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To my Grandmother



“Little science takes you away from God

but more of it takes you to Him”*

! Louis Pasteur
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Abstract

This research is part of a PhD industrial program that belongs to the IPCOS (Imprinted Polymers as Coffee
Sensors) network, which arises from the interest in searching new methodologies for the recognition of some
bioactive compounds present in coffee by designing sensing systems based on molecularly imprinted

polymers.

In recent years, the coffee industry has experienced an enormous growth due to the constant increase in
demand from consumers who ask for top quality products which are also able to provide nutritional benefits
on health. This tendency stimulated the industry to improve the quality control processes in order to obtain
a final product with a better taste and a higher nutritional value. It is well known that some chemical
compounds present in coffee can provide some positive health benefits. Nowadays, coffee represents one
of the most commercialized food products in the world, the second one after olive oil, strongly affecting the
world economy. In the literature, there is a wide variety of reports on the chemical composition of volatile
and non-volatile fractions of coffee, and within the latter, chlorogenic acids (CGAs) have recently been the
subject of a large number of investigations. CGAs are esters of (-)-quinic acid with different trans-cinnamic
acids (such as caffeic, ferulic and p-coumaric acid) and they are secondary metabolites belonging to the family
of polyphenols which are involved in the defense mechanisms of plants against external agents. CGAs are
well known for their antioxidant activities providing positive health effects. Although their concentrations
may vary from one source to another, green coffee beans are particularly rich of CGAs, especially of
caffeoylquinic acids (CQAs). As a matter of fact, CGAs play an important role in coffee quality, since their
concentration after the roasting process determines the bitterness and acidity of the final beverage and since
the flavor of the final product determines its commercial value, CGAs are an important indicator of the coffee
quality. Therefore, the development of a reliable, rapid and simple method with good sensitivity and
selectivity for CGAs analysis is of great interest to the coffee industry. Moreover, in the last years, due to the
potential health benefits, pharmaceutical and nutritional industries have been focused their attention to the

CGAs content in green coffee.
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All studies reported in literature about the concentration of CGAs in coffee are mainly focused on the
guantification of caffeoylquinic acids (CQAs), di-caffeoylquinic acids (di-CQAs) and feruloylquinic acids (FQAs)
while minor CGAs such as p-coumaroylquinic acids (pCoQAs) are the less studied. Since analytical standards
of pCoQAs are not commercially available their identification is difficult by simple HPLC methods. In this
project, all four isomers of p-coumaroylquinic acid were synthesized by a condensation reaction between a
suitable protected quinic acid and the acyl chloride obtained from p-coumaric acid. All isomers have been
fully characterized by means of NMR spectroscopy and circular dichroism in order to set up a record of
reference data. Acyl migration was observed in the synthesis of 3-O-p-coumaroylquinic acid and 4-O-p-
coumaroylquinic acid, and for this reason calculations to determine the most stable conformations of all

isomers have also been performed to explain the acyl migration observed during the synthesis procedure.

Since according to the literature walnut leaves are particularly rich on pCoQAs, the non-commercially
available isomers of pCoQAs were used to qualitatively identify them in aqueous extracts of walnut leaves in
order to improve and optimize a UHPLC method already used at lllycaffé. Both hydroxycinnamic and other
classes of chlorogenic acids present in Juglans regia L. were fully identified and quantified. In particular, in
addition to caffeic, ferulic, p-coumaric and sinapic acids, cis and trans mono-caffeoylquinic, di-caffeoylquinic,
mono-feruloylquinic acids and cis and trans mono-p-coumaroylquinic acid isomers were detected and

quantified by UHPLC and the seasonal variations of these secondary metabolites were investigated.

Moreover, considering that the determination of CGAs in wild coffee species might provide useful data to
establish a taxonomic classification based on the chemical patterns that could contribute to open new
worldwide trade markets as well as being useful for the pharmaceutical industry, we report the identification
and quantification of main CGAs by UHPLC presentin C. arabica and C. canephora from different geographical
origins and seven wild species of the Eucoffea section: C. liberica, C. arabusta, C. eugenioides, C. sessiliflora,

C. congensis, C. pseudozanguebarie, C. racemosa and C. brevipes, highlighting the concentrations of pCoQAs.

The interest towards the molecular imprinting technology (MIT) has increased in the last years because this
technique offers the possibility of mimicking biological systems (substrates and receptors) by creating a
highly crosslinked polymer with remarkable recognition properties for a specific compound. In general,
molecularly imprinted polymers (MIPs) offer some characteristics such as high-selectivity, easy preparation,
chemical and thermal stability, and low cost. Herein, (MIPs) were prepared as possible recognition elements
for 5-O-caffeoylquinic acid (5-CQA). Polymers were prepared by the non- covalent approach, evaluating the
interactions, mostly hydrogen bonding, between the monomers and the target molecule (5-CQA). Syntheses
of all MIPs were carried out by high dilution radical polymerization using different functional monomers. All
polymers have been characterized by *H-NMR, UV-Vis spectroscopy and Dynamic Laser Light Scattering. The
polymers binding capability and selectivity were investigated by rebinding tests using an UHPLC method for
the quantification of the captured analyte. In order to set up the bases for the development of an optical
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sensor based on fluorescent properties two different approaches were followed: in the first one, fluorescent
molecularly imprinted polymers (fMIP) were prepared using a well-known naphtalimide derivative as the
fluorescent functional monomer and 4-vinylpiridine as co-monomer, while in the second one, the analyte
was derivatized with the fluorescent group 5-[(2-Aminoethyl) amino] naphthalene-1-sulfonyl (EDANS) or
fluorescein Isothiocyanate (FITC) and a MIP was prepared using a histidine derivative as the functional
monomer. In the latter case a competition for the binding sites in the polymer that allows the displacement
of the analyte in the matrix polymer has been observed. Interactions of fMIPs with the analyte showed a
guenching of the fluorescence intensity in water:DMSO medium in a range of concentration of the analyte

between 78 uM and 80mM.

Publications:

Gutiérrez Ortiz, A. L.; Berti, F.; Navarini, L., Monteiro, A., Resmini, M., Forzato, C.; Synthesis of p-

coumaroylquinic acids and analysis of their interconversion; Tetrahedron: Asymmetry, (2017); 28: 419-427.

Gutiérrez Ortiz, A. L.; Berti, F.; Navarini, L.; Crisafulli, P.; Colomban, S. Forzato, C. Aqueous Extracts of Walnut
(Juglans regia L.) leaves: quantitative analyses of hydroxycinnamic and chlorogenic acids; J. Chrom. Science;

(2018)
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1.1 Chemistry of Coffee

1.1.1 Coffee

Coffee represents the most commercialized food product?, about 1.4 billion cups of coffee are consumed
every day worldwide?, making coffee the most consumed beverage in the world3. The known data for world
coffee trade started in 1700 with about 10 000 tons per year # and since then it has shown a constant
increase, in fact, according to the international coffee organization (ICOS), world coffee exports amounted
to 10.62 million bags in December 2017, compared with 10.54 million in December 2016%. Among the leading
coffee consuming countries were the Netherlands and Finland, consuming 260.4 and 184.9 liters per capita
respectively?. Coffee market has a great influence in the global economy, providing an income for more than
20 million families around the world every year which makes coffee a very interesting field of study for
different scientific disciplines®®. The term coffee refers not only to the roasted beans used for beverage
preparation but also to the plant, which comprises seeds and fruits. The stages involved in coffee beans
transformation to the final beverage are different, such as ripening, harvesting, drying, roasting, grinding,
storage and brewing ’ and they all contribute to the quality of the final beverage. As all plant organisms, the
coffee plant produces an immeasurable amount of chemical compounds resulting in a very complex system.
Several hundreds of substances have been identified in green coffee beans and their composition is
influenced by several factors such as genetic aspects and coffee species, degree of maturation,
environmental conditions, geographical position, agricultural practices and all these factors determine the

organoleptic characteristics of the brew?®.

There are several legends about the origin of coffee. The word ‘coffee’ is probably derived from the former
Kingdom of Kaffa (today part of Ethiopia) so, it seems the first coffee beans came from Ethiopia, where the
coffee fruit and beans were chewed and found to be stimulating, then plantations spread to neighboring
areas as Yemen, Arabia and Egypt and in the 1500's the first infusion preparation practices using the roasted
coffee beans started*®. Coffee spread in Europe in the 1600s when the Turks defeated in Vienna abandoned
sacks containing coffee beans. Then, the Austrians discovered that the powder of these beans could be used
to prepare an aromatic beverage. However, in Italy, the coffee had its appearance approximately in the year
1570 before the success in Vienna, thanks to the botanical doctor Prospero Alpino who introduced some
sacks from the East into the country. Nowadays, the coffee cultivation areas are quite extensive and the

coffee crops can be found in the tropical regions of the planet.®

From a botanical point of view, coffee plant belongs to genus Coffea of the Rubiaceae family, in which more
than 500 genera and more than 8000 species are included!®!!. Although more than 100 species belonging

to the genus Coffea have been identified, only a reduced number of species are commercially important.
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Coffea arabica, (also known as Arabica) which grows well on hilly, well-watered and drained slopes, today, is
the mostimportant strain in the world and accounts for approximately 70% of the coffee global market while,
Coffea canephora, always known in the trade market as Robusta, accounts for approximately 30% and is
mainly produced in Vietnam (Figure 1.1.1). Robusta beans are widely perceived to be inferior in flavor and
aroma than Arabica. The third commercial species is Coffea liberica, which is the most important coffee
species grown in Malaysia and it accounts for approximately 1% of the world’s coffee production. Other wild

coffee species are known and they locally grow in their respective areas of origin.®%13

The chemical composition of one species is different from the others and its study is not only important to
improve the quality of the beverage but also because of the pharmacological effects. As a matter of fact, the
increase in coffee consumption in the last years is due to greater knowledge and control of the different steps
of the process to bring the harvested coffee fruits to consumers as a beverage, improving the ability to

produce not only good quality coffee but also to show coffee as a functional food product.

Arabica Robusta

Figure 1.1.1 Arabica and Robusta roasted coffee beans

1.1.2 Wild Coffee Species

Coffee has been classified into taxonomic groups according to their geographical origin, interspecific
phylogenetic relationships and also on the basis of biochemical traits. Although coffee is cultivated in all
intertropical zone of the planet, the distribution of coffee wild species is mainly focused in a limited area
from West Africa to Madagascar and some islands in the Indian Ocean!*. The sub-genus Coffea is normally
divided in two sections, the first one is the Eucoffea section, to which the two main species C. arabica and C.
canephora belong while the second section is the Mascarocoffea in which are included more than 50 species
from Indian Ocean area that have been sub-divided in different categories according to the botanical
criteria®1®. Some authors have divided the Eucoffea section into two sub-sections according to the
geographical distribution of trees: those found in West and Central Africa belong to the Eucoffea sub-section,
while trees originated from East and South-East Africa belong to the Mozambicoffea sub-section. Other

studies have allowed the classification on the basis of the biochemical traits. For instance, some diterpenes
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such as cafestol and kahweol can be used as parameters for taxonomic classifications as well as caffeine,
lipids and chlorogenic acids content -8, since their concentrations are not only important for the
development and growth of plants but also influence the organoleptic properties and quality of the seeds.
However, until now, it has only been determined the chemical composition of some species and only the

concentration of chlorogenic acids of approximately 20 wild coffee species has been reported.

1.1.3 Composition of Coffee

From a chemical point of view, coffee is composed of two main fractions: a volatile fraction, responsible for
the aroma of coffee!® and a non-volatile fraction, formed of water and dry matter. The dry matter of coffee
beans consists basically of minerals and organic substances such as carbohydrates, lipids, proteins, alkaloids,
carboxylic and phenolic acids which are precursors of the compounds contributing to the aroma 822, As
mentioned above, the different species, as well as climate, agricultural practices, maturity, fermentation,

22,23 influence the chemical

drying, storage, roasting and the method of preparation of the beverage,
composition and quality of taste, acidity, body, bitterness, sweetness and aroma of a cup of coffee #2*, Several
studies have shown the correlation between the chemical composition of different classes of substances with
the quality of the brew?®. A simplified version of the coffee composition is shown in table 1.1.18 , as can be
observed, in general, green coffee beans of the Coffea arabica contain a higher amount of lipids and sucrose
than Coffea canephora, which has a higher content of polysaccharides, caffeine and chlorogenic acids.
However, the chemical composition is very different after roasting, which is a very important step carried out
at high temperatures (between 170-230 °C for 10-15 min approximately) and high pressure?®. Roasted coffee
beans contain several of the chemical compounds found in green coffee although in different concentrations
and in addition, hundreds of other substances that are formed through several reactions such as
caramelization, degradation of carbohydrates and the Maillard reaction are present, which are responsible

of the sensory and organoleptic qualities that are appreciated in the brew.?”:%

Table 1.1.1 Average composition of green coffee (% dry matter)®

Constituent Arabica Robusta
Caffeine and traces purines 1.2 2.2
Trigonelline 1.0 0.7
Total amino acids 10.3 10.3
free amino acids 0.5 0.8
Carbohydrates (by difference) 58.9 60.8
Aliphatic acids 1.7 1,6
Chlorogenic acids 6.5 10
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Lipids 16.0 10
Glycosides 0.2 traces
Minerals 4.2 4.4

potassium 1.7 1.8

1.1.4 Non Volatile Fraction

Water. The water content in the beans influences all the processes of the coffee production, germination,
growth, fermentation, drying, storage, transportation and roasting. Parchment Coffee must be dried to a
moisture to have a water content between 10% and 12%, in order to maintain its chemical and
microbiological stability during storage, to prevent bean damage and to obtain good sensory characteristics

in coffee roasting.?®

Alkaloids. Coffee contains several alkaloids that contribute to the bitter taste of coffee. The main ones are
caffeine and trigonelline. Other alkaloids are present in lower concentrations such as paraxanthine,
theobromine and theophylline. Robusta coffee contains more caffeine (2.1%) than Arabica (1.3%). On the
other hand, trigonelline is found in greater quantity in Arabica (0.6% to 1.3%) than in Robusta (0.3% to 0.9%).
The contents of paraxanthine, theobromine and theophylline are greater in Robusta than in Arabica. Mainly
the caffeine in green beans is found to form a 1: 1 complex with potassium chlorogenate and the caffeine
content remains stable during roasting so, due to its solubility in water, is extracted almost entirely during
the preparation of the beverage. On the other hand, depending upon the roasting conditions, 85% of

trigonelline is transformed into pyridines, pyrroles, nicotinic acid and other nitrogen compounds.3°

Carbohydrates. The main polysaccharides in green coffee are mannan or galactomannan (mannose and
galactose polymers), which constitute 50% of the polysaccharides of the beans, while arabinogalactan
(galactose and arabinose polymer) 30%, cellulose (glucose polymer) 15% and pectic substances 5%. Mature,
healthy coffee beans contain more sucrose than immature and defective grains. The main difference in the
composition of carbohydrates between coffee species is a higher content of sucrose in Coffea arabica (6% to
9%) than Coffea canephora (3% to 7%)*®!. After roasting, between 15% and 20% of the polysaccharides
contained in the coffee beans are degraded, sucrose decomposes completely and caramelization produces
pigments that give a caramel color and a bitter taste to the drink, as well as formic, acetic, glycolic, lactic and
other aromatic compounds such as furans. More than 99% of the reducing sugars react with the amino acids
in the well known Maillard reaction or glycation and in this way the melanoidins are formed, which contribute
to the brown pigment of the coffee beans and also give a characteristic flavor to the beverage. In addition,
these reactions produce the pyrroles, thiophenes, oxazoles, thiazoles and pyrazines responsible for the

aroma of roasted coffee.3%33
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Lipids. The total lipid content in green coffee is between 7-17% and the lipid fraction is mostly concentrated
in the beans as coffee oil is present as a waxy layer leading to the formation of flavors and fat-soluble vitamins
that contribute to the texture of the beverage®. The lipid content is different in the two main species since
Coffea arabica contains a higher lipid amount (15%) than Coffea canephora (10%). There are more free fatty
acids in stored grains than in fresh beans and triglycerides reach approximately 75% of coffee lipids. The
unsaponifiable matter constitutes about 20% of the total lipid content. Diterpenes and diterpene esters
(mainly with palmitic acid) constitute about 15% of the total lipid content but their content depends on the
coffee species since kahweol esters are present in Coffea arabica, esters of cafestol are present in both
species while 16-0-methylcafestol is found only in Coffea canephora. This latter compound, due to its stability
during roasting, is used as a marker to identify possible contents of Robusta coffee in blends. Sterols are also
present in the unsaponifiable matter up to 2.2% of the coffee lipids in both species®***. During roasting, lipids
composition changes, some fatty acids increase, unsaponifiable lipids decrease and some lipids are oxidized

to form aldehydes and other volatile compounds.®®

Proteins and amino acids. The free amino acids represent about 5% of the dry matter in green coffee and
can vary from one species to the other. The total content of free amino acids is higher in mature beans than
in immature ones and it is generally higher in Robusta than in Arabica. Anyway, it is possible to find some
amino acids in less quantity in the mature coffee bean as it has been reported in the literature for the
concentrations of tryptophan, threonine, glycine, tyrosine, serine, alanine lysine and arginine, which
decrease with a higher degree of maturation®. Amino acids are present as proteins and the total protein
content in green coffee is between 10-13% in quite all coffee species and they are made up of 50% of
albumins (soluble in water) and 50% of insoluble globulins. In coffee beans stored at high temperatures there
is a higher content of free amino acids. The enzymes contained in coffee beans can catalyze the degradation
of carbohydrates, lipids, proteins and chlorogenic acids of the same bean3” and this degradation, as well as a
decrease of the protein content, in the roasted coffee bean depends on the degree of roasting. The amino
acids react and generate aroma compounds of roasted coffee, as for example in the reaction of Strecker they
are transformed into aldehydes, CO; and ammonia while in the Maillard reaction they react with the reducing

sugars and produce the melanoidins and various volatile nitrogen and sulfur compounds. 32

Carboxylic Acids. As in most plants, some aliphatic acids, such as citric, acetic and malic acid are also found
in the coffee, followed by phosphoric acid and other 35 different acids that, after chlorogenic acids, are the
most abundant acids in coffee. The total content in green coffee is similar in both Arabica and Robusta except
for quinic acid, the aliphatic part of chlorogenic acids, that is found in higher concentrations in Arabica®. The
perceived acidity in the final beverage is a product of the residual concentrations of these acids and depends
on the degree of roasting. The main acids of roasted coffee are: chlorogenic, quinic, citric, acetic, malic,

formic, phosphoric, glycolic and lactic acid and additionally other 36 different acids have also been found *.
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Some of these acids come from green coffee and others are produced during roasting from carbohydrates,
sucrose, citric, malic and phosphoric acids, trigonelline and lipids. Also in the volatile fraction of roasted
coffee are present more than 20 acids such as propanoic, butanoic, pentanoic, heptanoic acid and other fatty

acids?.

In recent years, great attention has been paid to the concentration of chlorogenic acids and their degradation
products in green and roasted coffee, since they are an indicator of the quality of coffee (they are responsible
for the bitterness and astride of the beverage) but they also have possible health benefits. For this reason,

chlorogenic acids will be described with more details in the next section.

1.1.5 Volatile Fraction: Aroma of Coffee.

About 300 volatile compounds have been found in green coffee 37; the majority corresponds to pyridines,
furans, amines, aldehydes, ketones, alcohols, acids and various sulfur compounds. Some of them allow to
differentiate between one species and another as is the case of 2-Methylisoborneol #, which apparently is
one of the main responsible for the characteristic aroma of Robusta coffee. There is no a single compound
responsible for the characteristic odor of roasted coffee, but its aroma is the result of the formation of various
volatile compounds during roasting. About 850 volatile compounds are found in the aroma of coffee, which
are not found in green beans, mainly furans, pyrazines, ketones, pyrroles, phenols, hydrocarbons, acids,
aldehydes, esters, alcohols and thiophenes, thiazoles and oxazoles 1. These are precursors of different kinds
of aroma such as caramel, toasted, almond, citrus, fruit, cooked, but also unpleasant aroma such as earth,
smoked and fetid and others 23, Thanks to analytical methods used for its determination , such as gas
chromatography (GC), with a sniffing port as the detector (GC-O) and mass spectrometry (GC—MS)**4>4¢ |t
has been possible to identify 20 key compounds for the formation of the characteristic aroma of roasted
coffee, among these, the most outstanding is 2-furfurylthiol (FFT) %”, which is generated by reactions of
cysteine with arabinose that is released from the polysaccharides in coffee and shows a particular smell of
roasted sulfur 4. The olfactory sensations are ephemeral and they are not easy to describe and to classify
since there is not a scale of the smell, like the one of the sounds or the one of the color. Each person has
different sensitivity for odors and tastes, and the thresholds of smell and taste of each substance are
different. The intensity of odors can be mild, weak or strong. In addition, odors can be described as irritating
or intolerable*®. In a kilogram of roasted coffee, it can be found approximately 500 mg of volatile substances.
However, the volatile profile in the cup will be different depending of the extraction method*. About half
the amount of volatile compounds generated during coffee roasting is lost during the milling, storage and
preparation of the beverage extract. The most important constituents of coffee flavor are the ones with the

highest “signal-to-concentration” ratio, which mean the ones that can be easily detected at a certain
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concentration. Some of the most important volatile compounds found in roasted coffee are shown in Figure
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Figure 1.1.2. Molecular structure of some volatile compounds present in coffee.

1.1.6 Chlorogenic Acids.

50,51 which are secondary

Chlorogenic acids (CGAs) belong to the phenolic compounds present in plants,
metabolites involved in defense mechanisms against environmental stress of plants.>? 33 Although CGAs are
present in many vegetables®* and fruits like potatoes, pears, apples, berries,> green coffee beans are
particularly rich of these compounds,®-°! being in fact, the main source of CGAs in the human diet.’
Moreover, CGAs are considered as an indicator of the quality in coffee, affecting the flavor and the nutritional
value of the final product,®>? since, as mentioned above, the final content of CGAs and their corresponding
lactones formed after roasting process are responsible for the acidity, bitterness and astringency of the
beverage.>®*>” Moreover, a high content of CGA after roasting with no oxidation products would be a positive
aspect for coffee quality related to health benefits. In the last years, some health benefits have also been
associated with CGAs and several reports have claimed that CGAs contribute to the prevention of
cardiovascular diseases and types 2 diabetes.>>>%5%60 CGAs are esters formed between quinic acid and trans-
cinnamic acids (such as caffeic, ferulicand p-coumaric acid);®! (Figure 1.1.3) therefore, depending on the type
of the cinnamic acid and the esterified hydroxyl group of the cyclohexane ring of the quinic acid, a great
variety of CGAs can be formed not only as monoesters but also as di- and triesters (table 1.1.6).%% Esters at
position C-1 of the quinic acid core have been not detected in green coffee beans but they are present in the
plant kingdom although to a much minor extent. For example, cynarin is present in artichoke (Cynara species)
and in Echinacea species which is a 1,3-dicaffeoylquinic acid. The total content of CGAs in coffee depends on

the coffee species (Coffee Arabica 4-8% and Coffee canephora 7-14% of the dry matter basis),*>®3 but also on
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the degree of roasting, the agriculture practices as well as the soil composition.> The most abundant CGA is
5-caffeoylquinic acid (also called chlorogenic acid), but a total number of 76 CGAs have been recognized in
the last years. Moreover, it is important to note that the numbering system of these compounds is not always
coherent in literature since many authors adopted the IUPAC numbering while others used the non-IUPAC
numbering. This fact can create confusion in the identification of the different regioisomers and it is thus
important to specify the numbering system adopted as well as to show the correct stereochemistry of all
isomers. The IUPAC numbering for the quinic acid moiety, which was introduced in 1976°%, defines C-5 the

carbon atom with the OH group in cis configuration with the COOH group as indicated in Figure 1.1.3

OH OR;

HooC 1

Figure 1.1.3 Formation of Chlorogenic acids between D-(-)-quinic acid (QA) and caffeic acid (CA), ferulic acid (FA), p-

coumaric (pCoQA) 5%%4,

Table 1.1.2 Main classes of CGAs found in coffee.

Class of CGAs Name Rs Rs Rs

3- caffeoylquinic acid (3-CQA) CA H H

4- caffeoylquinic acid (3-CQA) H CA H
Caffeoylquinicacids (CQAs) 5- caffeoylquinic acid (3-CQA) H H CA

3-p-Coumaroylquinic acid (3-pCoQA) p-Co H H

4-p-Coumaroylquinic acid (4-pCoQA) H p-Co H

p-Coumaroylquinic acids (0CoQAs) 5-p-Coumaroylquinic acid(5-pCoQA) H H p-Co

3-feruloylquinic acids (3-FQA) FA H H
4-feruloylquinic acids (4-FQA) H FA H
Feruloylquinic acids (FQAs) 5-feruloylquinic acids (5-FQA) H H FA

3,4-dicaffeoylquinic acid (3,4-diCQA) CA CA H
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3,5-dicaffeoylquinic acid (3,5-diCQA) CA H CA

di-Caffeoylquinic acids (diCQA) 4,5-dicaffeoylquinic acid (4,5-diCQA) H CA CA

1.1.7 Biosynthesis of CGAs

CGAs are biosynthesized in the perisperm and mostly accumulated in the beans, but they are also present in
the leaves and in coffee pulp®%. Different routes of synthesis have been proposed for the formation of the

CGAs in plants®’:

1) The transesterification of caffeoyl-CoA and quinic acid through the activity of hydroxycinnamoyl-CoA:

quinate hydroxycinnamoyl transferase (HQT)
2) The hydroxylation of pcoumaroyl quinate to CGA.

3) The hydroxylation of p-cumaroyl-shikimate to caffeoyl shikimic acid, which is then converted to caffeoyl-

CoA, a substrate of hydroxycinnamoyl-CoA: shikimate hydroxycinnamoyl transferase HCT.

Studies have reported that CGAs and shikimate esters are synthesized by phenylpropanoid pathway (Figure
1.1.4)%7 %8 that gives rise to diverse classes of CGAs, where the CQAs are the majority group. Several enzymes
that participate in the biosynthesis process have been identified, however, the mechanisms are complex and
until now they are not entirely clarified. At the beginning of the phenylpropanoid pathway, the deamination
of phenylalanine in cinnamate is carried out through the enzyme phenylalanine ammonia lyase (PAL). The
levels of phenylalanine ammonia lyase respond to several regulatory signals and it has been reported that it
is the major factor that affects the levels of CGA in transgenic systems. Four enzymes are needed to complete
two hydroxylations in the aromatic ring and a conjugation of the hydroxycinnamate and quinate moieties:
cinnamate-4-hydroxylase (C4H), 4-coumaroyl-CoA ligase (4CL), cumaroyl-CoA: quinate

hydroxycinnamoyltransferase (HQT) and coumarate / coumaroylquinate-3-hydroxylase (C3H).5%7°

10
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Figure 1.1.4. A simplified diagram of enzymes and major products in the synthesis of chlorogenic acid in plants. The
product names appear between the arrows. Enzymes involved in this pathway are: PAL, phenylalanine ammonia lyase;
C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamoyl-CoA ligase; HCT, hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase; HQT, hydroxycinnamoyl CoA quinate hydroxycinnamoyl transferase; C3'H, p-coumaroyl

ester 3'-hydroxylase. 7

1.1.8 Interactions of CGAs with Caffeine

In 1907 it was demonstrated that the potassium chlorogenate crystallizes with caffeine forming a non-
covalent 1: 1 complex which has only been detected in aqueous media’’’>’3, However, the nature of the
attractive forces and the possible physiological significance of the complex have not yet been fully clarified.
It has been noticed that in the presence of an excess of caffeine, the characteristic peak of the UV absorption
of an aqueous solution of chlorogenic acid shift to higher wavelengths’®. According to the literature, the
stability of the complex is influenced by the benzene ring, the conjugated double bond and the phenolic
groups. The fact that methylation of the phenolic hydroxyl and elimination of the carboxyl group in model
complexes does not lead to a decrease in the strength of the complex shows that hydrogen bonding is not
the driving force in the complex formation but it is probably due to the M-I stacking’>”3. Some studies have
reported that chlorogenate potassium decreases toxicity and reduces the diuretic effect of caffeine in rabbits
and inhibits the action of caffeine in the muscle of frogs™. Therefore, this type of complexation can be carried

out by plants as a strategy to control the compartmentalization of caffeine in tissues and to avoid any possible

11
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self-toxicity since the main function of caffeine in plants is to protect them against attacks of predators thanks

to its toxic effect on insects and some animals.”*7®

1.1.9 Determination and Identification of CGAs.

The experimental procedure for determining CGAs in coffee beans is rather complex since it comprises
extraction, separation and purification processes. Their identification and quantification is usually done by

56,58,63,76,77,78,7980 The fragmentation patterns of different

HPLC coupled with mass spectrometry (LC-MS).>*
classes of CGAs have been already established in the literature by using LC-MS, allowing the identification of
specific isomers according to their corresponding base ions. According to published reports the most efficient
method for the structurally identification and characterization of CGAs and their acyl-quinic acids derivatives
is by LC—ion trap-MS", using fragment-targeted MS", leading to their identification without the need of
isolation’®’781, But, this type of instrumentation requires great care to ensure that an adequate energy
collision is used to produce the characteristic fragmentations of each region-isomer, achieving its total and
reliable identification. However, when the MS is not available, identification by HPLC through the assignment
of specific retention times can result a little complicated due to the lack of authentic standards, which must

be synthesized, since 5-CQA is the only CGA commercially available and it is often used as a universal

standard. &

Other analytical methods employed for the identification and analysis of CGAs include infrared spectroscopy
(FT-IR), nuclear magnetic resonance spectroscopy (NMR), ultraviolet spectroscopy (UV-Vis), difference

8.8 In recent years, technological advances have

spectra spectrophotometry and gas chromatography
allowed the determination of CGAs by chemiluminescent (CL), a method detecting CGAs by flow injection
based on the CL reaction of acidic potassium permanganate with CGAs in the presence of formaldehyde as
an enhancer®®. Some biomimetic sensors based on tetra nuclear copper complex have also been developed
miming the active size of the catechol oxidase making possible to determine CGAs by square voltammetry®®.
Moreover, other techniques, like microwave-assisted extraction (MAE), pH-gradient counter current
chromatography (CCC) are being used for the extraction and separation of CGAs from flowers of Lonicera
japonica Thunb®. In recent years, attention have been paid to the determination of CGAs by molecularly

imprinted polymers (MIP) which offer the possibility of specific molecular recognition. MIPs as a possible

method for the recognition of CGAs will be described in detail in the next sections.

12
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1.1.10 Changes During Roasting

The residual amount of CGAs after roasting contribute to the flavor and aroma of the brew?88° CGAs are
thermally unstable and degrade almost completely during roasting through a series of chemical reactions
(Figure 1.1.5) giving rise to a wide range of volatile phenolic compounds °%°%92, They can undergo hydrolysis
reactions releasing hydroxycinnamic acids or forming compounds of low molecular weights, dehydration and
formation of an intramolecular bond to produce their corresponding quinolactones (CGLs) which contribute
to the bitterness of the final brew and which have also shown some biological effects®®%3949 CGAs can also
undergo isomerization and epimerization reactions and can even participate in the formation of polymeric
compounds responsible of the pigment of roasted beans like melanoidins®®®’. Depending on the type of the
blend, the type and degree of roasting and the analytical method®, the residual content of chlorogenic acids
in roasted coffee can vary between 0.5 to 7%%. However, it should be noted that the concentration of
chlorogenic acids in roasted coffee is higher than in other food sources of CGAs®3, It has been reported that
during the first minutes of roasting, the isomerization reactions take place causing a decrease of the isomers
in position 5 and an increase of the isomers in positions 3 and 4 of the quinic acid ring>°. The formation of
the lactones occurs approximately after 6-7% of the weight loss>® and the 1,5 quinides are the major lactones
formed during roasting and as it is expected, those derived from the CQAs are the main ones (Figure 1.1.6).
The main lactone is 3-caffeoylquinide or 3-caffeoylquinic-1, 5-lactone (3-CQL), that can reach maximum levels
of 230 and 254mg (%dmb), in Arabica and Robusta coffee, respectively. The second main lactone is 4-
caffeoylquinic-1, 5-lactone (4-CQL), with average contents of 116 and 139 mg% in Arabica and Robusta *°
Other lactones from FQA, diCQA and pCoQA have been also identified in roasted coffee although in

significantly lower concentrations®%97:1%0,
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Figure 1.1.5. Changes of CGAs during roasting: a) Positional Isomerization, b) Epimerization c) Hydrolysis d) Degradation

into low molecular weight compounds and e) Lactonization
13



Chapter 1 - Introduction

3-caL 4-CQL

Figure 1.1.6. Molecular structure of main CQLs.

1.1.11 Chemical Synthesis of CGAs

Since Panizzi et al.’'1%2 reported the first synthesis of the CGAs, several authors have carried out the
synthesis of different isomers of CQA (Sefkow et al.)1°*1% and FQA (Dokli et al.).1% The synthesis of pCoQAs
was performed for the first time by Haslam et al. who obtained all isomers of O-p-coumaroylquinic acids
using acyl migration as a synthetic method and also by condensation of O-acetyl p-coumaroyl chloride with
1-O-ethoxycarbonyl quinide, but the final yields were very low (6%).1°%7 |t must be noted that a different
nomenclature was used at that time deriving from a different numbering system of the substituents at the
cyclohexane ring. To avoid confusion in identifying the different isomers we have to remind that in the
present work the IUPAC numbering system is adopted® (the OH group being on the same side of the

108 carried out

carboxylic group is the position 5 of the cyclohexane ring). In the same way, Chao-Mie Ma et al.
the synthesis of 5-O-p-coumaroylquinic acid by condensation between quinic acid, bisacetonide and p-
acetylcoumaroylchloride, in order to evaluate its potential antifungal activity. Even though it seems that all
methods described in the literature involved the esterification reaction between an acyl chloride and a
derivative of the quinic acid prepared in order to protect in a selective way the hydroxyl groups of the
cyclohexanering, there is still a lack of information about the route of synthesis and spectroscopy data of the

others groups of CGAs, like the isomers of p-coumaroylquinic acids, which are less abundant in coffee and

for this reason are the less studied.

1.1.12 Metabolism of CGAs

Taking into account that the concentrations of the CGAs in the coffee beverage are higher than those of their
corresponding CGLs, because the latter are less soluble in water and they can vary according to the type of

roasting, extraction method, commercial blend%91°

, it has been reported that a cup of 200 mL of Arabica
coffee contains between 70 and 200 mg of CGA, while a cup of Robusta coffee contains between 70 and 350

mg. These concentrations can vary upon the roasting degree and the extraction method. Coffee abstainers
14
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may ingest less than 100 mg of CGA per day while coffee drinkers can consume around one gram of CGA per

55,62,111,112

day and this amount of CGA, when consumed regularly, seems to be sufficient to produce

therapeutic effects. The benefits that CGAs can bring to health have been widely reported in the literature >
113,114 1153nd were mentioned above, however, to exhibit their antioxidant properties, CGAs must be able to
penetrate gastrointestinal barriers and enter into the blood system. Some “in vivo” studies to evaluate the
absorption and effects of these compounds have been reported in the literature and various hypotheses
about the absorption process of these compounds have been proposed!!®!17.118 The amount of CGAs or
hydroxycinnamic acids available to act as an antioxidant in vivo will depend on the absorption in the digestive
tract'?912°, Some reports indicate that most of the ingested CGAs can be metabolized and their metabolites
are found in the plasma??*!22, Studies conducted in rats indicate that the CGA can be absorbed and found as
intact forms (100-170 ug/l) in plasma.'?® On the other hand, studies in the human metabolism show that the
non-absorbed CGAS reach the colon where they are hydrolyzed by the microflora into their corresponding
hydroxycinnamic acids and quinic acid. Then, absorption and additional metabolism are carried out in the

114 (Figure 1.1.7) forming benzoic acid which is conjugated with glycine to form hippuric acid.

liver and kidney
This mechanism would significantly decrease the antioxidant activity of the CGAs since the hippuric acid does
not show antioxidant activity.>>!° CQAs have been detected in plasma even 4 hours after the ingestion, while
intact 5-CQA have been found in urine after drinking coffee; however, absorption and metabolism

mechanisms are different depending upon the group of CGAs. 5>117:124

Oral ingestion
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Figure 1.1.7. Simplified representation of CGAs Absorption 114
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1.2 Molecular Imprinting Technology (MIT)

1.2.1 Molecular Imprinted Polymers (MIPs)

Molecularly imprinted polymers are synthetic materials able to specifically and selectively recognize a target
compound. These macromolecules have been inspired by natural systems such as: antibodies, hormones and
enzymes which are perfect receptors for a specific target. MIPs consist on the formation of a complex
between a target molecule, that acts as a template, and one or more functional monomers, in which are
present acryoyl or vinyl groups that allow polymerization and are chosen based on their ability of interacting
with the functional groups of the template®. The synthesis is carried out in the presence of a cross-linking
agent and a radical initiator in a suitable porogenic solvent leading to the formation of a rigid three
dimensional network around the template (analyte). After polymerization, the template is removed from the
matrix, creating specific recognition sites that are complementary in shape, size and chemical functionality
to the target, conferring to the polymer a kind of permanent memory that will allow it to selectively recognize
the analyte from mixtures of similar compounds?. On the contrary of natural receptors, the resulting MIPs
have proven to be robust and stable to drastic changes of pH, temperature and solvents. Moreover,
molecular imprinting technology is a low cost technique of easy preparation and it represents an interesting
option in various fields of chemistry and biology such as development of sensors, artificial antibodies and
chromatography stationary phases. Recently, the most advanced application is the incorporation of MIPs as
adsorbents for solid-phase extraction (MISPE) that is already accepted in several analytical laboratories,
allowing the commercialization of some MIPs.>%* In literature, two different strategies have been reported

to prepare MIPs, which are based on covalent or non-covalent interactions (Figure 1.2.1).
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Figure 1.2.1. Schematic representation of non-covalent and covalent molecular imprinting approaches.
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The covalent approach, introduced by Wulff et. al, involves the formation of covalent bonds between the
template and the monomer before polymerization through a chemical reaction, so, after polymerization
cleavage of the corresponding bond is necessary to remove the template from the polymer. This latter
approach offers the possibility of obtaining more homogenous polymers, minimizing the number of non-
specific sites®, however, the main disadvantage is the difficulty of creating a reversible covalent bond that
can be cleaved under mild conditions. This strategy is so restricted to only a few types of templates. The most

common functional groups used for creating covalent bonds are aldehyde, boronic acid, diols and amines.®”

The non-covalent approach is so far, the most common strategy for preparing MIPs. It was proposed for the
first time by Mosbach and Arshady and is based on the formation of relatively weak non-covalent interactions
(e.g. hydrogen bonding, ionic interactions, Van der Waals forces) between the template and the monomer?®,
thus, in this case, functional monomers have a particular orientation to the template before polymerization.
Unlike the first strategy mentioned above, this type of approach allows the design of polymers for a wide
range of templates capable of interacting with a large variety of commercial monomers. At the end of the
polymerization process, the template is removed by washing the polymer with aqueous solutions of acids or
bases.? Furthermore, the non-covalent methodology is simpler than the covalent one and higher affinity
binding sites are obtained. Non-covalent polymers interactions are ruled by an equilibrium process during
the pre-polymerization, therefore, a high amount of the monomer is often used to displace the equilibrium
towards the formation of the complex, which can lead to the formation of non-selective binding sites.
Moreover, in order to increase the binding capacity and selectivity, multiple functional monomers can be
incorporated into the polymer. However, characterization of the biding sites during and after polymerization
is still not complete. Another limitation is the need of several points of interactions, since molecules with a

single interacting group will lead to polymers with lower recognition properties. **°

1.2.2 Composition of MIPs

Although the synthesis of different types of MIPs have already been reported in the literature, their synthesis
comprises a very complex chemical process with different variables that can be changed. Efficient polymers
must be rigid enough in order to maintain the structure of the cavity after the removal of the template but
at the same time must be flexible to allow the equilibrium between the release and capture of the template.
To achieve these optimal properties, it is necessary to carry out a careful optimization of all polymer
components. Such as: nature and concentration of the template, type of functional monomer (s), crosslinker,
initiator and solvent, which determine the morphology and recognition properties of the MIPs!'. The
template is the essential component of the polymer, since the functional groups of the monomer(s) will be
organized around it. From the free radical polymerization point of view, the analyte should be inert and does
not participate in the polymerization process and must be stable under polymerization conditions®. The
choice of the functional monomers is extremely important since they will create specific binding interactions
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with the template. To successfully achieve the imprinting process, the functional groups of the analyte must
be complementary to those of the monomer. In the case of covalent polymers, functional monomer(s) and
template are bound in a stoichiometric way, but for non-covalent polymers, the optimization of ratio
template/monomer is carried out by preparing different polymers with different formulations. Most of the
imprinting polymers are based on polystyrene or polyacrylamide, due to their large availability in
commerce.!? The crosslinker is necessary to chemically link two or more linear polymers chains, but it
influences the selectivity of the polymer and it will contribute to determine the morphology of the matrix
(gel, macroporous or microgel powder) which directly affects the performance of the MIP.® The crosslinker
will also stabilize the imprinted binding site and it will confer mechanical stability to the polymer. Generally,
the crosslinker is used in higher concentrations with respect to the other components because it has been
demonstrated that a high concentration of crosslinker enables the microcavities to maintain the three
dimensional network after the removal of the template.? Initiators are used at lower levels with respect to
the total number of moles of polymerisable double bonds and they are used as the radical source in free
radical polymerization. A common initiator used in the preparation of a great number of MIPs is the
azobisisobutyronitrile (AIBN). On the other hand, the nature of the solvent determines the strength of the
binding interactions and can also influence the morphology of the polymer. The solvent is quite often call
“porogen”, since it is involved in the creation of the pores in macroporous polymers.® Three main conditions
must be satisfied by the choice of the porogenic solvent, first, all components should be soluble, second the
solvent should be able to produce large pores to ensure the performance of the MIP and finally the porogenic
solvents should be relatively low polar to reduce the interferences during the formation of the template-

monomer complex.?
1.2.3 MIPs Preparation

Nowadays, free radical polymerization is the most common synthetic method used for the preparation of
MIPs. This method has shown a wide variety of industrial applications for the large-scale production of
various types of plastics. Its greatest advantage is the possibility of carrying out the synthesis under relatively
mild reaction conditions, such as relatively low temperatures and atmospheric pressure, so that a large
number of monomers can be used. In addition, this method shows a considerable tolerance to impurities in
the system, such as the presence of water. ! Nevertheless, the presence of atmospheric oxygen can retard
radical polymerization so it is recommended to remove oxygen from the solutions before polymerization.?
The free radical polymerization comprises three steps as can be observed in scheme 1.2.1: initiation,
propagation and termination.* The initiation leads to the polymerization of thousands of monomer
molecules where free radicals are produced by homolytic dissociation of the initiator. Free radicals can be
generated in different ways, including thermal decomposition or high-energy radiation. Two reactions

commonly used to produce radicals for polymerization are the thermal or photochemical decomposition of
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benzoyl peroxide or azobisisobutysonitrile (AIBN). When the species already originated by the thermal or
photochemical decomposition of the initiator find the double bond of the vinyl monomer, they are added to
the MN-bond and regeneration of another radical takes place. The chain radical is formed by adding successive
monomers. ldeally, this propagation could continue until the monomer (s) is consumed, however, the
polymerization ends due to the strong tendency of the radicals to react in pairs to form a covalent bond of
paired electrons, which generates a radical loss of activity. This tendency is compensated in the radical
polymerization by the small concentration of radical species compared to the monomers. The bimolecular
reaction between the two radicals can take place in two ways: combination/coupling or disproportionation.
In the combination mechanism a single macromolecule is formed by a covalent bond between two radical
chains, while, during disproportionation, two polymer molecules are formed, one saturated and one
unsaturated as a result of the transfer of a beta hydrogen from one radical center to another.* Once the
propagation ends, either linear or cross-linked polymers can be formed depending upon the properties of

the functional monomers used.
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Scheme 1.2.1 Radical polymerization.

1.2.4 Configuration of Monomer Units.

The configuration of a polymer refers to the order of different monomeric units along the polymeric chain.
The mechanism involved in the polymerization process will lead to the formation of the thermodynamically

favored product. Therefore, the structural arrangements of monomer units in the polymer will be influenced
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by the type of substituents (R) on the double bond of the monomer. As can be observed in Equation 1.2.1,

addition of the radical could take place in two different ways.>.

R-CH,—cH- (1)

S

R+ CH,——CHX
\ R—TH—CH2' (2]

X

Equation 1.2.1. Addition of radicals in Vinyl Polymer Chains

Two types of arrangements are possible during the addition of monomers (Equation 1.2.2). The head-to-tail
or 1,3-placement of monomer units happens when the successive addition of monomer molecules to the
propagating radical occurs in the same manner leading to a final polymer product in which the substituents
are on alternate carbon atoms. Instead, if the addition in the polymer chain propagation is alternately by
reactions 1 and 2, as described above, the final polymer will have a structure with a 1,2-placement or head-
to-head (H-H) arrangement of substituents at one or more places in the final polymer chain. In the equations
shown above, the product of the most stable reaction 1 will have a head-to-tail arrangement because its
stabilization is favored by resonance effect and steric factors. Moreover, if a regular head-to-tail placement
is obtained, the configuration will be regioselective and it is called isogeric, while if the final polymer contains
alternated regions of both placements it is known as syndioregic and finally, when random arrangements are
present the final polymer configuration, is called aergic. The possibility of obtaining a regular head-to-head
placementis remote, and it appears that only an occasional monomer unit enters the chain in reverse manner

to provide an isolated head-to-head unit.'**®
Head to Tail placement

(CH3),CH—CH, CIIH—CHZ-(|3H—CH2—(r)H2 CHz—CliH(CH3)2
|
CN X X X CN

Head to Head placement

|
CN X X X X CN

Equation 1.2.2. Configuration of Monomer Units in Vinyl Polymer Chains
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1.2.5 Cross-linked Polymers

As mentioned above linear or crosslinked polymers (Figure 1.2.2) can be formed depending upon the
structures of the functional monomers used. Those functional monomers containing one polymerisable vinyl
group are known as mono-functional monomers and they will lead to the formation of linear polymers. While
functional monomers with two or more polymerisable groups often used as crosslinkers can produced
crosslinked or non-linear polymers. In crosslinked polymers the branches of the polymeric backbone are
covalently linked to other polymer chains creating a polymeric network. This type of polymerization between
mono-functional and multi-functional monomers is called copolymerization. Non-linear polymers can be
prepared by free radical polymerization as linear polymers and they are usually classified in branched
macromolecules, microgels and macroscopic networks.? Crosslinked polymers have shown a great number
of industrial applications. Particularly in molecular imprinting technology, macroscopic polymers networks
are the most studied and synthesized materials due to their rigidity which confers mechanical stability to the
imprinted site. A very important parameter to be considered during copolymerization, that will define the
properties and structure of the non-linear polymer, is the cross-linked ratio, that is the percentage of
crosslinker with respect to the total number of monomer moles and the volume of the porogenic solvent.>*
Nowadays, thanks to several studies published in the literature, it is possible to make some generalizations
and predict the physical nature of the final polymer. Polymerizations carried out at low or high ratio of
crosslinkers and with low volumes of solvents do not allow the phase separation of the polymer and the final
product is a lightly solvated gel-type polymer, which generally have very low specific surface areas and when
the crosslinker ratio is very low they have poor mechanical properties. If the polymerization occurs at
relatively higher crosslinker ratios and in the presence of higher volumes of solvents, macroporous polymers
are obtained, since in this case the polymer will be able to phase separate from the medium and can
precipitate from the polymerization mixture. These type of polymers are characterized by their higher
specific surfaces areas and mechanical stability showing permanently porous structures even in the dry state
and allowing the access to the pores also with thermodynamically non-compatible solvents*3% On the other
hand, at even more diluted conditions, thus higher volumes of solvents, the polymer particles usually in micro
or nano scale remain in a non-aggregated state and polymers can be obtained as a powder. The final products
are known as microgels powders and they have shown higher surface and an easy accessibility to the binding
sites. Although the features of macroporous polymers make them very attractive to the preparation of
MIPsY’, in the recent year, great attention has been paid to microgel powders and their applications in
molecular imprinting technology such as the controlled drug delivery, artificial enzymes in catalysis and as

recognition elements for biosensors. 8192021
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Linear

Figure 1.2.2. Polymers structures

1.2.6 Sensors based on Molecularly Imprinted Polymers.

By definition, a chemical sensor is “a self-contained device that is capable of providing real-time analytical
information about a test sample”?? and this information can be qualitative or quantitative. The essential part
of a sensor is the receptor whose function is to bind the analyte with high affinity and selectivity. Then, a
transducer transforms the binding process into a measurable output signal (Figure 1.2.3), so, the recognition
and transduction function are integrated in the same device?. The first chemical sensor was the glass
electrode for pH determination??, however, in latest years, due to the need to automatize industrial

processes, there has been a notable increase in the development of chemistry sensors and their applications.
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Figure 1.2.3. General Structure of a Sensor
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Biosensors are chemical sensors where the recognition is based on biochemical or biological elements. The
receptor can be composed of distinct molecular units called recognition receptors or alternatively, it can be
a material that includes in its composition recognition sites.?*2°2 Therefore, MIPs can be considered as
biomimetic receptors since these materials can show specificities and affinities perfectly comparable with
the natural ones and their advantages, such as chemical and physical stability, make them compatible with
several detection conditions and confer relatively long life times. MIPs are a very interesting and versatile
alternative as receptor or recognitions elements for sensing. In a sensor based on MIPs, as a result of the
interaction between the template and the receptor (MIP) one or more physical or chemical properties of the
polymer vary and these variations should be directly proportional to the concentration of the template.2’28%°

In order to allow the interpretation of this variation MIPs can be combined with several transducers such as

electrochemical, calorimetric, piezoelectric, and optical transducers.

The use of MIPs as receptors is greatly depending upon the immobilization methods, which can help to
preserve the stability and life time. Different immobilization techniques have been reported in the literature
such as physical entrapment, adsorption, covalent binding and cross-linking. The selection of the method is
influenced by the nature of the MIP as well as the type of transducer and operating conditions of the sensor.
The most common methods are those where a bond is formed between the functional group of the receptor
and a reactive group of the support. Furthermore, integration of MIPs in sensors can be carried out in situ by
using a photochemical or thermal initiator to promote polymerization. This approach offers the possibility of

controlling modifications of inert electrode surfaces with thin films of specific polymers.?”3°

The first prototype of a sensor based on MIP was a capacitance sensor consisting of a field -effect capacitor.
The MIP membrane was imprinted with phenylalanine and its binding to the polymer resulted in a change of
the capacitance that only allowed the qualitative identification of the template3!. Subsequently, other types
of sensors, that are not based on any specific property of the analyte, have been recently developed by the
combination of MIPs with a piezoelectric transducer to create acoustic sensors?’. A good example is the
Quartz crystal microbalance devices (QCM), which are mass-sensitive acoustic sensors where the oscillation
frequency changes according to mass changes at the transducer surface upon the analyte binding to the
polymer. QCM are easy to prepare and low cost devices. Following this approach, a sensor for detecting
glucose was set up.22 The polymer, made of poly(o-phenylenediamine), was electrosynthesized at the surface
sensor area in the presence of the template. Then, the resulting thin polymer layer was able to selectively
detect the analyte over other compounds. Other QCM sensors were prepared by electropolymerization of o-
phenylenediamine on a QCM surface for detecting sorbitol.3®* The sensor showed high selectivity for the
analyte over a concentration range of 1-15mM compared with glucose, mannitol and fructose. QCM have
been also applied for detecting cells and viruses. A QCM MIP sensor able to specifically bind yeast cells was

developed and could be used at concentrations between 1x10%and 1x10° cell per mL under flow conditions*.
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Others sensors able to measure the mass accumulation on the surface are those with optical transducers
using the surface Plasmon resonance (SPR). The sensitivity of SPR sensors for small target molecules can be
increased by including gold nanoparticles in the MIP layer. Following this approach, a SPR sensing device for
detecting dopamine **and theophylline 3® has been created and analyte concentrations down to the

nanomolar and micromolar range respectively were detected.

Conductometric transducers have been also used for designing MIPs sensors®’, offering the possibility to
improve the detection limit. Conductometric devices measure the conductivity changes of a selective layer
in contact between two electrodes separated by membrane of an imprinted polymer. An example of this
sensor type is the one based on atrazine imprinted acrylic polymer membrane allowing the quantification of
the herbicide atrazine. The flexibility and stability of this device was controlled by optimizing the type of
crosslinker and its molar ratio together with the optimization of the volume of porogenic solvent in the
mixture. The sensor showed a detection limit of 5 nmol- L'}, which seems to be dependent on the ability of
the polymer to change its conformation upon the analyte binding. Moreover, rapid measurement times,

around 6-10min, and high selectivity for the analyte over other related triazine herbicides were observed*2,

In recent years, with the advances in technology, there has been a growing interest in the development and
design of nanosensors, that is, in the miniaturization of the devices. An excellent alternative that allows to
detect and quantify the analyte with this approach is the Surface Enhanced Raman Spectroscopy (SERS). This
technique was employed for developing MIP-nanosensors for propranolol and bisphenol A in which low
sensitivity and reproducibility were improved by combining the MIP with noble metal nanocomposites. As a
result, a single particle nanosensor Au-MIP with a signal amplification was obtained able to detect the desired

analytes with a detection limit of 10"mol-L'* and 0.52pmol-L? respectively 394041

Hitherto, a great variety of sensors based on MIPs have been created due to the advances in the optical fiber
technology. The most common fields are the detection of contaminants in water, food, drug delivery,
analytical sensing of bioactive molecules and metals detection®?4344-454647 Eyrthermore, when the target
molecule or the receptor (MIPs) exhibit a special property such as UV-Vis absorption, bio and chemo-
luminescence, reflectance, electrochemical activity or fluorescence that can be modified by the binding
process, these can be exploited for the creation of MIP-sensors. Of all the possible transductions
mechanisms, optical fluorescence is particularly interesting because of its great sensitivity and spatial

resolution.
1.2.7 Fiber optic Sensing (FOs)

The FO sensors are based on a standard optical fiber that is composed of a very thin glass that guides the

f48

light through itself*8. Although initially these type of sensors were applied in the field of medicine®, this type
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of technology has had a massive increase in recent years due to its use in the field of telecommunications,

which has allowed to explore a wide variety of applications. (Figure 1.2.4).
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Figure 1.2.4 Diagram of the optical layout of the sensor *°

As observed in Figure 1.2.5 an optical fiber has three main components: the coating to protect the fiber from
environmental effects, the cladding, which is used as a reflection layer and the core. To keep the light wave
inside of the core, the central optical refractive index n; must be maintained higher than the cladding index
n,. In general, FO sensors are designed to detect physical (such as vibration, strain, temperature,
acceleration, pressure) or chemical parameters (pH value, identification, concentration). The source in a FO
sensor can be a LED, diode or a laser, while the medium is the optical fiber. The transducer plays the main
roles in optical-sensing mechanism by converting the measured physical quantity to a light energy. The
optical fiber allows the connection between the transducer with the detector and the processing devices are
used to display the effect of the measurement to the original light source. Different processing devices are

used depending on their applications, but the most common are spectrum analyzers and oscilloscopes.*®>!

7 Cladding

N2 n1 ; R
‘ Core

Buffer coating

Jacket

Figure 1.2.5. Scheme of a Fiber Optic (FO)
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FO sensors are basically classified into two categories according to the design mechanism: intrinsic and
extrinsic sensing. Thus, if the transducer is placed outside the fiber, the system will be extrinsic, which mean
that the sensor system depends only on the transducer part located outside the FO cable to convert the
parameter of interest into a measurable electrical signal. In extrinsic sensors, the optical fiber is used only to
transmit the light to a sensing part where the signal leaves the fiber and is modulated by the transducer.
Then, the modulated light turns back to the fiber to reach the detector. The modulation can be performed
by changing the intensity, phase, frequency, spectral content or polarization of the original light coming to
the transducer. This type of system offers the possibility of reaching inaccessible environments like electrical
transformers. On the other hand, in intrinsic systems the light never goes out during the sensing mechanism
because the transducer is placed inside the fiber. In these sensors there is a sensing region within the fiber
to modulate the light. The modulation is carried out by optimizing the intensity, phase difference, resonance
frequency or spectral interference. Intrinsic sensors are difficult to design but they offer a series of
advantages over the extrinsic ones like the possibility of providing sensing over very long distances, durability

to hard environmental conditions and the capability of high-sensitivity measurements. 5%>3

It is worth noting that extrinsic or intrinsic sensors do not measure the quantity of analyte in a direct way,
these systems measure the effect of the analyte concentration on some optical wave parameters. Indeed,
two main categories of FO sensors can be found in literature®®. The first one depends on the type of
modulation technique used. The information impressed in the propagating light wave can change the
intensity of light, phase, frequency, wavelength or polymerization. While in the second category FO sensors
are grouped by examining the type of spectroscopy used to analyze the target molecule. Spectroscopy is
generally used to measure the changes of the fluorescence, absorption or reflection light caused by the

modulation as sensing progresses.>*

In the last years, chemical FO sensors were mainly used for detecting specific pollutants in water, air and
s0il>>"*® but nowadays thanks to its several advantages such as low cost, limited loss of light over long
distances and the possibility of miniaturization and integration. FO sensors have been designed for other
implementations like detecting a particular compound or material in mixtures making possible their use for

a great range of criminal, medical and engineering purposes.

Fluorescent spectroscopy offers a high sensitivity in comparison to other spectroscopic techniques allowing
the detection of particular compounds and analytes in low concentrations. This spectroscopy technique does
not consume analytes and no reference is needed. The technical requirements are relatively simple since
light can travel without physical wave-guide. Recently, a great range of fluorescence-based FOs have been
developed with applications in biochemistry, biotechnology, analytical chemistry and photochemistry>7-58>9,
In a fluorescent FO sensor, the fluorescence source influenced by the target molecule can change some

properties of upcoming light resulting in a light wave with different characteristics, thus a measurement
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device able to detect the differences will give the material concentration. Depending on the purpose of the
sensor, the fluorescence changes can be in its intensity, color, lifetime or even the polarization of the
emission®®®°, A great variety of fluorescence-based FOs exists nowadays, but there are two types commonly
used in chemical sensing. The simplest one is known as “end-tip” sensor in which the light crosses with the
probe fluorescent material after traveling to end. At this point the fluorescent affected signal reflects back in
the same fiber to the demodulator. In these devices the pulsed light can both work on digital domain or can
be continuous. Measurement of the fluorescence is possible thanks to a spectrofluorometer placed after the
demodulator. The design of an “end-tip” sensor is a complex process since the fluorescent material is placed
within a transparent matrix to allow the access of the analyte which will also permit interfering fluorescence
which can disturb the receptor element and can negatively affect the performance of the system. The second
type is the “etched” or “waveguide binding” configuration where evanescent properties of the fiber are used.
In these systems the electric field formed during total internal reflection in the refraction environment can
be absorbed by fluorophores around the interface. Etched regions filled with fluorescent material inside the
fiber are created and these can be used to generate time division multiplexing for several
measurements*®%62_ Several fluorescence sensors have been developed using MIPs coating as recognition
elements either by employing “end-tip” or “etched” mechanisms. An outstanding example is a MIP
fluorescence sensor designed to detect cocaine, based on an “end-tip” system®. Others MIPs fluorescence
sensors have been able to detect mycotoxin, citrinin, Bisphenol A (BPA)®*, basic red9 dye®, Z-L-Phe and

others®®*® (Figure 1.2.6).
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Figurel.2.6 Experimental setup of MIPs-based FO sensors to a) Z-L-Phe and b) red9 dye.*®
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1.2.8 Fluorescent Molecularly Imprinted Polymers (fMIPs)

As described above, in FO sensors the transducer converts the incoming signal into an electrical or optical
signal that is transmitted and interpreted by the measurement device at the end. In fluorescence-based FO
sensors with MIPs the binding process generate and spread fluorescence to the surroundings. By exciting the
transducer this fluorescence sensor is able to change the properties of the transmitted light. Integration of
fMIPs to the sensing system can be done either by attaching them to the fiber with an intermediate polymer

or by coupling fMIPs to a fiber with a magnetic separator.*®

Fluorescence sensors based on molecularly imprinted polymers can be developed taking advantage of the
fluorescent properties of some of its components, either monomers present inside the polymer or template.
Since not all analytes are fluorescents, fluorescent dyes are usually integrated into a MIP matrix to afford
fMIPs. These dyes are placed in the binding sites of the polymers and can be sensitive to the local
environment.’”®8° When the analyte binding occurs the fluorescent properties changes of the polymer can
be measured, usually fluorescence quenching, shift or even fluorescence enhancement happen (Figure
1.2.7). Fluorescence enhancement is the most promising because it is more specific and is the least likely to
give false positives.*® Shifts in the emission band of the dye are noticed due to the differences in dipolar
interactions between solvent molecules that are filling the empty pockets and target molecules with the
embedded fluorophore. Furthermore, other factors such as hydrogen-bonding or electrostatic interactions
can affect the emission spectra. A complication of using fMIPs as recognition elements is that traces of the

template could remain entrapped in the polymer causing a decrease in the sensitivity. 7°

Quenching of MIP
Fluorescence

>
Enhancement

of MIP Fluorescence

Figure 1.2.7 Representation of quenching and enhancement of MIP fluorescence by binding of the template.

To achieve polymerization allyl- or acrylamido- groups are incorporated into the fluorophores without
affecting their fluorescence, transforming them in suitable fluorescent monomers for polymerization.

Currently a variety of fluorescent monomers have been used for the synthesis of fMIPs and the most common
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are fluorescein, dansyl or nitrobenzoxadiazole (NBD).”® For example, A-cyhalothrin (LC), which is a pesticide
found in food, was detected by integrating allylfluorescein into MIP microspheres made of acrylamide (AM)
as the monomer and ethylene glycol dimethacrylate (EGDMA) as the crosslinker. In the presence of the target
molecule, a fluorescence quenching of 20% was observed originated by the ability of the analyte to promote
the electron transfer. The limit of detection was < 0.1nM. Additionally, to improve selectivity and sensitivity,
fMIP layer was directly synthesized onto the core shell of Fe;0,4/SiO; particles and the system was tested in
a real honey sample spiked with the analyte achieving a good recovery.”* Another example mentioned
before, of employing fluorescein as a functional monomer, is its integration as acrylamidofluorescein (AAF)
with EGDMA and acrylamide to polymerize a thin MIP film onto an optical fiber to detect cocaine. The binding
process led to an enhancement of the fluorescence due to the ability of the template to deprotonate the

functional monomer.%3

The simultaneous integration of both fluorescence functional monomer and template into a single cavity
make them to interact as close as possible, however, these interactions will occur in random distribution, so,
a strategy to promote more specific interactions is the use of hydrogen bond-donating or accepting
fluorophores.”® A fluorophore that has shown a fluorescence enhancement after the formation of two
hydrogen bonds with the template cyclobarbital is the 2-acrylomidoquinoline. The fluorescence
enhancement is generated by the hydrogen bonds formed between amino and carboxylic groups of both the
analyte and the quinolone moiety. The fMIP was prepared by using EGDMA as crosslinker and a 3-fold
enhancement of the fluorescence intensity was observed in the presence of the template, while the non-
imprinted polymer (fNIP) does not show the same sensitivity.”? Other fluorophores are capable of forming
hydrogen bonds causing a decrease of the fluorescence signal, as in the case of the modified
aminorhodanine. Benzylidine-3-acrylamidorhodanine was used as the functional monomer to detect (Z)-N’-
cyclododecylidenepicolino-hydrazonamide. The binding of the template causes a 2-fold decrease of the
fluorescence intensity.”® Nevertheless, the drawback of this type of systems, based on hydrogen bonds, is
their application in aqueous solutions because in this environment there is a strong competition with water.
For this reason, other recognition mechanisms have been designed, promoting the detection in aqueous
solutions. For instance, 3’,5’-cyclic adenosine monophosphate (cCAMP) was detected through electrostatic
interactions with trans-4-[p-(N,N-dimethylamino)styryl]-N-vinylbenzyl-pyridiumchloride used as the
monomer and 2-hydroxyethylmethacrylate (HEMA) as the co-monomer to interact with the aromatic base
unit of the template through M-stacking and hydrogen bonding. A fluorescence quenching of 20% was
observed in the presence of the analyte between 0.1-10uM. The system showed a good selectivity in the
presence of other molecules structurally similar to the analyte.”* Charge-transfer complexes created by
electrostatic interactions have also allowed the detection of the herbicides DQ and paraquat (PQ), fMIP was
prepared by modification of the fluorescent dye disodium 6,8-dihydroxypyrene-1,3-disulfonate with

methacrylamide unit for polymerization using HEMA as the crosslinker and methacrylic acid (MAA) as the co-
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monomer. The binding process led to a fluorescence quenching and the detection limits were 162 and 281

nM, respectively” .

As mentioned in previous sections, due to the non-covalent interactions between the template and the
functional monomer, the dissociated species and the complex will always be in equilibrium during
polymerization, so, a strategy to avoid this is to introduce species capable to form a reversible covalent bond
with the target molecule, allowing the cavities formed in the polymer to be reusable. Since there are not so
many species capable of achieving this, a possible option is to use boronic esters that allow covalent bonding
with the analyte. An outstanding example, where this approach has been employed, is in the detection of
(D)-fructose using an antracene-boronic acid with methacrylate as the functional monomer. The binding
interactions result in a fluorescence enhancement proportional to the concentration of the analyte bound

allowing the quantification of the analyte between 1mM a 100mM.”®

The potential of fMIPs as recognition elements in sensors has allowed its application in the detection of toxic
metal ions in aqueous solutions”’. In this case, the imprinting can be carried out by using functional
monomers able to coordinate the metal ion of interest. A suitable example is the detection of Pb?* with a
fMIP made of 9-vinylcarbazole as the co-monomer and Pb'(MAA) as the template. When lead ions are
captured in a concentration range between micro and millimolars a decrease in fluorescence was observed.
9-vinylcarbazole have been also used as a functional monomer to detect Hg?*ions by copolymerization with
4-vinylpyridine (4-Vpy). The sensor works in a concentration range between 5-107 and 1-10*M but this
system showed some drawbacks such as the influence of the membrane thickness on the response time and
the selectivity through other metalions’®. Improvements in selectivity were achieved in the design of a sensor
based on fMIPs for detecting copper by forming a complex between Cu?*and the fluorescence monomer 4-[-
2-(4’-methyl-2,2’-bipyridin-4-yl)vinyl ] phenyl methacrylate with HEMA and 3-(acryoloyloxy)-2-hydroxypropyl
methacrylate. Rebinding of the metal ion leads to a significant fluorescence quenching and the system turned

out to have a reusability of 50 cycles and a detection limit of 0.04 pM.”®

A different approach to improve the performance of fMIPs is the integration of additional subunits into the
fluorescent monomer, affording fluorescent probe monomers. Thus, instead of having the classical
arrangement of fluorophore-linker-polymerizable unit (FLP), the fluorescent probe will consist of at least four
subunits: fluorophore-linker-receptor-linker-polymerizable unit (FLRLP). For instance, following this
approach, an imprinted polymer to recognize human serum albumin (HSA) was prepared using
dansylmethacrylate functionalized with ethylenediamine as the monomer and AM and N,N-
methylenebisacrylamide (MBA) as the crosslinkers. In this system, the combination of a rigid hydrogen
bondable site in the pyrrolidine moiety and a fluorescent unit (dansyl moiety) leads to a fMIP with protein
recognition cavities that show selective detection toward the target protein with an increase in fluorescence.
The corresponding fNIP did not show any significant change.®°
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So far, systems in which fluorescent functional monomers are incorporated into the polymeric matrix
producing a change in the emission intensity or emission wavelength after the recognition of the template
have been described. The main advantage of this approach is to use the polymer as a sensor itself since one
of its intrinsic properties is used as the transducing system. However, in cases where neither the polymer nor
the analyte are fluorescent, a strategy to develop fluorescent sensors is to design competitive or
displacement assays, which can be carried out by synthesizing a fluorescent analogue of the analyte that can
compete for the binding sites in the polymer with the real analyte of interest, providing that the MIP is still
able to bind the target molecule. For instance, by designing a competitive or displacement sensor a
fluorescent tracer was used to carry out a competitive flow-through assay for detecting chloramphenicol®..
Here, the competition between the analyte and 2-amino-1-(4-nitrophenyl)-1,3-propanediol, a fluorescent
molecule structurally similar to the target allowed the detection of the analyte in a range between 25uM and
310uM. In other systems, penicillin-type B-lactam antibiotics in human urine was detected by an automated
molecularly imprinted sorbent assay carried out with a bulk polymer made of ethyleneglicol dimethacrylate
as the crosslinker, methacrylamide as the co-monomer and N-[3,5-bis-(trifluoromethyl) phenyl]-N’-(4-
vinylphenyl) urea as the functional monomer. The polymer was imprinted with penicillin G procaine salt and
the concentration of the analyte was determined measuring the emission signal of the fluorescent
competitor pyrenemethylacetamido penicillanic acid (PAAP) displaced by the target molecule from the
polymer binding sites. The sensor showed a detection limit of 1.97-107M.%? With the same approach (Figure
1.2.8) it was possible the detection of the stress marker cortisol. Oriented, homogeneous cavities with two
binding sites for cortisol were fabricated using a cortisol motif as the template molecule which was
immobilized on a B-cyclodextrin (B-CD)-grafted gold-coated sensor chip, followed by copolymerization of 2-
methacryloyloxyethyl phosphorylcholine as the hydrophilic comonomer. Detection of cortisol was
demonstrated by a competitive binding assay using a fluorescent competitor. The analyte was detected with
a detection limit of 4.8 pM. In addition, detection of cortisol in saliva samples was demonstrated as a

feasibility study.®
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Figure 1.2.8 Preparation of the cortisol-MIP thin layer containing oriented cavities with dual binding sites within the

imprinted cavity and schematic of the competitive binding assay using FITC-BPA as the fluorescent competitor.83

Displacement methods based on the competition between the free analyte and modified dye have allowed
the design of colored optical sensors to detect analytes that do not possess a color itself8. For instance, a
colorimetric sensor array based on dye displacement composed of seven MIPs was able to detect seven
different aromatic amines®. The MIPs were made of MAA and EDGMA and saturated with benzofurazan,
which is a small molecule with shape and similar functionalities to the target molecules. The use of dye
conferred to the polymer a strong yellow color and with the addition of the analyte, the dye was displaced

and significant decrease in the intensity of the polymer color was noticed.

On the other hand, there is also the possibility of finding systems where the target molecule possesses its
own fluorescence or color and this property can be exploited for the design of fMIPs-sensor. A selective and
sensitive system based on MIP to monitor the carbaryl pesticide in water by measuring its fluorescence
emission was developed with a detection limit of 0.27ug/mL.8% Another example is the quantification of B-
estradiol using MIPs, which take advantage of both the intrinsic fluorescence of the analyte and the
fluorescence led by a fluorescent dye that could bind to the polymer in a competitive mode.®” To summarize,
fMIPs have been widely used for optical sensing since the binding process can be monitored including

fluorescent monomers into the polymer or by directly measuring a fluorescent analyte and in cases where
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neither the template or the monomer are not fluorescent competitive assay with a fluorescent analog as a

probe can be designed to allow the detection of the real analyte.
1.2.9 Applications of Molecularly imprinted polymers (MIPs) in Food.

In the latest years, the agricultural sector and the production of food at the industrial level has increased
significantly worldwide and food safety has to be monitored during production, transportation, storage and
consumption. Therefore, novel technologies have been developed to guarantee quality and safety. Currently,
consumers are more aware of the effect of the components of food on human health, which has led to the
creation of new regulations that must be obligatorily respected by the food industry to ensure hygiene and
safety. Selective, precise and accurate methods for determining food components and contaminants both in
raw or processed food are necessary and these should be developed with the aim of reducing analysis time,
effort spent on sample preparation and being more environmentally friendly .28 Food is a very complex matrix,
mainly formed by proteins, lipids, carbohydrates, vitamins, minerals and fibers which make difficult the
separation and the quantification of the target molecule. As a result, extensive and complicated techniques
for sample extraction and preparation must be performed before the analytical analyses both for removing
unwanted matrix constituents or for concentrating the analytes which are present at low concentrations or
traces.® Usually, purification methods involve several steps and are based on organic solvent extractions,
but they are time consuming, not always specific and require high amount of sample and organic solvents.
The most preferred instrumental techniques for the detection and quantification of the target molecules are:
high performance liquid chromatography (HPLC), gas chromatography (GC) coupling with mass spectrometry
(MS) and inductively coupled plasma-mass spectrometer (ICP-MS). Most recently, imprinted polymers have
become a useful technology with a wide range of applications in food manufacturing, processing and analysis
of quality control and safety.®® MIPs have been successfully applied as sensors for detecting hazardous
contaminants or specific molecules in food, as well as for the removal of undesirable components from food
matrices and in food microbiology. Among the applications of MIPs in food chemistry, the most widely used
is solid phase extraction (SPE), for which several MIPs have been already commercialized.?*°? As can be
observed in Figure 1.2.9 in molecularly imprinted solid phase extraction (MISPE) the sample source is passed
through a selective MIP able to specifically retain one or a small group of compounds. After washing, the bulk
matrix of the extract is eliminated, and the MIP is eluted to recover the target molecule (s) which is so purified
and in a concentrated form. Thus, MISPE allows to clean up and pre-concentrate samples that can be

guantified by using another analytical technique such as HPLC.

39



Chapter 1 - Introduction

Matrix

0 Components Eﬂ@

=2
0O *o
o
Mip with selective Q

binding sites

W

*0
LR 0 100
NS
‘ ' (/J/O* t.. <><> J//Target Compound

|
1
J“"‘M‘\ML Non-imprinted molecules

Figure 1.2.9 Sample concentration and purification by molecular imprinting SPE.

In food industry great attention have been focused on the detection of contaminants or anti-microbial drugs
that could be potentially harmful to the human being. Later on, there has been a huge interest in the design
of MIPs capable of detecting the drugs that act within humans, but some efforts have also been invested in
the study of drugs in animals. Of special interest in this area are antibiotics since their use for the treatment
of animals used for human consumption cover half of the antibiotic world production®®. MIPs to detect a
series of macrolide antibiotics such as erythtomycin A, oleandomycin and tylosin were tested and the
polymers showed efficient selectivity towards their respective templates.>* Detection of chloramphenicol, a
bacteriostatic antibiotic banned by government regulations in food, was carried out by MIPs prepared
through aqueous suspension polymerization. The MIPs were packed into SPE cartridges to detect the target
antibiotic in milk and shrimp samples with recoveries of above 80%.%> Other MIPs have been packed into SPE
tubes to selective target tetracycline (TC) and oxytetracycline (OTC). The antibiotics removed from pig-kidney
tissue were cleaning up by MISPE and analyzed by HPLC.?® Another MIP to detect a class of tetracycline was
also synthesized to remove the antibiotics from water.%’ Steroids have been also chosen as templates for
MIPs production, for instance cortisol could be separated from structurally related steroids with HPLC using
a polymer imprinted with the target molecule. An imprinting factor of 9.71 was determined compared with

the non-imprinted polymer.®

MIPs have been also employed for detecting food additives, which are used to improve food character such
as taste, color, texture and food longevity. However, some industrial dyes are genotoxic or carcinogenic
agents and they are illegally used. For instance, Sudan | is the most used industrial dye and is also illegally

added to foodstuffs and cosmetics for color increment.°° Sudan | was detected by a MIP prepared through
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bulk polymerization using MAA and 4-vinylpyridene as the functional monomer. The MIP packed in SPE
cartridges allowed the determination of concentration of 10 ppm of the analyte in spiked red chili powder
for HPLC detection by using MISPE.*® Another system based on MIP-thin-layer chromatography (TLC)-SERS
biosensor to detect Sudan | at level traces in ground paprika was developed. A gold solution was used to
increase the Raman signals of the analyte and the enhancement factor was approximately of 4-10% In this
study the pretreatment of food samples was simplified by TLC progress and the detection limit was 1ppm1.
Several natural sweeteners such as glucose, galactose, fructose and mannose have been used as target
molecules for imprinting approaches. In these studies, MIPs have shown a high regio- and enantioselectivity

allowing their use in binding assays as well as sensor development 101102

The biggest problem in the food industry is the presence of contaminants such as foodborne pathogens and
microbial toxins. MIPs, in conjugation with other methods, have become very efficient recognition elements
for food contaminants. Probably, the most important contaminant, in terms of toxicity and diffusion, are
mycotoxins.®® In this sense, an analytical method to detect ochratoxin A (OTA) in red wines was developed
based on a two dimensional solid phase extraction (SPE) clean up protocol on C18-silica and one MIP. An
OTA-mimic template was used in presence of a sterically hindered tertiary amine and highly hydrophobic
tert- butyl group as functional monomers. Spiked samples provided a recovery above 90% and the detection
limit was of 0.01 ng/mL. The system showed reusability after five cycles but a similar performance was
observed in control experiments with the corresponding NIP.1% [n the same way, some semi-covalent MIPs
have been designed to recognize pesticide residues. There are two types of pesticide detected on food
samples, widely known as triazine and urea-based herbicides. A polymer prepared with MAA as the
functional monomer was used to detect fenuron, a phenylurea herbicide in plant samples. By MISPE was also
possible to recover 95-115% of spiked herbicide in potato, carrots, wheat and barley using HPLC-UV. This
method allowed the determination of fenuron at concentrations below of the maximum levels
recommended by the legislation.'®* Atrazine have been detected by a potentiometric sensor based on a
molecularly imprinted membrane. A good potentiometric response has been afforded giving a detection limit
of 2:10° M. The sensor could be used for more than two months without any significant change and the
response time was less than 10 second.® Other types of fluorescence sensors using the molecularly
imprinted technology were created for detecting atrazine. Polymer synthesis consisted of radical
polymerization of diethylaminoethyl methacrylate or methacrylic acid as functional monomers and ethylene
glycol dimethacrylate as the crosslinker. After grinding of the polymer block and splitting off the template
molecules a suspension of the polymer was used for the herbicide-specific sensor system, which consists in
the competition between fluorescent-labeled and the unlabeled template for the specific binding sites.
Selective detection of triazine was achieved within 4 hours between a concentration range of 0.01-100

mM.106
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Furthermore, a large number of studies for targeting typical food components have been carried out. Among
these, cholesterol has been the major food component detected by MIPs. Self-assembled molecularly
imprinted films were used as recognition elements immobilized on gold electrode surfaces. The
electrochemical sensor allowed the determination of cholesterol in a range of 15-60uM with response time
of 5min.1%” Nicotine and its oxidation products in nicotine chewing gum were detected by packing MIPs in
SPE tubes. Without this cleaning system none of target analytes had been determined by using HPLC
separation.'® Another important secondary metabolite that has been successfully analyzed by molecularly
imprinted technology is the caffeine (CAF). A bio-mimic bulk acoustic wave (BAW) sensor was fabricated by
coating the MIP. The sensor showed high selectivity and a sensitive mass response to the template. The
response range of the sensor was between 5-10° and 1-:10*M. Recoveries were 96.1-105.6% at pH 8. The
system was employed in real samples and proved to be a convenient method with the advantages of high
sensitivity, good selectivity and ease of handling.!® Electrochemical sensors have been also employed for
detecting CAF. A sensor was constructed through multiwalled carbon nanotubes and gold nanoparticles that
were first modified onto the glassy carbon electrode surface by a potentiostatic deposition method.
Subsequently, o-aminothiophenol (ATP) was assembled on the surface of the above electrode through Au-S
bond before electropolymerization. During the assembly and electropolymerization processes, CAF was
embedded into the poly(o-aminothiophenol) film through hydrogen bonding interaction between CAF and
ATP, forming a MIP electrochemical sensor with a detection limit of 9-101!M.!1° Other sensors used to detect
CAF in aqueous media have been developed, for instance, a divinylboenzene (DVB) crosslinked polymer
toward caffeine was prepared and the MIP exhibited high binding affinity and selectivity by the binding
competition of caffeine with several dimethylated and chlorinated xanthines and N-methylated uric acids in

aqueous media.'!

1.2.10 Molecularly Imprinted polymers (MIPs) For Chlorogenic Acids (CGAs) recognition

MIPs based in non-covalent interactions have been mostly used in solid phase extraction and sample
concentration for the analysis of CGAs. MIP Monolith was successfully applied to the separation and
purification of chlorogenic acid from the leaves extract of E. ulmodies, resulting in high purity chlorogenic
acid. MIP monolithic stationary phase was prepared in chromatographic column by an in situ synthesis
method using caffeic acid as the template. The retention behavior of chlorogenic acid, the template and the
other impurities molecules co-existed in the E. ulmodies leaves extract on the MIP monolith were studied.
Another approach was the development of a modified bisphenol A (BPA) molecularly imprinted polymer
sorbent used in the hollow fiber solid phase microextraction (MIP-HF-SPME) of chlorogenic acid (CGA). The
pre-polymer solution containing the template was introduced into the polypropylene hollow fiber segment

for in situ polymerization. The system was used for selective extraction of chlorogenic acid in Echinacea
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purpurea, a medicinal plant. The obtained SPME device exhibits excellent characteristics such as high porosity

and chemical stability with the limit of detection of 0.08 ng/mL.1!2

On the other hand, MIPs have been successfully applied for extraction of CGA in the leaves of Eucommia
ulmodies.'*1** In one case, the polymer was prepared by modified precipitation polymerization using
methacrylic acid as the functional monomer, divinylbenzene as the crosslinker and methanol or dimethyl
sulfoxide as the porogenic-solvent. The prepared MIPs were microspheres with a narrow particle size
distribution. Binding experiments and Scatchard analyses revealed that high and low affinity sites were
formed on the MIP. The retention and molecular-recognition properties were evaluated using a mixture of
water and acetonitrile as the mobile phase in hydrophilic interaction chromatography. In addition, to shape
recognition, hydrophilic interactions seem to work for the recognition of CGA. The system showed a specific
molecular-recognition ability for CGA, while other related compounds, such as caffeic acid, gallic acid,
protocatechuic acid and vanillic acid, could not be recognized. A rapid and accurate approach was established
for simultaneous purification of theophylline and CGA in green tea by coupling hybrid molecularly imprinted
solid-phase extraction with HPLC. Satisfactory extraction recoveries for theophylline (96.7%) and chlorogenic
acid (95.8%) were afforded and the detection limits were 0.01ug/mL for theophylline and 0.05ug/mL for
CGA.'®>

In the same way, some other MIP electrochemical sensors have been developed for CGA
detection 16-117.118,119,120  f5r jnstance, a sensitive molecularly imprinted electrochemical sensor (Figure
1.2.10) was constructed by deposition of a molecularly imprinted siloxane (MIS) film, prepared by sol—gel
process, onto Au bare electrode surface. Initially, a (3-mercaptopropyl)siloxane layer (MSL) was formed on
the Au bare surface, followed by a siloxane layer obtained from the acid-catalyzed hydrolysis/condensation
of a solution constituted by tetraethoxysilane (TEQOS), phenyltriethoxysilane (PTEQOS), 3-
(aminopropyl)trimethoxysilane (APTMS) and 5-CQA, as template. The MIS imprinted film was
electrochemically characterized using differential pulse voltammetry (DPV). The MIS/Au sensor was tested
in a solution of the CGA template and other similar molecules showing excellent selectivity towards CGA
when compared with structurally similar molecules. The detection limit was 1.48:107 M and the sensor was

successfully applied for the determination of CGA in coffee and tea samples.'?°
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Figure 1.2.10 Schematic representation of the molecularly imprinted siloxane for CGA. 1%

Most recently, a promising technique for the enrichment and determination of chlorogenic acids from herbal
medicines was proposed. The system consists in a solid-phase extraction adsorbent based on molecularly
imprinted polymers (MIPs), made of 4-vinylpyridine as the functional monomer and hydrogenated 5-CQA as
the mimic template. Selective extraction and determination of three isomers of caffeoylquinic acids (CQAs),
considered as quality markers for Lonicera japonica and Lianhua gingwen granules, was successfully
achieved. The morphologies and surface groups of the MIPs were assessed by scanning electron microscopy,
Brunauer—Emmett—Teller surface area analysis, and Fourier transform infrared spectroscopy. The adsorption
isotherms, kinetics, and selectivity of the MIPs were systematically compared with those of non-molecularly
imprinted polymers. The MIPs showed high selectivity toward chlorogenic acid, cryptochlorogenic acid, and
neochlorogenic acid. A procedure using molecularly imprinted solid-phase extraction coupled with high-
performance liquid chromatography was established for their determination. The recoveries of the

chlorogenic acids were found from 93.1% to 101.4%. *?
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2.1 Aim of the Project

This project is part of IPCOS network, which has received funding from the European Union’s Horizon 2020

research and innovation programme under the Marie Sklodowska-Curie grant agreement No. 642014

IPCOS Network has been created to bring innovation to the field of food quality in the coffee industry, by
using molecular imprinting technology to study and detect some bioactive compounds present in coffee,
which have shown to have an impact on consumers’ health. Easy detection and quantification of these
bioactive compounds is very important to ensure the highest quality of the final product not only for the
flavor and taste point of view but also to guarantee nutritional values. The technological advances of the past
two decades have significantly improved coffee quality due to the analytical techniques available such as
HPLC, GC, MS; however, these rely on equipment that is expensive, time consuming and requiring specialized
operators. There are specific health benefits and risks associated with the concentration of the different
active ingredients in food products that influence the quality of the food; Therefore, there is a clear need to
develop novel, simple and complementary approaches to detect important food components to ensure the

highest quality of the final product

One of the most important indicators of the coffee cup quality is the amounts of chlorogenic acids (CGAs)
and of their corresponding lactones (CGLs) present in the coffee beans after roasting. Roasting is a process
carried out at high temperatures and high inner pressures and it plays a key role on the final chemical
composition of coffee, due to the many reactions that take place in the beans leading to the formation of
hundreds of compounds. CGAs confer astringency, bitterness and acidity to the coffee brew and their content
in coffee is an important indicator of its quality that is greatly dependent upon the degree of roasting, the
type of roaster and method of infusion. Therefore, together with an analytical study of their presence in the
coffee matrix it is also important to develop a reliable, rapid, sensitive and simple method for the

guantification of these substances.
This research project has been focused in three main objectives:

e Synthesis and characterization of 3-, 4- and 5-p-coumaroylquinic acids;
e Study of the concentration profile of CGAs in coffee production;

e Design and development of molecularly imprinted polymers (MIPs) as recognition elements for CGAs.

Since not all CGAs are commercially available, there is a lack of information about the qualitative and
guantitative identification of some classes of CGAs in coffee, especially of pCoQAs which are the less studied.
In order to understand better their role in the quality of coffee and quantify them in coffee matrix, it is
necessary to synthesize these compounds to use them as standards. The first part of the project has been
carried out at the Department of Chemical and Pharmaceutical Sciences of the University of Trieste (UNITS)

were isomers of p-coumaroylquinic acids were synthetized following methods described in the literature that
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involve the condensation of an acyl chloride with a derivative of quinic acid. All four regioisomers synthetized
have been completely characterized, their stability has been determined by computational methods and the
acyl migration was studied. Secondly, study of the CGAs concentration in coffee production was carried at
the Aromalab at lllycaffe S.p.A. Several qualitative analyses were performed to ensure the development and
optimization of a correct protocol already used at the lllycaffé for the identification of these compounds in
coffee. However, since coffee is a very complex matrix and pCoQAs are present only in low concentrations,
in order to facilitate their identification and to improve the analytical analyses, extractions of these phenolic
compounds from other sources richer in pCoQAs like walnut leaves were performed. Walnut leaves are
frequently used in traditional medicine and their aqueous tea infusion has already been demonstrated to
possess biological activity. Since the concentration of CGAs determined in walnut leaves was greatly
dependent upon the collection time of the samples we decided to carry out a systematic evaluation of the
changes of the different chlorogenic acids from the spring until the end of summer in order to investigate the
seasonal variations of these secondary metabolites. By the improvement and optimization of the analytical
method already used the lllycaffe, a suitable UHPLC analytical method has been development in this project.
Subsequently, the same method has been applied to analyze the CGAs profile of samples of Coffea arabica,
Coffea canephora and Coffea liberica, which are the most important species from an economical point of
view. Several other wild coffee species have also been studied to evaluate differences in the CGAs content

between different species, especially the concentration of pCoQAs which have not been reported so far.

The last part of the project was focused on the development of recognition systems for chlorogenic acid,
based on molecularly imprinted polymers using 5-CQA as the target molecule. Two different approaches have
been considered in this project. As a first choice, fluorescent molecularly imprinted polymers, using a
fluorescent functional monomer able to interact with 5-CQA, were prepared to develop a switch “on-off”
system whose properties can be exploited in an optical sensor. The second approach consisted on the
preparation of a molecular imprinted polymer by synthesizing a fluorescent analogue of the analyte that can
compete for the binding sites in the polymer or displace the analyte in the matrix polymer. To prepare
derivatives of 5-chlorogenic acid (5CQA) two different fluorescent dyes have been chosen: 5-[(2-Aminoethyl)
amino] naphthalene-1-sulfonyl (EDANS), which shows an excitation wavelength at 320 nm and emission
wavelength at 490nm, and Fluorescein Isothiocyanate (FITC), with excitation and emission wavelength at 490
nm 520 nm respectively. The fluorescent properties and immobilization of MIPs have been carried out at

Cobik, a Slovenian center of excellence in optical sensors.
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3.1 Synthesis of p-Coumaroylquinic Acids (pCoQAs)

The four commercially unavailable isomers of p-coumaroylquinic acid, 1-p-coumaroylquinic acid 1a, 5-p-
coumaroylquinic acid 2a, 3-p-coumaroylquinic acid 3a, 4-p-coumaroylquinic acid 4a (Figure 3.1) has been
synthetized by coupling reactions between the p-acetylcoumaroylchloride’ and the suitable protected (-)-
quinic acid with the desired free hydroxyl group and all the other hydroxyl groups protected in different ways.
The syntheses performed were carried out with the route proposed by Sefkow et al.2? and Dokli et al.3

although with some modifications to improve the yield.

HO
HO COOH
R O COOH

1-O-p-coumaroylquinic aCld la R=H 5-O-p-coumaroylquinic acid 2a R =H

1-O-caffeoylquinic acid 1b R = OH 5-O-caffeoylquinic acid 2b R = OH
HO, COOH
HO, COOH ot > o
0 5.0
X o : OH AN
HO OH
R
R
OH

4-O-p-coumaroylquinic acid 4a R=H
4-O-caffeoylquinic acid 4b R = OH

3-O-p-coumaroylquinic acid 3a R=H
3-O-caffeoylquinic acid 3b R = OH

Figure 3.1. Chemical structures of the four regioisomers of p-Coumaroylquinic Acids (pCoQAs) 1a-4a and Caffeoylquinic

acids (CQAs)1b-4b.

p-Acetylcoumaroylchloride was prepared following a known two steps procedure3* (scheme 3.1) starting
from p-coumaric acid. Protection of the hydroxyl group was carried out with acetic anhydride with DMAP in

pyridine and subsequently, reaction with oxalyl chloride gave the protected acyl chloride in 95% vyield.

(CH4C0),0
DMAP

o @jCOOH pyridine ACQ@I orene 2
4h0Ctort SCtort

93%

Oxalyl Chloride
COOH Toluene, DMF

cocl
AcO@j

overnight

90%

Scheme 3.1. Synthesis of p-acetylcoumaroylchloride (pAcCoCl).
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3.1.1 Synthesis of 1-O-p-coumaroylquinic acid 1 (1-pCoQA)

Although in the literature there is no evidence that the regioisomer 1-O-caffeoylquinic acid 1b is present in
coffee beans,”> we decided to perform also the synthesis of 1-O-p-coumaroylquinic acid 1a according to
scheme 3.2. In fact, the availability of 1a as a standard can be helpful in confirming the absence of
regioisomer at position 1 in coffee beans. To obtain compound 1a, a protection of the hydroxyl groups at
positions 3,4 and 5 was achieved following a literature procedure®® with some modifications. Lactone 5 was
synthetized in 72% yield and used without further purification in the following condensation reaction with p-
acetylcoumaroylchloride, using DMAP and pyridine in dichloromethane at room temperature. The protected
ester 6 was obtained in 57% yield after purification by column chromatography. Deprotection reaction of all
protecting groups was performed in acidic conditions using HCI (2N)/ THF in a ratio 4:1 under stirring for 11
days giving 1-O-p-coumaroylquinic acid 1a in 85% yield. The formation of the regioisomer 1a was confirmed
by *H NMR analysis. Comparing the chemical shifts of protons at positions 3,4 and 5 of the quinic core of the
final product with protons in the free quinic acid, as can be observed in Figure 3.2, there were no significant

chemical shifts of protons at positions 3, 4 to indicate they were not involved in the acylation.

HO é(?
HO%, COCH 2,2-dimethoxypropane - \
@\ p-TsOH e}
. Acetone o >
HO™ " TOH reflux,4h ~-o
HO 72% yield
(-)-quinic acid 5
O DMAP AcO o
HO,@ pyridine

\ /—COCl  CHCl
N 24h, rt

\f—d 5 57% i
HCI (2N) \k
11 days, rt

84%

Scheme 3.2. Synthesis of 1-O-p-coumaroylquinic acid 1a
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Figure 3.2 Chemical shifts of protons at C-3, C-4 and C-5 in quinic acid (QA) and in 1-O-p-coumaroylquinic acid 1a (1-
pCoQA)

3.1.2 Synthesis of 5-O-p-coumaroylquinic acid 2a (5-pCoQA)

The same lactone 5 was used as the starting building block also for the synthesis of 5-O-p-coumaroylquinic
acid 2a, following scheme 3.3. In this synthesis, lactone ring of compound 5 was opened and protection of
the carboxylic group underwent through alcoholysis with EtOH using a literature procedure to afford the
ethyl carboxylate 737. *H NMR of the crude reaction mixture revealed the presence of the ethyl carboxylate
derivative 7 although in admixture with lactone 5 in 13:1 ratio respectively. The crude product was used in
the following esterification step without purification, as previously described in the synthesis of 1-pCoQA, to
give compound 8 in 34% yield after purification by column chromatography. Protection of the hydroxyl group
was not necessary since Pooter et al.2 demonstrated that under mild conditions no esterification occurs at
axial C-1 hydroxy group of the quinic core. Deprotection reaction was performed in 6 days in presence of HCl

to obtain 5- -p-coumaroylquinic aci ain oyle romt eprotecte ester 8.
(2N)/ THF to obtain 5-0 lquinic acid 2a in 77% yield f h d 8

To assign the structure of the product obtained, its *H NMR data were compared to that of the commercial
sample of 5-O-p-caffeoylquinic acid 2b which differs only for a hydroxyl group on the aromatic ring. *H NMR
spectra were very similar, except for the aromatic ring protons, showing the same stereochemistry and
conformation of the cyclohexane ring. The most stable conformation of compound 2a, as well as that of 2b,
is the one with the ester group and the carboxylic group in equatorial position, the hydroxyl group at C-4 in
equatorial position while the hydroxyl group at C-3 in axial position. The assignment of this conformation
was possible analyzing the coupling constants and W of the proton signals at C-3, C-4 and C-5 (see table 3.1).
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H-5 resonates at 5.34 with a Wy of 23.2 Hz, indicating that H-5 is in axial position while H-3 resonates at 4.16
with a Wy of 10.7 Hz indicating that H-3 is in equatorial position. Both compounds 2a and 2b show two quite
superimposable spectra for the region of quinic core protons thus demonstrating they have the same

conformation.

0]
HO, _C HO, ,COOEt
\ i) NaOEY/EtOH, -20°C, 24h p-acetylcoumaroylchloride
g © i) HOAC, rt - DMAP, py, CH,Cl,
o o OH
S 3 24h, rt
\ﬁo \f—o '
34% vyield
5 7
HO, ,COOH
HCI (2M)/THF o
6 days, rt HO' o 5z
04 Vi :
77% yield OH
OAc OH
2a
Scheme 3.3. Synthesis of 5-O-p-coumaroylquinic acid 2a
Table 3.1 — 'H NMR of pCQAs and CQAs in CDsOD at 500MHz
Compound Ar protons Vinyl protons H-3 H-4 H-5 H-2
H-6
2a 7.47 (d,)8.5), 7.62(d,J16.0) 4.17(m, 3.72(dd,J)13.6,); 5.34(dt, 2.16-2.25
6.81(d,J8.5) ,6.32(d,J16.0 Wy10.7 8.2) J18.9, ), (2H, m),
4.3, Wy) 2.01-2.11
(2H,m)
2b° 7.05(d,J2.9), 7.56(d,J14.7), 4.16(m, 3.72(dd,J17.0,), 5.34(dt, 2.16-2.24
6.96 (dd, )1 8.8, 6.26(d,J14.7) Wy 10.7) 3.6) J18.9, ), (2H, m),
J,2.9),6.78 (d, ) 5.3, Wy 2.02-2.10
8.8) 23.2) (2H, m)
3a 7.47 (d,)8.5), 7.67(d,J15.9), 5.39(m, 3.71 (1H, dd, J1 4.10 (1H, 2.10-2.20
6.81 (d, J 8.5) 6.39(d,J15.9) Wy13.7) 7.6,1,2.7) m, Wy (3H, m),
17.8) 1.93-2.02
(1H, m)
3b° 7.04(d,)J2.4), 7.58(d,J16.7), 5.35(m, 3.65(dd,J18.7,); 4.14(dt, 2.11-2.22
6.94 (dd,J: 8.8, 6.31(d,J16.7) Wy11.9) 4.3) 118.7, ), (3H, m),
J,2.4),6.78 (d, ) 4.3, Wy 1.93-1.99
8.8) 21.7) (1H, m)
4a 7.49(d,J8.6), 7.73(d,J15.9), 4.32(m) 4.81(dd,J;10.0,J); 4.32(m) 2.17-2.22
6.82 (d, ) 8.6) 6.45 (d, J 15.9) 2.8) (2H, m),
2.00-2.10
(2H, m)
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4b° 7.07(d,J3.1), 7.64(d,J15.6), 4.28(m) 4.80(dd,J19.6,); 4.28(m)  2.16-2.22
6.96 (dd, )1 9.4, 6.37(d,J 15.6) 3.8) (2H, m),
J,3.1),6.78 (d, J 1.98-2.08
9.4) (2H, m)

In Figure 3.3 is reported part of the *H NMR spectrum of both quinic acid and compound 2a where it can be
clearly observed the downfield shift of proton at C-5 due to the esterification reaction with respect to the

same proton in the simple quinic acid.
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Figure 3.3 Chemical shifts of Quinic acid (QA) and 5-O-p-coumaroylquinic acid 2a (5-pCoQA)

3.1.3 Synthesis of 3-0O-p-coumaroylquinic acid 3a (3-pCoQA)

3-p-coumaroylquinic acid 3a was synthetized following scheme 3.4. The carboxylic group of (-)-quinic acid
was protected by esterification with MeOH, and successively, the hydroxyl groups at C-4 and C-5 were
protected using 2,2,3,3-tetramethoxybutane to obtain the protected methyl quinate 93 in 15% yield from
(-)-quinic acid. Coupling reaction between p-acetylcoumaroylchloride and compound 9 under standard
esterification conditions gave the corresponding ester 11 in 20% vyield, after purification by column
chromatography. Deprotection reaction under acidic conditions by HCI (2N)/ THF (3:1) for 6 days afforded a
4:1 mixture of 3-O-p-coumaroylquinic acid 3a and 4-O-p-coumaroylquinic acid 4a (62% conversion) as
determined by 'H NMR (Figure 3.4a). Also in this case, assignment of the structure of the two regioisomers
3a and 4a was possible by means of 'H NMR analysis. Compound 4a could be recognized since a double of
doublet at lower field (4.81 ppm) appeared, due to the presence of the acyl group at C-4, together with an
overlapped signal of the two protons at C-3 and C-5 at 4.32 ppm. Also in this case the *H NMR spectrum of

3ais very similar to the one of 3-O-caffeoylquinic acid 3b (see table 1) to show that they also have the same
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conformation. H-5 is in axial position confirmed by the Wy value (17.8 Hz), while H-3 is an equatorial proton

due to the lower Wy (13.7 Hz).
HO, ,coOH HO, ,cooMme HO, ,cOOMe
@\ CSA,CH30H @\ 2,2,3,3-tetramethoxybutane @\
HOY >"OH reflux,24h  {o“">"SOH CSA, trimethylorthoformate ~ o o
: : \ wOCH
HO HO CH30H, reflux, 24h C"‘O 3
15% yield e Nen
(-)-quinic acid 9 H3C'O’C5: 3
H,C
HO, ,cooMe 10
. o)
p-acetylcoumaroylchloride
DMAP, py, CH,Cl, X 0" Ny HCI (2M)/THF
24h, rt ~ . g0t 6 days, rt
20% ,i:ald AcO O\c/ NeH B
oy H3CO™ 3
H,C
1
HO, ,COOH
1,00
+
X 0" YT YoH OH
HO OH o AN
o)
3a 41 4a

CSA: (-)-10-camphorsulfonic acid
Scheme 3.4. Synthesis of 3-O-p-coumaroylquinic acid 3a

Also in this case a downfield shift of proton at C-3 with respect to the free quinic acid can be observed in

Figure 3.4b.
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Figure 3.4. a) Mixture of 3-O-p-coumaroylquinic acid 3a (3-pCoQA) and 4-O-p-coumaroylquinic acid 4a (4-pCoQA). b)
Chemical shifts of protons at C-3, C-4 and C-5 for quinic acid (QA) and 3-O-p-coumaroylquinic acid 3a (3-pCoQA).

3.1.4 Synthesis of 4-0-p-coumaroylquinic acid 4a (4-pCoQA)

4-0-p-coumaroylquinic acid 4a was obtained after protection at positions 5 and 3 of the quinic acid ring
following scheme 3.5. 1,5-y-quinide was synthetized from (-)-quinic acid through intramolecular
condensation reaction without any solvent, as described by Wolinsky et al.’! and the crude product was
purified by heating under reflux in ethyl acetate as suggested by Raheem et al*2. Recrystallizations of the
brown sticky residue with EtOH or MeOH as suggested by Wolinsky et al.!! and other literature procedures®3
were not successful since the product was obtained in less than 5% yield. Subsequently, protection with tert-
butyldimethylsilylchloride (TBSiCl) following a literature procedure'?> 4, gave a mixture of the two
monosilylated isomers at positions 3 and 4 of the cyclohexane ringin a 70:30 ratio (3-OTBDMS) : (4-OTBDMS)
with the protection at position 3 in major amount, as determined by 'H NMR spectroscopy.!®!! Different
attempts were made in order to separate the two compounds 3-OTBDMS and 4-OTBDMS by flash
chromatography but it was not possible to isolate 3-OTBDMS isomer as a pure compound so the mixture of

the two was used in the next step. Esterification with p-acetylcoumaroylchloride, using pyridine as the
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solvent, as suggested by Sefkow et al.? and Dokli et al.3, gave nevertheless the only 15 as a pure compound
while no esterification at position 3 was observed as confirmed by 'H NMR analysis of the crude product.
Compound 15 was obtained in 20% vyield after purification by column chromatography and it was
subsequently deprotected under acidic conditions HCI (2N)/ THF (3:1) to give a mixture of isomers 3a and 4a
in a 1:1 ratio (43% of conversion from the protected ester). Since the starting compound was the only isomer
15, an acyl migration from C-4 to C-3 of the cyclohexane ring occurred as it was observed by H NMR
spectroscopy. This kind of rearrangement was already observed by Haslam et al. in 1964'> when isomers 3-
O-p-coumaroylquinic acid 3a and 5-O-p-coumaroylquinic acid 2a were obtained from 4-0-p-coumaroylquinic
acid 4a by treatment with sodium hydrogen carbonate. Although in our case deprotection reaction was

carried out in acidic conditions it seems that the same acyl migration occurs, probably by formation of the

intermediate orthoesters.

0
/]
HO, ,cOOH HO, _C
' p-TsOH, DMF L\ Imidazole, DMF HO,
toluene o TBSICI
HO\\‘ - OH reflux, 18h HO\" - 0°Ctort, 1h

O
+
T
<
O,
/

H(S 85% yield (:)H TBSO\ :
- OH OTBS
(-)-quinic acid 1,5-y-quinide
12 13 14
O 70:30
HO,
p-acetylcoumaroylchloride g \
DMAP, py Q e} HCI (2M) / THF
24h, rt TBSO" : OAc 6 days, rt
20% yield 0} X 43% vyield
)
15
HO, _CcOOH
HO, ,cOOH
@\ \\ : OH OH
NN
(0]
111 4a

Scheme 3.5 Synthesis of 4-O-p-coumaroylquinic acid 4a

In Figure 3.5a are reported the 'H NMR spectra of the mixture of isomers 4-O-p-coumaroylquinic acid 4a and

3-0-p-coumaroylquinic acid 3a and that of quinic acid. Again it can be observed that there is a downfield shift

of the proton at C-4 with respect to the free quinic acid. (Figure 3.5b)
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Figure 3.5 a) Mixture of 4-O-p-coumaroylquinic acid 4a (4-pCoQA) and 3-O-p-coumaroylquinic acid 3a (3-pCoQA). b)
Chemical shifts of Quinic acid (QA) and 4-O-p-coumaroylquinic acid 4a (4-pCoQA).

3.2 Computational study of the acyl migrations

In order to explain the interconversions observed along the syntheses of the esters, we have carried out a
computational analysis on the final products and on the main intermediates leading to their formation

(Figure 3.6).
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Figure 3.6. Computational analysis of the interconversions between products and between synthetic intermediates. The

relative B3lyp-6.31G(d,p) energies are given in Kcal/mol.

The geometries of products and intermediates were optimized first at the HF-6.31G(d) level, and then further
refined with a DFT calculation carried out at the B3lyp-6.31G(d,p) level. The final products 2a, 4a and 3a show
slight differences in energy, the most stable being the 5-acyloyl derivative 2a. This explains why its direct
synthesis from compounds 7 and 8 is not affected by any isomerization. Esters 4a and 3a are only 1.2 and 2.9
Kcal/mol less stable, respectively. The overall conformation of the three compounds is very similar, with the
carboxyl group at position 1 always found in an equatorial conformation. As a consequence, ester 3a is the
only product with the coumaroyl group in an axial conformation, as experimentally observed in the NMR
spectra. The formation of 20% of 4a in the synthesis of 3a from the protected intermediate 9 (Scheme 3.1.3)
can therefore be explained by the thermodynamically favored intramolecular acyl transfer from 3a to 4a,

starting upon deprotection of 9.

The synthesis of 4a, as outlined in scheme 3.1.4, involve more complex interconversions. Protection of the
starting 1,5-y-quinide may lead to two different silylated compounds 13 and 14 with the 3-protected
derivative as the most abundant in the reaction crude, while compound 15 is the only product deriving from
the acylation of such mixture. 3-OTBDMS is actually much more stable that its isomer 4-OTBDMS, by 8.8
Kcal/mol. In quinides, position 4 is axial and for this reason the 4-protected compound is strongly destabilized

with the bulky protecting group forcing the quinide to a boat-like conformation. Full equilibration to the most
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stable 3-derivative is likely to occur easily, via a pentacoordinate silicon intermediate, and this may explain
the fully selective transformation into compound 15, which, by the way, is even more stable than its isomer
15’ (Figure 3.6). In the subsequent step of the synthesis, compound 15 is deprotected and hydrolyzed, and a
1:1 mixture of 4a and 3ais obtained. As 15 would lead directly to 4a, and this compound is more stable than
3a, the only explanation for the observed result may be found if deprotection occurs before the ring opening
reaction of quinides intermediates Q4a and Q3a (Figure 3.6). The relative stability of the two deprotected
quinides is reversed with respect to the end products, and Q3a is more stable by over 10 Kcal/mol.
Interconversion thus happens at the quinide level and not at the product level in this synthetic path, and its

outcome is the result of a complex competition between equilibria.

3.3 Circular Dichroism

Circular dichroism spectra of all isomers 1-4a were registered and a comparison with the one obtained for
the commercially available caffeoyl analogues 2b-4b have been made in order to verify that no significance

influence of the substituents on the aromatic ring should be observed.

Moreover, two different solvents were used, methanol and acetonitrile in order to establish if changes can

be observed due to hydrogen bonding between the solvent and the compound analyzed.

In Figure 3.7 a and b the circular dichroism spectra of all compounds in methanol and acetonitrile are
reported. The CD spectra of the p-coumaroylquinic acids 2a-4a and that of the corresponding caffeoyl analogs
2b-4b are very similar indicating that they must have the same absolute configuration of the chiral centers.
Furthermore, the same behavior is observed for all compounds in both solvents used (methanol and

acetonitrile) as it can be noticed comparing Figure 3.7a with Figure 3.7b.

Compounds 2a,b-3a,b present a double Cotton effect, with a positive band in the range 290-340nm and a
negative band in the range 200-220nm while compounds 4a and 4b have both negative bands. To note that

3a and 3b present also a third positive band in the range 220-260nm.
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Figure 3.7a - Circular dichroism spectra of compounds 1-4 in MeOH
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Figure 3.7b - Circular dichroism spectra of compounds 1-4 in MeCN
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Chapter 4. Study of the Concentration
profile of CGAs in Walnut (Juglans regia L.)

leaves
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4.1 Chlorogenic acids (CGAs) in Walnut leaves.

Walnut leaves are particularly rich in pCoQAs,*?? for this reason although it was not a subject of study in this
project, they were chosen as a potential source to ensure the development of a correct protocol for the later
identification of this class of CGAs in coffee to facilitate their identification and to improve the analytical
analyses. Walnut leaves are frequently used as traditional remedy and its aqueous tea infusion already
demonstrated to possess biological activity,*> however, the concentration of CGAs determined in walnut
leaves greatly depends upon the collection time of the samples. In the Aromalab laboratory of lllycaffe, a
suitable UHPLC method used for the main CGAs identification was optimized in order to quantify and
evaluate seasonal variation of chlorogenic acids derivatives in walnut leaves. It is also known that plants
synthesize mainly the trans-isomers with respect to the cis-isomers of CGAs but the latter have been reported
to be formed in tissue or extracts previously exposed to UV light. In this part of the work the presence of cis
isomers was evaluated thanks to a UV irradiation ad hoc experiment on standard solutions of CQAs and
pCoQAs.° Qualitative identification of the trans-isomers was performed using synthetized standards of FQAs
and pCoQAs, not commercially available”® while quantitative analyses are expressed as 5-caffeoylquinic acid

equivalents in order to assure reliable results.’

Qualitative analyses were carried out using the following standards: caffeic acid (CA) ; trans 3-caffeoylquinic
acid (trans 3-CQA\) ; trans 4-caffeoylquinic acid (trans 4-CQA) ; trans 5-caffeoylquinic acid (trans 5-CQA) ; p-
coumaric acid (pCoA) ; trans 3-p-coumaroylquinic acid (trans 3-pCoQA) 3a ; trans 4-p-coumaroylquinic (trans
4-pCoQA) 4a; trans 5-p-coumaroylquinic (trans 5-pCoQA) 5a; ferulic acid (FA) ; trans 3-feruloylquinic acid
(trans 3-FQA) ; 4-feruloylquinic acid (trans 4-FQA) ; 5-feruloylquinic acid (trans 5-FQA); sinapic acid (SA) ; 3,4-
dicaffeoylquinic acid (3,4-diCQA) ; 3,5-dicaffeoylquinic acid (3,5-diCQA) ; 4,5-dicaffeoylquinic acid (4,5-
diCQA)(Figure 4.1).
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Figure 4.1. Chemical structures of the hydroxycinnamic acid derivatives identified in Walnut leaves. pCoQAs: trans 3-p-

coumaroylquinic (trans 3-pCoQA); trans 4-p-coumaroylquinic (trans 4-pCoQA); trans 5-p-coumaroylquinic (trans 5-

pCoQA); cis 3-p-coumaroylquinic (cis 3-pCoQA); cis 4-p-coumaroylquinic (cis 4-pCoQA); cis 5-p-coumaroylquinic (cis 5-

pCoQA); CQAs: trans 3-caffeoylquinic acid (trans 3-CQA),

trans 4-caffeoylquinic acid (trans 4-CQA) ); trans 5-

caffeoylquinic acid (trans 5-CQA);cis 3-caffeoylquinic acid (cis 3-CQA);; cis 4-caffeoylquinic acid (cis 4-CQA); cis 5-

caffeoylquinic acid (cis 5-CQA); FQAs: trans 3-feruloylquinic acid (trans 3-FQA; trans 4-feruloylquinic acid (trans 4-FQA);

trans 5-feruloylquinic acid (trans 5-FQA); diCQAs: 3,4-dicaffeoylquinic acid (3,4-diCQA); 3,5-dicaffeoylquinic acid (3,5-
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diCQA), 4,5-dicaffeoylquinic acid (3,5-diCQA); hydrocinnamic acids: caffeic acid (CA); p-coumaric acid (pCoQA); ferulic
acid (FA), sinapic acid (SA).

4.2 Walnut Leaves Characterization

Fresh leaves from different branches were collected from a single Juglans regia L. tree, in four different
period of growth, from spring to late summer 2016. The dimensions of the leaves were determined and their

mean values (on a sample of 15 leaves) are reported in Table 4.1.

Table 4.1 Dimension of Fresh Leaves (cm) at the same growth stage per each month.

April May July September

Length (cm) | mean 5.27 11.12 15.14 12.61

St.dev. 1.85 1.20 1.48 3.59
Width (cm) | mean 2.36 5.20 7.35 6.42
St.dev. 0.79 0.46 0.94 1.73

The percentage of water loss (%WL) are reported in table 4.2 and it was calculated using the following

equation:

W,e * 100

%WL =100 — o
BF

Wee corresponds to the weight before freeze dried and W e to the weight after freeze dried.

Table 4.2 Percentages of water loss (%WL)

April May July September

%WL 71 74 72 67

4.3 Identification and Characterization of isomers trans-CGAS

UHPLC analyses were performed at different dilutions in order to have a better identification of all
chlorogenic acids. Quantification was performed on peak areas obtained with Openlab software (Agilent,
Germany). Calibration curve of trans 5-CQA showed a good response linearity with a coefficient of correlation
(r?) of 0.999. Limit of quantification (LOQ) and limit of detection (LOD) were calculated as 3 times lower
concentration of analyte on signal to noise ratio (LOD) or 10 times lowest concentration of analyte on signal

to noise ratio (LOQ) resulting 0.88 pug/mL for LOQ and 0.26 pug/mL for LOD.
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At the beginning, aqueous diluted samples in a 1:10 ratio were analyzed and three different classes of
chlorogenic acids could be unequivocally detected with comparison of authentic samples retention times
(Figure 4.2). All three isomers trans 3-, 4- and 5-CQA and the three trans 3-, 4- and 5-pCoQA isomers were
clearly identified in all collection times while the only trans 3-FQA isomer was detected. 3- and 5-CQA as well
as 3- and 4-pCoQA have already been identified by Pereira et. al'® while Santos et al. in 2013 identified 4-

caffeoylquinic acid.?
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Figure 4.2 UHPLC of 1:10 diluted samples. hydroxycinnamic acid derivatives identified in walnut leaves. Detection at A=
324nm: cis 3-CQA (peak a); trans 3-CQA (peak b); cis 3-pCoQA (peak c); trans 3-pCoQA (peak d), trans 5-CQA (peak e);
trans 3-FQA (peak f); trans 4-CQA (peak g); trans 5-pCoQA (peak h); trans 4-pCoQA (peak i)

4.4 |dentification and Characterization of isomers cis- CGAS

According to the literature, cis isomers show the same fragmentation pattern of the corresponding trans
isomers.’ The presence of possible cis isomers was confirmed by analyses of the specific fragmentation of
the UV treated standard solutions: trans 3-CQA and trans 5-CQA (m/z 353.6) has the same fragmentation

pattern!314

as well as the corresponding cis isomers, giving a base peak at m/z 191.5 while trans and cis 4-
CQA (m/z 353.6) give a base peak at m/z 173.5. Fragmentation of pseudomolecular ion [M-H] ~at m/z 337.1
were found for pCoQAs, yielding a base peak at m/z 163 for trans and cis 3pCoQA, 174 m/z for trans and cis
4pCoQA and 191 m/z for trans and cis 5pCoQA (Figure 4.3).1> UHPLC analyses clearly identified cis 3-CQA and
cis 3-pCoQA in all collection times for the first time while the presence of cis 4- and 5-CQA and cis 4- and 5-

pCoQA was detected via LC-MS/MS method but not fully confirmed via UHPLC, probably due to low

concentrations of these regioisomers.
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Figure. 4.3. MS? spectra for pCoQAs

Therefore, in order to confirm the presence of cis isomers as well as other class of the CGAs, more
concentrated samples were prepared and the analyses were performed on the aqueous extracts both

without any dilution and in 1:2 diluted solutions and the results are reported in Figure 4.4
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Figure 4.4. UHPLC of hydroxycinnamic acid derivatives identified in walnut leaves. Detection at A= 324nm. cis 3-CQA
(peak a); trans 3-CQA (peak b); cis 3-pCoQA (peak c); trans 3-pCoQA (peak d), trans 5-CQA (peak e); trans 3-FQA (peak
f); trans 4-CQA (peak g); trans 5-pCoQA (peak h); trans 4-pCoQA (peak i), pCoQA (peak j), FA (peak k), 3,4-diCQA (peak
1); 3,5-diCQA (peak m); 4,5-diCQA (peak n), CA (peak o).
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4.5 Analyses of Seasonal Variations

The concentrations of all identified phenolic compounds, in the different periods, are reported in Table 4.3.

All data reported are expressed as mg/g dry weight

Table 4.3. Phenolic compound concentrations of walnut leaves? (mg/g dry weight)

Nr. Comp. April May July September
1 CA 0.28 (0.00) 0.45 (0.00) 0.38(0.02) 0.22 (0.00)
c-1a cis 3-CQA 1.27 (0.02) 1.40 (0.13) 1.29 (0.02) 0.63 (0.00)
t-1a trans 3-CQA 35.85(0.87) 34.02 (1.29) 25.13 (0.46) 12.57 (0.54)
c-1b cis 4-CQA <LOD <LOD <LOD <LOD
t-1b trans 4-CQA 9.34(0.01) 5.65 (0.02) 4.40 (0.14) 2.55(0.01)
c-1c cis 5-CQA <LOD <LOD <LOD <LOD
t-1c trans 5-CQA 7.98 (0.04) 4.29 (0.10) 2.46 (0.07) 1.56 (0.00)
2 pCoA 0.22 (0.00) 0.35(0.08) 0.19 (0.00) 0.18 (0.00)
c-2a cis 3-pCoQA 1.42 (0.00) 2.18 (0.40) 1.22 (0.03) 0.96 (0.00)
t-2a trans 3-pCoQA 7.15(0.01) 8.30(0.00) 4.24 (0.10) 2.18 (0.01)
c-2b cis 4-pCoQA <LOD <LOD <LOD <LOD
t-2b trans 4-pCoQA 1.58 (0.01) 1.27 (0.06) 0.99 (0.02) 0.84 (0.00)
c-2¢ cis 5-pCoQA <LOD <LOD <LOD <LOD
t-2c trans-5pCoQA 1.74 (0.00) 1.19 (0.00) 0.56 (0.01) 0.34 (0.00)
3 FA 0.29 (0.01) 0.33(0.01) 0.46 (0.02) 0.27
t-3a trans 3-FQA 0.46 (0.00) 0.45 (0.01) 0.26 (0.00) 0.22 (0.00)
t-3b trans 4-FQA <LOD <LOD <LOD <LOD
t-3c trans 5-FQA <LOD <LOD <LOD <LOD
4 SA <LOD <LOD <LOD <LOD
5 3,4-diCQA 0.31(0.01) 0.20(0.01) 0.27 (0.01) 0.33 (0.00)
6 3,5-diCQA 0.44 (0.02) 0.18 (0.00) 0.30(0.01) 0.33 (0.00)
7 4,5-diCQA 0.27 (0.03) 0.18 (0.01) 0.31(0.03) 0.22 (0.01)
Total® 68.59 (1.02) 60.44 (2.13) 42.47 (0.93) 23.40 (0.59)

3Values are expressed as mean (standard deviation) of duplicate analyses. "Total: sum of all identified
compound.

In the analyses of seasonal variations, in aqueous diluted samples in a 1:10 ratio, we observed that the most
concentrated chlorogenic acid is the trans 3-CQA with a higher concentration in April (35.85 mg/g, table
4.5).All trans isomers at position 3 showed a considerable decrease from July to September; however, both
trans 3-CQA and trans 3-FQA showed a similar behavior with a constant concentration from April to May,
while, trans 3-p-CoQA showed a slight increase of the concentration from April to May (from 7.15 mg/g to

8.30 mg/g).

In general, it was observed that concentrations of trans isomers achieved values of half of the initial
concentration at the end of Summer. For cis isomers a different behavior was observed, since cis 3-

caffeoylquinic did not show significant variations from April (1.27 mg/g) to July (1.29 mg/g) and then a
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decrease of approximately half of the concentration until September, while cis 3-pCoQA showed the highest

concentration in May (2.18 mg/g) to continue with a gradual decrease until September.

As can be observed in Figure 4.5 The trans/cis ratio decreases from April to September which is in accordance
with what already observed by Clifford et al. in 2008 '? and Karakése in 2015 ¢ indicating that during summer
a photochemical trans—cis isomerization under ultraviolet (UV) irradiation is occurring. Furthermore, it is
evident that trans 3-pCoQA is more easily transformed by UV irradiation in the corresponding cis isomer with

respect to 3-CQA as observed in 1967 by Kahnt for the corresponding hydroxycinnamic acids. *’

35

M trans/cis 3-CQA
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Figure 4.5. trans/cis ratios of isomers at position 3.

The highest concentration values of isomers at position 5 (trans 5-CQA and trans 5-pCoQA) were found in
April (7.98 mg/g and 1.74 mg/g, respectively) and then a gradual decrease was observed until September.
Trans 4-CQA also showed a constant decrease during summer time (from 9.34 mg/g in April to 2.55 mg/g in
September) while trans 4-pCoQA showed a slight decrease from April (1.58 mg/g) to May (1.27 mg/g) and

then it remained quite constant (Table 4.5).

In the aqueous extracts, on 1:2 diluted solutions, minor constituents were found, in these samples three
different dicaffeoylquinic acids (3,4-diCQA, 3,5-diCQA and 4,5-diCQA) as well as three hydroxycinnamic acids
(CA, pCoA and FA) were further identified). pCoA was previously identified by Pereira et al.° while as far as
we know this is the first time that dicaffeoylquinic acids have been detected and quantified in this species
and could contribute in the characterization of the phenolic profile of this plant and seasonal variation in the

leaf tissue.
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A total of fifteen hydroxycinnamic acid derivatives were quantified and their total quantification was ranging
between 68.59 mg/g and 23.49 mg/g (Figure 4.6). Results from total concentrations of each collection time
showed that there are not significant changes during the vegetative growth (between April and May) but
after this period it was detected an important decrease in the total concentration, confirming results already
reported in the literature where, for most of the chlorogenic acids, variations were studied from April to

August and It was also found a decrease of their content during this period. 28
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Figure 4.6. Total concentration (mg/g, dry weight) of hydroxycinnamic acid derivatives identified in walnut leaves,

between April and September. Error bars are on the top of each column.

Regarding the seasonal analyses, diCQAs were present in all collection times but in significant smaller amount
with respect to the simple CGAs. Caffeic acid was present in its highest concentration in May (0.45 mg/g)
while pCoA and FA had their higher concentrations in May and July respectively (0.35 mg/g and 0.46 mg/g
respectively). On the other hand, the lower concentration of diCGAs was observed in May with a total of 0.56
mg/g. Apparently, it seems the concentrations of these hydroxycinnamic acids is lees affected by the seasonal

changes.

Caffeoylquinic acids represent the main compounds, with the highest concentration in April (54.43 mg/g)
(Figure 4.7). In particular, it was found that trans 3-CQA was the major compound while p-coumaric acid was
the minor one for each collection time. It may be noted that, when a consistent comparison is performed,
the total amount of quantified phenolic acid derivatives is higher than the one previously reported in the
literature due to differences in both extraction and quantification methods.*%'>18 |n particular, by

comparing the present data (May month) expressed as the sum of 3- and 5-caffeoylquinic acids with those
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reported by Pereira et al. 2007 1° (sampling 31st May; average of 6 different cultivars), an increase of about
47% can be calculated. However, by comparing the sum of 3- and 4-p-coumaroylquinic acids with data
reported in the same work, the increase is still evident but remarkably lower (about 4.5%). The variation in
phenolic acid derivatives content in walnut leaves could be partially due also to the natural climatic

differences that occur over the years (22) and to a defense response to stressful environment. °
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Figure 4.7. Concentrations of the different chlorogenic acids (mg/g, dry weight) identified in walnut leaves between
April and September i.e. caffeoylquinic acids (CQAs), p-coumaroylquinic acids (pCoQAs), dicaffeoylquinic acids (diCQAs)

and feruloylquinic acid (FQAs). Error bars are on the top of each column.

On the other hand, in Figure 4.8 the relative percentage of the different hydroxycinnamic acid derivatives
with respect to the sum of the all hydroxycinnamic acid derivatives quantified is reported; it can be noticed
that CQAs represent around 77% with higher concentration in April and July and pCoQAs around 18% with a
higher peak in May, while diCQAs and cinnamic acids showed the highest percentages in September (3.74%
and 2.87% respectively).
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Figure 4.8. Percentages of the different hydroxycinnamic acid derivatives with respect to the quantified phenolic acid
derivatives in walnut leaves, between April and September. a) % of caffeoylquinic acids (CQAs), b) % of p-
coumaroylquinic acids (pCoQAs), ¢) % of dicaffeoylquinic acids (diCQAs), d) % of feruloylquinic acid (FQAs), e) % of

cinnamic acids.
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RESULTS AND DISCUSSION

Chapter 5. Study of the Concentration of
pCoQAs and CGAs profile in Coffee
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5.1 Chlorogenic acids (CGAs) in coffee

As described before, green coffee beans are particularly rich of CGAs, especially of caffeoylquinic acids
(CQAs), where 5-CQA is the most abundant one, accounting for 56-62% of the total CGAs content, but,
although in lower amount, also dicaffeoylquinic acids (diCQAs), feruloylquinic acids (FQAs) and p-
coumaroylquinic acids (pCoQAs) are present in green coffee beans.! Due to their potential beneficial effects,
in recent years, pharmaceutical and nutrition industries have been focused special attention to the
determination of CGAs content in green coffee extracts.

In literature there are several reports about the CGAs content and distribution in coffee, but these are mostly
focused on the two most important species, from a commercial point of view, Arabica and Robusta.?
Regarding other wild species, the CGAs profile has been reported only for a small number, including only
CQAs, diCQAs and in few cases FQAs**° while p-CoQAs profile has been determined only in C. arabica and C.
canephora where all three isomers have been already quantified.® CGAs content depends on agriculture
practices, geographical origin and soil composition, but genetic factors® are also very important, so the
determination of the complete profile of CGAs in wild coffee species might provide useful data to establish a
taxonomic classification based on the chemical patterns. This could contribute to open new worldwide trade
markets as well as be useful for the pharmaceutical industry. As mentioned before, pCoQAs are the less
studied since they are the less abundant ones in coffee and, due to the lack of disposable commercial
standards 7 and to the complexity of the experimental procedures for the separation and quantification of
chlorogenic acids in coffee, which comprise the extraction either with water or organic solvents, their
identification is basically made by means of HPLC/MS analyses. %1911 Although the HPLC/MS is generally
accepted and it is considered a reliable technique, recent advances in UHPLC methods have made possible
to develop reliable, fast and accurate methods for CGAs identification and quantification, without the need
of a MS detector but using an UV detector for which it is useful to have authentic standards.?

)12 and p-coumaroylquinic acids (pCoQAs)’

Therefore, the previous synthetized feruloylquinic acids (FQAs
have been used in this study to qualitative identify them in coffee while quantification was made using 5-
CQA asthe standard and expressing all results as 5-CQA equivalent, in order to have a reference of high purity
and to avoid the possibility of artefacts during sample preparation. 13 This part of the project was carried out
at the laboratory Aromalab of lllycaffé, where a UHPLC-DAD method was used for the qualitative and
guantitative identification of the different CGAs in green coffee samples of C. arabica and C. canephora from
different geographical origins and in eight wild species of the Eucoffea section: C. liberica, arabusta coffee (C.
arabica L. x C. canephora Pierre), C. eugenioides, C. sessiliflora, C. congensis, C. pseudozanguebarie, C.
racemosa and C. brevipes. It is important to mention that validation of the UHPLC-DAD method is not

described in this project since an improvement and optimization of an analytical method already used by

lllycaffe was performed and our results were fully in agreement with those previously reported by the
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company .Moreover, since during roasting the CGAs content can vary due to the chemical transformations,
which contribute to the bitterness of the final beverage,'*'° the effect of the roasting conditions on the
concentration of CGAs, specially on the concentrations of pCoQAs was also evaluated in the three main coffee

species from the commercial and economical point of view.
5.2 Analyses of Chlorogenic Acids (CGAs) and hydroxycinnamic acids

Analyses were carried out using the following standards: 3-caffeoylquinic acid (3-CQA), 4-caffeoylquinic acid
(4-CQA), 5-caffeoylquinic acid (5-CQA), 3-feruloylquinic acid (3-FQA), 4-feruloylquinic acid (4-FQA), 5-
feruloylquinic acid (5-FQA), 3,4- dicaffeoylquinic acid (3,4-diCQA), 3,5-dicaffeoylquinic acid (3,5-diCQA), 4,5-
dicaffeoylquinic acid (4,5-diCQA), 1-p-coumaroylquinic acid (1-pCoQA), 3-p-coumaroylquinic acid (3-pCoQA),
4-p-coumaroylquinic acid (4-pCoQA), 5-p-coumaroylquinic acid (5-pCoQA), caffeic acid (CA), p-coumaric acid
(p-CoA), sinapic acid (SA) and ferulic acid (FA) (Figure 5.1). The total content of CGAs is expressed as the sum
of all CGAs standard compounds used, i.e. the three isomers of CQAs, the three isomers of FQAs, the three

isomers of pCoQAs and three diCQAs.
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Figure 5.1. Chemical structures of the hydroxycinnamic acid derivatives identified in coffee beans. pCoQAs: 3-p-
coumaroylquinic (3-pCoQA 3a); 4-p-coumaroylquinic acid (4-pCoQA 4a); 5-p-coumaroylquinic acid (5-pCoQA 2a); CQAs:
3-caffeoylquinic acid (3-CQA) ; 4-caffeoylquinic acid (4-CQA); 5-caffeoylquinic acid (5-CQA); FQAs: 3-feruloylquinic acid
(3-FQA); 4-feruloylquinic acid (4-FQA); 5-feruloylquinic acid (5-FQA) ; diCQAs: 3,4-dicaffeoylquinic acid (3,4-diCQA) ; 3,5-
dicaffeoylquinic acid (3,5-diCQA) ; 4,5-dicaffeoylquinic acid (4,5-diCQA) ; hydrocinnamic acids: p-coumaric acid (p-CoA);
caffeic acid (CA); ferulic acid (FA); sinapic acid (SA).

Qualitatively identification of CGAs was achieved by comparison of specific retention times of standard
solutions and by spiking samples with small amounts of each respective standard. Fragmentation of all
pseudomolecular ions [M-H] ~ were in accordance with those reported in the literature!®: m/z 353.6 were
found for CQAs, 3-CQA and 5-CQA which showed a base peak at m/z 191, while 4-CQA showed the
corresponding base peak at m/z 173. Fragmentations of pseudomolecular ion [M-H] ~ at m/z 337.1 were
found for pCoQAs, yielding a base peak at m/z 163 for 3-pCoQA, 174 for 4-pCoQA and 191 for 5-pCoQA. FQAs
with pseudomolecularion [M-H] ~ at m/z 367 showed a base peak at m/z 193, 173 and 191 for 3-FQA, 4-FQA
and 5-FQA, respectively. Pseudomolecular ion [M-H] ~ at m/z 515 corresponds to diCQAs, fragmentation of

these ions yielded a characteristic m/z at 353 for all three isomers 3,4-diCQA, 3,5-diCQA and 4,5-diCQA.

Quantitative determination was performed by UHPLC based on the diode array value for peak areas, using
calibration curve of 5-CQA. Furthermore, since some samples consisted of a few quantity of seeds, a 10%
moisture content was assumed as have been done before by others authors.'” Calibration curve of 5-CQA
showed a good response linearity with a coefficient of correlation (r?) of 0.999. Limit of quantification (LOQ)
and limit of detection (LOD) were calculated as 3 times lower concentration of analyte on signal to noise ratio
(LOD) or 10 times lowest concentration of analyte on signal to noise ratio (LOQ) resulting 0.88 pug/mL for LOQ
and 0.26 pg/mL for LOD.

5.3 Total CGA content in Coffee Species

The distribution of the different monoesters, the dicaffeoyl esters as well as the total CGAs contents for each

sample expressed in mg/g on dry matter bases are reported in table 5.1

Table 5.1 — Distribution of the different chlorogenic acids expressed as mg/g (dmb)

Sample mg/g CQAs FQAs pCoQAs diCQAs Total
(std) (std) (std) (std) CGAs

(std)

1 C. arabica Brazil 46.15 3.81 0.73 3.31 54.00
(0.14) (0.09) (0.01) (0.05) (0.28)
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2 C. arabica Colombia 58.06 4.32 0.63 2.61 65.62
(4.81) (0.31) (0.00) (0.39) (5.51)

3 C. arabica Etiopia 47.58 2.69 0.55 1.07 51.92
(3.61) (0.07) (0.01) (0.10) (3.79)

4 C. arabica Etiopia-2 51.80 3.34 0.56 1.16 56.86
(0.19) (0.16) (0.01) (0.12) (0.47)

5 C. arabica Honduras 50.18 4.11 0.61 3.37 58.28
(0.66) (0.56) (0.01) (0.37) (1.61)

6 C. arabica India 52.82 4.53 0.70 2.87 60.91
(3.22) (0.20) (0.02) (0.37) (3.80)

7 C. arabica Yemen 57.60 5.51 0.86 0.80 64.77
(1.07) (0.20) (0.00) (0.04) (1.32)

8 C. arabica Yemen-2 56.52 4.14 0.73 1.95 63.35
(1.54) (0.16) (0.01) (0.12) (1.84)

9 C. arabica var. laurina 45.44 2.39 0.51 13.48 61.82
(4.19) (0.09) (0.00) (0.63) (4.92)

10 C. canephora Vietnam 41.70 7.69 0.37 8.20 57.97
(1.85) (0.13) (0.00) (0.14) (2.13)

11 C. canephora India 65.07 12.71 0.43 5.67 83.95
(3.40) (0.40) (0.00) (0.26) (4.07)

12 C. liberica -1 42.57 7.17 0.26 2.02 52.02
(1.36) (0.09) (0.01) (0.02) (1.47)

13 C. liberica -2 51.74 9.60 0.30 1.66 63.29
(2.01) (0.47) (0.01) (0.01) (2.49)

14 C. liberica -3 39.63 5.57 0.64 1.26 47.09
(0.88) (0.08) (0.00) (0.02) (0.98)

15 C. liberica -4 40.70 3.23 0.93 3.05 47.91
(2.16) (0.03) (0.00) (0.04) (2.24)

16 C. liberica -5 52.16 2.27 0.80 4.56 59.78
(5.47) (0.17) (0.01) (0.13) (5.77)

17 C. liberica -6 41,43 2.60 0.68 1.94 46.64
(0,23) (0.04) (0.00) (0.33) (0.61)

18 C. arabica L. x C. 40.97 5.42 1.03 8.99 56.41
canephora Pierre (2.83) (0.13) (0.01) (0.30) (3.27)

19 C. arabica L. x C. 42.00 5.98 1.10 8.38 57.45
canephora Pierre (0.94) (0.10) (0.00) (0.15) (1.19)

20 C. eugenioides 25.64 2.14 0.19 1.41 29.54
(0.02) (0.00) (0.00) (0.00) (0.06)

21 C. eugenioides-2 29.49 191 0.29 0.87 32.56
(2.85) (0.02) (0.00) (0.02) (2.89)

22 C. sessiliflora 41.77 1.37 2.12 0.12 45.38
(2.18) (0.02) (0.04) (0.00) (2.25)

23 C. sessiliflora-2 47.98 1.36 2.24 0.11 51.69
(1.46) (0.02) (0.04) (0.00) (1.52)

24 C. congensis 43.68 15.74 0.53 5.43 66.40
(0.70) (0.15) (0.01) (0.89) (1.81)

25 C. pseudozanguebarie 1.81 0.14 0.12 0.05 2.13
(0.03) (0.00) (0.00) (0.00) (0.03)

26 C. racemosa 60.31 0.67 0.37 0.79 62.14
(4.14) (0.02) (0.00) (0.03) (4.20)
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27 C. brevipes 43.16 13.04 0.25 14.06 70.50
(3.03)  (031) (0.00)  (1.81)  (5.15)

A total of seventeen compounds were qualitative identified from the aqueous extracts of green coffee
samples and among these, twelve CGAs were clearly quantified, corresponding to all three isomers of the
monoesters at positions 3,4 and 5 of caffeoylquinic acids (CQAs), p-coumaroylquinic acids (pCoQAs),
feruloyquinic acids (FQAs) and dicaffeoylquinic acids (diCQAs). Four hydroxycinnamic acids (caffeic acid, p-
coumaric acid, ferulic acid and sinapic acid) were only qualitatively identified because these were present as
traces below the limit of quantification in all coffee species. We also tried to identify 1-p-coumaroylquinic
acid (1-pCoQA 1a) since we synthetized also this isomer but it was not found in any of the analyzed samples
confirming that the ester at C-1 is not present in green coffee beans.

CGAs content is greatly dependent upon the coffee species, in C. arabica samples concentrations were
between 52-66 mg/g dmb, while a higher content was found in C. canephora (58-84 mg/g dmb), in agreement

with values extensively reported for the same species,/1#18,19.20,21,22,23

confirming a significant difference
between these two main species. As can be observed in Figure 5.2a, among all eight C. arabica samples,
coffee from Colombia and Yemen showed higher concentrations (66 and 65mg/g dmb, respectively) than
Brazil, Ethiopia, India and Honduras coffees, while coffee sample of C. arabica cv. blc Guatemala showed a
total concentration of 62 mg/g, which is in accordance with data already reported in the literature for this
variety.> Among the two C. canephora samples, India coffee showed a higher concentration (84 mg/g dmb)
than Vietnam coffee (56 mg/g dmb). As can be noticed, a wide range was found in these two samples of C.
canephora, while, in general, samples of C. arabica showed more similar concentrations between each other.
This aspect has already been associated in literature with the low genetic diversity in Arabica, making this
species more susceptible to aggression by external factors; furthermore, these variabilities inside the same
specie depends on the geographical origin as well as on the agricultural and technological practices as has
been extensively reported in the literature.!9?223 However, it is important to take into consideration that our
small number of samples of C. arabica and C. canephora do not allow to stablish a defined pattern related to
the geographical origin but gives information of how much the CGA content can vary within the species.

We observed that beside C. canephora (58 — 84 mg/g dmb), the highest concentrations 71 mg/g and 66 mg/g
dmb belong to C. brevipes and C. congensis, respectively (Figure 5.2b). The same observation was done by
Clifford et al.> who also reported similar total CGAs content for these three species and a lower concentration
for C. brevipes than Campa et al.> Samples of C. liberica showed a lower content of CGAs than C. arabica while
C. canephora had a wide range of total CGAs concentrations from 47-64 mg/g dmb, as previously described
above, this could be due to the different geographic origins of the same specie; however, maximum
concentrations found for C. liberica are slightly lower than the literature data.>>!’

Onthe other hand, as far as we know this is the first time that the CGA content for arabusta coffee is reported.

These samples of arabusta (C. arabica L. x C. canephora Pierre) showed a total CGAs content lower than C.
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arabica and C. canephora (57 mg/g dmb), these concentrations are in agreement with data reported by
Gimase et al.2* while Clifford et al.® reported higher and similar concentration to C. arabica and C. canephora
for this specie. Data found for C. racemosa (62 mg/g dmb) are in agreement with the literature, while our
total content of C. sissiliflora is slightly lower than the reported values.>>'” A discrepancy was noted for C.
eugenoides (30-33 mg/g dmb) for which we have registered significant lower concentrations than Clifford et
al.> and Campa et al.® Moreover, C. pseoudozanguebarie showed the lowest CGAs content as have been
extensively reported®>'* (Table 5.2).

In our study it was possible to identify three groups by means of their CGAs content, the first one comprises
those species with high CGA content, more than 59mg/g dmb (C. canephora, C. arabica, C. congensis, C.
racemosa and C. brevipes), a second group that includes species with a relative intermediate CGA content (C.
liberica, C. eugenioides, arabusta coffee (C. arabica L. x C. canephora Pierre) and C. sissiliflora and finally the

last group which includes species with the lower CGA content (C. pseoudozanguebarie) (Figure 5.2.b)
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Figure 5.2. a) Total CGAs content in samples of C. arabica and C. canephora from our different geographical origins. b)
Averages of the total CGAs content for each coffee species (first group in green, second group in blue, third group in
orange). Values are expressed as mg/g of dry weight.
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It is important to mention that the discrepancies between the concentrations can be due to many variables
such as different number of samples considered, geographical origins and agricultural practices among others
that could influence the CGAs content. As reported in Table 5.2, for example, data obtained from Campa et
al’. in 2005 are different from data reported by other authors, in particular, the total CGA content in C.
canephora and in C. brevipes was significantly higher with respect to the values reported by Anthony et al?’
in 1993. In general, our values are quite in line with the data obtained by Anthony and Clifford except for
arabusta coffee (C. arabica L. x C. canephora Pierre), C. eugeniodes and C. sessiliflora which are lower.

Moreover, it must be also to consider that moisture values, which are not reported for all literature data,

could also influence the differences between reported concentrations.

Table 5.2 - Current data and literature values for total CGAs on % dry matter basis

Total CGAs Total CGAs Total CGAs

Total CGA: Total CGA
. otal CGAs otal CGAs % dry matter % dry matter % dry matter
Coffea species Currentdata % dry matter . . 41
3 [Anthony et [Clifford et [Narita®]
% dry matter [Campa et al.’] al.?”] al. 5]
C. arabica 5.20-6.60 - 5.17-7.49 5.17-7.49 4.05-7.26
(n.s.21) (n.s. 21)¢ (n.s.27°)

C. canephora 5.80-8.40 9.76-14.4 6.57-9.21 7.25-9.63 5.19-9.77
(n.s. unknown) (n.s. 6) (n.s. 5)

C. liberica 4.66 —6.33 6.22-10.7 7.48-7.69 7.48-10.63 7.45-7.98
(n.s. unknown) (n.s.3) (n.s.2) (n.s.2)

C. arabica L. x C. 5.64-5.75 - - 8.04 8.24

canephora PierreC (n.s.1) (n.s. 1)

C. eugenioides 2.95-3.26 4.55-6.08 4.53-6.27 4.53-6.27 5.12¢
(n.s. unknown) (n.s. 4) (n.s. 4)

C. sessiliflora 4,54-5.17 - 5.61-9.93 5.68-6.99 8.69°¢

(n.s.4) (n.s.2)

C. congensis 6.64 8.15-8.77 7.66 7.76-7.98 7.66
(n.s. unknown) (n.s. 1) (n.s. 2) (n.s. 1)

C. pseudozanguebarie 0.21 1.30-1.61 0.87-1.75 0.93-1.79 0.87-1.75
(n.s. unknown) (n.s.2) (n.s.2) (n.s.2)

C. racemosa 6.21 4.78-5.57 4.91-5.93 4.97-6.03 5.33-5.93¢
(n.s. unknown) (n.s.3) (n.s.3) (n.s.2)

C. brevipes 7.05 10.4-12.3 6.41 6.74 6.41¢
(n.s. unknown) (n.s.2) (n.s. 1)

2and references cited within; "the data reported in the book are referred to already reported data so some samples are
average of other samples; caverage value of three samples; 9see ref Anthony et al.; n.s. = number of samples

5.4 Classes of CGAs present in Coffee.

The total content of CGAs discussed above is derived from the sum of all isomers of monoesters of caffeoyl,

feruloyl and p-coumaroylquinic acids and the dicaffeoylquinic acid while in literature p-coumaroylquinic acids
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are not considered. Moreover, if we observe the content of the dicaffeoylquinic acid, our results are lower
with respect to the one reported in the literature. This minor value is due to the type of filter used in the
extraction process and in the preparation of the samples as will be explained later on. All these factors
determine the total value of CGAs that could be different from the one reported in the literature. Mean
values of different groups of CGA for each species are reported in table 5.3 while in table 5.4 are reported
the relative percentages of the different classes of chlorogenic acids. As far as we know this is the first time
that all three isomers of pCoQAs were clearly identified and quantified by using their authentic standards

previously synthesized.

Table 5.3 — Range of different CGAs content expressed as mg/g (dmb)

mg/g CQAs FQAs pCoQAs diCQAs Total CGAs
Mean range Mean range Mean range Mean range Mean Range
C. arabica 52.59 46.15- 4.06 2.69- 0.67 0.55- 214 0.81- 59.46 52.00-
58.06 5.51 0.86 3.37 65.62
C. arabica var. laurina 4544 - 2.39 - 0.51 13.48 --- 61.82 -
C. canephora 53.39 41.70- 10.20 7.69- 0.0 0.37—- 6.94 5.67—- 70.96 58.00-
65.07 12.71 0.43 8.20 83.95
C. liberica 45.67 40.70— 4.16 2.27- 0.63 0.26- 2.46 126- 5292 46.64-
51.74 9.60 0.80 4.56 63.29
C. arabica L. x C. canephora Pierre 40.97- 5.70 5.42- 1.06 1.03- 8.68 8.38—- 56.93 56.41-
4149 42.00 5.98 1.10 8.99 57.45
C. eugenioides 27.56 25.64- 2.03 191- 0.24 0.19- 1.14 0.87- 31.05 29.54-
29.49 2.14 0.29 141 32.56
C. sessiliflora 4488 41.77- 137 136- 2.18 212- 012 0.11- 4854 45.38-
47.98 1.37 2.24 0.12 51.69
C. congensis 43.68 --- 15.74 - 0.53 - 5.43 --- 66.40 ---
C. pseudozanguebarie 1.80 0.14 0.12 0.05 2.13
C. racemosa 60.31 --- 0.67 0.37 0.79 62.14 ---
C. brevipes 4316 - 13.04 - 0.25 14.06 --- 70.50 -

Table 5.4 - Relative percentages of the different classes of chlorogenic acids

Sample %CQAs %FQAs %pCoQA %diCQAs
1 C. arabica Brazil 85.46 7.06 1.35 6.12
2 C. arabica Colombia 88.48 6.58 0.96 3.98
3 C. arabica Etiopia 91.66 5.19 1.06 2.06
4 C. arabica Etiopia-2 91.10 5.88 0.99 2.04
5 C. arabica Honduras 86.10 7.05 1.05 5.79
6 C. arabica India 86.71 7.43 1.15 4.71
7 C. arabica Yemen 88.93 8.51 1.32 1.24
8 C. arabica Yemen-2 89.22 6.54 1.16 3.08
9 C. Arabica var. laurina 73.50 3.86 0.82 21.80
Guatemala

87



Chapter 5 — Results and Discussion

10 C. canephora Vietnam 71.94 13.27 0.64 14.15
11 C. canephora India 77.51 15.14 0.51 6.75
12 C. liberica -1 81.82 13.78 0.51 3.89
13 C. liberica -2 81.74 6.47 0.47 3.09
14 C. liberica -3 84.16 11.82 1.36 2.67
15 C. liberica -4 84.94 6.75 1.94 6.37
16 C. liberica -5 87.25 3.79 1.34 7.63
17 C. liberica -6 88.82 5.57 1.45 4.16
18 C. arabica L. x C. 72.63 9.61 1.83 15.93
canephora Pierre-1
19 C. arabica L. x C. 73.10 10.41 1.91 14.58
canephora Pierre-2
20 C. eugenioides 86.81 7.25 0.64 4.78
21 C. eugeniodes-2 90.57 5.87 0.89 2.67
22 C. sessiliflora -1 92.05 3.01 4.67 0.27
23 C. sessiliflora -2 92.82 2.63 4.34 0.22
24 C. congensis 65.78 23.70 0.80 8.18
25 C. pseudozanguebarie 85.15 6.73 5.65 2.42
26 C. racemosa 97.05 1.08 0.60 1.27
27 C. brevipes 61.22 18.49 0.35 19.94

5.4.1 Concentrations of CQAs

As we expected all three isomers of CQAs were present in all coffee species and they represent the main
group of CGAs.?® In terms of percentages (Figure 5.3) CQAs vary in a range from 61% (C. brevipes) up to 97%
(C. racemosa) of total CGAs. In particular, we have found that C. arabica, C. canephora and C. racemosa
represent the species with the highest CQAs concentration (53- 60 mg/g dmb). CQAs in different samples of
C. arabica were found in range from 46 to 58 mg/g dmb, with the highest concentration found in C. arabica
from Colombia, while in C. canephora were present from 42 up to 65 mg/g dmb, accounting for 85-91% and
72-78% respectively, in accordance with literature data.>®'* Among all six samples of C. liberica it was found
a wide range of CQAs concentration (from 41 to 58 mg/g dmb) representing 81- 89% of the total content.
CQAs concentrations of C. sessiliflora, C. racemosa and C. brevipes (42-48 mg/g, 60 mg/g, 43 mg/g dmb,
respectively) were in accordance with literature data reported by Anthony et al. and Clifford et al. On the
contrary, CQAs content in arabusta coffee, C. congensis and C. eugenioides (42, 44 and 26-29 mg/g dmb,
respectively) was lower with respect to the one reported by Anthony et al. and Clifford et al.>'” However, if

12728, concentration of C. eugenioides is quite in agreement

we consider data reported by Rakotomala et a
while the current concentration of C. congensis is considerable higher. The lowest concentration of CQAs was
found in C. pseoudozanguebarie, >*"?>*” with 2 mg/g dmb, which represents around 85% of the total CGAs

d’22, 28

content for this specie. As already reporte among all three isomers of CQAs, 5-CQA represents the

major chlorogenic acid in all analyzed coffee species, followed by 4-CQA and 3-CQA.°
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Figure 5.3. Averages of the percentages of the different classes of CGAs with respect to the total quantified CGAs

content for each coffee specie.

5.4.2 Concentrations of pCoQAs

p-Coumaroylquinic acids (pCoQAs) represent the minor class of CGAs identified in this study. Several authors
identified pCoQAs in Arabica and Robusta but only Perrone et al.® quantified all three isomers in both C.
arabica and C. canephora while Salces et al.?? identified and quantified the only isomer 5-pCoQA in coffee
brews, with a higher concentration in Arabica coffees. As expected, similar to CQAs distribution, 5-pCoQA is
the major compound of the three isomers of pCoQAs, except in C. canephora from India (sample 11, table
5.5) where isomer 3-pCoQA was slightly higher and in C. liberica (samples 16 and 17, table 5.5) were the
concentration of 3-pCoQA was more than twice the concentration of isomer 5. It is interesting to note that
although C. canephora is well known to have a higher chlorogenic acid content, the pCoQAs content can be
twice higher in C. arabica than in C. canephora. The concentration of pCoQAs in C. arabica was between 0.5-
0.9mg/g dwb while in C. canephora it was 0.40 mg/g dwb, accounting for an average of 1.13% and 0.57 %

respectively of the total CGAs content and this observation is in agreement with data published by Perrone
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et al.® who also observed a higher percentage of pCoQAs in C. arabica. To our knowledge, no data were found

in the literature regarding to the concentration of pCoQAs in other wild coffee species.

C. liberica samples showed a great variability in the pCoQAs concentration with a range from 0.3 to 0.9 mg/g
dwb. C. eugenioides, C. racemosa, C. brevipes and C. congensis had a lower content than C. canephora (0.2-
0.3; 0.4; 0.30 and 0.5 mg/g dwb, respectively) but the lowest one was found in C. pseudozanguebarie (0.12
mg/g dwb); however, this concentration is similar to the FQAs concentration in this specie and it accounts
for around 5.7% of the total content. On the contrary, concentrations in arabusta coffee (1 mg/g dwb) were
higher than in C. arabica but particularly attention was focused on C. sissiliflora (Figure 5.4), which showed
the highest concentration of pCoQAs, between 2.12-2.24 mg/g dwb, representing 4.5% of the total CGAs

content and being in fact higher than the concentration of FQAs found for this specie.

C. arabica ) C. canephora
ECOA ®FQA ®pCQAs = diCQA ECQA ®FQA ®pCQAs = diCOA
C) C. sissiliflora

\

= COA =FQA =pCQAs = diCQA

Figure 5.4 Distribution of different classes of CGAs in mg/g dmb found for C. arabica, C. canephora and C. sissiliflora.
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In general, (Table 5.5) isomer at position five (5-pCoQA) was the major pCoQA in all coffee species, accounting
forabout 70% of the total pCoQAs content. The highest concentrations were found in C. sissiliflora, C. arabica
and arabusta coffee while the lowest were registered in C. racemosa, C. brevipes, and C. pseudozanguebarie.
It is worth noting that significant differences were not observed between 3-pCoQA and 4-pCoQA in C.
congensis, pseudozanguebarie, racemosa, brevipes and arabica, where concentrations of both isomers were
ranged from 0.01 up to 0.1 mg/g dwb while for others species, such as C. sissiliflora, concentrations of 4-
pCoQA were almost twice higher than 3-pCoQA. On the other hand, a quantitative pattern could not be
identified for C. canephora, C. arabica L. x C. canephora Pierre and C. eugenioides as well as for all six samples
of C. liberica since for three of them we have found relative higher concentrations of isomer 3-pCoQA (0.01-

0.6mg/g dwb) than 4pCoQA (0.03-0.2 mg/g dwb).

Table 5.5 — Distribution of pCoQAs in our commercial and wild coffee species.

Sample mg/g 3pCoQA 4pCoQA 5pCoQA
1 C. arabica Brazil 0.08 0.12 0.54
2 C. arabica Colombia 0.07 0.06 0.50
3 C. arabica Etiopia 0.03 0.04 0.47
4 C. arabica Etiopia-2 0.04 0.05 0.48
5 C. arabica Honduras 0.08 0.09 0.45
6 C. arabica India 0.09 0.10 0.52
7 C. arabica Yemen 0.09 0.09 0.58
8 C. arabica Yemen-2 0.08 0.07 0.79
9 C. arabica var. laurina 0.05 0.07 0.39
10 C. canephora Vietnam 0.04 0.06 0.27
11 C. canephora India 0.20 0.06 0.17
12 C. liberica -1 0.10 0.03 0.14
13 C. liberica -2 0.05 0.03 0.21
14 C. liberica -3 0.15 0.18 0.31
15 C. liberica -4 0.09 0.18 0.66
16 C. liberica -5 0.55 0.03 0.21
17 C. liberica -6 0.48 0.03 0.17
18 C. arabica L. x C. 0.18 0.18 0.67

canephora Pierre
19 C. arabica L. x C. 0.19 0.02 0.72
canephora Pierre -2
20 C. eugenioides 0.02 0.03 0.14
21 C. eugenioides-2 0.07 0.02 0.20
22 C. sessiliflora 0.12 0.23 1.76
23 C. sessiliflora-2 0.14 0.26 1.84
24 C. congensis 0.10 0.09 0.34
25 C. pseudozanguebarie 0.01 0.01 0.10
26 C. racemosa 0.09 0.10 0.19
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27 C. brevipes 0.04 0.03 0.18

5.4.3 Concentrations of FQAs

A clear distinction was also found in FQAs concentrations of Arabica and Robusta.FQAs in C. arabica were
found between a range of 2-6mg/g (7% of the total CGA content), among which C. arabica from Yemen and
Colombia showed the highest values, while concentrations in C. canephora were more than twice higher (8-
13mg/g), representing 14% of the total CGA content, in accordance with data already reported.>*'” The
lowest concentration of FQAs was found in C. racemosa and C. pseudozanguebarie (0.7 and 0.1 mg/g dmb,
respectively). On the contrary with values already reported by Clifford et al.> and Anthony et al.'’, our samples
of C. congensis (16 mg/g dmb) and C. brevipes (13mg/g dmb) were particularly rich of FQAs (Figure 5.5). In
general isomer 5-FQA was the most abundant one of this class of CGAs followed by 4-FQA and 3-FQA, except
for samples of C. liberica-3, C. liberica-4 and C. pseudozanguebarie where the concentrations of 3-FQA were

higher than 4-FQA.

C. brevipes C. congesis

[

o

= COA = FQA pCQAs diCOA m CQA = FQA pCQAs dicoa

Figure 5.5. Distribution of different classes of CGAs in mg/g dmb found for a) C. brevipes and b) C. congensis

5.4.4 Concentrations of diCQAs

All three isomers of diCQAs (3,4-diCQA, 3,5-diCQA and 4,5-diCQA) were also present in all coffee species. As
reported in the literature,® C. brevipes is particularly rich of diCQAs (14.06mg/g dmb), while concentrations
of dicaffeoylquinic acids were clearly different between C. arabica and C. canephora (0.8-3 mg/g and 6-8
mg/g, respectively). Although C. canephora is richer in diCQAs, these concentrations are significantly lower

than diCQAs content already reported by Perrone® and Farah et al'*. Since the content of diCQAs was

92



Chapter 5 — Results and Discussion

observed to be dependent on the level of maturation we thought at the beginning that the lower content
found of diCQAs could be attributed to different levels of maturation of the samples analyzed but calculating
the ratio between CQAs and diCQAs, as reported in the literature, our results were significantly different.
Therefore, in order to clarify our lower content in diCQAs we checked carefully all the steps performed in the
extraction process and we found that the nylon filters used for purification, prior to UHPLC analyses, could
alter the results. Different tests were performed using standard solutions of the different class of CGAs to

evaluate the effect of the filters. Characteristics of the filters are reported in Table 5.6.

Table 5.6. Different types of filters.

Filter type Characteristics

RC (regenerated cellulose) Very low non-specific protein binding membrane
Ok with acetonitrile, methanol, formic acid.

Compatible with water and organic solvents

PTFE (Polytetrafluoroethylene) Hydrophobic
Good for aggressive/corrosive samples
Generally good chemical compatibility
Compatible with acetonitrile, methanol, formic acid.
PVDF (polyvinylidene fluoride) hydrophilic
low binding properties

broad chemical and temperature resistance

NY (nylon) Good for acqueos and organic samples within pH 3-10

Compatible with acetonitrile and methanol

As an afterthought we evaluated recoveries and possible compounds adsorption for each type of filter
(Nylon, Polyvinylidene Fluoride, Polytetrafluoroethylene and regenerated cellulose). Actually, we found that
for dichlorogenic acids class the nylon membrane has a slight impact on total recovery (Table 5.7), as already

mentioned in the literature for other polyphenolic compounds.?3°

Table 5.7 Recoveries of standards solutions of CGAs using different types of filters.

*

Filter Without RC* PVDF" PTFE" NY
type Filtration

% % % % %
3CQA 100 99 123 123 97
3CQA 100 99 123 123 98
5CQA 100 100 123 123 97
caffeic 100 99 123 122 98
4CQA 100 99 123 122 96
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cumarico 100 100 124 123 97
5FQA 100 100 124 124 101
4FQA 100 100 125 124 100
ferulic 100 100 123 123 99

sinapic 100 99 123 123 100

3,4diCQA 100 100 126 125 84

3,5diCQA 100 100 125 124 88

4,5diCQA 100 100 125 125 89

*RC (regenerated cellulose), PVDF (polyvinylidene fluoride), PTFE (Polytetrafluoroethylene), NY (nylon).

As can be observed in Figure 5.6, when a diluted sample solution of C. arabica from Colombia was analyzed
without any filtration and using the nylon filter a great difference in the peaks areas of all three isomers of
diCQAs was observed, while the others CGAs were not affected. Furthermore, some tests were carried out
using standards solutions of isomers of diCQAs by passing different volumes of these standard solutions
through the filters and we have found that the hold-up volume is a very important factor when nylon filters
are used, since with nylon filters of 25 mm if a volume of at least 5 mL is not discarded, in some cases more
than 50% of the concentration of diCQAs can be retained by the filters. Unfortunately, the scarce quantity of
samples was not sufficient to reply all the extraction and purification steps with a more appropriate filter

membrane.
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Figure 5.6. Chromatogram of C. arabica from Colombia diluted 1:10. Without any filtration (blue) and filtered with nylon

membrane (red).

5.5 Evaluation of CGAs concentrations during roasting

The three most important species from a commercial point of view (C. arabica, C. canephora and C. liberica)
were analyzed under roasting conditions and the variation of the single chlorogenic acid classes were
analyzed during time of roasting. At industrial level, depending on the desired degree of roasting, the process

is performed between the range 175-235 C and lasts between 8-25 min. During our studies we performed
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the roasting in duplicate at a constant temperature of 211°C and the CGAs content was determined at

different times in the roasting process (for 3 to 45min).

The percentage of weight loss (%WL) of coffee beans after roasting are reported in table 5.8 and were

calculated, according with the literature®!* using the following equation:

WBR — WAR
B —

1
WBR 00

WL =

where WBR is the weight before roasting and WAR is the weight after roasting.

Table 5.8 Percentages of WL of coffee beans after roasting.

min C. arabica C.canephora C. liberica
%WL %WL %WL
3 2.22 1.06 1.72
5 3.95 2.61 3.72
7 5.70 4.64 5.49
10 8.00 6.69 7.79
12 9.63 7.92 10.21
15 11.12 9.59 13.41
20 13.23 11.08 15.50
25 14.06 12.55 17.06
30 15.33 13.48 18.29
35 15.52 14.52 18.99
40 16.57 15.40 19.65
45 16.28 18.53 20.37

As can be observed in table 5.8, the %WL were very similar among the three species, registering values
between 10 and 13% after 15 min of roasting and reaching a maximum of about 20% after 45min. The results
obtained for the total CGAs content according to the roasting time are reported in Table 5.9. As has been
already reported,*!83! due to their thermal instability, the CGAs can be transformed in other compounds,
like the formation of the corresponding lactones, which contribute to the bitterness of the final beverage.
Moreover, other reactions can occur, such as degradation or decomposition reactions, which contribute to

decrease their content inside the beans.
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Table 5.9. Total CGAs content in roasted samples of C. arabica, C. canephora and C. liberica

Total CGAs content mg/g dmb (std)

Time Arabica Canephora Liberica
(min)

green 54.00 57.97 63.29

coffee (0.28) (2.13) (2.49)

3 54.03 66.23 52.14

(0.47) (0.84) (1.50)

5 48.83 72.18 53.60

(0.50) (5.72) (0.28)

7 45.55 78.67 52.91

(2.64) (4.96) (2.89)

10 48.36 68.73 43.50

(0.73) (3.36) (0.98)

12 29.13 66.36 37.66

(0.38) (3.77) (0.55)

15 26.91 59.27 30.46

(0.43) (3.28) (2.36)

20 16.03 52.06 23.61

(0.15) (1.17) (1.03)

25 12.30 41.54 20.41

(0.62) (0.72) (0.10)

30 7.72 36.11 15.65

(0.12) (0.52) (0.38)

35 5.05 25.02 12.01

(0.07) (0.08) (0.47)

40 4.26 26.03 11.27

(0.06) (1.04) (0.38)

45 4.46 24.03 11.56

(0.03) (0.19) (0.22)

Although it is important to consider that the final chemical composition of roasted coffees depends not only

on the raw material but also on roasting conditions such as roaster type, time of roasting, temperature, and

air-flow speed in the roasting chamber, in our studies the variation of CGAs content during roasting time of

C. arabica and C. liberica were slightly similar and a content of 4,5 and 11,6mg/g of CGA was observed after

45min for Arabica and Liberica respectively (~20% weight loss). The behavior of C. canephora was different,

showing an enhancement of the CGAs content at the beginning and a smaller degradation content at the end

of roasting (45 min), where the total CGAs were quite half of the initial concentration. In fact, the total

content of CGAs in very light roasted coffee (5-7min) was 35% higher than the concentration in green coffee

for C. canephora. While for the other two species a gradual decrease of the total content was observed. C.

arabica and C. liberica lost approximately half of the initial concentration of CGAs after 15 minutes of

roasting. Therefore, the CGAs content could be used as an index of roasting degree for each specie.
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Each class of CGAs (Figure 5.7) was also analyzed during roasting time and it was observed that the behavior
of CQAs was very similar between Arabica and Liberica while Robusta showed a gradual increase of CQAs up
to 10 min of roasting achieving values of 45mg/g dmb (~7% weight loss). This is in line with what observed
for the total content of CCGAs. Also FQAs were degraded during roasting but in this case there was an
enhancement at the beginning in both C. canephora and C. liberica while in C. arabica the degradation
process started immediately.in C. canephora, diCQAs enhanced their value until twice in the first 7min and
then a decrease started but they do not disappear at the end of roasting as it happened in the other two
species. pCoQAs showed a completely different behavior in the three species, during the first minutes of
roasting, levels of pCoQAs increased from 0.37 mg/g in green coffee to 0.44 mg/g at 5 min (~3% weight loss)
in Robusta. In Liberica, total pCoQAs concentration remains quite constant during the first 7min of roasting

(~5% weight loss), while in Arabica, concentration of pCoQAs immediately starts to decrease.
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Figure 5.7. CQAs, FQAs, pCoQAs and diCQAs content during roasting.

In Figure 5.8, a,cand 5.8e are reported the behavior of the different isomers of pCoQA during time of roasting
in the three commercial species. 5-pCoQA starts to decrease immediately in Arabica and Liberica, while in
Robusta a slightly increase of this isomer during the first 7min of roasting was registered to continue with a
significantly decrease over the time and at the end of roasting, all three isomers are present in a very similar
amount in each specie, since the concentrations of 3-pCoQA and 4-pCoQA are quite constant during roasting.
This is in accordance with literature data although roasting conditions are different.® As can be observed, the

behavior between the different CQAs and pCoQAs isomers during roasting is very similar in the three
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commercial species, also in this case the 5-CQA, present in major amount in the green coffee bean, decreases
rapidly during roasting in Arabica and Liberica and increase in Robusta during the first minutes of roasting.
(Figure 5.8 b, d and f). Also these data are in accordance with the literature,'* although only C. arabica and
C. canephora are reported. It can be noted that C. canephora seems to be more resistant to degradation of
CGAs during roasting as has been already reported in literature * since the content, at the end of roasting,
of the different chlorogenic acids is higher than in the other two species. As far as we know this is the first

time that chlorogenic acids in C. liberica roasted coffee beans were analyzed.
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Figure 5.8 — Different isomers of pCQAs and CQAs content during roasting
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RESULTS AND DISCUSSION

Recognition Elements for 5-CQA
Chapter 6. Fluorescent Molecularly

Imprinted Polymers (fMIPs)
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In this part of the project fluorescent polymeric imprinted nanoparticles (fMIPs) with 5-caffeoylquinic acid
(5-CQA) were synthesized following the non-covalent approach since this is a simple method where only a
few synthetic steps are required and a great variety of functional monomers can be used. The synthesis of a
MIP involves the participation of a suitable functional monomer and sometimes a co-monomer, crosslinker,
radical initiator and the template molecule. Therefore, in order to obtain a polymer with high specificity and
selectivity, it is necessary to select good functional monomers able to interact with the analyte. In the non-
covalent approach formation of relatively weak non-covalent interactions like m-staking, hydrogen bonding,
hydrophobic interactions or van der Waals forces and ion interactions between template and functional
monomer(s) occur before polymerization and their strength will depend on the environment that surrounds
the polymer and on the solvent polarity.! The synthesis of the fMIPs was carried out at the University of
Trieste, while the study of the fluorescent properties as well as the immobilization of the polymer were

carried out at COBIK.

6.1 Functional Monomers.

Functional monomers must have a polymerizable acryoyl or vinyl groups in their structures in order to allow
their incorporation in the polymeric matrix. Since in the template molecule are present polar groups, two
functional monomers, 4-vinyl-pyridine (4VPy) and a naphthalimide derivate (16b) containing a polymerizable
vinyl group and others functions capable of interacting with the template (Figure 6.1), were chosen to carry
out the synthesis of a fluorescent molecularly imprinted polymer. The choice of these monomers was based
on the interactions that 5-CQA is able to establish and which could be exploited in specific binding sites. The
aromatic ring may be involved in m-m interactions with other aromatic functions or unsaturated systems,
while the hydroxyl groups may act both as donors or receptors for hydrogen bonds or they can be involved

in other interactions with dipoles, dipole-induced or ionic bonds if deprotonated.

N/
o

4-vinylpyridine

(4VPy) HN Naphtalimide Derivative
(16b)
Commercially
available NH,

Figure 6.1. Structure of functional monomers.

4-vinyl-pyridine (4VPy) has already been used as a functional monomer for interactions with 5CQA? and is
one of the most common functional monomer used for the preparation of MIPs due to its commercial

availability and low cost.3*
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4-[(2-ethylenediamine)]N-allyl-1,8-naphthalimide (16b) is a fluorescent molecule synthesized from 4-chloro-
1,8-naphthalic anhydride, following the synthesis procedure described by Konstantinova and al.®> (scheme
6.1). Analogues of this functional monomer have been widely used in literature to obtain fluorescent
polymers to be used in sensor development.® Naphthalimide fluorophores have been widely used as
recognition probes, due to their visible emission wavelength and high photostability. Substituted
naphthalimides have shown strong intramolecular charge transfer (ICT) in solution state as a consequence
of their planar architecture combined with the electron-withdrawing ability of the imide core.”®° Some
MIPs have been designed using this fluorophore as a functional monomer, for instance a MIP based on 16b

was developed for detecting caffeine.X®
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Scheme 6.1. Synthesis of functional monomer 16b.

6.2 Study of the interactions between the two different monomers and the analyte: 'H NMR

Titrations.

'H NMR titrations were carried out in order to identify the specific functionalities that are involved in the
formation of the functional monomer-template complex before polymerization, as the degree of template—
monomer complexation is directly dependent upon the type of interactions employed and the chemical
composition of the polymerization reaction mixture.!* 'H NMR titrations consist on the addition of increasing

equivalents of template (5-CQA) to a fixed concentration of functional monomer.
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Analyses were performed in deuterated DMSO since the synthesis of the polymers was carried out in the
same solvent. First, the respective proton spectra were recorded for each monomer and spectra were
recorded after addition of increasing amounts of the analyte, comprised between 0.5 and 10 equivalents.
In this way, depending on the downfield or upfield chemical shift it is possible to identify protons involved

in the interactions and the type of the interaction.!?

NMR allows to distinguish between three possible situations (Figure 6.2) during the complex formation,
known as slow, intermediate and fast exchange regimen. These have been identified considering that
the complex formation (LR) between two molecules named ligand (L) and receptor (R) is a dynamic
process where the free molecules are in equilibrium with the bond counterpart. Therefore, the free
receptor and the ligand-bond state have two different frequencies (vrand vg.) and the appearance of the
characteristic signal of the two species will depend on three factors: the population of each state (Pr and
Pig), the chemical shift difference between the two frequencies (Av= vg- V&) and the relative values of
the exchange rate: kex = kr+ kre. In the first regimen mentioned above, the ligand binding equilibrium has
a very slow exchange rate compared to the NMR time scale (kex<< IAvl) and therefore, signals from both
the free ligand and the bond ligand are observed in the spectrum with different chemical shifts. On the
other hand, when the exchange regimen is fast, the ligand binding equilibrium has a very fast exchange
rate compared to the NMR time scale (kex>> |AvI, a very fast interconversion between L and LR occurs
during the detection period of the NMR experiment and only one signal is observed with a population-
weighted chemical shift (§obs= PrOr+ PirOIR). A different signal is observed in the intermediate exchange
regimen where Ke=l Avl. In this case one signal is observed, at a chemical shift between &g and &z, with
a linewidth that is “exchange broadened” due to interference from the interconversion between L and

LR during the detection period.***

Slow exchange Intermediate Fast exchange
A exchange
) A .
5 A — 1 j
—t
I T T T T T
6R 5LR 6R 6LR 6R 6LR

Figure 6.2 Different regimens during 'H NMR titrations 14
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6.2.1 Titration of 4-Vinylpyridine (4VPy) with 5-caffeoylquinic acid (5CQA).

The addition of the template to the functional monomer solution causes a progressive shift of all signals. The
variation of the proton chemical shift (8finai-Oinitiat) O the 4Vpy after addition of 10 equivalents of template is
shown in Figure 6.3. Signals of vinyl protons of the monomer were overlap by signals of the one proton of
the hydroxyl groups the quinic acid core and vinyl protons of the template molecule (Figure 6.3a), but slightly

variations of the aromatic protons of the monomer towards downfield are evident (Figure 6.3b).
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Figure 6.3. a) Overlapping of the vinyl protons of the monomer (4VPy) after addition of 5-CQA (red 4Vpy + Oeq 5-CQA;
blue 4Vpy+ 10eq 5-CQA). b) Histogram of the chemical shift variations in the H-NMR spectrum of 4-Vinylpyridine upon

progressive additions of 10 equivalents of 5-caffeoylquinic acid
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Comparing the shifts of both the functional monomer and the template we can deduce that the interaction
could take place through the formation of hydrogen bonds between the nitrogen atom of the pyridine moiety
and the hydrogen atom of the carboxyl group present in the template molecule resulting in a deshielded
effect’™ ! and a downfield shift; however, this interactions cannot be confirmed since the small variations in
the chemical shift of the aromatic proton of the functional monomer could also indicate another type of
phenomena such as the formation of aggregates. Vinyl hydrogen at C4 was the only signal with a slight upfield
shift, in accordance with a characteristic variation of M- N stacking interactions.!” However, interactions
between the two aromatic rings cannot be confirmed since the signal of C4 is overlapped with the signal of
aromatic protons of 5-CQA. Moreover, in all registered spectra upon addition of the template, only one set
of signals were visible indicating probably that complexation equilibrium is close to a fast exchange regime
described above. In Figure 6.4a it is possible to observe the trend of titration curve for only the aromatic
protons. The plateau is reached after 1,5 equivalents added, thus corresponding to the saturation point.
while in 6.4b it can be notice that with the increase of the template concentration, the signal has changed
shape and lost resolution, which could be a possible indication of the presence of a molecule population

bonded in different ways that are free to exchange.

8,5336 N= ‘ 4Vpy

H SN / /
85335 \

4Vpy + 2eq 5-CQA \

85334

8(ppm)

85333 4Vpy + 10eq 5-CQA
85332 \
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8,5331 /N \

V% \
8,533 - SN
8,5329

0 2 4 6 8 10 12
eq of template (5CQA) ssss | ssso ase | asw | asu | ssw | 883

Figure 6.4: a) Chemical shift variation of aromatic proton of 4-vinypiridine (4Vpy) upon interaction with template
molecule (5-CQA). b) progressive shift of the proton aromatic protons adjacent to the nitrogen atom of the pyridine ring

in the 'H-NMR spectra. Pure 4VPy (red), addition of 2eq of 5-CQA (green) and 10eq (blue).

6.2.2 Titration of 4-[(2-ethylenediamine)-N-allyl-1,8-naphthalimide (16b) with 5-caffeoylquinic
acid (5-CQA).

The variation of the proton chemical shift (&ina-Oinitial) Of 16b after addition of 10 equivalents of template is

shown in Figure 6.5. As can be noticed, protons CH,NH; showed a greater shift towards downfield than the
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others and this is possibly the result of the proton exchange due to the acid-base reaction between the amino

group of the monomer and the carboxyl group of the template.

30

26

o}
l <
S OH N 24
H ]/\ o | OH
HN H H 22

ol “

12

10
‘ 80

60

T T
70 6.5

5.0 4. 4.0 35 30 25 2.0 15 1.0
f1 (ppm)
b) H_H
Ho
H H
o] N (o]
H
10,3000 OO 0,2818
H

0,1000 0,0820

0,0472 0,0485
10,0500 0,0510 0,0275 0,0038
[ | I I | 0,0042 0,0063
0,0000 — —
0500 i

8,7285 ppm 84415 ppm 8,2673 ppm 7,690%9 ppm 6,8251 ppm 5,9197 ppm 35,0695 ppm  4,6248 ppm 2,8764 ppm

As

ar-H ar-H ar-H ar-H ar-H Vinyl -H Vinyl -H CH2-N- CH2-NH2

protons

Figure 6.5. a) 'H-NMR spectra of monomer 16b + 0 eq of 5-CQA (red) and monomer 16b + 10 eq of 5-CQA (blue) b)
Histogram of the chemical shift variations in the *H-NMR spectrum of 4-[(2-ethylenediamine) N-allyl-1,8-naphthalimide

(1b) upon progressive additions of 10 equivalents of 5-caffeoylquinic acid

In Figure 6.6 it is possible to observe the trend of titration curve of the protons adjacent to the amino group.

The plateau is reached after approximately 2 equivalents added which represents the saturation point.
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Figure 6.6: a) Chemical shift variation of CH2NH2 protons of monomer 16b upon interaction of template molecule (5-
CQA). b) progressive shift of protons CH2NH> in the *H-NMR spectra. Pure 16b (red), addition of 2eq of 5-CQA (green)
and 8eq (blue).

The trend of the titration curves is variable between the two monomers, it seems that 4-VPy react faster with
5-CQA than monomer 16b, however the chemical shift of monomer 16b towards downfield is significantly
higher and this behavior suggest the formation of a stronger complex between the template 5-CQA and
monomer 16b due to the acid-base reaction. In order to evaluate the behavior of the template in presence
of both monomers, a *H NMR titration was carried out by adding increasing amounts of template to a mix of
monomer 4VPy and 16b. As can be observed in Figure 6.7b a first plateau is reached by the aromatic proton
of 4VPy after 0.5eq added, but increasing the template concentration, the chemical shift linearly increases
to reach a second plateau after 8 equivalents, in accordance with hydrogen bond formation between the
nitrogen atom of the pyridine and the hydroxyl groups of the phenol ring. Alternatively, a M- N stacking
interaction between aromatic rings could explain an upfield shift of the aromatic protons. Anyway, the main
interaction of 5-CQA occurs with monomer 16b (Figure 6.7a). The downfield shift of the protons CH;NH,
indicates a deshielding effect due to the positive charged NH, due the hydrogen transfer from the carboxylic

group.
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Figure 6.7: a) Chemical shift variation of CH2NHz protons of monomer 16b upon interaction of a monomers mix with

template molecule (5-CQA). a.1) progressive shift of the protons CH2NH> in the *H-NMR spectra: 16b (red), addition of

0.5eq of 5-CQA (purple), 4eq (green) and 10q (blue). b) Chemical shift variation of aromatic proton of 4-vinypiridine

(4Vpy) upon interaction of a mixture of monomers and the template molecule (5-CQA). b.1) progressive shift of the

proton Ar-H in the H-NMR spectra. 4VPy (red), addition of 0.5eq of 5-CQA (purple), 4eq (green) and 10q (blue).

6.3 Synthesis of Fluorescent Molecularly Imprinted Polymers (fMIPs)

The polymers were imprinted with a mimic compound of 5-caffeoylquinic acid (5-CQA) prepared in order to

avoid polymerization of the double bond present in the real analyte. Hydrogenated 5-CQA (H-5CQA) was

prepared following a literature procedure? as shown in scheme 6.2. The product was obtained in 90% of

yield.
Q 0
HO, _CoH HO, C/:/OH
_ >
HO" ™ o) HO' N o
OH \ OH
O OH o} OH

5-Caffeoylquinic Acid

H-5CQA (mimic template) OH

Scheme 6.2. Synthesis of Hydrogenated 5-caffeoylquinic acid (H-5CQA).
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fMIPs were synthesized under high dilution radical polymerization conditions following a standard protocol.®
By optimization of solvent and monomers concentrations it was possible to obtain polymer particles of micro
or nanometric dimensions. In this way, interactions between the template and functional monomers are
favored thanks to high surface area of the particles, allowing the formation of more accessible binding sites
in a short diffusion time.!® The choice of a suitable solvent allows the formation of highly stable micro or nano
gels due to the high viscosity of the colloidal solutions. The solvating power of the solvent prevents
macrogelation via osmotic repulsion forces and steric hindrance, without adding surfactants, and
furthermore, under diluted conditions in a suitable solvent, each polymeric particle is stabilized avoiding

intermolecular crosslinking.?

To avoid aggregation and macrogelation of the polymer, it is important to keep the concentration of all
monomers under a critical value, called critical monomer concentration (Cm). The Cw is defined as the
percentage by weight of all monomers used for the polymerization as compared to the percentage of the
overall mass of monomers and solvent used for a polymer preparation®. For our purposes, DMSO was chosen
as the solvent for polymer preparation due to its ability of dissolve all reagents involved in the synthesis.

fMIPs were prepared following the non-covalent approach in three steps:
l. pre-polymerization

Il. Radical polymerization

Ill. Removal of the template.

In Figure 6.8 it can be observed a representation of the synthesis of a fMIP for the mimic template H-5CQA.
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Dialysis
MeOH:AcCOOH
Water

Figure 6.8 The three steps synthesis of fMIPs for H-5CQA. I. pre-polymerization, Il. Radical polymerization and Ill.

Removal of the template.

Two fMIPs were prepared using a Cvof 0.5% w/w and the following functional monomers:

e 16b and 4VPy as functional monomers for the synthesis of MIPO1
e 16b as the functional monomer and NIPAM (N-Isopropylacrylamide) as the co-monomer for the
synthesis of MIP02.
In the synthesis of MIP02, NIPAM was chosen since it is capable of modulating the solubility of the polymer
in water. As it has been reported in the literature, it does not interact with the template agent in polar
solvents like water or DMSO, but limits itself to acting as an inert and stabilizing component of the polymeric

structure.??

In table 6.1 are reported the percentage composition of each component in the synthesized polymers. For
each polymer also a non-imprinted polymer (fNIP) was prepared as control polymer using the same
polymerization procedure and the same concentrations of monomers but without the presence of H-5CQA

as the mimic template molecule.
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Table 6.1 Composition of fMIPs imprinted with H-5CQA for 5-O-caffeoylquinic acid recognition.

MIPO1 MIPO2

Functional Monomers 4-Vinylpiridine (4VPy) 20% -

4-[(2-ethylenediamine)-N-allyl-1,8-naphthalimide (16b)  20% 10%

Co-monomer N-Isopropylacrylamide (NIPAM) - 30%

Crosslinker N,N’-methylenebisacrylamide 60% 60%
(MBA)

Initiator Azobisisobutyronitrile 5% 5%
(AIBN)

The amount of solvent necessary to obtain polymeric nanoparticles was calculated by the following equation:

[m(fm) + m(bm) + m(cl)] * %solvent in mixture
Y%monomer in mixture (Cy)

m(S)

Where m(fm), m(bm) and m(cl) are the mass of the functional monomer, the co-monomer and the

crosslinker respectively.??

Pre-polymerization. A mixture of the functional monomers and the template in DMSO was kept

under stirring for 1h at room temperature in order to favor the formation a complex functional
monomer-template. The ratio used between functional monomer and the template was fixed at
1:1.2 (fm:t). A little excess of the template was used in order to obtain a high number of specific
binding sites, assuming a 1:1 monomer: template interaction. The aim of this step is to favor the
formation of monomer-template complexes through non-covalent bonds, allowing the pre-
formation of the binding sites that will then be incorporated in the polymeric matrix.

Radical Polymerization. After the formation of the complex, the co-monomer, the crosslinker

MBA (N,N’-methylenebisacrylamide) and the radical initiator AIBN were added to the solution.
The concentration of the crosslinker was fixed to 60%. The use of high percentages of crosslinker
is essential to impart the necessary rigidity to preserve the shape and stability of the binding sites
formed inside the polymeric matrix. However, polymers with a crosslinker content above 90%
lead to too rigid and less flexible polymers?*. The amount of radical initiator was fixed at 5% of
the amount of the available double bonds in the pre-polymerization mixture. The polymerization
was carried out at 70°C for 24h and the concentration of initiator and crosslinker were calculated
using the following equations:

n(l) = [n(fm) + n(bn) + 2n(c)] * %initiator
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= n(fm) + n(bn)
(el = 5 ) + % (om)

Where n(l), n(fm), n(bm) and n(cl) are respectively the number of moles of the initiator,

* % (cl)

the functional monomer, the co-monomer and the crosslinker.

Il Removal of the template. After polymerization yellow and orange solutions were obtained.

Removal of the template was carried out by dialyzing the polymers first in water and then in
methanol and methanol:acetic acid (8:2). The use of methanol increases the solubility of
template molecules and leads to a polymer shrinkage that force the dissociation of the MIP-
template complex, while water allows to remove the unreacted functional monomers or by -

products and to resume the better polymer conformation.?

In table 6.2 are reported the yield of polymerization calculated following the equation:

polymer weight

Yyield =
hoyte Ymonomer weights

Table 6.2. Yield of fMIPs for 5-O-caffeoylquinic acid recognition.

Polymer Template Functional Monomers Yield %

MIPO1  H-5CQA 4-Vinylpiridine (4VPy) 40
4-[(2-ethylenediamine)N-allyl-1,8-naphthalimide (16b)

NIPO1 - 4-Vinylpiridine (4VPy) 23
4-[(2-ethylenediamine)N-allyl-1,8-naphthalimide (16b)

MIP02 H-5CQA  4-[(2-ethylenediamine)N-allyl-1,8-naphthalimide (16b) 12

NIPO2 4-[(2-ethylenediamine)N-allyl-1,8-naphthalimide (16b) 4

6.4 .'H-NMR Characterization of fMIPs.

Polymerization was verified by *H-NMR spectroscopy. For this purpose, 2mg of the polymers were dissolved
in 750 uL of DMSO-ds. The resulting spectra did not show any signals corresponding to the H-5CQA, indicating
the complete removal of the template from the polymer binding sites during the dialysis process. In Figure
6.9 the 'H NMR for MIPO1 is reported where it can be observed the set of signals in the range between 6 and
8 ppm corresponding to the amide groups and to the aromatic protons of monomers 16b and 4VPy, which

when incorporated into the polymeric matrix generate a broad signal. Other signals can be observed in the
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range 1 -4 ppm, which are generated by the aliphatic protons of the polymer. Signals between 3 and 4 ppm
are due to the CH,-N protons while signals between 1.5 and 2.5 ppm can be associated to a and B protons to

amide groups.
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Figure 6.9. *H-NMR spectrum of MIPO1. Insert: *H-NMR spectrum of H-5CQA.

6.5. Monomer Dye content

The amount of the monomer dye 16b incorporated into the polymers MIPO1 and MIP02 was determined by
UV-visible spectroscopy. UV-visible absorption of the polymers and the free dye in DMSO did not show any
significant change at Amax (440nm), this is an evidence that there were no changes in the basic chromophore
dye structure as a result of its bonding to the polymer chain, making possible the construction of a calibration

curve in DMSO of free dye 16b (Figure 6.10). °
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Figure 6.10. Calibration curve of Dye 16b and UV spectra of dye 16b (purple), MIPO1 (green) and MIP02 (blue).
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UV spectrum of polymers solutions in DMSO were recorded. For polymers MIPO1 and NIPO1 stock solutions
at concentration 630 pg/mL and 473 pg/mL were prepared and then spectrum of 500 pL of 1:2 diluted
solutions were recorded, while for polymers MIP02 and NIPO2 solutions at 200 and 193 ug/mL were prepared
and directly analyzed. The maxima of the absorbance were corrected considering the perturbation in the
baseline observed for the solutions of the polymers (Figure 6.10) and not in the spectra of the free monomer,
which is a characteristic behavior of the scattering in colloidal solutions.?” Corrected values of absorbance
intensity at 440nm were used to quantify the functional monomer covalently bonded into the polymer.

Concentration values are reported in table 6.3

Table 6.3. Amount of monomer 16b in the polymers.

Polymer Polymer Mean Intensity Mean Intensity 16b
Concentration (Abs) Corrected (Abs) (nmol/mg
(ng/mL) polymer)
MIPO1 630 0.185 0.098 20.60
NIPO1 473 0.141 0.091 19.20
MIP02 200 0.136 0.098 32.6
NIP02 193 0.13 0.090 30

As can be noticed in table 6.3, there are not significant differences between the 16b content between MIP
and the corresponding NIP in both polymers. Monomer content in MIPO2 was higher than in MIPO1 and this
could be due to the presence of 4VPy in MIPO1 which could have a higher polymerization rate and compete
for the binding sites in the polymer. Furthermore, as already reported in the literature for other polymers
containing 1,8-naphtalimides moieties,?® less than 5% of the free dye was incorporated into the polymers
indicating that not all the monomers polymerized. This could be explained if side reactions between the
monomer 16b and other components of the polymers are taking place which could interfere with the

polymerization process.

6.6 Recognition of the Target: Rebinding tests by UHPLC.

Polymers absorption capacity was calculated by performing rebinding tests: a mixture of 80 uM of 5-CQA and
1mg/mL of the prepared fMIP in water was prepared and left under stirring. At fixed intervals, an aliquot of
the mixture was centrifuged and the supernatant was analyzed to quantify the concentration of free analyte
(5-CQA). Quantification was performed by means of UHPLC method already developed for the analyses of
CGAs (see chapter 4).2° The absorption capacity, which mean the amount of analyte captured by MIP and NIP

for mg of polymer was calculated following the equation:
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_ (Co—Cs)V
W

Where:

Q is the absorption capacity in moles of captured analyte/mg of polymer; C, and Cs are the initial and the
equilibrium concentrations of the target molecule in solution, respectively; V is the volume of the solution

and W is the weight (mg) of the polymer.

Fluorescent molecularly imprinted polymer MIPO1 showed a good affinity for 5-CQA, binding 48nmol after
few minutes of incubation and achieving the saturation point after 90min. However, NIPO1 did not show any
significant differences with respect to the binding affinity of MIPO1. This tendency could probably indicate
that the interactions between functional monomers and template occur in a very similar way between both
imprinted and non-imprinted polymers with a prevalence for the non-specific interactions. Other molecularly
imprinted polymers reported in the literature, using a mimic template, have shown similarly favorable
performances between MIPs and NIPs indicating that the imprinting binding sites play a minor role in
selective target detection.?® On the other hand, MIP02 showed a very low affinity for 5-CQA with respect to
MIPO1, recovering only 8nmol after 60 min, which could demonstrate the key role of the 4VPy in establishing

the right interactions with the template within the polymeric matrix (Figure 6.11).
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Figure 6.11. Rebinding kinetics of 5-CQA with MIPO1 and MIP02 and NIPO1 and NIP02

e Imprinting Factor

The normalization of the imprinting process removes non-specific binding interactions between monomers
and the template®! and the efficiency of this process can be evaluated by calculating the imprinting factor
(/F), which is defined as the ratio between the binding capacity of the fMIPs and that of the corresponding
fNIPs. Since the same formulation was used for preparing MIPs and NIPs we can assume that the number of
functional monomers incorporated into the fMIPs and fNIPs are the same:
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IF = Qrmip

B Qfnip
Where Quir and Quir are the absorption capability of the imprinted and non-imprinted polymers.

The values of IF and the binding capacities of the polymers studied in this project are summarized in table
6.4. From the values obtained it is evident the increase of non-specific interactions within a time of 180 min
(IF= 1.02), when the binding capacity between MIPs and NIPs are the same. MIP02 showed the highest
binding capacity after 180 minutes, however, after this period it starts releasing the template with a higher

rate than the non-imprinted polymer.

Table 6.4 Rebinding capabilities and selectivity of fMIPs synthesized for 5-CQA

Polymer Functional Monomer Rebinding IF
(Qmip)

[nmol mg?]

60 min 90 min 180min 60min 90 min 180min

MIPO1 (4vPy) 63.3 66 74.3 11 1.10 1.02
(16b)
MIP0O2 (16b) 7.9 / 7.8 1.00 / 1.6

6.7 Cross Reactivity: Analysis by UHPLC

The selectivity of MIP01 and NIPO1 for the analyte 5-CQA were analyzed by carrying out rebinding tests with
a mixture of free hydroxycinnamic acids such as caffeic and coumaric acid as well as with caffeine. As it was
described in the previous section, the tests were carried out treating a solution of 1mg/mL of polymer with
a mixture of 80uM of each pure standard of 5-CQA, caffeic acid (CA), p-coumaric acid (pCoQA) and caffeine
(CAF). The remaining standard concentrations in solution were measured by UHPLC after different incubation

times.

MIPO1 was able to capture 5-CQA, CA and p-CoQA and unable to bind caffeine. The cinnamic part of the 5-
CQA is formed by CA, which only differs from p-CoQA structure by the presence of two phenolic hydroxyl
groups instead of one, so these molecules could have access to the binding sites of the polymeric matrix and
can be recognized by the polymer. However, as it can be observed from Figure 6.12, during the first minutes
of incubation, MIPO1 showed a higher affinity towards 5-CQA. After 60 min of incubation MIPO1 was able to
capture 69nmol/mg of target molecule 5-CQA, 20% more than caffeic acid and 37% more than p-coumaric

acid. Moreover, no release of the target molecule was observed after 24 hours.
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Figure 6.12 Rebinding kinetics of 5-CQA, CA, pCoQA and CAF with MIPO1.

When comparing the binding capacity of MIPO1 and NIPO1 (Figure 6.13), it is evident that although the non-
imprinted polymer shows the same high binding capacity towards the target molecule during the first
minutes of incubation as the imprinted polymer, NIPO1 is also capable of capturing higher concentrations of
caffeic and p-coumaric acid with increasing the incubation time. In fact, after 60min, the non-imprinted
polymer was able to capture 1.5% more caffeic acid and 14% more p-coumaric acid than the imprinted
polymer. But, the most significant difference between the two polymers can be observed after 24 hours,
when the NIPO1 shows the same affinity for both chlorogenic acid and caffeic acid, capturing 120nmol of
each secondary metabolite. Moreover, the non-imprinted polymer was able to capture a maximum of 95
nmol of p-coumaric acid while MIPO1 captured 76nmoles after 24 hours. As can be noticed, despite the low
value recorded for the imprinting factor (IF), the imprinted polymer shows a good selectivity for the analyte,
this better performance of polymer MIPO1 is due to the presence of specific binding sites capable of
recognizing the analyte that are absent in NIPO1. For this reason, the fluorescence changes of the imprinted

polymer when interacting with the template was evaluated and the results will be discus below.
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Figure 6.13. Rebinding kinetics of 5-CQA, CA, pCoQA and CAF with MIP0O1 and NIPO1
6.8. Fluorescent Properties of MIPs.

1,8-napahtalimides have been designed based on the model "fluorophore-spacer-receptor"®? (Figure 6.14)
and in monomer 16b, the primary amino group at the end of the spacer chain, with its lone pair of electrons,
acts as the receptor, while the N-allylic group acts as the linker with the polymeric matrix. Fluorescent
properties of naphtalimide derivatives are very sensitive to the environment and depend on the medium and

polarization of the naphtalimide molecules.®
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Figure 6.14. Model representation of the "fluorophore-spacer-receptor" of 1,8-napahtalimides dyes.

These dyes are known as "off-on" or "on-off" fluorescent switches and they have been widely used in the
development of PET (photoinduced electron transfer) sensors in which the electron transfer goes from the

receptor to the excited state of the fluorophore.?® Several reports have demonstrated how fluorescence of
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these type of dyes is quenched and quickly switched ‘on“or off "by recognition of protons or different metal
ions. Therefore, the spacer must be short enough to allow fast PET rates between the two states of the
sensor. In the "on" state enhancement of the fluorescent due to the excitation of the fluorophore occurs
because the PET process is arrested by the recognition of the analyte for the receptor while, in the off "state
PET process takes places quenching the fluorescent3%34353¢ (Figure 6.15). It is important to consider that in
PET ideal system the quenching of the fluorescent must not cause any change or at least not any significant
change in the absorption spectra with respect to the free monomer under the same conditions,*” which was

previously demonstrated (Figure 6.10)

|
Flourescence off “ ‘
Analyte

Fluorophore Spacer Unbound
Receptor

\
2\
PET

Flourescence on

Fluorophore Spacer bound
Receptor

Figure 6.15 Representation of a switch “on” and switch “off” system.

Fluorescent properties of polymers MIPO1 and MIP02 were evaluated by studying the interactions between
the fMIPs and the target molecule (5-CQA). Changes in the polymer fluorescence at low concentrations were
registered by fluorescence titration of the polymers with increasing amounts of the analyte in two different

solvents: DMSO and water:DMSO (9:1).

As a first choice, titrations were carried out by adding increasing amounts of the analyte 5-CQA from
micromolar to milimolar concentrations to a solution of 30 pg/mLin DMSO of the polymer. Figure 6.16 shows
the emission spectra of polymer MIPO1 at increasing concentrations of 5-CQA. A 3-fold increase in fluorescent
intensity at the emission maximum of 530 nm was observed with the addition of the analyte. The mechanism
for the fluorescence enhancement is probably the hydrogen transfert between the carboxilic gruop of the
analyte and the amino group of the monomer 16b, so PET communication between the receptor and the
fluorophore is not thermodinamically favored and gets cuttoff since the lone pair of electrons of the receptor

are not longer available after recognition of the analyte. As it has been reported in the literature, in these
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type of offon’systems, protons from the analyte electrostatically attracts the electrons increasing the
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oxidation potential of the analyte-bound receptor.
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Figure 6.16 Fluorescent emission titration spectra of MIPO1 in DMSO after addition of 5-CQA.

Following the same approach, titrations were carried out using the same concentration of polymers (30
pg/mL) in water:DMSO (9:1) and a quenching of the fluorescence was observed in both cases MIPO1 and
MIPO2 (Figure 6.17). As expected, the intensity of the fluorescence is greater for the polymer MIP02 since,
according to the results shown above, this polymer has a higher concentration of fluorescent monomer.
MIPO1 and MIP02 showed a decrease in fluorescence of 58% and 6% respectively, by adding a 39uM solution
of the analyte, while both polymer achieve a total quenching of 92% at a final concentration of 80 mM of the

target molecule.

a) - b)

Figure 6.17. Fluorescent emission titration spectra of: a) MIPO1 and b) MIP02 in water:DMSO (9:1) after addition of 5-
CQA.
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As can be observed in Figure 6.17 the emission maxima were registered at 540 nm and the bathochromic
shift with respect to the system in DMSO is a consequence of the m->m" internal electron transfer transitions
(ITC) that has been already observed for these type of dyes when the polarity of the solvent increases.® A
possible explanation for the quenching is that, in presence of water, the receptor of the dye (amino group)
can be protonated, cutting off the PET process, which means that the system has been switched “on” prior
to the recognition event. Therefore, considering the molecular orbital energy diagram (Figure 6.18), PET
mechanism takes place when the free electron pair of the receptor (amino group) are transfer to the partially
unoccupied HOMO orbital of the photoexcited fluorophore. Then, Back-electron transfer occurs from the
excited state of the fuorophore to the HOMO of the receptor, which generate a deactivation of the excited
state, and fluorescence is quenched (“off” state). when, the analyte binds to the receptor, the PET is
interrupted and fluorescence is turned “on” due to the stabilization of the orbital HOMO of the analyte bound

receptor, which lies below the HOMO of the fluorophore.1037:3°

OFF-mode ON-mode

i T S 4 g YO
et

e e

HOMO
Fluorophore* Receplor Fluorophore Receptor Fluorophore* Receptor
(acceptor) (donor) (acceptor) (donor) {acceptor) (donor)
-
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Figure 6.18. Molecular orbital energy diagrams for relative energetic dispositions of HOMO/LUMO of the fluorophore

and HOMO of the donor involved in PET. The asterisk (*) symbolizes the excited fluorophore 3°

The decrease in fluorescence can be a consequence of two possible mechanisms known as dynamic or static

qguenching.

Dynamic quenching or collisional quenching takes place when the fluorophore in its excited state is
deactivated by contact with the quencher that diffuses in solution. This process is described by the widely

known Stern Volmer equation?:
Fy
T 1+ k,7o[Q] = 1+ Kp[Q]

Where:
Fois the fluorescence emission intensity in absence of the quencher [Q]
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F is the emission intensity in presence of the quencher.
Kq is the bimolecular quenching constant. Kp is used to indicated a dynamic quenching.

To is the lifetime of the fluorophore in absence of the quencher. The lifetime (7o) is defined as the average
time between excitation and return to the ground state, considering that the fluorescent molecule after
excitation in absence of the quencher will rapidly return to the ground state by emission of a photon.
According to the literature, the emission rates of fluorescence are typically in the order of 108 s}, therefore;

a typical lifetime is in the order of ns.

Static quenching occurs when the interaction between the fluorescent molecule and the quencher can lead
to non-fluorescent ground state complex. In this mechanism the dependence of fluorescence intensity from

the quencher concentration can be calculated considering the association constant of a typical complex

formation:
_ [F@] _
FHQ ¥2RQ K=o Fo=[F1+1FQ]
o JRI=IF_ [R) 1
*TO[FIQ [FIlQ] [Q]
Where:

[F] is the concentration of the free fluorophore.

[Q] is the concentration of the free quencher.

[FQ] is the concentration of the complex.

Ks is the association constant and the Stern Volmer constant

Therefore, the Stern Volmer equation for static quenching is described by the following equation®’:
Fy
+ = 1+K5[Q]

The quenching phenomenon observed in water:DMSO for polymer MIPO1 and MIP02 were studied by the
SternVolmer equation, plotting the ratio of the fluorescence emission before and after addition of the
guencher (analyte) in function of the quencher concentration. In Figure 6.19 it can be noticed a bimodal
guenching behavior that can be an indication of the presence of non-homogeneous binding sites inside the

polymers with different affinity for the chlorogenic acid.
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Figure 6.19 Stern-volmer plots of fMIPs for 5-CQA. MIPO1 (purple) MIP02 (grey).

The Stern-Volmer equation was applied to the linear region of the plots and the apparent Stern Volmer

constant (K®P?,) for the non-homogeneous MIP was obtained from the slope of the equation (Figure 6.20)
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Figure 6.20 Linear regression of Stern-Volmer plots of a) MIPO1 and b) MIP02

The bimolecular quenching constant K,*° can be calculated by the equation 34:
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Kq?PP was calculated using the lifetime (to) of an analogue 4-amino substituted naphtalimide monomer used
to develop fMIPs to respond to carboxylate-containing guests. The reported 1o of this molecule in DMSO

corresponds to 0.11ns.*! Values of K"y, and K" are reported in table 6.5.

Table 6.5 Apparent Stern-Volmer and quenching constants of MIPO1 and MIP02

Polymer Ky [10%L-mol?] Kq° [10' L-mol?s?]

MiPO1 2.7 2.4

MIP02 1.7 1.5

According to the literature, quenching constants (K,) with values below 1-:10° L:-mol?s™? are found for
dynamic interaction mechanisms, while higher values of K, suggest that a static mechanism is taking
place.3**%42 In our case, since K" for both fMIPs are higher than the limit value for the diffusion controlled
quenching (1-:10° molLs?), the observed quenching of the polymer fluorescence with the presence of the
analyte can be considered as the result of a static interaction and K®%®,, can be considered as an apparent
association constant between the population of fluorophores in the MIP and the quencher. It is worth noting,
that even though a slightly higher quenching constant (K4?*?) was found for MIP01, MIP02 showed a wider
linear region at lower concentrations, 78uM compared to 625uM for MIP0O1, which could be the result of the
presence of more homogeneous binding sites since the incorporation of 4-vinylpyridine in MIP01, which is
able to interact with the analyte and could generate non-homogenous sites with different affinities for the

analyte.

6.9 Determination of Particles Size: Dynamic Laser Light Scattering (DLLS) Measurements.

DLLS is a technique used to measure the particle size from 0.3 nm to 10 microns. The instrument consists of
a laser beam that illuminates a particle suspension and measures their size by analyzing the fluctuations
intensity in the light scattered during their Brownian motion. The Brownian motion consists in the movement
of particles due to the random collision with the molecules of the liquid that surrounds the particles.
Therefore, small particles will move quickly, while large particles will move slowly. The speed of the motion

is defined by the translational diffusion coefficient (D) from the Stokes-Einstein equation:

KT
3mmD

d(H) =
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Where: d (H) is the hydrodynamic diameter, D is the translational diffusion coefficient, k is the Boltzmann
constant, T is the temperature in Kelvin and n is the viscosity of the fluid. The diameter measured by the DLS
technique is known as hydrodynamic diameter because the value refers to the way in which particles move
in the fluid. There are several factors that can influence the Brownian motion such as the ionic strength of
the medium, the surface structure and the shape of the particles. Moreover, conformational changes of
polymeric macromolecules can determine a variation in Brownian motion that also affects the value of the

hydrodynamic diameter.

If a small particle is illuminated by a light source such as a laser, the particle will scatter the light in all
directions (isotopic dispersion of Rayleigh). In a sample containing thousands of particles, the incident laser
beam produces the light scattering of particles leading to a speckle pattern in the screen. The speckle pattern
will show some bright and dark areas, created by constructive or destructive interactions between different
waves propagated from the particles.*® Constructive interference occurs when the waves arrive to the screen
with the same phase, leading to bright patch, while if the waves have different phases, dark areas are
observed in the speckle due to a destructive interaction. When the particles move around the sample, the
constructive and destructive phase addition of the scattered light will cause the bright and dark areas to grow
and diminish in intensity leading to a fluctuating speckle. The instrument measures the rate of this fluctuation
intensity allowing the determination of the particles size. A digital correlator is able to measure the degree
of similarity between two signals over a very short period of time (from 1 to 10 milliseconds). The intensity
of the light scattered from different particles becomes even more different during the time, leading to an

exponential decrease of the correlation in function of the time.*

The DLS analyses provides the dynamic information obtained by recording the scattering intensity evaluated
through an autocorrelation function of the speed which records data varies over time. The size distribution
by intensity shows the relative intensity of the scattered light in function of the particles size in nanometers.
This size distribution by intensity could also be converted in distribution by volume using Mie theory.*
Algorithms are used by the instrument software to obtain a particle size distribution from the decay rates of

the correlation function measured from the sample.*®

The particle size of MIPO1 and NIPO1 were determined using particles suspensions of 0.25 mg/mL for MIPO1
and 0.5 mg/mL for NIPO1 in DMSO. Measurements were performed after sonication for 30min and filtration

on 0.45um filter.

As can be observed in Figure 6.21, the size distribution by intensity show the presence of two populations of
particles of 1 nm and 100 nm and 10 nm and 100nm for the imprinted and non-imprinted polymer,
respectively, while in the size distribution by volume only one peak corresponding to particles of around 1

nm size is visible for MIPO1 and 10 nm for NIPO1. This tendency could be explained if we consider that large

126



Chapter 6 — Results and Discussion

particles scattered the light more intensely than small particles, as explained by Rayleigh scattering equation

where the intensity of a particle is related to the 6™ power of the diameter*’:

=1, 1+ cos?0 (2_11)4 <(n2 - 1)>2 (E)G
2R? A n?+2) 2

Where:

A is wavelength of the light

I, is the intensity of the beam of light

O is the scattering angle

R is the distance between the particle and the detector

n is the refractive index of the particle and d is the diameter of the particle

For instance, a sample containing an equal number of particles of 5 nm and 50 nm, in the size distribution by
intensity graph, the peak corresponding to 50 nm size population will be 10° higher than the one with5 nm
size. On the contrary, in the size distribution by volume, the peak corresponding to 50 nm size will be 103
higher than the one with 5 nm size because the distribution by volume is obtained from the distribution by

intensity considering the volume of one sphere (V):
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Figure 6.21 Measurements by DLLS: a) size distribution by intensity of MIP01, b) size distribution by volume of MIP01,

c) size distribution by intensity of NIPO1 and d) size distribution by volume of NIPO1.

The results obtained indicated the presence of a large population of 1nm size for MIPO1 and 10nm size for

NIPO1. The presence of a very intense signal at 100 and 200 nm for MIP and NIP respectively, in the size
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distribution by intensity, suggests the presence also of a few particles that could correspond to aggregates.
This tendency of the polymer to aggregate can be due to the presence of 4-Vpy as well as to other polar
groups in the polymeric matrix, since the formation of aggregates in polymers in which 4-Vpy is present has

been already reported in the literature*®. Table 6.6 shows the particle size of MIPO1 and NIPO1.

Table 6.6 Particle sized of MIPO1 and NIPO1 measured by DLLS.

Polymer Concentration Solvent Particle size
(nm)
MIPO1 0.25mg/mL DMSO 0.82

NIPO1 0.5mg/mL DMSO 18.85

6.10 Towards the development of an optical sensor: Inmobilization of the fMIP

In the previous section it was demonstrated that fluorescence emissions of the fMIPs can be deactivated
(switched “off”) or activated (switched “on”) depending on the environment thanks to the PET mechanism
which occurs in the presence of the isomer 5-CQA. These fluorescence properties can be exploited for
developing an optical sensor; therefore, MIPO1 was chosen as the potential fluorescent recognition element
and an immobilization test was performed in order to evaluate the response of the polymer towards the
analyte. Although one of the main issues in using MIPs for sensor development is the lack of chemical
methods that allow MIPs to be fixed on transducer surface they can be temporally or permanently
immobilized on insoluble supports.***° This means that their mobility can be restricted either by covalent
bonding or adsorption to the support.>>*2 Since physical entrapment of MIPs into gels or membranes has
been previously reported in the literature for their use as electrochemical transducer, the fluorescent

polymer MIPO1 has been physical entrapped into a gelatin gel covalently bonded to a functionalized support.
The entrapment has been carried out using a suspension of 100 pg/mL of the MIPO1 in water:DMSO (9:1)

and a solution of 20mg/mL of gelatin which were mixed together in a ratio 1:1 and immobilized on a poly-

lysine glass support using glutaraldehyde (GA) as a bifunctional crosslinking agent. (Figure 6.22)
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Figure 6.22. Schematic representation of fMIP immobilization

Gelatin is a bio-macromolecule obtained by the hydrolysis of collagen mostly from skin and connective tissue
of animals. Because of the gel-forming property at around 35°C of gelatin and its versatility in the amino acid
composition it has been widely used not only as a stabilizer, emulsifier and clarifying agent but also as a
protective coating material.>*>> Moreover, due to its low cost and efficiency in the stabilization of collagenous
materials, GA is the most widely used cross-linking molecule. The mechanism of the covalent bond formation
between the gelatin and the GA is greatly depending upon pH conditions and it has been extensively reported
in the literature® (Figure 6.23). The reaction takes place through a nucleophilic addition of the non-
protonated amino groups (-NH,) of lysine to the carbonyl groups (C=0) of the aldehyde to allow the formation
of a tetrahedral unstable carbinolamine intermediate. Then, conjugated Schiff bases are formed by
protonation of the -OH groups and the loss of a water molecule. The new covalent bonds can be either
intramolecular (short-range) or intramolecular (long-range) which are the result of the polymerization of

glutaraldehyde or aldol condensation reaction.
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Figure 6.23 Reaction mechanism between amino groups of lysine and carbonyl groups of glutaraldehyde>*.

The residual immobilized concentration of the fluorescent polymer was estimated by calculating the ratio
between the initial fluorescent intensity and the intensity after washing the glass plates with water at 540nm
of different polymers solutions immobilized on fifteen different poly-lysine plates in different times. Mean
values are reported in table 6.7 and as can be noticed about 70% of the initial polymer concentration remains

on the plates.

Table 6.7 Fluorescent intensities of immobilized MIP0O1.

Initial MIP F intensity before F intensity after Immobilized MIP
concentration washing (STD) washing (STD) concentration (ug/mL)
(ng/mL)
100 39453.17 (6437.04) 27941(5766) 71

Once the polymer was immobilized, the fluorescence properties of the polymer were evaluated by carrying
out titrations, in duplicate, with increasing concentrations between 78 uM and 80mM of a standard solution
of 5-CQA. The fluorescence emission of the fMIP was measured at 540nm when excited at 480nm before and
after incubation for 90min. The fMIP fluorescence resulted in a correlated quenching in a range from 156 uM

to 40mM of the analyte. (Figure 6.24).
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Figure 6.24. a) Preliminary calibration curve of immobilized MIP0O1 with 5-CQA. b) Stern-volmer plots of immobilized

fMIPO1 for 5-CQA.

From the slope of the equation in the Stern-Volmer plot the apparent quenching constant was calculated as
described in the previous section and the obtained value is 3.5-10* L-mol?s. Although this value indicates
that a static quenching is taking place, the significantly lower value of the apparent Stern Volmer constant
(39 L'mol?), with respect to the one obtained carrying out the titrations in solution (270 L-mol™), could
indicate a lower or non-specific binding affinity of the polymer for 5-CQA. This result could be a consequence
of some diffusion kinetic problems due to the difficulty of depositing a uniform layer of polymer on the glass
surface.”® For this reason, it is important that parameters such as the concentration of gelatin and crosslinker
as well as the ratio gelatin: polymer must be carefully optimized in order to improve the fMIP affinity toward
the target molecule to afford a better sensitivity. However, although these first attempts could not be
optimized at the moment, the results obtained open the possibility to use MIP01 as a recognition element in

an optical sensor for determining the CGA concentration.
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RESULTS AND DISCUSSION

Recognition Systems for 5-CQA
Chapter 7. Molecularly Imprinted polymers
(MIPs)
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As demonstrated in the previous chapter, sensors based on molecularly imprinted polymers (MIPs) can be
developed taking advantage of the fluorescent properties of some of its components. Fluorescence
spectroscopy offers a high sensitivity in comparison to other spectroscopic techniques, allowing the
detection and quantification of the desired analyte in low concentrations. However, in cases where neither
the polymer or template are fluorescent a different approach can be followed. Fluorescent properties can be
exploited by synthesizing a fluorescent analogue of the analyte that can compete for the binding sites in the
polymer or displace the analyte in the matrix polymer. According to this approach two different fluorescent
dyes were chosen for the synthesis of the fluorescent 5-CQA derivative, such as: 5-[(2-Aminoethyl) amino]
naphthalene-1-sulfonyl (EDANS), which shows an excitation wavelength at 320 nm and an emission
wavelength at 490nm and Fluorescein Isothiocyanate (FITC), with excitation and emission wavelength at 490
nm 520 nm respectively. To synthetize the desired 5-CQA derivative, a diamino linker was attached at the
carboxylic group of the quinic acid core in order to have a disposable amino group for the derivatization with
the fluorescent compound. These fluorescent derivatives were used to carry out rebinding tests with a

molecularly imprinted polymer prepared to recognize 5-CQA following the non-covalent approach.

7.1. Synthesis of mono 5-caffeoylquinic acid fluorescent derivatives.

7.1.1. 5-caffeoylquinic acid with Fluorescein Isothiocyanate (FITC)

In order to label 5-CQA with FITC it was necessary to active the carboxylic group by preparing the
corresponding amide derivatives,2 therefore two different intermediates were prepared using diamino
compounds with different numbers of carbon atoms in the alkyl chain. Intermediates 17a and 17b were
identified by *H NMR and were used without further purification in the next step. Coupling with FITC (scheme
7.1) was carried out under standard conditions using TBTU and DIPEA as the coupling agents®. 'H NMR
analysis of the crude confirmed the presence of the products, which were subsequently purified by column

chromatography to afford compounds 19a and 19b as orange solids in 40% yield.
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Scheme 7.1. Synthesis of 5-CQA derivatives with FITC.
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Figure 7.1. Fluorescent spectra of: a) FITC (blue) and 19a (orange). b) FITC (blue) and 19b (green) in H,0, slit 5-5, 1uM.
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7.1.2. 5-caffeoylquinic acid with 5-[(2-Aminoethyl) amino] naphthalene-1-sulfonyl
(EDANS)

Compound 20a was prepared following scheme 7.2 under standard reaction conditions described above.? *H
NMR of the crude revealed the presence of the desired compound, which was purified by column

chromatography to give compound 20a as a green solid in 30% yield.

OH
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HO, _cooH 0=8=0
(j\ 0 TBTU
| +
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OH NH 24h, rt
OH //[/ ’
5-CQA OH EDANS

OH

OH
20a

Scheme 7.2 Coupling between 5-CQA and EDANS.

However, as can be seen in the fluorescent spectrum (Figure 7.2) there is a considerable decrease in the
intensity of the fluorescence of the labeled compound with respect to the one of the free fluorophore that
can be caused by the inner filter effect?, since 5-CQA could act as a quencher reabsorbing the emitted light.
The ability of the quencher of absorbing the emitted light will increase with increasing its concentration,
interfering with fluorescent Stern-Volmer analysis and with the development of an optical assay. Therefore,

compound 20a was not taken in consideration during the performance of the rebinding tests with the MIP.
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Figure 7.2. Fluorescent spectra of EDANS (blue) and 20a (orange) in DMSQO, slit 5-5, 1uM.
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7.2 Functional Monomer

MIP to recognize 5-CQA was prepared using a N-acryoyl-L-histidine (21a) which was prepared from histidine
as the functional monomer (Figure 7.3). Monomer 21a was prepared by the research group of Prof. Resmini
at the Queen Mary University of London and was obtained by methyl esterification of the respective amino
acid, followed by C-terminal amidation and acylation with acryloyl chloride.> The selection of monomer was
based taking in consideration existing biological interactions with chlorogenic acids®. Computational analyses
were carried out in order to understand the complex formation between the monomer and the 5-CQA at a

1:1 molar ratio, allowing the calculation of the biding energy -25,2Kcal/mol.

0]

N
NH{\

Figure 7.3 Structure of Functional Monomer N-acryoyl-L-histidine (21a).
7.3 Study of the interactions between functional monomer and analyte: *H NMR Titrations.

As previously described in section 6.2, from analysis of the chemical shift in 'H NMR spectrum of the
monomer-template complex formed before polymerization it is possible to identify the protons involved in
the formation of the functional complex.”# 'H NMR titration was carried out adding between 0 and 8

equivalents of template (5-CQA) to a fixed concentration of functional monomer in deuterated DMSO.

Variations of the proton chemical shift (Sfinai-Oinitiat) Of the monomer 21a after addition of 8 equivalents of

target molecule can be observed in Figure 7.4.
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Figure 7.4 a) *H-NMR spectra of monomer 1c + 0 eq of 5-CQA (red) and monomer 1b + 8 eq of 5-CQA (blue) b) Histogram

of the chemical shift variations in the *H-NMR spectrum of N-acryoyl-L-histidine (21a) upon progressive additions of 8

equivalents of 5-caffeoylquinic acid.

The addition of 5-CQA causes a downfield shift of all signals according to the literature,this tendency suggests
that the interaction takes place through the formation of hydrogen bonds.%'° Moreover, comparing the
chemical shift of the functional monomer and template it was observed that the signal corresponding to the
N-H of the imidazole ring completely disappeared after the addition of 1,5 equivalents of 5-CQA, confirming
the hydrogen bond formation between the sp?nitrogen atom of imidazole ring and the hydroxyl groups of
the phenol ring in the 5-CQA. The highest variations correspond to the aromatic protons in the functional
monomer as a consequence of the deshielded effect. As can be noticed in Figure 7.5a, which reports the

trend of titration curve of aromatic proton, the plateau is not reached even after addition of 8 equivalents.
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Nevertheless, in all registered spectra after addition of the template, only one set of signals were visible,

indicating probably that complexation equilibrium is close to a fast exchange regime.!
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Figure 7.5: a) Chemical shift variation of Ar protons of monomer 21a upon interaction with the template molecule (5-
CQA). b) progressive shift of Ar proton in the *H-NMR spectra. Pure 21a (red), addition of 2eq of 5-CQA (green) and 8eq
(blue).

7.4 Synthesis of the molecularly imprinted polymer (MIP) for 5-CQA

As for the previous preparation of fluorescent polymers (fMIPs), the polymer was imprinted with the

hydrogenated product (H-5CQA) in order to avoid undesired polymerization of the real target molecule.

The MIP was synthetized under the same high dilution radical polymerization conditions following the non-
covalent approach described in the previous section??, which consists in three preparation steps: I. pre-
polymerization Il. Radical polymerization and Ill. Removal of the template. The Cvwas fixed to 0.5% w/w and
the polymer (MIP03) was prepared using 21a as the functional monomer and assuming a 1:1 interaction
between the functional monomer and the template. NIPAM (N-Isopropylacrylamide) was used as the co-
monomer to improve the solubility of the polymer in water!® and MBA (N,N’-methylenebisacrylamide) as the
crosslinker. MIPO3 and NIP03 were obtained in 71% and 41% yield, respectively. In table 7.1 are reported the
percentage composition of each component in the polymer. In the same way, the non-imprinted polymer
(NIPO3) was prepared as the control polymer using the same polymerization procedure and the same

component concentrations but without the presence of H-5CQA as the template molecule.

Table 7.1 Composition of MIP03 imprinted with H-5CQA for 5-caffeoylquinic acid recognition.

MIPO3
Functional Monomers N-acryoyl-L-histidine (21a). 10%
Co-monomer N-Isopropylacrylamide. (NIPAM)  30%
Crosslinker N,N’-methylenebisacrylamide 60%

(MBA)
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Initiator Azobisisobutyronitrile 5%
(AIBN)

7.5 .H-NMR Characterization of MIP03.

Formation of the polymer was verified by *H-NMR spectroscopy. For this purpose, 3mg of the polymer were
dissolved in 750 puL of DMSO-ds. As can be observed in Figure 7.6, the resulting spectra did not show any
signals corresponding to the H-5CQA, indicating the completely removal of the template from the polymer
binding sites during the dialysis process. Signals at upfield correspond to the aliphatic protons of the polymer.
The ones between 3.5 and 5 ppm correspond to the CH,-N protons while signals between 1.0 and 2.6 ppm
can be associated to a and B protons of the amide groups as well as to the co-monomer methyl groups. The
downfield set of signals between 6.5 and 7.3 ppm correspond to the amide groups of the polymeric matrix

and to the imidazole protons of monomer 21a.
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Figure 7.6 'H-NMR spectrum of MIP03. Insert *H-NMR spectrum of H-5CQA.
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7.6. Recognition of the Target: Rebinding tests by UHPLC.
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Figure 7.7. Rebinding kinetics of 5-CQA with MIP03 and NIPO3.

MIPO3 absorption capacity was calculated by performing rebinding tests by UHPLC as already performed for
fluorescent polymers. A solution of 1mg/mL of polymer was prepared in water solution at an initial
concentration of 2mM of 5-CQA and after certain periods of time, the solution was centrifuged and the
concentration of the free analyte was quantified by UHPLC method already developed for the analyses of

CGAs (see chapter 4).2* The absorption was calculated following the equation previously described.

MIPO3 was able to bind 426 nmol after few minutes of incubation. However, during the first minutes of
incubation no significant difference was observed between NIP03 and MIP03. The imprinting efficiency is
observed after 60 min of incubation where the polymer reaches its saturation point capturing 692nmol.
However, after 180min of incubation the polymer tends to slightly release the chlorogenic acid reducing the
binding capacity between both the MIP and NIP, which suggests that with the increase of the incubation time
there is also an increase in non-specific interactions between the target molecule and the polymer MIPO3.

(Figure 7.7).

Following the same approach, evaluation of the binding capacity of the polymers with labeled compounds
19a and 19b were carried out separately and it was observed that MIP03 apparently shows a good affinity
for the fluorescent derivatives of the chlorogenic acid, in particularly, a higher affinity for compound 19b was
observe and a saturation point was afforded within 60min when the polymer was able to capture 850nmol
of the labelled target. This observation could indicate that the dimension of the alkyl chain used to connect
the fluorophore with the chlorogenic acid moieties influences the recognition of the analyte by the polymeric
matrix. A longer chain, as in the case of 19b, could keep away the fluorophore from the binding cavities,
allowing the chlorogenic acid to be recognized by the specific sites of interaction created by the imprinting

process, which would result in a greater affinity. After 90min of incubation there is a release of both
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molecules but afterwards, the ratio between the quantity of both analytes captured by the MIP remains fairly

constant up to six hours. (Figure 7.8)
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Figure 7.8. Rebinding kinetics of MIP031 with 5-CQACADPFITC 19a (red) and 5-CQADAPFITC 19b (blue).

e Imprinting Factor

The efficiency of the imprinting process was calculated by the imprinting factor,'> assuming that the number
of functional monomers incorporated into the MIPs and NIPs are the same. The values of IF and the binding
capacities of the polymer MIP03 are summarized in table 7.2 and it can be noticed a decrease of the
imprinting factor from 1.23 at 60min to 1.05 at 180min as a result of an increase of non-specific interactions,

equaling the binding capacity between the imprinted and non-imprinted polymer.

Table 7.2 Rebinding capability and selectivity of MIP0O3 synthesized for 5-CQA

Rebinding
Polymer Functional Monomer (QMIP) IF

[nmol mg?]

60 min 90 min 360min  60min 90 min 180min

MIPO3 1c 692 746 610 1.23 1.17 1.05

7.7 Cross Reactivity: Analysis by UHPLC

Rebinding test of a 1mg/mL solution of MIP03 in a 2mM mixture water solution of 5-CQA and free
hydrocinnamic acids such as caffeic acid (CA), p-coumaric acid (pCoQA) and caffeine (CAF) was carried out in
order to evaluate the selectivity of MIP03. Also in this case, the un-bounded standards concentration in
solution were determined by UHPLC after different incubation times. The bounded standards concentrations

after 24h are reported in table 7.3
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Table 7.3 Concentrations of different standards captured by MIP03 and NIP03 after 24h.

5-CQA CA pCoA CAF
24h  mol/mgpolymer mol/mg polymer mol/mgpolymer mol/mg polymer
MIPO3 2,13E-07 3,53E-08 1,34E-07 2,69E-09
NIPO3  2,00E:07  698E-08 152807  3,57E-08

Although in the mixture considered the binding capacity of MIP0O3 towards the target molecule was lower
with respect to the previous test performed with a pure solution of the analyte, the polymer showed a good
selectivity towards 5-CQA with an increasing affinity up to 3 hours (binding capacity 253 nmol/mg). This
binding capacity is around 80% higher than the captured concentration of caffeic and p-coumaric acid for the
same period. After 3 hours there is a slightly release of the target molecule, which reached a concentration
of 210nmol/mg after 6 hours and then it remained constant even after 24 h of incubation. Also
concentrations of caffeic acid changed during time with achieving concentrations of 172nmol/mg after 10min
and 35nmol/mg after 24 hours. Concentrations of p-coumaric acid changed in the first 3 hours when the
values started to increase with increasing of incubation time until a concentration of 134nmol after 24hours.
Values of hydrocinnamic acids after 24h are 30% less than the captured concentration of analyte (5-CQA) for
the same period, but the increase of captured concentration of hydrocinnamic acids with the incubation time
could suggest also in this case an enhancement of non-specific interactions inside the polymeric matrix.

Furthermore, MIP03 did not show any significant affinity for caffeine.

Comparing the binding capacity of the non-imprinted polymer with that of the imprinted polymer (table 7.3)
it can be noticed that they have the same ability to bind the chlorogenic acid, but, a considerable higher
capacity to capture the hydrocinnamic acids p-coumaric acid and caffeic acid was observed for NIP03
affording concentrations of 152 and 70nmol/mg after 24 hours respectively. Concentrations of p-coumaric
acid remained constant from 10 min up to 24 hours, without any release, while the captured concentrations
of caffeic acid gradually decreased over time, but always remained higher than the concentrations bound by
the imprinted polymer. NIPO3 also showed some affinity for caffeine, capturing 36nmol after 24 hours, and
this tendency is an evidence of the non-specific binding sites present in the polymeric matrix of the non-
imprinted polymer. These results are an evidence of the higher selectivity of MIPO3 towards the target

molecule 5-CQA.
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7.8 Determination of Particles Size: Dynamic Laser Light Scattering (DLLS) Measurements.
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Figure 7.9 Measurements by DLLS: a) size distribution by intensity of MIP03, b) size distribution by volume of MIP03, c)
size distribution by intensity of NIP03 and d) size distribution by volume of NIPO3.

Particle size of both imprinted and non-imprinted polymers (MIPO3 and NIP03) were determined by DLLS.
Measurements were performed using 1.0mg/mL and 0.5 mg/mL particles suspensions in DMSO of MIP0O3 and
NIP03, respectively, after sonication for 30min and filtration on 0.45 pum filter. The size distribution by
intensity of both MIP03 and NIPO3 (Figure 7.9) showed the presence of two population of particles around
15 nm and 100nm. The size distribution by volume showed only one peak indicating the presence of only one
pure family of smaller particles. As explained before, the intense peak for particles of 100nm in the size
distribution by intensity could be due by the tendency of polymers to form aggregates, which can be formed
due to the presence of polar groups in the polymeric matrix, that in this case is made of methylenbiscrylamide
and N-Isopropylacrylamide. The particle size of the imprinted polymer was smaller than the corresponding
NIP, indicating that probably the creation of specific biding cavities can affect the particle size. Table 7.4
shows the particle size of MIP03 and NIP03.

Table 7.4 Particle sized of MIPO3 and NIP03 measured by DLLS.

Polymer Concentration Solvent Particle size
(nm)
MIPO3 1mg/mL DMSO 16.36
NIPO3 0.5mg/mL DMSO 20.12
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7.9 Competitive Test with MIP03

The previous rebinding experiments showed the capability of MIP03 to capture both molecules, the isomer
5-CQA as well as its corresponding fluorescent derivatives. Therefore, taking advantage of this property
MIPO3 can be used as recognition element through a competitive test for CGA quantification as has been
already reported in the literature for other types of molecules, where the concentrations of the analyte have
been calculated measuring the emission signal of the fluorescent competitor.t® This first approach consisted
on the evaluation of the capability of the fluorescent derivative 19b to displace the analyte 5-CQA from the

polymer binding sites.

For this purpose, suspensions of 100 pg/mL in water of MIP03 were first immobilized in a functionalized glass
surfaces by physical entrapment in gelatin, following the same approach described in the previous chapter
for the fluorescent polymer. Then, solutions of different concentrations of 5-CQA in a range between 100nM
and 1mM were added to the different plates containing the immobilized polymer and were incubated for
90min to allow the total incorporation of the target molecule into the polymer. After this period, a solution
of 50 uM of the fluorescent derivative 19b was added to all plates, the intensities of fluorescence emission
were measured after 90 min of incubation to allow the system to reach the equilibrium. The addition of the
labelled compound should displace the target molecule from the polymer cavities leading to a decrease of

the fluorescence intensity.
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Figure 7.10. First attempt to set up a competition test of MIP03 with 5-CQA and 19b: Calibration curve of 5-CQA. Insert:

fluorescent intensity of 5-CQACADFITC in function of the concentration of 5-CQA.

In Figure 7.10 it can be observed a proportional relationship between the quenching of the fluorescence and
the concentration of the real target 5-CQA. Experiments were performed in duplicate and a possible
calibration curve could be designed in a linear range between 100nM and 600uM. With this proof of concept
on MIP03 it is opened the possibility to use this type of polymers in sensor for monitoring CGA concentration
through a competitive assay in aqueous media. However, the system will require a further optimization to

reach a better sensitivity in real coffee samples.
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8.1 Synthesis of p-Coumaroylquinic Acids (pCoQAs)
Instrumentation

e Thin layer chromatography (TLC) was performed on Merck silica gel 60 Fjs4 silica gel plates. TLC
Plates were examined under UV light or were stained with aqueous permanganate solution or iodine
vapors.

e Flash chromatography purifications were carry out with Merck silica gel 60 (230-240 Mesh).

e Nuclear magnetic resonance (NMR): 400 MHz, 500 MHz *H-NMR and 125 MHz 3C-NMR spectra
were obtained on a Varian 400 and 500 spectrometers (residual solvent peaks were used as the
internal standard, 6= 7.26 ppm for CDCl; and 3.31 ppm for CDs0D). The resonances multiplicity is
described as s (singlet), d (doublet), t (triplet), g (quartet), m (multiplet), dd (doublet of doublets), br
(broad signal).

o Electrospray lonization (ESI) mass spectrometry measurements were performed with an Esquire
400 (Bruker-Daltonics) spectrometer.

¢ Infrared spectra (IR) were recorded with an Avatar 320-IR FTIR (ThermoNicolet).

e Optical rotations were recorded on a Jasco P2000 polarimeter at the wavelength of sodium D band
(A =589) using a quartz cell of 1dm path length.

e Circular dichroism spectra were recorded on a Jasco J-710 spectropolarimeter with a 0.1cm path
length cell.

e Melting points were measured with a Sanyo Gallenkamp apparatus and were uncorrected.

e Reverse Phase high-performance liquid chromatography analyses (RP-HPLC) were run on an
Amersham Pharmacia Biotech liquid chromatograph equipped with an UV Amersham detector, using
a Gemini C18 3 um 2x150 mm column for the analytical runs and a Gemini C18 5 um 10x250 mm

column for the semi-preparative ones.

Materials

All reagents and solvents were purchased from Sigma-Aldrich and were used without further purification.

Dichloromethane was dried over CaCl,. Esterification reactions were performed under argon atmosphere.
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Experimental procedures

e p-acetylcoumaroylchloride

cocl
AcO@j

Acetic anhydride was added (4.66g, 45.69mmol) at 0°C to a suspension of p-coumaric acid (5g, 30.46mmol)
and DMAP (93mg, 0.76 mmol) in pyridine (10mL). The reaction mixture was stirred for 3h at room
temperature and then poured onto crushed ice. After acidification with aq. HCI (pH<2), acetyl p-coumaric
acid was obtained as a white solid which was filtered and washed with water (93% yield). Oxalyl chloride was
added at -5 ° C to a suspension of acetyl p-coumaric acid (1g, 4.85mmol) in toluene (17mL) containing two
drops of DMF and the reaction mixture was stirred at -5 ° C for 2h and then overnight at room temperature.
Solvent was removed under reduced pressure to afford p-acetylcoumaroylchloride as a yellow solid in 95%

yield. NMR data were in accordance with the literature.!

e 3,4-O-lsopropylidine -1,5-quinic lactone 5

2,2dimethoxypropane (4.87g, 46.83 mmol) was added to a suspension of quinic acid (3g, 15.61 mmol) and p-
toluenesulfonic acid (216 mg, 1.15 mmol) in acetone (60mL) and the mixture was heated under reflux for 2
h. After cooling, neutralization with NaHCO; (5%) was performed and the mixture was stirred for 1h at room
temperature. The reaction mixture was subsequently extracted with CH,Cl; (three times, 20 mL at time) and
washed with water (two times, 20 mL at time). The organic layer was dried with Na,SOand the solvent was
removed under reduced pressure. Lactone 5 was obtained as a white solid in 72% yield and was used in the

next step without further purification. NMR data were in accordance with the literature.?
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e 1-acetyl p-coumaroyl-3,4-O-lsopropylidene quinide 6

To a suspension of 3,4-0O-isopropylidene-1,5-quinic lactone 5 (500 mg, 2.33mmol) in CH,Cl, (20 mL), DMAP
(86 mg, 0.7 mmol), pyridine (0.47 mL, 4.66mmol) and p-acetylcoumaroylchloride (783 mg, 3. 49mmol) were
added. The mixture was stirred 24h at room temperature. The reaction mixture was diluted with CH,Cl; and
subsequently extracted with 1 M aqueous HCl solution (three times, 10 mL at time), NaHCO3 (5%) (10 mL)
and brine (10mL). The organic layer was dried over Na,SO,, filtered and the solvent was removed under
reduced pressure. The residue was purified by column chromatography on silica gel (diethyl ether/CH,Cl,
50:50) to afford ester 6 (57%) as a colorless solid.

14 NMR (500 MHz, CDCls), &: 7.72 (1H, d, J = 16.0 Hz, H-10), 7.55 (2H, d, J = 8.6 Hz, H-12+H-12’), 7.14 (2H, d,
J=8.6 Hz, H-13+H-13’), 6.41 (1H, d, J = 16.0 Hz, H-9), 4.82 (1H, dd, J = 6.5, 2.5 Hz, H-4), 4.59 (1H, dt, J = 2.19,
6.9 Hz, H-5), 4.36 (1H, m, H-3), 3.11 (1H, m, H-6), 2.65 (1H, apparent d, H-6), 2.53 (1H, ddd, J = 14.0, 6.5, 2.3
Hz, H-2ax), 2.45 (1H, dd, J = 14.5, 3.2 Hz, H-2eq), 2.31 (3H, s, CH3CO), 1.54 (3H, s, CHs), 1.35 (3H, s, CH3);

13C NMR (500 MHz, CDCl3), 6: 173.65 (s, C-7), 169.21 (s, C-15), 164.99 (s, C-8), 152.59 (s, C-14), 145.71 (d, C-
10), 131.86 (s, C-11), 129.59 (d, C-12+C-12"), 122.37 (d, C-13+C-13’), 117.09 (d, C-9), 110.14 (s, C-16), 76.39
(s, C-1), 75.57 (d, C-5), 72.64 (d, C-4), 71.33 (d, C-3), 35.82 (t, C-2), 30.87 (t, C-6), 27.15 (q, C(CHs)2), 24.50 (q,
C(CH3),), 21.29 (g, CH3CO).

e 1-p-coumaroylquinic acid 1a
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Ester 6 (500mg, 1.24mmol) was dissolved in a mixture of THF (10 mL) and aq. 2M HCI (40mL) and the yellowish
solution formed was stirred for 11 days at room temperature. The solution was saturated with solid NaCl and
then extracted with EtOAc (3*20 mL). The organic layer was dried over Na,SQ,, filtered and the solvent was
removed under reduced pressure. 1-p-coumaroylquinic acid 1a was obtained as a colorless solid in 84% from
the corresponding protected ester 6.

M.p. 130-135°C.

14 NMR (500 MHz, CD;0D), &: 7.61 (1H, d, J = 15.9 Hz, H-10), 7.45 (2H, d, J = 8.6 Hz, H-12+H-12"), 6.81 (2H, d,
J=8.6 Hz, H-13+H-13), 6.35 (1H, d, J =15.9 Hz, H-9), 4.15 (1H, g, J = 4.3, Hz, H-5), 4.06 (1H, dt, J = 9.1, 3.6 Hz,
H-3), 3.48 (1H, dd, J = 8.3, 3.3 Hz, H-4), 2.57 (1H, m, H-6), 2.44 (1H, m, H-2), 2.21 (dd, J = 14.9, 3.5 Hz, H-6),
1.91 (1H, dd, J =13.8, 8.5 Hz, H-2).

13C NMR (500 MHz, CDs0D), &: 174.91 (s, C-7), 167.55 (s, C-8), 160.79 (s, C-14), 146.40 (d, C-10), 130.67 (d, C-
12+C-12), 126.73 (s, C-11), 116.30 (d, C-13+C-13’), 114.97 (d, C-9), 80.95 (s, C-1), 75.77 (d, C-4), 69.13 (d, C-
5), 67.40 (d, C-3), 39.40 (t, C-2), 35.38 (t, C-6);

IR (nujol): ¥ =3582.61, 3358.97, 2950, 1693.99, 1631.07, 1170.67, 1113.35, 831.61 cm™.

MS (ESI*): m/z [M+Na]: 361.0.

[@]?%=+5.11 (c 1.10, MeOH) (lit.? [a]**p=-5.0 (c 2, MeOH)); UV (MeOH): 314 = 84200.

e Ethyl 3,4-O-lsopropylidene-1,5-quinate 7

\f_o

A suspension of crude lactone 5 (1 g, 4.67mmol) in absolute EtOH (30 mL) was treated with NaOEt (12.71mg,
0.19 mmol) dissolved in EtOH (160 pL). The brownish solution was stirred at room temperature for 2 h and
then stored at -20°C for 24h. The unreacted NaOEt was quenched by addition of acetic acid (13 pL) and the
solvent was removed under reduced pressure at 30 °C. The residue obtained showed to be a mixture of
lactone 5 and ester 7 in ratio 13:1 determined by *H NMR analysis. The crude mixture was used without

further purification in the next step.*
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e Ethyl-5-0O-acetyl-p-coumaroyl-3,4-O-lsopropylidenquinate 8

15
0\ e

12 13 O

To a solution of ethyl-3,4-O-isopropylidenquinate 7 (500 mg,1.92mmol), DMAP (35mg, 0,15mmol) and
pyridine (6 mL) in CH,Cl, (25mL), p-acetylcoumaroylchloride (645.18 mg, 2.88mmol) was added. The mixture
was stirred 24h at room temperature and acidified with aq. HCI 1M (pH 2-3) and then extracted with CH,Cl,
(three times, 50 mL at time). The organic layer was dried over Na,SO,, filtered and the solvent was removed
under reduced pressure. The brownish residue was purified by column chromatography on silica gel (diethyl
ether/CH,Cl, 50:50) to afford ester 8 in 34% yield as a colorless solid.

'H NMR (500 MHz, CDCl3), 6: 7.69 (1H, d, J = 15.9 Hz, H-10), 7.53 (2H, d, J = 8.6 Hz, H-12+H-12’), 7.13 (2H, d,
J = 8.6 Hz, H-13+H-13’), 6.40 (1H, d, J = 15.9 Hz, H-9), 5.49 (1H, dt, J = 11.7, 4.5 Hz, H-5), 4.55 (1H, dt, J=3.7,
5.6, H-3), 4.28 —4.20 (3H, m, OCH, + H-4), 2.31 (3H, CH3CO), 2.32 — 2.28 (2H, m, H-2), 2.25 (1H, dd, J = 13.2,
4.4 Hz, H-6¢q), 1.94 (1H, dd, J = 13.3, 11.3 Hz, H-64), 1.60 (s, C(CHs),), 1.38 (s, C(CH3)2), 1.30 (3H, t, /= 7.2 Hz,
CHsCH,).

13C NMR (500 MHz, CDCls), &: 174.48 (s, C-7), 169.27 (s, C-15), 166.03 (s, C-8), 152.27 (s, C-14), 144.19 (d, C-
10), 132.24 (s, C-11), 129.37 (d, C-12+C-12’), 122.30 (d, C-13+C-13"), 118.29 (d, C-9), 109.76 (s, C-16), 77.05
(d, C-3), 75.65 (s, C-1), 73.81(d, C-4), 71.11 (d, C-5), 62.36 (t, CH,CH3), 37.13 (t, C-6), 34.56 (t, C-2), 28.17 (q,
C(CHs),), 26.01 (q, C(CHs)2), 21.30 (g, CH3CO), 14.28 (g, CH3CH,).

e 5-0O-p-coumaroylquinic acid 2a

Ethyl 1-acetyl p-coumaroyl-3,4-O-isopropylidenquinate 12 (290mg, 0.65mmol) was dissolved in a mixture of

THF (10 mL) and aq. 2M HCI (40mL) and the solution was stirred for 6 days at room temperature. After
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saturation with solid NaCl the mixture was extracted with EtOAc (3*30 mL) and the organic phase was dried
over anhydrous Na,SO,. Evaporation of the solvent gave 5-O-p-coumaroylquinic acid as a colorless solid in
77% yield from the corresponding protected ester 12.

M.p. 215-218°C (lit.> 247-248°C); IR (nujol): ¥ =3582.67, 3302.38, 2917.48, 1687.13, 1633.37, 1170.30,
1080.85, 825.27 cm™%; *H NMR is in accordance with literature data.®

13C NMR (126 MHz, CDs0D), &: 177.02 (s, C-7), 168.61 (s, C-8), 161.28 (s, C-14), 146.68 (d, C-10), 131.18 - (d,
C-12+C-12’), 127.23 (s, C-11), 116.80 (d, C-13+C-13’), 115.33 (d, C-9), 76.15 (s, C-1), 73.41 (d, C-4), 72.00 (d,
C-5), 71.15 (d, C-3), 38.77 (t, C-2), 38.22 (t, C-6).

MS (ESI*): m/z [M+Na]: 361.4.

[a]p?®=-39.5 (c 0.79, MeOH) [lit.’ [a]p?° = -53.6 (¢ 1.04, MeOH)]. UV (MeOH): 314 =70000.

e 4,5-0-(2',3'-Dimethoxybutane-2',3'-diyl)-1,3-dihydroxycyclohexanecarboxylic acid

methyl ester 10

HO, .coOMe

Ho““‘(j\o

: \ \\\OCH3
o) c*
" Yo
H3C'O(_é 3
HaC

To a suspension of quinic acid (1g, 5.20mmol) in MeOH (30mL), (-)-10-camphorsulfonic acid (15 mg,
0.065mmol) was added and the mixture was refluxed for 15 h under Ar atmosphere. Subsequently, to the
methyl quinate 9 so obtained, 2,2,3,3-tetramethoxybutane (1.01 g, 5,7mmol), trimethylorthoformate
(2.6mL, 0.024mmol) and (-)-10-camphorsulfonic acid (12 mg, 0.052mmol) were added and the mixture was
refluxed again. After 15 h the mixture was cooled and NaHCOs (0.1 g) was added. Solution was concentrated
under reduced pressure and the orange suspension was partitioned between EtOAc (30mL) and saturated
aqueous NaHCOs5(30mL). The aqueous layer was extracted with EtOAc (30mL) and the organic layer was dried
over Na,S0Oy, filtered and the solvent was removed under reduced pressure. Recrystallization of the brownish
residue from EtOAc and hexane (1:5, v/v) afforded 10 in 15% yield as an orange oil. NMR data were in

accordance with the literature.”?
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e 3-Acetyl-p-coumaroyl-4,5-0-(2',3'-Dimethoxybutane-2',3'-diyl)-1-

hydroxycyclohexanecarboxylic acid methyl ester 11

HO, ,cOOMe

7
0 W e)

E \ L OCH
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4,5-0-(2',3'-dimethoxybutane-2',3'-diyl)-1,3-dihydroxycyclohexanecarboxylic acid methyl ester 10 (122 mg,
0.38mmol) was suspended in CH,Cl, (20 mL) and DMAP (4,17 mg, 0.034 mmol), pyridine (320 pL, 4.03mmol)
and p-acetylcoumaroylchloride (128mg, 0.57mmol) were added. The mixture was stirred 24h at room
temperature and then acidified with ag. HCl 1M (pH 2-3). After extraction with CH,Cl, (three times, 30 mL at
time) the organic layer was dried over Na,SOy, filtered and the solvent was removed under reduced pressure.
The brownish residue was purified by column chromatography on silica gel (diethyl ether/CH,Cl, 50:50) to
afford ester 11 in 20% yield as a colorless solid.

'H NMR (500 MHz, CDCls), 8: 7.71 (1H, d, J = 15.8 Hz, H-10), 7.57 (2H, d, J = 8.6 Hz, H-12+H-12"), 7.14 (2H, d,
J = 8.6 Hz, H-13+H-13), 6.47 (1H, d, J = 15.9 Hz, H-9), 5.38 (1H, g, J = 9.1 Hz, H-3), 4.45 (1H, dt, J = 10.2, 5.6
Hz, H-5), 3.79 (3H, s, COOCHs), 3.71 (1H, dd, J = 9.9, 3.2 Hz, H-4), 3.31 (3H, s, OCH3), 3.27 (3H, s, OCH3), 2.29
(3H, s, CH3CO), 2.28 (2H, m, H-2 + H-6), 2.14 (1H, dd, J = 15.7, 3.2 Hz, H-2), 2.04 (1H, m, H-6).

13C NMR (500 MHz, CDCl3), &: 175.62 (s, C-7), 169.26 (s, C-15), 166.61 (s, C-8), 152.19 (s, C-14), 144.19 (d, C-
10), 132.45 (s, C-11), 129.47 (d, C-12+C-12’), 122.21 (d, C-13+C-13’), 118.79 (d, C-9), 100.29 (s, C-16), 99.73
(s, C-17), 74.78 (s, C-1), 71.38 (d, C-4), 70.02 (d, C-3), 62.94 (d, C-5), 53.39 (g, CHsCOO), 48.3 (q, OCHs), 48.14
(g, OCH3s), 38.91 (t, C-6), 36.81 (t, C-2), 21.3 (g, CH3CO), 18.03 (g, CH3C(OCHs)), 17.81 (g, CH3C(OCH3)).

e 3-0O-p-coumaroylquinic acid 3a

HO, ,COOH

o““‘OH
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3-Acetyl-p-coumaroyl-4,5-0-(2',3'-dimethoxybutane-2',3'-diyl)-1-hydroxycyclohexanecarboxylic acid methyl
ester 11 (35mg, 0.069mmol) was dissolved in a mixture of THF (0.5 mL) and ag. 2M HCI (1.5mL) and the
solution was stirred for 6 days at room temperature. After saturation with solid NaCl the mixture was
extracted with EtOAc (3*¥*20 mL) and the organic phase was dried over anhydrous Na,SO4. Evaporation of the
solvent gave a yellowish solid with 62% yield, which was defined to be a mixture of 3-p-coumaroylquinic acid
3a and 4-p-coumaroylquinic acid 4a in a ratio 8:2 as determined from H-NMR. The crude mixture was
purified by semi-preparative RP-HPLC on a Phenomenex Gemini C18 5 um 10 x 250 mm column, using a
gradient of H,0+0.1% formic (A) acid and MeOH+0.1% (B), (20 min A 80% and B 20%, from 20 to 90 min
increase of B until A 40% and B 60%, from 90 to 110 min A 5% and B 95%, from 110 to 125 min A 95% and B
5%) at a flow rate of 2 mL/min. The elution was monitored with an UV/vis detector A 325nm and the fractions
corresponding to each peak were collected and keep at -80°C and then freeze dried and analyzed by *H NMR.
3-0-p-coumaroylquinic acid 3a (3mg) was obtained as a white solid.

M.p. 192-194°C [lit.> 194°C].

IR (nujol): ¥ =3582.64, 3381.37, 2921.16, 1694.22, 1631.26, 1171.87, 1019.74, 831.37 cm™.

4 NMR (500 MHz, CDs0D), &: 7.67 (1H, d, J = 15.9 Hz, H-10), 7.47 (2H, d, J = 8.5 Hz, H-12+H-12’), 6.81 (2H,
d, J = 8.3 Hz, H-13+H-13’), 6.39 (1H, d, J = 15.9 Hz, H-9), 5.39 (1H, m, W4 13.7, H-3), 4.10 (1H, m, Wy 17.8, H-
5),3.71 (1H, dd, J = 7.6, 2.7 Hz, H-4), 2.20 — 1.93 (4H, m, H-2+H-6).

13C NMR (500 MHz, CD30D), &: 177.59 (s, C-7), 168.91(s, C-8), 161.15 (s, C-14), 146.43 (d, H-10), 131.09 (d,
C-12+C-12’), 127.39 (s, C-11), 116.79 (d, C-13+C-13’), 115.85 (d, H-9), 76.42 (s, C-1), 74.22 (d, C-4), 72.61 (d,
C-3), 68.93 (d, C-5), 36.93 (t, C-2), 36.22 (t, C-6).

MS (ESI*): m/z [M+Na]: 361.0.

[a]®p=2.23 (¢ 0.12 MeOH) [lit®. [a]p*® = -5.6 (c 0.6, MeOH); UV (MeOH): 314 =73000.

e 1,5-y-Quinide 12

Quinic acid (3g, 15.61mmol) was heated in an open flask at 220°C for 90 min. The brown sticky residue was

refluxed with EtOAc (60 mL) for 4h and then the solution was cooled to room temperature. The solvent was
removed under pressure to give 1,5-y-quinide as a colorless solid in 85% yield. NMR data were in accordance

with the literature.>*°
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e 3-tert-Butyldimethylsiloxy-1,4-dihydroxy-cyclohexane-1,5-carbolactone and 4-tert-

Butyldimethylsiloxy-1,3-dihydroxy-cyclohexane-1,5-carbolactone 13 and 14

9 Q
HO, C HO, _C
SN
TBSO" Y HO™ ™
OH OTBS

TBSi-Cl (1.31 g, 8.68 mmol) was added to a stirred solution of 1,5-y-quinide (1.31 g, 7.55 mmol) and imidazole
(1.9 g, 28 mmol) in anhydrous DMF (14 mL) at 0 °C. The mixture was stirred at 0 °C for 30 min followed by 1
h at room temperature and then poured into water (50 mL) and extracted with EtOAc (50 ml) and diethyl
ether (40 mL). The organic layer was washed with water (3 x 100 mL), dried over Na,S0O, and concentrated
under reduced pressure to give a white solid in 57% yield containing esters 13 and 14 in ratio 7:3. The crude
mixture was used in the next step without further purification. NMR data were in accordance with the

literature.1%2

e 4-Acetyl-p-coumaroyl-3-tert-butyldimethylsiloxy-1-hydroxycyclohexane-1,5-

carbolactone 15

To a solution of 3-tert-Butyldimethylsiloxy-1,4-dihydroxy-cyclohexane-1,5-carbolactone, as a mixture of 13
and 14, (500 mg, 1.74mmol) and DMAP (32 mg, 0.26 mmol) in pyridine (15 mL), p-acetylcoumarylchloride
(700mg, 3.12mmol) was added. The mixture was stirred 24h at room temperature and then poured onto
crushed ice and successively, CH,Cl, (20mL) was added. The mixture was acidified with aq. HCI 1M (pH 2-3)
and then extracted with CH,Cl, (three times, 30 mL at time). The organic layer was dried over Na,SOy, filtered

and the solvent was removed under reduced pressure. The brownish residue was purified by column
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chromatography on silica gel (diethyl ether/CH,Cl, 50:50) to afford the only ester 15, in 20% vyield, as a
colorless solid.

'H NMR (500 MHz, CDCls), &: 7.72 (1H, d, J = 15.9 Hz, H-10), 7.57 (2H, d, J = 8.6 Hz, H-12+H-12’), 7.15 (2H, d,
J=8.6 Hz, H-13+H-13’), 6.46 (1H, d, J = 15.9 Hz, H-9), 5.43 (1H, t, J = 4.8 Hz, H-4), 4.88 (1H, dt, J = 12.6, 5.3 Hz,
H-5), 4.03 (1H, dt, J =10.7, 4.6 Hz, H-3), 2.55 (1H, d, J = 11.8 Hz, H-6), 2.43 (1H, dd, / = 11.8, 5.8 Hz, H-6), 2.32
(3H, s, CH3CO), 2.11 (2H, apparent d, H-2), 0.81 (9H, s, C(CHs)s), 0.06 (3H, s, CHsSi), 0.03 (3H, s, CHsSi).

13C NMR (500 MHz, CDCls), 6: 177.48 (s, C-7), 169.27 (s, C-15), 165.61 (s, C-8), 152.50 (s, C-14), 145.15 (d, C-
10), 131.98 (s, C-11), 129.53 (d, C-12+C-12’), 122.38 (d, C-13+C-13’), 117.40 (d, C-9), 74.42 (d, C-5), 72.15 (s,
C-1), 66.68 (d, C-4), 66.06 (d, C-3), 41.14 (t, C-2), 37.64 (t, C-6), 25.71 (g, C(CH3)s), 21.28 (g, CH3CO), 18.05 (s,
C-16), -4.92 (q, (CH3).Si).

e 4-p-coumaroylquinic acid 4a

4-0-acetyl-p-coumaroyl-3-tert-butyldimethylsiloxy-1-hydroxycyclohexane-1,5-carbolactone 15 (332mg,
0.7mmol) was dissolved in a mixture of THF (5 mL) and aq. 2M HCI (15mL) and the solution was stirred for 6
days at room temperature. After saturation with solid NaCl the mixture was extracted with EtOAc (3*50 mL)
and the organic phase was dried over Na,SO,. Evaporation of the solvent gave a yellowish solid in 43% vyield
which was a mixture of 3-p-coumaroylquinic acid 3a and 4-p-coumaroylquinic acid 4a as determined by H-
NMR. The crude was purified by semi-preparative RP-HPLC on a Phenomenex Gemini C18 5 um 10 x 250 mm
column, using a gradient of H,0+0.1% formic (A) acid and MeOH+0.1% (B) (20 min A 80% and B 20%, from
20 to 90 min increase of B until A 40% and B 60%, from 90 to 110 min A 5% and B 95%, from 110 to 125 min
A 95% and B 5%) at a flow rate of 2 mL/min. A total of 4 runs were performed, each one injecting 15 mg of
the crude mixture. The elution was monitored with UV/vis detector at A 325nm and the fractions
corresponding to each peak were collected and kept at -80°C and then freeze dried and analyzed by *H NMR.
4-p-coumaroylquinic acid 4a (5mg) was obtained as a white solid. M.p. 179-182°C [lit.> 192-193°C]

IR (nujol): ¥ =3580, 3382.60, 2952.03, 1689.11, 1604.93, 1172.21, 1024.40.85, 830.63 cm™.

'H NMR (500 MHz, CDs0D), &: 7.73 (1H, d, J = 15.9 Hz, H-10), 7.49 (2H, d, J = 8.6 Hz, H-12+H-12’), 6.82 (2H,
d, J=8.6 Hz, H-13+H-13’), 6.45 (1H, d, J = 15.9 Hz, H-9), 4.81 (1H, dd, /= 10.0, 2.8 Hz, H-4), 4.32 (2H, m, H-3 +

H-5), 2.22 (4H, m, H-2 + H-6).
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13C NMR (126 MHz, CDsOD), &: 177.97 (s, C-7), 168.97 (s, C-8), 161.25 (s, C-14), 146.73 (d, C-10), 131.16 (d,
C-12+C-12’), 127.31 (s, C-11), 116.82 (d, C-13+C-13), 115.44 (d, C-9), 79.26 (d, C-4), 76.95 (s, C-1), 69.65 (d,
C-5), 65.69 (d, C-3), 42.64 (t, C-6), 38.49 (t, C-2).

MS (ESI): m/z [M+Na]: 361.0 [a]°5=-28.26 (c 0.3, MeOH) [lit? [a]® = -47.3 (c 1.4, MeOH)];

UV (MeOH): €316 =63200.

Computational Calculations

Preliminary Molecular Mechanics calculations and HF optimizations were performed using the Spartan 14
package (ref: Hehre, W. J. A Guide to Molecular Mechanics and Quantum Chemical Calculations;
Wavefunction, Inc., 2003.), which was installed on an Antec P193 V3, with two six core AMD opteron
Processor 2427 2.20GHz, 4 GB RAM, 1 TB physical memory, and 64-bit Windows 7 Enterprise as operating
system. Convergence criteria for geometry optimization were set as follow: energy 1.0x10°® hartrees,
gradient tolerance 3x10™ hartrees, distance tolerance 1.2x102 A. The DFT simulations were performed on
the same machine with the Schrodinger suite of programmes using the B3LYP functional®® and a localized 6-

31G* basis set.

8.2. Study of the Concentration profile of CGAs in Walnut (Juglans regia L.) leaves.

Instrumentation

Analysis of trans and cis caffeoylquinic acids (CQAs), dicaffeoylquinic acids (diCQAs), feruloylquinic acids
(FQAs) and p-coumaroylquinic acids (pCoQAs) along with the hydroxycinnamic acids (caffeic acid, p-coumaric
acid, ferulic acid and sinapic acid) were performed using a 1290 UHPLC system (Agilent, Germany), consisting
of a degasser, a quaternary pump, a column thermostated comparment and a diode array detector (DAD)
operating at 305 nm (specific for pCoQAs and p-coumaric acid) and 324 nm. A Kinetex XB-C18 column 2.6 um
100 x 2.1 mm (Phenomenex, USA) was used at 25°C. Solvents were used at a total flow rate of 0.5 mL/min
and the volume of injection was 2.0 mL. Solvent A was water/formic acid (1000:1 v/v) and solvent B
acetonitrile. The gradient profile was from initial 97% of solvent A to 85% of A in 8 min, then 60% of A at
11min, and a return to 97% A at 12 min to re-equilibrate.

Qualitatively identification of CGAs was achieved by comparison of specific retention times of diluted
standard solutions and by spiking samples with small amounts of each respective standard. Stereocisomers
cis 3-caffeoylquinic acid (cis 3-CQA), cis 4-caffeoylquinic acid (cis 4-CQA), cis 5-caffeoylquinic acid (cis 5-CQA),

cis 3-p-coumaroylquinic acid (cis 3-pCoQA), cis 4-p-coumaroylquinic acid (cis 4-pCoQA) and cis 5-p-
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coumaroylquinic acid (cis 5-pCoQA) were clearly identified using a 1290 UHPLC system (Agilent Technologies)
equipped with a Triple Quad 4500 (Sciex) with an electrospray ionization source. In order to discriminate the
isomers a Monitoring Reaction Mode (MRM) acquisition method was used in negative ionization, as

previously reported!4,

Quantitative determination was performed by UHPLC using calibration curve of trans 5-CQA. Standard stock
solution was prepared in MeOH:H,0 (1:1) at appropriate concentration and different diluted solutions were

prepared from stock solution.

Chemicals

3-Caffeoylquinic acid (3-CQA), 4-caffeoylquinic acid (4-CQA), 5-caffeoylquinic acid (5-CQA), 3,4
dicaffeoylquinic acid (3,4-diCQA), 3,5-dicaffeoylquinic acid (3,5-diCQA) and 4,5-dicaffeoylquinic acid (4,5-
diCQA) were purchased from Phytolab. Hydroxycinnamic acids standards and acetonitrile (HPLC grade) were
purchased from Sigma —Aldrich while formic acid was obtained from CARLO ERBA Reagents S.r.l. (Cornaredo,
Italy). Not commercially available standards such as feruloylquinic acids (FQAs) and p-coumaroylquinic acids
(p-CoQAs) were obtained by carrying out their chemical synthesis'>!, Water was treated in a Milli-Q water

purification system (Millipore Academic).
Samples

Fresh leaves from different branches were collected from a single Juglans regia L. tree, in an urban context
(Trieste, Italy), in four different period of growth, from spring to late summer 2016 (April 21th, May 3rd, July
21th and September 9th). After sampling, leaves were cleaned and dried on an absorbent paper and the ones
with similar size were chosen and weighed. Then, they were immediately put in plastic bags and stored in a
freezer at -20 °C. In a second time, samples were freeze dried (lyophilizer Christ Alpha 1-2) for subsequent

analysis.
Extraction of Phenolic Compounds and Sample preparation

Extractions were performed in duplicate by decoction preparation, in order to simulate home preparation
for medicinal uses. For this purpose, 1g of lyophilized leaves for each collection time was added to 200 mL of
boiling water!’. The mixture was stirred for 5 min at 200 rpm on a heated plate (Arex Velp Scientifica) and
filtered through qualitative filter paper n. 302 (VWR Europe). The aqueous extract was frozen with liquid

nitrogen and freeze dried for 3 days.

For quantification purposes, lyophilized decoction material, around 235 mg/g of dry material, was dissolved

in water to afford concentrations of 30 mg/mL. In order to analyze each compound accurately, diluted
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solutions in ratios of 1:2, 1:4 and 1:10 were prepared in water and filtered across a nylon filter (pore size 0.2

um), transferred to a vial and immediately analyzed by Ultra High Pressure Liquid Chromatography (UHPLC).

8.3 Study of Chlorogenic acids in coffee

Instrumentation

Green coffee and roasted coffee beans were ground to a powder in a mixer mill (Restsch, model MM400).
Green coffee beans were roasted in a thermoblock Thermostatic Dry Bath (Fratelli Galli G-Block) at 211°C at

different times (3, 5, 7, 10, 12, 15, 20, 25, 30, 35, 40 and 45min).

Analysis of caffeoylquinic acids (CQAs), dicaffeoylquinic acids (diCQAs), feruloylquinic acids (FQAs) and p-
coumaroylquinic acids (pCoQAs), along with the hydroxycinnamic acids: caffeic acid, coumaric acid, ferulic
acid and sinapic acid, were performed using a 1290 UHPLC system (Agilent, Germany), consisting of a
degasser, a quaternary pump, a thermostated column compartment and a diode array detector (DAD)
operating at 305 nm (specific for pCoQA) and 324 nm. A Kinetex XB-C18 column 2.6 um 100 x 2.1 mm
(Phenomenex, USA) was used at 25°C. Solvents were used at a total flow rate of 0.5 mL/min and the volume
of injection was 2.0 pul. Solvent A was water/formic acid (1000:0.001 v/v) and solvent B acetonitrile. The
gradient profile was from initial 97% of solvent A to 85% of A in 8 min, then 60% of A at 11min, and a return

to 97% A at 12 min to re-equilibrate.

Identity of each CGA was confirmed by comparison of the fragment ions already reported by Clifford et al.*®

as well as those observed from diluted pure standard solutions in an ABSciex Triple Quad 4500 coupled with
a 1290 UHPLC system from Agilent. LC separation was performed using the same method described above
and MS was operating in negative mode, ionization voltage of 4500, desolvation temperature of 350°C and

gas flows of GS1 30 and GS2 40.

Qualitatively identification of CGAs was achieved by comparison of specific retention times of diluted
standard solutions and by spiking samples with small amounts of each respective standard. Quantitative
determination was performed by UHPLC using calibration curve 5-CQA. Standard stock solution was prepared
in MeOH:H,0 (1:1) at appropriate concentration and different diluted solutions were prepared from stock

solution.
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Chemicals

3-Caffeoylquinic acid (3-CQA), 4-caffeoylquinic acid (4-CQA), 5-caffeoylquinic acid (5-CQA), 3,4
dicaffeoylquinic acid (3,4-diCQA), 3,5-dicaffeoylquinic acid (3,5-diCQA) and 4,5-dicaffeoylquinic acid (4,5-
diCQA) were purchased from Phytolab (Vestenbergsgreuth, Germany). Caffeine, magnesium oxide,
hydroxycinnamic acids standards, acetonitrile and methanol (HPLC grade) were purchased from Sigma —
Aldrich S.r.l. (Milano, Italy) while formic acid was obtained from CARLO ERBA Reagents S.r.l. (Cornaredo,
Italy). Standards not commercially available such as feruloylquinic acids (FQAs) and p-coumaroylquinic acids
(pCoQA) ¢ were obtained by carrying out their chemical synthesis described before. Feruloylquinic acids
(FQAs) > were provided by Aromalab laboratory of lllycaffé. Water was treated in a Milli-Q water purification

system (Millipore Academic).

Samples

A total of twentyseven fresh green coffee samples from different geographical origins and different species
were analyzed. (Table 8.1) Samples were provided by lllycaffe S.p.A, Trieste- Italy in collaboration with CATIE,

Costa Rica.

Table 8.1 — Samples of green coffee beans

Sample Coffee species Origin Identification Code  Geographical

Origin

1 C. arabica Commercial Lot Brazil

2 C. arabica Commercial Lot Colombia

3 C. arabica Commercial Lot Ethiopia

4 C. arabica Commercial Lot Ethiopia

5 C. arabica Commercial Lot Honduras

6 C. arabica Commercial Lot India

7 C. arabica Commercial Lot Yemen (Harazi)

8 C. arabica Commercial Lot Yemen (Matari)

9 C. arabica var. laurina Commercial Lot Guatemala

10 C. canephora Commercial Lot Vietnam

11 C. canephora Commercial Lot India

12 C. liberica Commercial Lot Indonesia

13 C. liberica CATIE T.03447 Costa Rica

14 C. liberica CATIE T.03475 Costa Rica

15 C. liberica CATIE T.03476 Costa Rica

16 C. liberica Commercial Lot Indonesia

17 C. liberica Commercial Lot Indonesia

18 C. arabica L. x C. canephora Pierre CIRAD 15 France

19 C. arabica L. x C. canephora Pierre CIRAD 24 France

20 C. eugenioides CATIE T.21387 Costa Rica

21 C. eugenioides CATIE T.02725 Costa Rica

22 C. sessiliflora CATIE T.21348 Costa Rica
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23 C. sessiliflora CATIE T.21345 Costa Rica
24 C. congensis CATIE 005241 Costa Rica
25 C. pseudozanguebariae CATIE T.21352 Costa Rica
26 C. racemosa Commercial Lot Mozambique
27 C. brevipes CATIE T.21372 Costa Rica

Extraction of Chlorogenic acids and Sample preparation

Green and roasted coffee beans were ground to a powder and extractions were performed in duplicate by
decoction preparation, for this purpose, 1g of powdered green coffee beans for each species was added to
100 mL of boiling water’. The mixture was stirred for 10 min at 200 rpm on a heated plate (Arex Velp
Scientifica) and filtered through qualitative filter paper n.302 (VWR International Srl, Milano, Italy). The

aqueous extract was frozen with liquid nitrogen and freeze dried for 3 days.

For quantification purposes, lyophilized decoction material was redissolved in water to afford concentrations
of 30 mg/mL. In order to analyze each compound accurately every class of compounds was quantified on a
specific diluted solution, because concentration of caffeoylquinic acids is appreciably higher than other minor
compounds, so dilution of 1:2, 1:4 1:10 and 1:20 were prepared in water and filtered across a nylon filter
(pore size 0.2 um), transferred to a vial and immediately analyzed by Ultra High Pressure Liquid

Chromatography (UHPLC).

8.4 Recognition Systems for 5-CQA

Materials

Chemicals and solvents were purchased from Sigma Aldrich, deuterated solvents from Aldrich and Cambridge
Isotope Laboratories. When anhydrous conditions were required, reaction flasks were flame-dried and
placed under a flux of argon. Crimp cap Weaton vials used for the polymer synthesis were purchased from
Sigma Aldrich. Dialysis membrane MWCO 3500 Da was purchased from Spectrumlabs. For immobilization of

polymers, polysinef slides were purchased from Thermo Scientific.

Instrumentation

e Nuclear magnetic resonance (NMR): 500 MHz *H-NMR and 125 MHz *C-NMR spectra were

obtained on a Varian 500 spectrometer. 'H-NMR titrations were performed on a Varian 500
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spectrometer. The resonances multiplicity is described as s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), dd (doublet of doublets), br (broad signal).

e Fluorescence measurements were performed on a Synergy H1 hybrid reader (Biotek)
spectrophotometer.

e UV-visible spectra were recorded on a UV-1800 spectrophotometer (Shimadzu) and on a CARY-100
UV-visible spectrophotometer (Varian).

e Particles size were measured by a Dynamic Laser Light Scattering (DLLS) on Zetasizer nano-S
(Malvern) instrument .

o Rebinding tests were performed on a 1290 UHPLC system (Agilent, Germany), consisting of a
degasser, a quaternary pump, a thermostated column compartment and a diode array detector
(DAD) operating at 305 nm (specific for p-coumaric acid), 324 nm (for 5-CQA and caffeic acid) and
273nm (for caffeine). A Kinetex XB-C18 column 2.6 um 100 x 2.1 mm (Phenomenex, USA) was used
at 25°C. Solvents were used at a total flow rate of 0.5 mL/min and the volume of injection was 2.0

mL.

Synthesis of mimic template H-5CQA

P
HO, _coH

HO ™ 0

O
T

0] OH

OH

5-caffeoylquinic acid (200 mg, 0.56 mmol) was dissolved in EtOH (30 ml) under argon atmosphere and 40 mg
of Pd/C 10% were added. The reaction mixture was stirred at room temperature under H, atmosphere for
6h. Pd/C was removed by filtering the solution over celite. EtOH was removed under pressure and the
resulting oil was redissolved in water and freeze-dried to afford reduced H-5CQA as a white solid (181mg,

95%). NMR data were in accordance with the literature.®

Recrystallization of AIBN

2.0 g of AIBN were placed in a round-bottomed flask equipped with a stirring bar and a condenser. The
vacuum and a flow of argon was alternated in the system for 3 times, to avoid any trace of oxygen. AIBN was

dissolved in 5mL of ethanol and the temperature was increased to 50-55 °C. At this temperature, 2 mL of
166



Chapter 8 — Experimental part

ethanol were added to solubilize the product and the flask was then left to reach room temperature to allow

the crystallization.

8.4.1 Fluorescent Molecularly Imprinted Polymers (fMIPs) for 5-CQA: MIP01 and MIP02

Synthesis of Functional monomer 16b

e Synthesis of 4-chloro N-allyl-1,8-naphthalimide (16a)

’

Os_N_O

Cl

1.0065g (1 eq) of 4-chloro-1,8-naphthalic anhydride were dissolved in 45 mL of ethanol and the resulting
solution was heated up to 55 °C under continuous stirring; at this temperature 330uL of allyl amine (1 eq)
and 5mL of ethanol were added. The mixture was refluxed for four hours. After cooling at room temperature,
the solid was filtered, washed with ethanol and dried under vacuum to give 652 mg (yield 55%) of a light

brown powder. NMR data were in accordance with the literature.?®

e Synthesis of 4-[(2-ethylenediamine)] N-allyl-1,8-naphthalimide (16b)

O~ _N_DO
HN\L
NH,
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A mixture of 645 mg of 16a (2.04 mmol, 1 eq), 1.9 mL of ethylene diamine (1.7 g, d=0.90 g/mL, 24.5 mmol,
12 eq) and 40 mL of ethanol was heated under reflux. After 20, 23, 42 and 46 hours, further three equivalents
of ethylene diamine were added. 66 hours were required to complete the reaction. At the end of the reaction,
solvent was removed under reduced pressure to obtain a red oil. Subsequently, 60 mL of water were added
to the oil and the mixture was cooled overnight at 4 °C. The solid obtained was filtered, washed with cool
water and dried at 60 °C for two days. 553 mg of pure 16b were obtained as a red solid (yield 92%). NMR

data were in accordance with the literature.?®

IH NMR Titrations

Interactions between the functional monomers and the template molecule were investigated by titrating
each functional monomer 4VPy and 16b with 5-caffeoylquinic acid. In general, 4 mM solutions of monomers
in DMSO-ds were titrated with increasing amounts of chlorogenic acid (5-CQA) to obtain final concentrations

ranging from 2 mM to 40 mM.

Synthesis of fluorescent molecularly imprinted polymers (fMIPs):

e Synthesis of MIPO1 and NIPO1

1 eq of functional monomers 4VPy and 16b and 1 eq of the mimic template (H-5CQA) were dissolved in a
total amount of DMSO corresponding to the 99% in weight of total functional monomers and crosslinker.
After stirring for 60 minutes, the solution was transferred in a crimp cap Wheaton vial and 60% (in mol) of
N,N’-methylenebisacrylamide (MBA), 5% (in mol, calculated on the amount of the available double bonds)
of recrystallized azobisisobutyronitrile (AIBN) were added. The vial was left first under vacuum and then was
flushed with argon (3 times for 5 minutes). Radical polymerization was achieved heating the vial up to 70°C
for 24 hours. Each polymer was synthesized either in presence of the template molecule (to obtain fMIP) and
without the template (to obtain fNIP). The resulting orange solutions were dialyzed against water for 2 days,
a mixture of acetic acid and methanol 2:8 for two days, methanol (10%) for 2 days, and against water for one
day changing the solvent 3 times a day. Finally, the solutions were freeze-dried leading to a fluffy orange

polymer for fMIP and a yellow polymer for fNIP.
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e Synthesis of MIP02 and NIP02

1 eq of functional monomer 16b and 1 eq of the mimic template (H-5CQA) were dissolved in a total amount
of DMSO corresponding to the 99% in weight of total functional monomers and crosslinker. After stirring for
60 minutes, the solution was transferred in a crimp cap Wheaton vial and 60% (in mol) of MBA, 5% (in mol,
calculated on the amount of the available double bonds) of recrystallized AIBN and 30% (in mol, 3eq) of N-
isopropylacrilamide (NIPAM) were added. The vial was left first under vacuum and then was flushed with
argon (3 times for 5 minutes). Radical polymerization was achieved heating the vial up to 70°C for 24 hours.
Each polymer was synthesized either in presence of the template molecule (to obtain fMIP) and without the
template (to obtain fNIP). The resulting orange solutions were dialyzed against water for 2 days, a mix of
acetic acid and methanol 2:8 for two days, methanol (10%) for 2 days, and against water for one day changing
the solvent 3 times a day. Finally, the solutions were freeze-dried leading to a fluffy orange polymer for fMIP
and a yellow polymer for fNIP.

The composition of the polymerization mixtures for each polymer is reported in table 8.2.

Table 8.2 — Composition of polymerization mixtures

Component (mg) fMIPO1 fNIPO1 fMIPO2 fNIPO2
Template (H-5CQA) 16.0 - 8.0 -
Functional monomer (16b) 13.3 13.3 6.6 6.6
Functional monomer 4.7 4.7 - -
(4Vpy)
Co-monomer (NIPAM) - - 7.6 7.6
Crosslinker (MBA) 20.8 20.8 20.8 20.8
Initiator (AIBN) 3.0 3,0 3.0 3.0
Porogen solvent 7761 7761 6965 6965
(DMSO)

4-[(2-ethylenediamine)] N-allyl-1,8-naphthalimide (16b) content in fMIPs and fNIPs 01 and 02

The concentration of monomer 16b in the corresponding fluorescent polymers was calculated by UV-visible
spectroscopy. The absorbance intensities at 44 nm in the UV-visible spectrum of DMSO solutions in a quartz
cuvette of 500uL of 630 pg/mL for fMIPO1 and 200ug/mL for fMIPO2, after sonication for 20 min, were
measured. Solutions of 473 ug/mLand 193pg/mL were used to measure the absorbance of fNIPO1 and fNIP02

respectively. The obtained values were used to calculate the monomer concentration from a calibration
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curve of free 4-[(2-ethylenediamine)]-N-allyl-1,8-naphthalimide (16b) in DMSO. Calibration was carried out

measuring the absorbance intensity at 440 nm of increasing solutions of free dye from 10 uM to 70 uM.

Rebinding Tests

The rebinding kinetics of 5-CQA with fluorescent polymers were investigated dissolving 1.5 mg of fMIPO1 and
2mg of fMIP02 in 1.5 mL and 2mL respectively of an 80 uM of 5-CQA solution in water. The mixtures were
incubated at 25°C under continuous stirring and 200 pL aliquots of the solution were taken at different times
(from 10 min to 6 h). Each aliquot was centrifuged (12000 rpm for 10 min) to remove the polymer and the
supernatants containing an unknown amount of the analyte were analyzed by the same UHPLC method
developed for the quantification of chlorogenic acids in coffee to quantify the free 5-CQA concentration. The
ratio between the area of the reference peak of the analyte and the peak in the chromatogram of the sample

treated with the polymer were calculated to obtain the amount of 5-CQA captured by the polymers?..

Cross-reactivity Studies

The polymer selectivity was investigated following the same approach of the rebinding test by UHPLC. The
fMIPO1 and fNIPO1 were treated with an 80 uM solution of a mixture of pure standards of 5-CQA, caffeic
acid, p-coumaric acid and caffeine. The mixtures were incubated at 25°C under continuous stirring and 200
uL aliquots of the solution were taken after different times (from 10 min to 24 h). Each aliquot was
centrifuged (12000 rpm for 10 min) to remove the polymer and the supernatants containing an unknown
amount of the standards were analyzed by the same UHPLC method developed for the quantification of

chlorogenic acids in coffee.

Fluorescence Titration of MIP01 and MIP02

The fluorescent properties of MIPO1 and MIP02 were analyzed by fluorescence titrations of a 30 ug/mL
solution of the polymers obtained by dilution of the 1 mg/mL solution in DMSO and water:DMSO (9:1) ,with
increasing concentrations of the target molecule 5-CQA from micromolar to millimolars concentrations. The
fluorescence emission of the polymers was analyzed at 530 nm, when the titrations were carried out in
DMSO, and 540 nm when titrations were carried out in water: DMSO. Both polymers were excited at 440

nm.

Dynamic Laser Light Scattering

Solutions of 1mg/mL MIPO1 and fNIPO1 were prepared in DMSO and diluted to obtain a concentration of

0.25 and 0.5 mg-mLY respectively. The solutions were placed into an ultrasonic bath for 1 h. After filtration
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on 0.45 um filter, the size distribution by intensity and by volume was recorded in triplicate on a Malvern

Zetasizer instrument using a 1 mL quartz cuvette with light path of 1 cm.

Immobilization Test

80uL of 10% solution of glutaraldehyde in PBS were added to different commercial polysine® slides and left
at room temperature for one hour. Subsequently, the glass plates were washed with 3 mL of water (1mL at
a time). A mixture was prepared by mixing a 20mg/mL gelatin solution in water and 100ug/mL suspension of
fluorescent polymer MIPO1 in water in a ratio 1: 1 and 80uL of the mixture were added to different polysine®
slides. These glass plates were kept in the dark at room temperature for 24 hours. Then, the fluorescence of
the immobilized polymer on the plates was measured before and after washing with 3mL of water (1 mL at
a time) to determine the residual concentration of the immobilized polymer. Soon after, 40uL of solutions of
a range of concentrations between 78uM and 40mM of a 5-CQA pure standard solution were added to the
different plates in duplicate and the samples were incubated for 90 min in the dark at room temperature.

Finally, the fluorescence intensity of the polymer in each plate was measured before and after washing them

with 2 mL of water (500pL at a time).

8.4.2 Molecularly Imprinted Polymers (MIP) for 5-CQA: MIP03

Synthesis of mono 5-caffeoylquinic acid fluorescent derivatives

e Intermediates (17a) and (17b): Amidation of 5-CQA

o]
17a :n=3
"o, NE TN, 17b: n=5

H on
HO"" : (o) =
OH

OH

OH

To a solution of 5-CQA (300 mg, 0.85 mmol) and TBTU (1.3mmol) in DMF, DIPEA (1.70mmol) was added,
under argon atmosphere. The reaction was stirred at 25°C for 40 minutes, and then, the appropriate amine
(diaminopropane or cadaverine) (1,3mmol) was added followed by a second amount of DIPEA (1.70 mmol).
The reaction was monitored by TLC (CHCls: MeOH 9:1) until disappearance of the starting material. After 14
hours the solvent was removed under pressure to obtain an oil that was redissolved in water (20mL and
freeze-dried to afford the corresponding amides as a yellowish solid. The formation of the products was

confirmed by *H NMR and they were used in the next step without further purification.
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Yield: 56%, yellowish solid. (17a)

14 NMR (500 MHz, CDs0D), &: 7.97 (3H, br, Ar-OH+CONH), 7.57 (1H, d, J = 15.9 Hz, H-10), 7.05 (1H, d, J = 1.84
Hz, H-12), 6.95 (1H,d d, J= 8.2; 1.9 Hz, H-16), 6.78 (1H, J = 8.2 Hz, H-15), 6.26 (1H, d, J = 15.9 Hz, H-9), 5.40
(1H, dt, J/=11.42,5.0, 21.2 Hz, H-5), 4.24 (1H, m, W}, 13.8, H-3), 3.72 (1H, m, W, =18.46 Hz, H-4), 3.60 (1H, m,
NH-CH,-), 3.25 (1H,m, NH-CH>-), 3.08 (1H, t, J = 7.63 Hz, CH»-NH,), 2.92 (1H, t, J = 7,3 Hz, CH»-NH,), 2.81 (1H,
br, NH,), 2.16 — 1.80 (6H, m, H-2+H-6+ CH2-).

Yield: 47%, yellowish solid. (17b)

'H NMR (500 MHz, CDs0D), &: 7.97 (3H, br, Ar-OH+ CONH), 7.57 (1H, d, J = 15.8 Hz, H-10), 7.05 (1H, d, J=1.1
Hz, H-12), 6.95 (1H, dd, J= 8.2, 1.5 Hz, H-16), 6.78 (1H, J = 8.2 Hz, H-15), 6.30 (1H, d, J = 15.8 Hz, H-9), 5.40
(1H, dt, J)=11.33, 5.1, 26.1 Hz, H-5), 4.24 (1H, m, W} 10.5, H-3), 3.72 (1H, m, Wy=19.46 Hz, H-4), 3.20 (4H, m,
NH-CH,+CH,-NH,), 2.81 (1H, br, NH,) 2.12 — 1.92 (4H, m, H-2+H-6), 1.51-1.73 (6H, m, CH,-CH,.CH,).

e Synthesis of Fluorescein derivative 19a
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To a solution of the intermediate 17a (133mg, 0.32 mmol) and DIPEA (0.75mmol) in DMF, FITC (0.48mmol)
was added under argon atmosphere. The mixture was stirred 24h at room temperature. Subsequently, 40mL
of water were added and extraction with EtOAc was performed (three times, 30 mL at time). The organic
layer was dried over Na,SO, filtered and the solvent was removed under reduced pressure. The orange
residue was purified by column chromatography on silica gel (gradient CH,Cl,/MeOH) to afford the product
in 41% yield as an orange solid.

4 NMR (500 MHz, DMSO-ds), &: 8.10 (1H, br, Ar-Herc), 7.89 (1H, m, Ar-Here), 7.64 (1H, d, J = 8.2, Ar-Hrirc),
7.40 (1H, d, J = 15.6 Hz, H-10), 7.05 (3H, m, Ar-Hrc+H-12), 6.90 (1H, d, J= 7.11, H-16), 6.64 (4H, br,Ar-Hrrc),
6.61 (1H, m, H-15), 6.13 (1H, d, /= 16.0 Hz, H-9), 5.20 (1H, dt, J=9.9, 5.3, 25.7 Hz, H-5), 4.03 (1H, m, H-3), 3.48
( 5H, m, partially overlapped with water peak), 1.94 — 1.61 (6H, m, H-2+H-6+ CH,-).

MS (ESI*): m/z [M-H]: 798.2

13C NMR (500 MHz, DMSO-ds), 8: 177.33 (s, CSNH), 176.47 (s, COOH), 174.27 (s, C-7), 173.91 (C-8), 166.31 (s,
C-Ar), 160.83 (s, C-Ar), 156.56 (s, C-Ar), 156.52 (s, C-Ar), 146.99 (s, C-14), 145.66 (s, C-13), 145.26 (d, C-10),
135.85 (s, C-11), 135.65 (s, C-Ar), 132.99 (s, C-Ar), 132.69 (s, C-Ar), 130.73 (d, C-Ar), 130.31 (d, C-Ar), 129.74
(d, C-Ar), 128.38 (s, C-Ar), 127.56 (d, C-Ar), 127.05 (d, C-Ar), 122.16 (d, C-12), 116.81 (d, C-15), 115.70 (s, C-
Ar), 115.68 (s, C-Ar), 115.60 (d, C-9), 113.03 (d, C-16), 109.53 (d, C-Ar), 102.40 (d, C-Ar), 81.08 (s, C-1), 72.23
(d, C-5), 72.87 (d, C-4), 70.83 (d, C-3), 45.23 (d, CH,NH), 39.93 (t, CH,NH), 38.22 (t, C-2), 37.84 (t, C-6), 28.72
(t, CH,).

MS (ESI*): m/z [M-H]: 798.2

e Synthesis of Fluorescein derivative 19b

To a solution of the intermediate 17b (71mg, 0.16 mmol) and DIPEA (0,65mmol) in DMF, FITC (0.24mmol)
was added under argon atmosphere. The mixture was stirred 24h at room temperature. Subsequently, 40mL

of water were added and extraction with EtOAc was performed (three times, 30 mL at time). The organic
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layer was dried over Na,SO, filtered and the solvent was removed under reduced pressure. The orange
residue was purified by column chromatography on silica gel (gradient CH,Cl,/MeOH) to afford the product
in 40% yield as an orange solid.

H NMR (500 MHz, CDs0OD), 6: 8.11 (1H, br, Ar-Herc), 8.05 (1H, d, J=1,7Hz, Ar-Herc), 8.0 (1H, dd, J= 2.02, 9.5
Hz, Ar-Hee), 7.74 (1H, m, Ar-Here), 7.57 (1H, d, J = 15.9 Hz, H-10) ,7.17 (2H, m, Ar-Hgirc), 7.05 (1H, d, /= 2.01
Hz, H-12), 6.93 (1H, dd, J= 8.2, 2.0 Hz, H-16), 6.77 (1H, d, J= 8.1, H-15), 6.68 (2H, br, Ar-Herc), 6.61 (1H, m, Ar-
Herc), 6.30 (1H, d, J = 15.9 Hz, H-9), 5.20 (1H, dt, /=10.04, 5.2, 26.1 Hz, H-5), 4.22 (1H, m, Wx=9.0, H-3), 3.72
(5H, m, H4+NH-CH,+CH,NH,), 2.1- 1.61 (6H, m, H-2+H-6), 1.71 (6H, m, CH2-CH,.CH,).

MS (ESI*): m/z [M-H]: 826.2

13C NMR (500 MHz, CD30D), 6: 177.70 (s, CSNH), 177.54 (s, COOH), 176.34 (s, C-7), 173.73 (C-8), 169.61 (s, C-
Ar), 167.85 (s, C-Ar), 157.65 (s, C-Ar), 157.40 (s, C-Ar), 146.72 (s, C-14), 145.59 (s, C-13), 145.42 (d, C-10),
135.28 (s, C-11), 133.82 (s, C-Ar), 133.05 (s, C-Ar), 132.79 (s, C-Ar), 131.99 (d, C-Ar), 130.1 (d, C-Ar), 129.42
(d, C-Ar), 128.64 (s, C-Ar), 127.36 (d, C-Ar), 127.29 (d, C-Ar), 121.79 (d, C-12), 117.74 (d, C-15), 117.66 (s, C-
Ar), 115.48 (s, C-Ar), 117.24 (d, C-9), 112.00 (d, C-16), 109.53 (d, C-Ar), 102.40 (d, C-Ar), 81.60 (s, C-1), 72.22
(d, C-5), 72.87 (d, C-4), 70.24 (d, C-3), 44.80 (d, CH,NH), 44.57 (t, CH,NH), 38.29 (t, C-2), 37.72 (t, C-6), 29.00
(t, CH,), 28.92 (t, CH.), 28.68 (t, CH.).

e Synthesis of EDANS derivative 20a

?H
0=S=0

To a solution of 5-CQA (300 mg, 0.85 mmol) and TBTU (1.3mmol) in DMF, DIPEA (1.70mmol) was added under
argon atmosphere. The reaction was stirred at 25°C for 40 minutes and then EDANS (1.3mmol) was added
followed by a second amount of DIPEA (1.70 mmol). The reaction was monitored by TLC (CH; Cl,: MeOH 4:1)

until disappearance of the starting material. After 24 hours the solvent was removed under pressure. The
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sticky brown product was purified by column chromatography on silica gel (gradient CH,Cl,/MeOH) to afford
the product in 50% yield as a green solid.

H NMR (500 MHz, CDsOD), 6: 8.17 (1H, dd, J=2.80, 8.7 Hz, Ar-Heoans), 8.12 (2H, d, J=7.7 Hz, Ar-Hepans), 7.57
(1H, d, J = 15.8 Hz, H-10), 7.40 (2H, t, J=7.8 Hz, Ar-Heoans), 7.05 (1H, d, J = 2.0 Hz, H-12), 6.94 (1H, dd, J= 8.2,
2.0 Hz, H-16), 6.80 (1H, d, J= 8.2, H-15), 6.64 (1H, d, J=7.7, Ar-Hepans), 6.30 (1H, d, J = 15.8 Hz, H-9), 5.20 (1H,
dt, J=11,3, 5.0, 26.2 Hz, H-5), 4.22 (1H, m, Wy=9.0 Hz, H-3), 3.72 (1H, m, H-4), 3.42 (2H, t, J=6 Hz, NH-CH,-),
3.49 (2H, m, CH,-NH), 2.1- 1.9 (4H, m, H-2+H-6).

13C NMR (500 MHz, CD30D), 6: 177.39 (s, C-7), 168.52 (s, C-8), 149.69 (s, C-14), 145.28 (s, C-13), 146.90 (d, C-
10), 137.72 (s, C-Ar), 131.43 (s, C-Ar), 128.97 (s, C-11), 128.53 (d, C-Ar), 126.40 (d, C-Ar), 125.65 (s, C-Ar),
125.20 (d, C-Ar), 123.40 (d, C-Ar), 122.61 (d, C-12), 116.53 (d, C-15), 115.43 (d, C-Ar), 115.19 (d, C-9), 114.89
(d, C-16), 104.76 (d, C-Ar), 77.71 (s, C-1), 71.84 (d, C-5), 72.34 (d, C-3), 74.26 (d, C-4), 44.79 (d, CH>), 39.51 (t,
CH>), 39.40 (t, C-2), 38.46 (t, C-6).

MS (ESI*): m/z [M-H]: 601.3.

1H NMR Titrations

Interactions between the functional monomer and the template molecule were investigated by titrating the
functional monomer 21a with 5-caffeoylquinic acid. In general, a 4 mM solution of monomer was prepared
in DMSO-d¢ and increasing amounts of chlorogenic acid (5-CQA) were added to obtain final concentrations

ranging from 2 mM to 32 mM. 'H NMR were recorded after each addition of 5-CQA.

Synthesis of Molecularly imprinted polymer MIP03 and NIP03

1 eq of functional monomer 21a and 1 eq of the mimic template (H-5CQA) were dissolved in a total amount
of DMSO corresponding to the 99% in weight of total functional monomers and crosslinker. After stirring for
60 minutes, the solution was transferred in a crimp cap Wheaton vial and 60% (in mol) of MBA, 5% (in mol,
calculated on the amount of the available double bonds) of recrystallized AIBN and 30% (in mol, 3eq) of N-
isopropylacrilamide (NIPAM) were added. The vial was left first under vacuum and then was flushed with
argon (3 times for 5 minutes). Radical polymerization was achieved heating the vial up to 70°C for 24 hours.
The polymer was synthesized either in presence of the template molecule (to obtain MIP03) and without the
template (to obtain NIP03). The resulting solutions were dialyzed against water for 2 days, a mixture of acetic
acid and methanol 2:8 for two days, methanol (10%) for other 2 days, and against water for one day, changing
the solvent 3 times a day. Finally, the solutions were freeze-dried leading to a fluffy white polymer.

The composition of the polymerization mixtures is reported in the table 8.3.

175



Chapter 8 — Experimental part

Table 8.3 — Composition of the polymerization mixtures for MIPO3 and NIP0O3

Component (mg) MIPO3 NIPO3
Template (H-5CQA) 8 -

Functional monomer (21a) 4.7 4.7
Co-monomer (NIPAM) 7.6 7.6
Crosslinker (MBA) 21 21
Initiator (AIBN) 3.0 3.0

Porogen solvent 6626 6626

(DMSO)

Rebinding Tests

The rebinding kinetics of 5-CQA with polymer MIP03 was investigated dissolving 1.5 mg of polymerin 1.5mL
of a 2mM water solution of 5-CQA. The mixture was incubated at 25°C under continuous stirring and 200 pL
aliquots of the solution were taken at different times (from 10 min to 6 h). Each aliquot was centrifuged
(12000 rpm for 10 min) to remove the polymer and the supernatants, containing an unknown amount of the
analyte, were analyzed by the same UHPLC method developed for the quantification of chlorogenic acids in
coffee, to quantify the free 5-CQA concentration. The ratio between the area of the reference peak of the
analyte and the peak in the chromatogram of the sample treated with the polymer were calculated to obtain
the amount of 5-CQA captured by the polymers?!. The same procedure was followed using the non-imprinted

polymer NIP0O3.

Cross-reactivity Studies

MIPO3 selectivity was investigated following the same approach of the rebinding test by UHPLC. The polymer
was treated with a 2 mM solution of a mixture of pure standards of 5-CQA, caffeic acid, p-coumaric acid and
caffeine. The mixtures were incubated at 25°C under continuous stirring and 200 uL aliquots of the solution
were taken at different times (from 10 min to 24 h). Each aliquot was centrifuged (12000 rpm for 10 min) to
remove the polymer and the concentrations of the supernatants containing the unbounded standards were

determined by UHPLC.

Dynamic Laser Light Scattering

Solutions of 1Img/mL for MIPO3 and 0.5 mg/mL NIPO3 were prepared in DMSO and placed into an ultrasonic
bath for 1 h. After filtration on 0.45 um filter, the size distribution by intensity and by volume was recorded
in triplicate on a Malvern Zetasizer instrument using a 1 mL quartz cuvette with light path of 1 cm.
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Competitive Test with MIP03

80uL of 10% solution of glutaraldehyde in PBS were added to different commercial polysine® slides and left
to stand at room temperature for one hour. Subsequently, the glass plates were washed with 3 mL of water
(ImL at a time). A mixture was prepared by mixing a 20mg/mL gelatin solution in water and 100ug/mL
suspension of the imprinted polymer MIP03 in water in ratio 1:1. 80uL of the mixture were added to different
polysine® slides and these glass plates were kept in the dark at room temperature for 24 hours. Subsequently,
80pL of solutions of a range of concentrations between 100nM and 1mM of a pure standard of isomer 5-CQA
were added to the different plates in duplicate and the samples were incubated for 90 min in the dark at
room temperature. After the incubation time all slides were washed with 2 mL of water (500uL at a time)
and immediately 80uL of 50uM solution of fluorescent derivative 5-CQACADFITC in water was added to all
plates. The fluorescence intensity of the fluorescent derivative in each plate was measured before and after

washing them with 2 mL of water (500pL at a time).
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In this research project, a detailed study about p-coumaroylquinic acids synthesis and their analysis in coffee
beans of different species as well as in roasted coffee beans were performed. The development of a sensing
element for recognition of the most abundant chlorogenic acid in coffee 5-O-caffeoylquinic acid was also

proposed and preliminary studies for the development of a sensor device were also performed.

All four isomers of p-coumaroylquinic acids (5-pCoQA, 3-pCoQA, 4-pCoQA and 1-pCoQA) were synthetized
by condensation of an acyl chloride with differently protected quinic acid which was prepared in order to
selectively protect the hydroxyl groups present in the cyclohexane ring of the quinic acid core. However,
during the synthesis process, acyl migrations at C-4 and C-3 of the cyclohexane ring were observed and
mixtures of 3-pCoQA and 4-pCoQA were obtained. 3-pCoQA and 4-pCoQA could be separated by semi-
preparative RP-HPLC and all isomers were fully characterized, while the interconversion occurring between
the isomers during their synthesis has been explained by a computational study on the basis of the relative

stability of the isomers and of the intermediates leading to them.

A UHPLC method for the identification of all isomers of p-coumaroylquinic acid in vegetable matrix was
developed and the synthesized compounds were used as standards to identify them. The complete
chlorogenic acids profile was also established using original standards of caffeoylquinic acids (CQAs),
feruloylquinic acids (FQAs) and dicaffeoylquinic acids (FQAs) and hydrocinnamic acids were quantified as
well, using standards of caffeic acid (CA), p-coumaric acid (pCoQA), ferulic acid (FA) and sinapic acid (SA).
Several qualitative analyses were performed to ensure the development of a correct protocol for the
identification of these compounds in coffee. However, since pCoQAs are present only in low concentrations
in coffee, in order to facilitate their identification and to improve the analytical analyses, extractions of
phenolic compounds from other sources richer in pCoQAs, like walnut leaves, were performed and a rapid
and reliable method for quantification of chlorogenic acids by means of UHPLC analysis employed at lllycaffe

was optimized.

Since chlorogenic acids biosynthesis can change due to climatic conditions or seasonal variations, the CGAs
content in walnut leaves was analyzed from May to September and fifteen different chlorogenic acids,
including cis isomers of CGAs, were identified and quantified in walnut leaves samples. Dicaffeoylquinic acids
were for the first time identified in Juglans regia L. The extraction method, in comparison with other
proposed in the literature (e.g. methanol extraction), revealed to be very successful since comparable
amounts of chlorogenic acids derivatives could be obtained and results confirmed that walnut leaves infusion
could be considered as an interesting source of polyphenolic compounds and could contribute to
antioxidants intake to the human diet. Furthermore, the obtained results considering seasonal variations in
Italy for the year 2016 could be helpful to choose spring or early summer as the best period for walnut leaves
(Juglans regia L) harvesting in order to maximize antioxidants content of the infusion preparation. When
guantitative data are discussed, geographical location, cultivar and crop season could influence remarkably

180



Chapter 9 — Conclusions

the concentration of this class of polyphenols, moreover environmental pollution is something to take into
consideration and needs to be deeply investigated to elucidate the role of stress induction of urban plants
with subsequent possible production of higher amount of CGAs, as data collected in our study seem to
suggest. Since our method allowed the identification also of the cis isomers, this could be applied in the
analyses of other chlorogenic acids rich matrices exposed to UV radiations, such as coffee leaves, in order to
determine the exact amount of minor compounds such as pCoQAs as cis and trans isomers. Determination
of a suitable isomers profile could give important information to elucidate seasonal variation on the
biosynthetic pathway of formation of CGAs and genetic variations that can be involved in the defense

mechanism of the plant.

The developed UHPLC method was applied in the determination of CGA profiles of twenty-seven fresh green
coffee samples from different geographical origins and different wild species belonging to the Eucoffea
section, where the concentration of pCoQAs have not been reported yet. As far as we know, this is the first
time that all three isomers of pCoQAs were clearly identified by using authentic standards previously
synthesized. Twelve CGAs were quantified, corresponding to all three trans isomers of the monoesters at
positions 3,4 and 5 of the different classes of CGAs, i.e. CQAs, pCoQAs, FQAs and diCQA. Our results confirm
the data already reported in the literature that clearly show a distinction in chlorogenic acids composition
between Arabica and Robusta. C. canephora is, in fact, well known for having higher concentrations of FQAs
and diCQAs; on the contrary, concentrations of pCoQAs were twice higher in C. arabica. The concentration
of pCoQAs was found to be the lowest one among all CGAs in all the evaluated coffee species, accounting for
no more than 1.94% of the total CGA content. Only C. sessiliflora showed considerably higher concentrations
(2.12-2.24 mg/g) in comparison with the other species, being in fact the second most abundant class of CGAs
in this specie, accounting for ~5% of the total CGA content. Considering that the finest coffee market is based
on cultivation of C. arabica, which is highly susceptible to climate changes and external threats, the
determination of an adequate CGAs profile could be very useful to characterize single species and to define
its fingerprint as well as might provide useful data to establish a taxonomic classification that could help to
understand the specific functions of each isomer in the plants and to create new markets of trades. However,
it is important to take in consideration that the geographical origin, as well as the degree of maturation and

the extraction method, can influence the CGAs content.

The effect of roasting conditions in CGAs content was also evaluated in the most important species from an
economical point of view. As it has been already reported in the literature, the CGAs composition
considerably decreased according to the roasting degree. However, the changes for each isomer during
roasting were greatly depended not only to the chlorogenic acid class but also upon the coffee specie.

Important differences were found in Coffea canephora, which seems to be more resistant to roasting
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treatment and showed a smaller degradation content at the end of roasting. This important aspect can

influence not only the aroma and taste of the final beverage but also the antioxidant activities.

Finally, two different systems for the recognition of CGA were developed by using the molecularly imprinting
technology (MIT). As a first approach, fluorescent molecularly imprinted polymers (fMIPs), based on a
naphtalimide derivative monomer, have been developed to selectively recognize 5-O-caffeoylquinic acid.
Fluorescence emissions of the fMIPs were evaluated and it was observed that they can be “switched on” or
“switched off “depending on the environment, due to the presence of the isomer 5-CQA. The switched on/off
mechanism depends on the PET mechanism of the fluorophore. Polymer MIP01, containing 4VPy and the
naphtalimide derivative as monomers, showed a good response of the fluorescence quenching in the range
between 625uM and 40mM, while polymer MIP02, containing only the fluorophore as the functional
monomer, showed a linear response between 78uM and 20mM. To demonstrate this is a promising system
that can be exploited in the design of an optical sensor for CGAs detection, polymer MIPO1 was immobilized
by physical entrapment in a functionalized glass surface, showing a quenching of the fluorescence with an

increase of the CGA concentration between 78uM and 40mM.

As a second approach, a molecularly imprinted polymer, based on a histidine derivative as functional
monomer, was prepared to recognize CGA. Since no fluorescent groups are present in the polymer,
fluorescent chlorogenic acid derivatives were prepared and the synthetized polymer was tested in a
competition system. The polymer showed a good affinity towards both the simple 5-CQA as well as towards
the fluorescent chlorogenic acid derivatives, which was prepared by coupling between the isomer 5-CQA and
fluorescein isothiocyanate in order to set up a competition or displacement test in aqueous media. As a proof
of concept, a calibration curve for 5-CQA quantification was created through a fluorescent competitive assay.
This assay is based on the measurement of fluorescence emissions of the derivative 5-CQACADFITC after

displacement of chlorogenic acid. The system showed a good linear response in the range 100nM-600uM.

As future perspective, optimization of the polymer preparation will be carried out such as functional
monomer/template ratios and crosslinker concentrations in order to improve the selectivity towards the
target molecule. Moreover, in collaboration with Center of excellence for Biosensors, instrumentation and
process control (COBIK), the conditions for the immobilization of the sensing element will be further
optimized in order to setup an optical sensor for CGA detection. On the other hand, it is important to mention
that the synthesis of non-commercially available CGA, such as pCoQAs, could be useful for carrying out in

vitro and animal studies to understand the pharmacological effects of each isomer.

182



Acknoledgements

Acknowledgements
Thanks to:
The IPCOS project for this great opportunity.

Dr. Luciano Navarini and all members of Aromalab lab at lllycaffe, specially to Silvia Colomban and Paola

Crisafulli for their kindness, supervisions, advices and teachings.
Dr. Matjaz Perterka and all members of COBIK for their supervision.

Prof. Dr. Marina Resmini (School of Biological and Chemical Sciences at Queen Mary University of London)

for her suggestions during these three years.

Dr. Federico Berti and Dr. Cristina Forzato for believing in me and giving me the opportunity to be part of this

project, for all your teaching, advices and patience, also for the corrections and the encouragements.
Dr. Fabio Benedetti for having me in his research group

Dr. Sara Drioli for her kindness and collaboration during all these three years

Dr. Milena Guida for her collaboration with the HPLC.

My alma mater, the University of Los Andes in Mérida-Venezuela and to all my professors, specially Prof.
Ricardo Contreras, Prof. Fernando Bellandi for giving me the tools that three years ago allowed me to start

this professional challenge.

Martina Tommasini, Giorgia Regini, Luca Redivo, Elena Guercia, Elisabetta Deangelis, persons that more than
colleagues became friends, thank you not only for sharing your knowledge and academic advices with me

but also for all the laughs and the good moments.

All my old friends, Germdn Paparoni, Alejandra Jimenez, Stefanie Landaeta, Brian Leon, Oscar Viloria,

Luisanna Lobo, Leopoldo Gémez., Moira Castafieda and so many others, for your unconditional support
All people that have kindly contributed to my personal and professional formation.

And finally | would like to give special thanks to: My grandma, Brisaida Fernandez for teaching me that there
are no limits when you believe in yourself, my parents Brisa Ortiz and José Gutiérrez, my big family, all my
aunts and my cousins, even when the distance separates us, | know you have been always with me and your
unconditional love is the force that continuously drives me to improve myself and Renato D’Angelo for

standing by me, thank you for supporting me in the good and not so good moments and for all your love.

183



