal
cations. Other ACs such as pelargonidin- (Pg), peonidin- (Pn), or malvidin-
(Mv)-derivatives have only a single hydroxyl group in the B ring with much
weaker metal-chelating properties. The structure of ACs strictly depends on
pH. Briefly, the flavylium cation (red colour), which predominates at pH < 2,
is prone to water addition at pH range approximately from 3 to 6, leading to
neutral carbinol/chalcone pseudobase (colourless).

Moreover, pH = 8 favors the formation of the anionic quinoidal base (blue
colour), which is stabilized by metal cations (M"*) coordination [1,4-6].
Accordingly, together with liquid chromatography [7,8] and electrochemistry

[9], a common analytical approach for the determination of total ACs
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concentration (TAC) is the pH-differential colorimetric method [10,11], which
is based on the different absorbance (A) of AC-rich extracts at pH 1.0 (red
color) and pH 4.5 (colorless), according to equation (1). Therefore, the
concentration of ACs is calculated considering the molar absorptivity of the

most abundant anthocyanin in the sample [1,10,11].

A= (Almax - A700nm)pH1.0 - (A)Lmax - A700nm)pH4.5 (1)

In this framework, the metal-binding ability of ACs has been exploited for
colorimetric determination of several metal cations, mainly by using cyanidin
as chromophore [1,12], and for color development for food applications
[5,13-15]. These methods are based on the bathochromic shift of the
maximum absorption wavelength in the visible spectrum and the increase of
absorbance, due to decrease of the electron transition energy in ACs n-
conjugated system upon metal coordination. At the best of our knowledge,
there are very few reports on quantitative determination of ACs by using a
metal-complex as probe and UV-Vis spectroscopy as analytical tool [16,17].
In these studies, the ACs determination is based on the stable blue color
expression of catechol/pyrogallol systems in presence of hundreds-fold
excess of Al®* at acidic pH [13], where the large excess of metal ion is
necessary due to pH-dependent competition with H* for the binding site of
ACs [14]. Following this approach, Bernal et al. developed a method for the
spectrophotometric determination of Cy-3-glucoside in edible plants, through
the formation of purple-colored solutions. This method is very sensitive,
achieving a LOD = 0.186 mg L~ ! for Cy-3-glucoside, but not truly selective,
i.e., it cannot easily/visually discriminate anthocyanins bringing different
hydroxyl/methoxy substitution of B-ring, because any AC gives intense color
in presence of Al3* with comparable molar extinction coefficients, although
with distinct Amax [16].

Based on these considerations, this study has been devoted to develop a
colorimetric method for more selective determination of catechol/pyrogallol

content in fruits, i.e., for quantification of ACs with ortho hydroxyl
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substitutions in the B ring by using a similar strategy of neutral/anionic
quinoidal base stabilization, but using for the first time AC-Zn?* complex as
molecular probe [13,14,17]. The color development has been preliminarily
investigated for some anthocyanin standards, with or without ortho hydroxyl
substitutions, in presence of large excess of Zn?*, in analogy to Al®* studies
[13,14], by means of UV-Vis spectroscopy. Subsequently, the same
procedure has been applied to fruit extracts, namely, common bilberries
(Vaccinium myrtillus), strawberries (Fragaria x ananassa Duch.), raspberries
(Rubus idaeus), and persimmon (Diospyros kaki), to prove the effectiveness
of such method also in complex real matrices in comparison with the TAC
determined by the pH-differential colorimetric method and liquid
chromatography-tandem mass spectrometry (LC-MS/MS) analysis.
Accordingly, the colorimetric assay here developed appears a valuable tool
to further discriminate and study catechol/pyrogallol-rich plants and foods,
complementarily to conventional colorimetric and chromatographic

methodologies, with potential industrial applicability.

R1 R2 R3
R1 Cyanidin OH H OH
o4 Cy-3-Glycoside | OH H O-Glycoside
Delphinidin OH OH OH
HO fo) Dp-3-Glycoside | OH OH O-Glycoside
C\ R2 " Malvidin OCH, OCH, | OH
s Mv-3-Glycoside | OCH; OCH,; | O-Glycoside
R Pelargonidin | H H OH
OH Pg-3-Glycoside | H H O-Glycoside

Fig. A1 Chemical structure of some anthocyanidins (R3 = OH), and
corresponding anthocyanins (R3 = O-Glycoside) here investigated
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A2.3 Experimental section

A2.3.1 Materials and chemicals

The anthocyanins standards have been purchased from Extrasynthese
(Genay, France). Zinc acetate dihydrate 99+ 9%, methanol anhydrous 99.8%,
sodium fluoride has been obtained from Sigma-Aldrich (St. Louis, MO, USA).
All chemicals have been used as received without any further purification.
Ultrapure water (resistivity of 18.2 MQ cm at 25.0 °C) filtered by using
vacuum filter cups, 0.22 um pore size, has been used for the preparation of

all solutions (Merck Millipore, Italy).

A2.3.2 Sample origin and extraction

Bilberries (Vaccinium myrtillus) were collected in Tuscan Apennines, whereas
strawberries (Fragaria x ananassa Duch. cv. Camarosa), raspberries (Rubus
idaeus cv. Tulameen), and persimmons (Diospyros Kaki kaki cv. Farmacista
honoratiHonorati), were purchased in a local supermarket.

Fruit samples were frozen in liquid nitrogen and subsequently freeze-dried
until constant weight, and finally grinded to obtain a homogeneous powder.
The samples were finally stored at 20 -C until analyses were performed. The
extraction was performed on each type of fruit sample according to the
procedure reported by Ancillotti et al. [18]. Briefly, three independent
aliquots (500 mg dry weight, d.w.) of each freeze-dried sample were
extracted for 15 min with a methanol/water solution 80/20 (v/v), in ice bath
under magnetic stirring, containing 10 mM NaF to inactivate polyphenol
oxidase. Then, samples were centrifuged at 8000xg for 10 min and the
supernatant recovered. This method was tested by a recovery evaluation
procedure on three sequential extractions of each independent aliquots of
each fruit sample, applying the total monomeric anthocyanin assay (TMA)
with the pH differential method described by Ancillotti et al. [18], and using
reference standards as follows: cyanidin-3-glucoside for bilberries,
pelargonidin-3-glucoside for strawberries, and cyanidin-3-0O-sophoroside for

raspberries. TMA was performed in each sequential extract, and the results
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showed that the third extraction, in comparison with the first two steps,
provided a recovery in the ranges of 3.4-4.9% for bilberry samples, 3.1-
4.5% for strawberry samples, and 3.0-5.8% for raspberry samples [18,19].
Accordingly, the first two sequential extractions were combined for

spectrophotometric and LC-MS/MS analyses.

A2.3.3 UV-Vis optical measurements

Stock solutions of each anthocyanin standard have been prepared in
methanol/water 80/20 (v/v) at 100 mg L~ !. Freeze-dried fruits aliquots (500
mg dry weight, d.w.) have been sequentially extracted two-times with
methanol/water (including 10 mM NaF) solution 80/20 (v/v) in ice bath under
magnetic stirring.

Optical measurements have been carried out in quartz cuvettes at 25.0 °C by
using Evolution™ 201 UV-visible spectrophotometer (Thermo Scientific) by
properly diluting and mixing anthocyanins and fruit extracts with zinc or
sodium acetate 200 mM (pH 5.5) in methanol/ water 80/20 (v/v), according
to new methodology here presented, or with KCl 25 mM (pH 1.0) or sodium
acetate 400 mM (pH 4.5), according to conventional pH-differential protocol.
The absorbance has been measured in the range 250-800 nm, against a
negative control prepared in the same manner reported above, without the
addition of anthocyanins reference standards or fruit extracts. Further
measurements have been carried out in disposable polystyrene 96-well
micro-test plates (Sarstedt, Milan, Italy) by using iMark™ microplate visible
absorbance reader with optical filters (Bio-Rad, Milan, Italy), with 595 nm
representing the best available filter for the blue colour (Amax 600 nm) from

Dp-3-glucoside (vide infra).

A2.3.4 Liquid chromatography-tandem mass spectrometry analysis

Samples were filtered at 0.2 pm with nylon membranes before
chromatographic analysis, and bilberry extracts were diluted 1:1000 with
ultrapure water to avoid system saturation. The LC apparatus consisted of a

low-pressure gradient quaternary pump Nexera X2 LC- 30AD, a CTO/20AC
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thermostatted column compartment, a SIL-30AC autosampler, a DGU-20A
5R degassing unit and a CBM-20A module controller (Shimadzu, Kyoto,
Japan). The LC system was coupled with a 5500 QTrap™ mass spectrometer
(Sciex, Ontario, Canada) by a Turbo VTM interface equipped with an ESI
probe. Chromatograms were elaborated by the Sciex Analyst software
(release 1.6.2). The chromatographic separation was performed on a
Phenomenex (Torrance, USA) Kinetex XB-C18 column (150 x 2.1 mm i.d.,
particle size 2.6 um) equipped with a guard column containing the same
stationary phase. Chromatographic analysis was performed at 50 ‘C with
water/formic acid 95/5 (v/v%) (eluent A) and methanol/formic acid 95/5
(v/v%) (eluent B), according to the following gradient: 0.1-10 min linear
gradient 7-17% B, 10-20 min linear gradient 17-22% B, 20-22 min liner
gradient up to 95% B 22-27 min isocratic 95% B. The flow rate was 0.3 mL
min~ ! and the injection volume was 5 uL for all standard solutions and
samples. Targeted MS/MS analysis was carried out using the Multiple
Reaction Monitoring mode (MRM) in positive ionization mode. Source
dependent parameters were optimized in flow injection analysis at optimal
LC flow and mobile phase composition, and were as follows: curtain gas 30,
CAD gas medium, temperature 600 ° C, gas 1 40, gas 2 65, interface heater
on and ion spray voltage 5500 V. For each investigated compound, the most
intense transition was used for quantification and the second most intense
for confirming identification (Decision 2002/ 657/CE). Compound dependent
parameters were optimized by direct infusion of properly diluted target
analyte standard solutions (see Table Al). The principal figures of merit of
the LC-MS/MS method are shown in Table A2.
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Table A1l Optimized MS parameters for the investigated polyphenols.
Numbers 1 and 2/3 refer to quantifier and qualifier transitions, respectively.
(Q1) Precursorion (m/z); (Q3) production (m/z); (DP) declustering potential
(V); (EP) entrance potential (V); (CE) collision energy (V); (CXP) collision

exit potential (V)

Compound Q1 Q3 DP EP CE CXP
Cyanidin-3-0O-glucoside 1 449 287 120 10 40 20
Cyanidin-3-0-glucoside 2 449 137 120 10 75 12
Cyanidin-3-0-glucoside 3 449 213 120 10 75 20
Cyanidin-3-O-sophoroside 1 611 287 110 10 45 15
Cyanidin-3-0O-sophoroside 2 611 449 110 10 70 20
Pelargonidin-3-O-glucoside 1 433 271 100 10 35 20
Pelargonidin-3-0O-glucoside 2 433 121 100 10 80 15
Pelargonidin-3-O-rutinoside 1 579 271 100 10 35 20
Pelargonidin-3-O-rutinoside 2 579 121 100 10 80 15
Delphinidin-3-0O-glucoside 1 465 303 100 10 40 25
Delphinidin-3-O-glucoside 2 465 229 100 10 70 25
Malvidin-3-0O-glucoside 1 493 331 100 10 35 25
Malvidin-3-0O-glucoside 2 493 315 100 10 65 15

Table A2 Figures of merit of the LC-MS/MS analytical method adopted in this
study. Instrumental detection limits (IDLs), linearity ranges, and correlation

coefficients (R?)

lLinearity Range

IDL (pg L) (ug L) R2
Cyanidin-3-0-glucoside 0.02 0.06-2000 0.997
Cyanidin-3-0O-sophoroside 0.005 0.02-2000 0.999
Pelargonidin-3-0O-glucoside 0.01 0.05-2000 0.999
Pelargonidin-3-O-rutinoside 0.01 0.05-2000 0.998
Delphinidin-3-0O-glucoside 0.1 0.3-2000 0.992
Malvidin-3-0-glucoside 0.02 0.1-2000 0.999

1The bottom limit of the linearity range represents the Instrumental Quantitation

Limit.
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A2.4 Results and discussion
A2.4.1 Method development

We have recently noticed the influence of several cations in solution at high

millimolar range on the oxidation, polymerization, and color development of
naturally occurring catecholamines due to the well- known metal coordination
capability of catechol moiety [20]. Inspired by this observation, we have
applied the same conditions also for solutions of some anthocyanins that
contain an analogous functional group (Fig. Al); in particular it has been
preliminary observed, on 96-well polystyrene microplates
spectrophotometrically analyzed by filter-based plate reader, that large
excess of zinc ion at slightly acidic pH was able to induce color development
from Cy-3-glucoside and Dp-3-glucoside solutions, whereas Mv-3-glucoside,
and Pg-3-glucoside solutions remained essentially uncolored as in absence of

zinc acetate (Fig. A2).
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Fig. A2 Absorbance at 595 nm by filter-based plate reader for anthocyanins
Dp-3-glucoside (blue circles), Cy-3-glucoside (pink circles), Mv-3-glucoside
(black circles), and Pg-3-glucoside (white circles) solutions up to 50 mg L= 1!
at pH 6.4 with (A and B) and without (C and D) zinc acetate 150 mM at 25 °C
in MeOH/H20 80/ 20 (v/v). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)
Such encouraging results were the basis of the successive method
development. First, several anthocyanin standards were tested to evaluate
the relative colorimetric test response; Further, fruit extracts at different
qualitative-quantitative ACs content were analyzed. In detail, this raw
method was preliminarily applied to anthocyanins-rich (bilberry and
strawberry) and anthocyanin-free (persimmon) fruit extracts, obtaining a

bright blue color from bilberry only (Fig. A3).
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Fig. A3 Absorbance at 595 nm from filter-based plate reader for bilberry
(blue circles), strawberry (white circles), and persimmon (black circles) fruit
extracts diluted in MeOH/H20 80/20 (v/v) with (A and B) and without (C and
D) zinc acetate 150 mM at 25 °C and pH 6.4. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Moreover, although other cations were tested (Mg?*, Ca?*, and Ba?*), the
blue color was obtained in presence of zinc ions only (Fig. 4A and B), being
stable over 1 h (Fig. 4C). Furthermore, it was observed a red and
hyperchromic shift increasing the methanol content from zero to 80% in the

solvent (Fig. A4D).
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Fig. A4 Optical measurements of bilberry extract and blue colour
development depending on solution composition at 25 °C. (A) Bilberry
solutions on 96- well polystyrene microplate, and (B) their absorbance at 595
nm, in presence of (from left to right) 150 mM zinc acetate (blue circles),
barium acetate (white squares), calcium acetate (white circles), or
magnesium acetate (white triangles) in MeOH/H20 80/20 (v/v) at pH 6.4. (C)
Bilberry solutions absorbance at 595 nm in 150 mM zinc acetate in MeOH/
H20 80/20 (v/v) at pH 6.4 after 30 s (blue circles) or 1 h (white circles). (D)
Methanol-dependent visible spectrum of bilberry solutions in 150 mM zinc
acetate in MeOH/H20 from 0/100 (pink line) to 80/20 (blue line) (v/v) at pH
6.4. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Finally, the influence of pH and zinc acetate concentration was verified (Fig.
A5), finding that the best condition for larger absorbance and good linearity
was achieved by using 100 mM ZnAcz and pH 5.5. However, it is worth noting
that even at pH 4.3, which is close to the reference value of the pH-differential
method corresponding to the colorless pseudobase form of anthocyanin, the

presence of zinc gives rise to blue/purple colors of bilberry solutions.
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Overall, these results indicate zinc acetate 100 mM at pH 5.5 in MeOH/H20
80/20 (v/v) as the best colorimetric assay condition for anthocyanin analysis
as detailed in the following paragraphs. Thus pH 5.5 was further used in the

experiments.
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Fig. A5 Optical measurements at 595 nm on filter-based plate reader of
bilberry extract at 25 ‘C in MeOH/H20 80/20 (v/v) in dependence of zinc
acetate concentration. (Upper panels) 96-well microplates containing 150
mM (A), 100 mM (B), and 50 mM (C) ZnAcz at pH 6.3, 5.5, or 4.3 (from left
to right). (Lower panels) Absorbance at 595 nm for bilberry solutions in ZnAcz
150 mM (squares), 100 mM (circles), or 50 mM (triangles), and pH 6.3
(black), 5.5 (blue), or 4.3 (red). (For interpretation of the references to color
in this figure legend, the reader is referred to the Web version of this article.)

A2.4.2 Anthocyanin color development in presence of zinc acetate

Although several metal ions and metalloids have been found to induce color
expression for ACs [13,21-24], to the best of our knowledge this is the first
paper exploiting the effect of Zn?* on color development of ACs by metal
chelation of the anionic form to develop an analytical method [13,14,17,25-
30].

241



APPENDIX

(B)
mg L™
—10.0
8.00
5.00
2.50
1.25
0.625
0.312
—0.156

Absorbance

(D)

mg L™
—10.0
—8.00
—5.00
2.50
1.25
0.625
0.312
—0.156

Absorbance

0.0

400 — 500 = 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. A6 UV-Vis spectra of anthocyanins Dp-3-glucoside (A), Cy-3-glucoside
(B), Mv-3-glucoside (C), and Pg-3-glucoside (D) up to 10 mg L~ ! in presence
of zinc acetate 100 mM at pH 5.5 at 25 °C in MeOH/H20 80/20 (v/v). Black
and blue reference lines indicate absorbance at 280 nm and 600 nm,
respectively. All measurements have been performed in triplicate. (For
interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

In detail, Fig. A6 shows the UV-Vis spectra of anthocyanins Cy-3-glucoside,
Dp-3-glucoside, Mv-3-glucoside, and Pg-3-glucoside up to 10 mg L= ! in
presence of zinc acetate 100 mM at pH 5.5 at 25.0 °C in MeOH/H20 80/20
(v/v). The hyperchromic shift in the visible region is only induced on AC
bearing catechol (Cy-) or pyrogallol (Dp-) moieties on the B ring (Fig. Al),
because Zn?* complexation and hydrogen ions displacement, strictly pH-
dependent [14], lead to the formation of colored quinoidal bases conferring
purple color to Cy-3-glucoside solutions (Amax 575 nm) and more intense blue
color to Dp-3-glucoside ones (Amax 600 nm). Conversely, Mv-3-glucoside and
Pg-3-glucoside solutions remain essentially uncolored, thus evidencing a
strong selectivity of the proposed method for catechol/pyrogallol ACs. This
behavior is different from that elsewhere reported for AlI3*, which shows the
largest absorbance for Cy-glycosides at Amax = 575 nm and equal absorbance

for Dp-and Mv-glycosides under the same experimental conditions [16],
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indicating the occurrence of Al3*-coordination also by ortho-dioxygenated B-
ring (Fig. Al). Accordingly, this novel analytical method based on zinc ions
can be applied to further discriminate anthocyanins differing in the number
and position of hydroxyl groups, which is relevant for fruits and/or vegetables

with different ACs composition.
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Fig. A7 Calibration curves of anthocyanins Cy-3-glucoside (blue circles), Dp-
3-glucoside (pink circles), Mv-3-glucoside (black circles), and Pg-3-glucoside
(white circles) up to 10 mgL~ ! in presence of 100 mM zinc acetate at pH 5.5
at 25°C in MeOH/H20 80/20(v/v) by using absorbance values at 600 nm (left
panel) and 280 nm (right panel) from UV-Vis spectra in Fig. A6. All
measurements have been performed in triplicate. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)

Fig. A7 shows the calibration curves for each anthocyanin standard here
analyzed in presence of zinc ion, by using the absorbance values from Fig.
A6 as a function of ACs concentration. In particular, the absorbance at 600
nm is strictly dependent on catechol/pyrogallol content, whereas the
absorbance at 280 nm is indicative, in this case, of the total anthocyanin
content. The analytical parameters for Cy-3-glucoside and Dp-3-glucoside

have been reported in Table A3, showing a very good linear correlation
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between absorbance at 600 nm and concentration of anthocyanin (RZ = 0.995
and 0.997, respectively), with good repeatability above the Ilimit of
quantification (LOQ = 0.88 + 0.02 and 0.478 + 0.007 mg L~ !, respectively)
and high sensitivity (gs0onm = 8300 and 15,900 M~ cm~ !, respectively). The
different €é600nm/e280nm ratio for these two anthocyanins is reflected into

the different color of respective solutions.

Table A3 Fitting parameters for Cy-3-Glucoside and Dp-3-Glucoside
calibration curves by using absorbance values at 600 nm and 280 nm from
UV-Vis spectra in Fig. A6

Cy-3- Dp-3- Cy-3- Dp-
Anthocyanin Glucoside Glucoside Glucoside 3-Glucoside
Amax 600 nm 600 Nnm 280 nm 280 nm
R2 0.995 0.997 0.991 0.997
39/6CVmean 7.8 5.3 3.5 4.1
0.0172 £ 0.0317 £ 0.0371 £ 0.0008 0.0179 + 0.0002
bm (mgL) 0.0003 0.0005
°LOD (mg L'') 0.264 + 0.005 0.143 = 0.002 0.288 £ 0.006 0.596 + 0.007
dL0Q (mg L!) 0.88+0.02 0.478 £ 0.007 0.96 + 0.02 1.99 £ 0.02

ege (Mt cm™) 8300 + 150 15,900 + 250 18,000 + 390 9000 + 100

3Above the LOQ

bm is the slope of each calibration curve
¢LOD = 3 X SDypjank/m

dLOQ = 10 X SDpjank/m

g = 1000 x Anthocyanin MW x m/pathlength

A2.4.3 Quantification of anthocyanins in fruit extract samples

Although the reference method to determine the anthocyanin content in foods
is represented by LC hyphenated with spectrophotometric or mass
spectrometric detection, using anthocyanin(s) as external standards, it has
been shown that the results obtained with this analytical approach is highly
correlated [30]. However, the main disadvantage of the spectrophotometric
pH-differential method is that it cannot clearly distinguish among different
classes of anthocyanins because of large absorbance overlap at acidic pH.
Differently, the colorimetric method here developed is suitable to selectively

determine catechol and pyrogallol in copresence of other ACs classes thanks
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to the peculiar absorbance at about 600 nm of catechol/pyrogallol moieties,
which provide a specific metal ion coordination capability (Figs. A2 and A3).
Accordingly, we evaluated the applicability of the developed analytical
method to real fruit extract samples, analyzing the same samples also by pH-
differential method and LC-MS/MS.
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Fig. A8 UV-Vis absorbance spectra of fruit extracts from raspberry (upper
left), bilberry (upper right), persimmon (lower left), and strawberry (lower
right) analyzed with classical pH differential method (12.5 mM KCI pH = 1.00
or 200 mM NaOAc pH = 4.5) and with new zinc method (100 mM NaOAc pH
= 5.5, or 100 mM Zn(OAc)2 pH = 5.5) at 25 *C in MeOH/H20 80/20 (v/v).
Vertical lines indicate the wavelength characteristic of maximum absorbance
for phenols (280 nm, black dashed line), cyanidin at acidic pH (520 nm, red
dashed line), and delphinidin in presence of zinc ion (600 nm, blue dashed
line). All measurements have been performed in triplicate. (For interpretation
of the references to color in this figure legend, the reader is referred to the
Web version of this article.)

Fig. 8 shows representative UV-visible absorbance spectra of extracts from
raspberry, bilberry, persimmon, and strawberry fruit samples. The reaction
requires about 1 min and is stable at least for 1 h (Fig. 4C).

All sample extracts, including persimmon (i.e., the negative control), show

the maximum of absorbance at about 280 nm, which is characteristic of
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phenols content (vertical dashed black line). The absorbance at this
wavelength is not sensitive to pH change from 1.0 (red trace) to 4.5 (black
trace), as reported in literature for pH-differential method [10]. Differently,
the effect of the presence of zinc ion at 280 nm is clearly distinguishable in
all samples, including the one of persimmon that shows a new absorbance
maximum at about 320 nm. This finding must be ascribed to the presence of
zinc (added as acetate, blue trace), since when sodium acetate was used no
absorbance maximum was evidenced at 320 nm (dashed black trace).
However, the most relevant result for this work is the difference of visible
response of fruit extracts to the pH-differential method with respect to the
zinc method here proposed. In detail, at pH 1.0 (red trace) only extracts of
fruits containing anthocyanins give rise to red solutions with a maximum of
absorbance depending on the main anthocyanins occurring in the fruit, i.e.,
about 520 nm for raspberry and bilberry (containing mainly cyanidin and
delphinidin, respectively), and about 496 nm for strawberry (major AC
pelargonidin), as expected [10]. Conversely, the pH-differential method does
not discriminate the catechol/pyrogallol-based ACs content from total
anthocyanin content (TAC). Differently, in presence of zinc acetate at pH 5.5
(blue trace), only fruit extracts containing cyanidin (raspberry) or delphinidin
(bilberry) show a new absorbance maximum at about 600 nm and a
purple/blue color, thus allowing the naked eye discrimination of
raspberry/bilberry fruit extracts from the others and above-all
catechol/pyrogallol colorimetric quantification according to equation (2) that
is analogue of equation (1) used for the pH differential method [1,10,11], but
with the further advantage of using the same pH, the same cation
concentration, and the same solvent, for both absorbing and not absorbing

reference condition.

A= (A600nm - A800nm)Zn(II) pH5.5 ~ (A600nm - ABOOnm)Na(I) pHS5.5 (2)

Table A4 shows the concentrations of (i) selected single anthocyanin

determined in fruit extracts by using LC-MS/MS, (ii) conventional pH-
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differential method (TAC), and (iii) the Zn-coordinating anthocyanins (TMCA)
analyzed by the colorimetric method here developed. As expected, for
persimmon the anthocyanins are not detectable and therefore not reported.
LC-MS analysis of raspberry extract has detected about 30 mg L= ! of Cy-3-
glucoside and Cy-3-sophoroside. However, upon zinc ion coordination at pH
5.5 is possible to estimate a TMCA value of 38 £ 3 mgL~ !, expressed as Cy-
3-glucoside chloride equivalents for the same extract, and the TAC value is
even larger, also detecting non coordinating anthocyanins. Differently, LC-
MS analysis of bilberry samples has detected more than 300 mg L= ! of
anthocyanin, including Dp-3-glucoside, Cy-3-glucoside, and Mv-3-glucoside,
each one larger than whole raspberry extract content. In this case, we
estimate a TMCA value of 428 + 14 mg L~ ! expressed as Cy-3-glucoside
chloride equivalents, very close to the TAC value for the same extract. Finally,
LC-MS/ MS analysis of strawberry samples has mainly detected
pelargonidins, plus a minor amount Cy-3-glucoside. Only the latter
component is detected by using zinc solution giving 9 £ 3 mg L™ ! that is very
close to LC-MS/MS estimation. Also in this case the TAC value is larger,
indicating the presence of other ACs not-detected by LC-MS/MS.
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Table A4 Estimation of anthocyanin content in fruit extracts by using LC-
MS/MS, pH-differential method, and absorbance values from UV-Vis spectra
in presence of zinc acetate at pH 5.5

LC-MS Anthocyanin (mg L1)

aTAC bTMCA
Cy-3- Dp-3- Mv-3- Pg-3- (mg L) (mg L)
171
¢(GLU)
.a. .a. .d. + +
Raspberry 12 +1 n.d n.d n.d 56 £ 2 383
¢(SOP)
615
220 +
. ¢(GLU) 45+ 3
Bilberry 47 + 7 ] éEU ¢(GLU) n.d. 406 £ 6 428 + 14
¢(GLU) ( )
215 £ 23
+ ¢(GL
Strawberry C?GLul) n.d. n.d. 2(7GiU1) 387 £ 12 9+3
¢(RUT)

n.d. Not detected. Values below the detection limit
a Total anthocyanin content (TAC) from pH-differential analysis expressed as Cy-3-

glucoside chloride equivalents.
b Total metal-coordinating anthocyanin content (TMCA) from Zn-based colorimetric

analysis expressed as Cy-3-Glucoside Chloride equivalents.
¢GLU (glucoside), SOP (sophoroside), GAL (galactoside), RUT (rutinoside).

A2.5 Conclusions

Common anthocyanins with different substitution pattern and different fruit
extracts with different anthocyanin content have been used to develop a
colorimetric method for catechol/pyrogallol anthocyanin quantification in real
matrix. The assay developed here responds to the need of simple, low cost,
sensitive and reproducible analytical platforms, eventually moving to greener
analysis, by reducing the solvent use and complex instrumentation. The
assay is based on the selective zinc ion coordination of anthocyanins like
cyanidin- and, preferentially, delphinidin-derivatives that can be recognized
by naked eye by purple and blue color appearance, respectively, differently

from not-coordinating and uncolored solutions containing anthocyanins like

248



APPENDIX

malvidin- and pelargonidin-derivatives in the same conditions. The method
shows a very good linear correlation between concentration and visible
absorbance (R? = 0.995 for cyanidin and 0.997 for delphinidin), with good
reproducibility (CV% = 7.4% for cyanidin and 5.3% for delphinidin), and high
sensitivity (LOD = 0.264 + 0.005 mg L~ ! for cyanidin, and 0.143 £+ 0.002
mg L~ ! for delphinidin). The procedure has been applied to fruits extract of
bilberries strawberry, raspberry, and persimmon and compared to LC-MS/MS
analysis and classic pH-differential method. The bilberry samples, very rich
in delphinidin-3-glucoside, has shown the largest color development in
presence of zinc ions with a good accordance between classic and new
methodology. These results are different from, and even more sensitive than,
the recent AlI3* -based assay for anthocyanins, showing instead cyanidin-3-

glucoside largest absorbance and coordination and color development also by
ortho-dioxygenated B-ring like in case of malvidin. Accordingly, this novel
colorimetric assay based on Zn?* appears a valuable tool to further
discriminate and study catechol/pyrogallol-rich natural products and foods,
appearing complementary to conventional colorimetric and chromatographic

methodologies.
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