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ABSTRACT

Carbohydrates (saccharides) are among the most abundant organic compounds in nature. Due to
their diversity and the ability to conjugate with themselves or other molecules, they create an
enormous variety of compounds called glycans in biological settings. Glycans are involved in
several physiological events inside the body. The discovery of abnormal concentrations of glycans
can be indicative of disease, making their detection useful for early diagnosis and treatment.
Therefore, research on glycan sensing systems has become substantial in recent years. One of the
more interesting strategies is the use of boronic acids, which have the ability to form complexes
with diols. Several boronic acid sensing systems have been designed to improve the sensing
efficiency. These include strategies such as supramolecular aggregation, multicomponent covalent
assembly, and the use of new materials such as polymer gels, nanoparticles, or quantum dots. Due
to the quick response time, low cost, and local observation capabilities, fluorescence techniques
have been widely employed in sensing applications. Boronic acids (BAs) are used in conjunction
with dyes to modulate the signal upon saccharide binding through fluorescent mechanism as
Photoinduced electron transfer (PET), Internal charge transfer (ICT), Forster resonance energy
transfer (FRET), or their combination. The performance of the sensor has been demonstrated to be
enhanced by its attachment to a solid surface. The effect of the surface is to reduce the matrix
interference and bring close each component of the sensing system, as main units or as additional
probe strengthening their interaction and so the fluorescence mechanism involved. Moreover, the
sensitivity could be improved by incorporating multiple sensors on the surface. Although different
materials such as quantum dots, polymers, and hybrid nanogels have been functionalized with
BAs, boronic acid-based sensors designed to be surface-confined have not been extensively

investigated in research associated with saccharides detection.



The aim of this work was to design fluorescence boronic acid sensing systems to detect sugars that
could be immobilized onto solid supports for high-sensitivity saccharide detection. Different
boronic acid-based sensing systems with fluorescent capabilities were investigated. In conjunction,
the functionalization of silicon wafers and silica nanoparticles was explored as solid supports for

the immobilization of the fluorescence systems.

The first sensing system consisted of two single units: phenylboronic acid as a receptor and an
anthracene dye as a fluorophore. The anthracene fluorescence was expected to be modulated by a
PET mechanism due to the quenching effect associated with the boronic acid. The amine group
incorporated was supposed to enhance the affinity with saccharides. The binding with analyte will
then suppress this mechanism, amplifying the response. The interaction between units can be
strengthened by immobilising the sensor system onto a silica surface, thereby promoting the PET
mechanism, and further improving the signal response. However, in contrast to that found in the
literature, a fluorescence quenching following the interaction with the boronic acid was not
observed. Since it was supposed that PET was not involved in the first designed sensor system,

experiments with saccharides have not been performed.

To promote the interaction between the receptor and fluorescent units, the second sensing system
involved a pyrene-based sensor with BA unit incorporated into the structure of the fluorophore.
To evaluate the affinity towards sugars and the fluorescence response two strategies were
investigated: direct connection into the structure of the fluorophore or through an alkyl chain with
an amino group as a linker. Moreover, since FRET mechanism can occur at longer distances (10
to 100 A) compared to PET, it was considered an alternative fluorescent mechanism. Coumarin
was selected as a probe to act as acceptor in FRET couple with the pyrene acting as donor. The

change in fluorescence intensity caused by saccharide binding would lead to the interaction



between 1-boronic acid pyrene and coumarin, promoting FRET. However, addition of sugar
resulted in a minor fluorescence intensity increase, insufficient to cause an efficient interaction
between the FRET couple. To produce the sufficient change in fluorescence required to induce
FRET, a pyrene-based sensor, involving an alkyl chain with an amino group as a linker with
phenylboronic acid receptor, was synthesised using another approach. The fluorescence of this
designed sensor was planned to be modulated by ICT mechanism. A noticeable shift in the
emission spectra was expected upon sugar binding, enabling FRET via coumarin 9. Despite
multiple attempts, the presence of side reactions and issues with purification meant the designed
sensor could not be synthesised successfully. Experiments were therefore conducted with a
derivative, which displayed a higher fluorescence intensity increase compared to the previous
system. However, evidence in support of an ICT mechanism occurring was not found. It was
concluded that the structure of the sensing system required improvement to promote the
fluorescence mechanism involved. Focus was also given to a different mechanism as PET or FRET
process, which is less affected by matrix composition, in comparison to ICT, aiming to achieve

the required fluorescence intensity.

The third system aimed to strengthen the weak interaction between units seen in the previous
systems, which resulted in the unsatisfactory fluorescence signals seen. It focused on the structure
of the sensor towards the presence of a rigid linker and a quenching group in a strategic position,
aiming to achieve a higher sensitivity for saccharide binding. The third system involved a pyrene-
based sensor with the boronic acid connected through a piperazine ring. Piperazine acts as both as
a linker and a fluorescence quencher due to its amino group, ensuring a PET process is involved.
The sensor was also functionalized with an acetylene group to allow for immobilization onto

surfaces. The synthesis of final sensors was performed employing a definitive combination and



sequence of reactions. Performed studies with the final system showed a quenching behaviour of
the fluorophore, which was thought to be due to the length and rigidity of linker, absent in the
previous system. The synthesized compound displayed fluorescence enhancement after sugar
addition in the millimolar range. This confirmed that the assumed PET mechanism was involved,
and further suppressed to restore the fluorescence abilities of pyrene. The fluorescence intensity
change produced by the saccharides binding by PET was then successfully employed to establish

the interaction with an alternative probe, attesting to a FRET process.

The systems were planned to be immobilized onto silica surfaces such as silicon wafers or silica
nanoparticles. The functionalization of silicon wafers with different silanes was achieved
successfully by self-assembled monolayer (SAM) formation. However, there was a considerable
degree of inter-chip variation and poor reproducibility. Silica nanoparticles (SiO2 NPs) were
selected as an alternative solid support due to their reported use in sensing applications. The azide

group was incorporated in amino-functionalised SiO> NPs for future sensor inclusion.

The boronic acid drives the action in this sensing system and the presence of an amino group
improves the affinity of boronic acid towards saccharides. Moreover, this interaction was
strengthened by employing a linker with a semi-rigid structure such as piperazine. Having an
amino group in a strategic position acting as a quencher, strengthened the PET mechanism towards
the fluorophore. The fluorescence response achieved following saccharide binding could be
employed to establish the interaction with an additional suitable probe, that can act as acceptor or
donor to enable a FRET mechanism with final sensor as designed Since the versatility in sensing
application and the wide range of techniques available for their characterization, Si1O2> NPs have

been selected as solid support for the incorporation of sensing systems. The azide functionalized



surface will enable the immobilisation of the system through click chemistry by acetylene-azide

reaction.

Chapter 1: Introduction

The chapter provides a basic understanding of glycans and their detection through molecular
sensors. It describes the use of boronic acids and fluorescent techniques as functional parts of the
sensor mechanism, attending to the fundamental theories that make the system works. As part of
it, a review of boronic acid-based fluorescent system is also provided. Furthermore, the properties

and advantages of flat or silica nanoparticles surfaces are defined.

Chapter 2: Techniques

This chapter gives a general overview of techniques used for analysis and purification of described

sensor and characterization of employed surfaces.

Chapter 3: Assessment of several boronic-based fluorescence systems

This chapter describes the first sensing systems investigated. The first is composed on (3-((allyl
(methyl) amino) methyl) phenyl) boronic acid, acting as receptor and 9-(azidomethyl) anthracene,
as a fluorophore unit. Fluorescent experiments were performed to evaluate the PET mechanism
involved upon sugar-binding. The second sensing system involved FRET process through the
interaction of pyrene-based dye-based boronic acid (donor) and coumarin dye (acceptor). The two
strategies proposed to design the boronic acid-based pyrene are described. Fluorescence
experiments with pyrene boronic acid were performed to evaluate the fluorescence response upon
sugar binding and the interaction with coumarin. Additionally, design of sensor based the second

strategies and methods of its synthesis and purification were provided.



Chapter 4: Fluorescent sensing system based on PET-pyrene boronic acid sensor

This chapter describes the last undertaken sensing system, based on pyrene-based sensor with the
boronic acid connected through a piperazine ring. Preliminary experiments were conducted to
verify the supposed PET mechanism involved. The different strategies for synthesis and
purification of sensor were discussed. Fluorescence experiments were conducted to assess the
fluorescence response upon sugar-binding. Preliminary FRET experiments were performed to

evaluate the behaviour of sensor both as donor and acceptor.

Chapter 5: Surface solid support

This chapter describes the functionalization and characterization of silica solid substrate selected
for the future incorporation of sensor design. SAM formation on silicon wafers surface, the

functionalization of silica nanoparticles and their characterization are described.

Chapter 6: Experimental

This chapter describes the experimental procedures employed during the investigation performed

in this thesis.

Chapter 7: Conclusion and future work

The main conclusion, possible improvements and future work are provided.

Appendixes

They contain additional data obtained during the investigation performed in this thesis.
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CHAPTER 1: INTRODUCTION

This chapter provides a description of glycans and their detection by molecular sensors. Glycans
are the name given to carbohydrates ranging from their most simple structure, monosaccharides,
to a more complex oligosaccharide. Since glycans are involved in several physiological events, the
effective and efficient detection of glycans, their derivatives, and the recognition of abnormal

concentrations can lead to the early diagnosis of disease and the development of treatments.

Research on simple saccharide identification systems has become substantial in recent years.
Saccharides are an example of polyhydroxy compounds in which the stereochemistry of a single
hydroxyl group may represent the only difference between the chemical structures of saccharides.
Due to the ability of boronic acid to bind diols, they are widely employed as receptor units in
molecular sensors for saccharides. Fluorescence techniques are widely used in sensing
applications, and fluorescence quenching processes are a commonly used transducer mechanism.
Sensing performance can be improved by the inclusion of solid supports. For example, flat surfaces
and silica nanoparticles have been widely exploited as they do not affect the fluorescence
properties of the sensor components. In this chapter, boronic acid-based fluorescence sensing
systems are reviewed, with a focus on the different signal units used, choice of fluorescence

mechanism and whether a solid support is included.

1.1 Saccharides

Saccharides, commonly known as carbohydrates, are among the most abundant organic
compounds in nature. They are divided as monosaccharide, disaccharide, oligosaccharide and
polysaccharide. Saccharides are defined as polyhydroxy compounds with carbonyl groups.

Monosaccharide refers to the simple sugars that cannot be hydrolysed into the simpler compound,
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involving a single polyhydroxy aldehyde or ketone unit. They are defined by the number of carbon
atoms and the configuration of hydroxyl groups around the chiral carbon. The configuration D and
L represent the position of the second last hydroxyl group in a carbohydrate, as evidenced in Figure
1.1, towards the right side in D and to the left side in L. The structural diversity increases with the
increasing length of the carbon chain, adding more stereo centres and thus more stereoisomers.
One source of the structural complexity of monosaccharides is their ability to form ring structures
in an aqueous solution. This occurs by reaction between the carbonyl group and hydroxyl group
along the chain through the formation of an intramolecular hemiacetal. The two structures, linear

and cyclic, are in dynamic equilibrium in solution (Figure 1.1).

. Anomeric
Anomeric b
carbon 1 1 carbon

CHO CHO
2
H—-0H HO——H OH
3
HO——H H——OH 4{_HO_o
4 4 5
H——OH HO——H - 1 OH
2
CH,OH CH,OH
6 6
L
D

Figure 1.1. Linear and cyclic structures of a-D- and a-L-glucopyranoses in dynamic equilibrium in

solution

The cleavage of the hemiacetal ring allows interconversion between the two cyclic forms via
acyclic intermediate and inversion of configuration at the anomeric centre, equilibrating the two
enantiomers. This process is called mutarotation, and the distribution frequency depends on each
monosaccharide. For example, fructose is a 6-carbon polyhydroxy ketone that exists in aqueous
solution as an equilibrium mixture between two cyclic structures, furanose and pyranose

respectively five and six members, each one producing two stereoisomers referred to as o and
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(Figure 1.2). The respective form of fructose is the tautomer’s B-D-fructopyranose, B-D-
fructofuranose, a-D-fructofuranose and a-D-fructopyranose in equilibrium with keto-D-fructose
(the noncyclic form). The distribution between the tautomer depends on several factors however
in normal “aqueous” conditions, pyranose: furanose ratio is around 1:3 as 70 % fructopyranose

and 22% fructofuranose.'

HO o OH HO OH
HO 05
OH OH
OH
AN OH 0O / HO
OH
B3-D-Fructofuranose HO : a-D-Fructofuranose
OH OH
HO_o / D-Fructose \ HO_o oH
HO HO
OH
OH OH OH
OH

B-D-Fructopyranose a-D-Fructopyranose

Figure 1.2. Linear structure of D-fructose (middle) and equilibrium mixture of the two cyclic structures,
furanose and pyranose and their tautomer o. and f5: f-D-fructopyranose, f-D-fructofuranose, a-D-

fructofuranose and o-D-fructopyranose.

Simple monosaccharides can conjugate between them through the formation of glycosidic linkage.
The reaction occurs between the hemiacetal or hemiketal group of a saccharide and a hydroxyl
group of some compound. In the same way, trisaccharide contain three sugars through glycosidic
bonds, with tetrasaccharides, pentasaccharides, etc following this pattern. Compounds containing
a low number of monosaccharide units are commonly referred to as oligosaccharides. Conversely,
polysaccharides are denoted to those who possess a large number of monosaccharide units, usually
more than 10 units (Figure 1.3).*
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Monosaccharides

OH

Glucose

HO 0_OH

OH

Frutcose

Galactose

Disaccharides Oligosaccharides and beyond

OH
OH
] HO o
HO
HO
HO OH OH
OH | O 0
HO (0] HO
HO OH OH o
HO (0]
Sucrose OH
Raffinose
OH
OH
OH 0
o HO
HO 0 OH
OH OH
Lactose
Sialyl Lewis X
OH
o
HO OH
HO
OH OH o fe) HO NHAc
o 0 0 (o) d
NHAc
HO OH
H
Of On O Nam NAG
Peptide n

Maltose

Peptidoglycan

Increasing complexity >

Figure 1.3. The increasing complexity of saccharides as higher-order structures are formed from simple

saccharides.

The term glycan refers to polysaccharides or oligosaccharides normally linked to several biological

molecules to form glycoproteins, glycolipids, and peptidoglycans. They belong to one of the

fundamental macromolecule classes of lipids, proteins, and nucleic acids. The core difference of

glycans from these classes is the glycosidic linkage, formed between the hemiketal group of a

saccharide (or molecule derived) and a hydroxyl group. The nature of the linkage defines the

structural properties and biological function. Glycans are characterized by the characteristic
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sequence and nature of the monosaccharide constituents linked together by chemical bonds.
Therefore, the possible presence of carbohydrate units, configuration and position following

glycosylation reaction offer a further differentiation method. >

Simple monosaccharides and complex oligosaccharides perform a wide range of roles. Glucose is
the main energy source and can be polymerized to glucan for energy storage. Complex
oligosaccharides, involving different saccharide monomers are used for the cell recognition event.
Some saccharides, such as ribose, are very important for the storage of genetic information whilst
aminoglycosides, amino-modified sugars, play are potent antimicrobials and are used in bacterial

t.!1° The natural diversity of the constituents, the variability of the glycosidic

infection treatmen
bond and the possibility of conjunction with other molecules, involve the glycans in several
physiological events inside the body. Furthermore, they are involved in the adhesion of
microorganisms to host cells, tumour growth and metastasis. Therefore, the effective and efficient
detection of glycans, their derivatives and the recognition of abnormal concentrations play an
important role in the diagnosis of disease and subsequent treatment management. Specifically,
saccharides and their glycoconjugates regulate tumour proliferation and invasion since certain
structures are overexpressed on the surface of pathogens and malignant cells. They can therefore

be used as biomarkers for a wide range of diseases and their early detection. * ! 12

Since the monosaccharides are the precursor for the formation of glycans, the research on simple
monosaccharide identification systems has progressed in recent years. The spatial and chemical
complexities of saccharides represent a challenge for the development of efficient sensors with
high selectivity. The recognition of individual saccharides is challenging in a biological and
physiological environment, where solvent, temperature and pH can affect sensor performance.

Glucose is the most abundant carbohydrate in the blood, with concentrations in the range of 3.5-
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5.5 mM. Other simple sugars such as D-Fructose, which is found at a concentration lower than 0.1
mM, are markedly less abundant, making detection difficult.!*> '* Consequently molecular sensors
have been widely investigated to solve this challenge, achieving both qualitative and quantitative

detection of saccharides.

1.2 Molecular recognition

Molecular recognition techniques are usually based on specific interactions between two or more
molecules through noncovalent bonding such as hydrogen bonding, metal coordination,
hydrophobic forces, Van der Waals forces, n-m interaction, halogen bonding and electrostatic
and/or electromagnetic effects.!> However, covalent interactions have been found to provide strong
affinity and improved selectivity due to the functional group’s intrinsic preference towards a
specific analyte. According to the IUPAC definition, a chemical sensor is a device that transforms

chemical information into an analytically useful signal.!®

The chemical information may derive
from a change of physical property of the system following the interaction with analyte. Sensors
are comprised of two basic functional units: a receptor, and a transducer, sometimes divided by a
spacer, to obtain the desired response. Additionally, sensor molecules can be immobilised onto
planar surfaces for efficient sensor operation changes, such as faster response times and higher
sensitivity!” The receptor or recognition unit specifically and selectively interacts with the target
analyte. This interaction transforms the chemical information into a form of energy that can be
measured by the transducer and further converted into a useful analytical signal. Physical

measurements of absorbance refractive index, conductivity, temperature and mass change have

been employed as analytical signals.'
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Figure 1.4. Schematic illustration of chemical sensor components (receptor and transducer) and the
different types of signal transduction following the interaction with analyte: electrochemical (e), optical

(hv), mass (m) and calorimetric (7).

1.2.1 Sensor Performance Parameters

The performance of diagnostic sensors can be reported regarding certain parameters, making
performance easily comparable between different sensors. Limit of detection (LOD) is defined as
the lowest detectable concentration of an analyte whilst limit of quantification (LOQ) refers to this
concentration at an acceptable uncertainty. This concentration must produce a detectable signal,
which can be distinguished from the blank or the background signal. Selectivity and LOD define
capability and limitations, and thus the potential application of sensors. The sensitivity S is defined

as the slope of the calibration curve of analytical signal X versus concentration C.'8
S =—= — Equation 1-1

The higher the sensitivity, the lower the LOD. LOD and LOQ can be expressed as a function of S,

and o, the standard deviation of a set of blank signals in several measurements without an analyte.

30

LOD = —~ Equation 1-2
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LOQ = &% Equation 1-3

The selectivity of a sensor is its capacity to respond preferentially to the analyte of interest i.e.,
preferential detection of a saccharide over other species within a sample. However as mentioned
previously, the high structural similarity between saccharides poses a major challenge to their
selective detection. Usually, the affinity- based sensors are not operative for the whole range of
concentration from moles to single molecules. In the case of reversible binding, the response of
the sensor increases with target concentration until the sensor receptor sites become saturated,

reaching the highest limit where a plateau in signal occurs.

In a generic recognition process, the interaction occurs between the analyte (A) and the receptor

(R) to give the complex P.

A+RSP Equation 1-4

The kinetics of complex formation is expressed by the rate constant k; and the dissociation of the
complex by rate constant k. The equilibrium dissociation constant Kp can be characterized by a
ratio between these constant ki and the dissociation constant of the complex ko, as represented in

the equation 1.5.

Kp - o= Equation 1-5

Kbp represents the affinity of the recognition receptor for the analyte, and it can be represented in
terms of the concentration of analyte in the sample. The affinity of a sensor reflects its sensitivity

and selectivity towards a specific analyte. To determine the stability constants, different analytical
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approaches are used, such as graphic method, ratiometric or calorimetric measurements, or some

other specific approach depending on the sensor’s mechanism of action.!®> 2

Chemical sensors are commonly classified according to the principle which the transducer operates
such as electrochemical, mass sensitive devices, thermometric devices or paramagnetic devices.
Optical sensors are based on optical phenomena resulting from interaction of the analyte with a
reporter. They are classified depending on optical properties such as particle size-dependent light
scattering, optothermal effect by measurement of thermal effects, or reflectance such as

luminescence and fluorescence.

The binding affinity of specific analytes to some compounds commonly used as receptors in
molecular recognition are widely known and reported in the literature. In the case of sugars, one
of the more interesting compounds for molecular recognition are boronic acids (BA) derivatives,

due to the boric acid abilities to form a complex with diols with a hydroxyl group.?!">

1.3  Boronic acids

Boronic acids belong to the family of organoboron compounds which contain one C-B bond
(Figure 1.5). They include a tricoordinate boron atom with two hydroxyl groups and an organic
substituent. Boronic acid and boranes possess more organic substituents compared to boric acid,

which has a fully oxygenated boron centre with three hydroxyl groups.
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Figure 1.5. Organoboron compounds containing C-B bond. Boronic acid is highlighted.

Boron as an element is notably more electropositive compared to carbon and hydrogen therefore
the boron centre is left electron deficient in the formation of covalent bonds. Boronic acid shows
a trigonal planar geometry with a central boron atom hybridized sp® and an R-B-R bond angle of
120°. Due to only six valence electrons and a resulting deficiency of two electrons, the
tricoordinate boron atom keeps a vacant p orbital perpendicular to the plane of the molecule

(Figure 1.6).%

90 ( Q\\\\OH
U\OH
V/

Empty p orbital

Figure 1.6. Boronic acid structure with the representation of empty p orbital perpendicular to the plane

of the molecule.

The presence of this vacant p orbital explains Lewis’ acid behaviour and their ability to react with

electron-rich species, forming species (adducts) by reaction with Lewis’ base, that have lone-pair
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electrons available to donate. The interaction with water involves a dynamic equilibrium in which
the boronic acid hybridisation is converted to a tetrahedral sp® boronate, with the release of a
hydronium ion (H").

OH OH

s Sl
R_B\ + 21120 —~ R_B/OH + H30®
OH

Figure 1.7. Formation of borate anion and hydronium ion by ionization of boronic acid with water.

When boronic acids possess strong electron-withdrawing substituents that can stabilise the
resulting boronate anion, the acidity of the boronic acid increases. Conversely, sterically hindered

groups, such as ortho substituents, decrease the Lewis acidity.?*2

1.4 The importance of boronic acid

Due to its high stability and easy handling, boronic acid have been widely employed as a building
block for a diverse range of chemical syntheses, acting both as a catalyst and reagent. In addition,
due to its generally low toxicity and its solubility in water, boronic acid has been used as a
biochemical tool for various purposes including signal pathway interference,?’ enzyme inhibition®®
and as a cell delivery system.?® The Lewis acidic nature of boron has also led to the development
of anion receptors and sensors.>* Thanks to its strong interaction with diols, boronic acid moieties
are widely used as receptors in sensing amino acids, a-hydroxyl acids and alcohols, as well as
cyanide and fluoride. They play a crucial role in carbohydrate chemistry and glycobiology, mainly
in analysis, separation, protection, and activation. The most used is the complexation with diols,
allowing for application in glycan analysis, and recognition of cell-surface carbohydrate

biomarkers and glycoproteins.?® 31-33
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Figure 1.8. Diverse usage and application of boronic acid. Image adapted from reference [32].

Due to the similar behaviour of lectins, carbohydrate-binding proteins, boronic acid-based sensors
are defined as boronolectins.>* Compared to lectins, boronic acid is smaller and can be
incorporated easily into a wide range of chemical synthesis, and into nanoscale detection systems.
Additionally, due to the simpler structure, the boronic acid groups can provide a more specific and
suitable chemical group to facilitate the synthesis of sensor platforms. The incorporation of boronic
acid onto solid planar surfaces or nanoparticles allows the production of sensors with amplified
binding signal and increased sensitivity.** Synthetic chemo sensors, and boronic acid-based sensor

are considered a valuable choice for saccharide binding.

1.4.1 Interaction with diols

The ability of boronic acids to form complexes in solution with hydroxyl groups in favourable 1,2
and 1,3 configurations has been known since 1900.® Moreover, the method has been employed
for the determination of the structure of pyranose and furanose forms of glucose.?” In 1959, Lorand

and Edward gave the first quantitative examination into the interaction of boronic acids and polyols
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in water.’® They conducted a series of experiments between phenylboronic acids and a range of
polyols. The pH was adjusted to have an equal equilibrium of phenylboronic acid in its neutral and
anionic form, which is referred to as the pKa. By examining the equilibrium between the trivalent
neutral form and the anionic tetrahedral species of the boron, they confirmed the ability of boronic
acid to act as Lewis’ acid and its tetrahedral coordination upon interaction with a basic molecule.
A boronic ester forms by the interaction of boronic acid sp? with a Lewis base, forming a covalent
bond with tetrahedral sp> geometry. Boronic acids can exist in two different hybrid forms sp? (A)
or sp>, of which the tetrahedral hybridization more preferably forms an ester (B), as shown in the
Figure 1.9. The equilibrium constant of esterification Ka acid depends on the pKa of both an acid,
a diol, and on structural factors. Keg-1ig represents the equilibrium constant between A and diol to
form the species D. Keq-rer refers to the second equilibrium, which involves the process between
sp® hybridized borate anions B to borate ester anions C (Figure 1.9). As Wang et al. showed, Ke,-
rer can be measured by the pH drop method while the third general combination constant Keg-rrig

can be measured by spectroscopy.>®: 4
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Figure 1.9. Transformation of boronic acid to boronic ester. Image adapted from reference [39].

The process of formation of a cyclic boronic ester from a boronic acid anion is faster than that of
a neutral boronic acid. The equilibrium constants demonstrated that the formation of a complex
with monosaccharide is more favourable at high pH where the boronate ions predominate. The
favourable binding at high pH was attributed to release of angle stain upon formation of

hydroxyboronate complexes of 1,2-diols. This results from rehybridization of boron from sp? to

Sp3. 38,39,41,42

Therefore, greater electronegativity of substituents promotes higher stability of the transition state
and the product. The substituent has the effect of delocalising the negative charge on boron in the
reaction, increasing acidity of boronic acid, stabilizing transition state and anionic product thereby
increasing the stability constant. The optimal binding depends on the pKa of the boronic acid and
diol, as well as pH.* For the application of boronic acid in saccharide detection, the formation of

the saccharide complex is important that occurs efficiently at physiological pH (7.4). To enable
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this formation at desired pH, the pKa of the boronic acid should be < 7. However, most of the
phenylboronic acid (PBA) are weak acids with a pKa of 8.8, meaning that a basic environment is
required to form complexes. Consequently, strategies exploiting boronic acid derivates with lower
acidity are essential. Different types of boronic acid can be employed to reach low binding pH, as

summarized in the Table 1.1.

Table 1.1. Types of boronic acids derivative, providing low binding pH.

IIO\ /()H

a Electron withdrawing groups © 7.0
(Fi\\()
HO, OH
Intramolecular B-N coordination R
b “Wulff- type” 5.5
Intramolecular B-O coordination OH
c “improved Wulff-type” Cﬂ;() 5.0
L (i)H
d Heterocyclic groups O/ Bon 4.5
=

The electron density of the phenyl ring, and thus of the boron atom, can be changed by the
introduction of acidic substituents. Nitro, sulfonyl, fluoro, and carbonyl as substituents can
increase the acidity of boronic acids due to their strong withdrawing inductive effect (Table 1.1a).

In the case of an ortho position, the properties of boronic acid are influenced by inductive and
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coupling effects due to steric effect between the interaction with diols. Wulff-type boronic acid
(Table 1.1b) involves intramolecular tetracoordinate B-N or B-O bonds which promote the
formation of tetragonal boronate anion (sp*).** The stability of this state remains under neutral or
basic conditions, facilitating boronate esterification with cis diols. The existence of a dative
nitrogen-boron was studied for the first time in 1862, with the discovery of a complex between
ammonia and trimethyl borane.*> * Wulff has demonstrated how the incorporation of an amine
adjacent to the boronic acid brings a tetrahedral sp* boron at neutral or weak basic pH.*’ It has
been observed that the boron- nitrogen interaction decreases the pKa of the boronic acid from 9 to
5, while the pKa of a tertiary ammonium increases from 9 to 12. Furthermore, with the formation
of boronate ester, the Lewis acidity of the boron increases, making the boron-nitrogen interaction
stronger. Moreover, the substituents of both nitrogen and boron affect the strength of the N-B
bond. Electron withdrawing groups increase the Lewis acidity of the boron atom, while electron-
donating groups increase the basicity of nitrogen. Improved Wulff-type boronic acids (Table 1.1¢),
known as benzoboroxoles, involve an intramolecular tricoordinate bond. In comparison with
“Wulff-type PBA”, they show a similar pKa but an improved water solubility.** *® Finally, the

presence of the heteroatom in the ring results in a low binding pH in the heterocyclic boronic acids

(d).49

The reversible covalent interaction between boronic acids and cis 1,2 or 1,3 diols has been proven
to enable their detection in the range of mM or sub-mM. The binding affinity of PBA usually
follows the order fructose> galactose> mannose and glucose.>® The higher selectivity for fructose
is due to its high abundance in solution in the form of a syn-periplanar pair of hydroxyl groups
available for boronic acid-binding. Moreover, solvent type, pH and the temperature of the medium

influence the configuration composition.’!: > The single boronic acid prefers to bind with the five-
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membered furanose to decrease the ring tension in the boronic ester generated. The binding
constant of phenylboronic acid with fructose is 4370 M-, that exists in the reactive furanose only
as 25 % of dissolved fructose. The glucofuranose form is present only as 0.14 % and the resulting
binding for glucose is 110 M3} Table 1.2 reports proportions of the most abundant and reactive
species of monosaccharides dissolved in water and the corresponding binding constant between
monosaccharides and PBA. To enhance the saccharides’ affinity, multi-boronic acid-based sensors

have been developed to promote the multivalency of binding sites.>*¢

Table 1.2. The proportions of the most abundant and reactive species of monosaccharides dissolved in

water and the corresponding binding constant between monosaccharides and PBA.”

Saccharide Configuration Binding constants (K)
Fructose on 4370 M1
OH OH
—0 ¢}
HO
OH HO
OH OH
OH OH
B-D-Fructopyranose 61 % B-D-Fructofuranose 25 %
Galactose 276 M'!
H
HO 0 HO O
o HO OH -
HO OH
OH OH
B-D-Galactopyranose 64 % o-D-Galactofuranose 2.5 %
Mannose OH 172 M!
OH
o HOHO o
HO OHHO,
HO
OH
o -D-Mannopyranose 65.5 % p-D-Mannofuranose 0.3 %
Glucose 110 M-!
OH
HO go 0
o OH
HO OH OH
HO OH OH
B-D-Glucopyranose 65 % o -D-Glucofuranose 0.14 %
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Boronic acids act as receptors, but a transducer mechanism such as fluorescence is also required

to fabricate a molecular sensor.

1.5 Fluorescence technique

Compared to other transduction methods, optical sensing, and particularly fluorescence-based
methods, are one of the most employed mechanisms. This is due to the main advantages of quick
response time, low cost and local observation capabilities. Fluorescent sensors, chemosensors or
fluorescent probes report the presence of a selective target or a mixture of species by modulation
of their fluorescence properties. Fluorescence-based sensing presents several applications in
analytical chemistry, clinical biochemistry, medicine, and the environment, due to the wide range
of detectable species: cations, anions, neutral molecules and gases.’’° Fluorescence is a form of
luminescence that involves the emission of light by a molecule or material (fluorophore) after
electronic excitation by light irradiation. By absorbing light, a fluorophore is excited from the
lowest vibration level in its ground state (So) to higher excited state (Si or S») (Figure 1.10).
Fluorescence emission has a lower energy compared to that absorbed due to a non-radiative decay
process that can occur between return in the ground state. Internal conversion that is the rapid
transition to a lower state, solvent effect, excited-state reactions, complex formation, and energy
transfer are process that can cause an energy lost. The Jablonski diagram below shows electronic
levels and the possible transitions between singlet states (Figure 1.10). These processes are
responsible for dissipating a smaller or bigger portion of the excitation energy, resulting in a

spectral shift between the absorbed radiation and the emitted.
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Figure 1.10. Jablonski diagram. Image adapted from reference [60].

Fluorescent-based sensing employed in molecular recognition involves the main component as
described in section 1.2, and a signalling unit, such as fluorophore. The receptor unit can be part
of the m-system of the fluorophore, allowing interaction with an analyte. Otherwise, it can be
covalently linked with the fluorophores, acting as a signalling unit whilst being electronically
independent. In this case, the receptor molecules are synthesized and then attached to a fluorophore
acting as a sensitive probe. The two units are directly connected through a chemical bond or a
linker and/or a spacer. This allows the modulation of photophysical properties of the fluorophore
in response to target recognition, acting as a communication mechanism whilst helping to control
the space orientation of units of the system. Fluorescence wavelength and lifetime have been used
as measurable outputs however intensity is the most common detectable response used for direct
target recognition, due to the simplicity in instrumentation and measurements, and the highest

absolute sensitivity.®!
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In fluorescence intensity measurements, the proper selection of excitation and emission

wavelengths is important. A shift to longer wavelengths in the fluorescence spectrum compared to

the absorption spectrum is defined as the Stokes shift. It is commonly expressed as the difference

between the two maxima. Since usually the fluorescence spectrum matches the absorption

spectrum, the absorption maxima are selected as excitation wavelengths. To avoid complication

due to light scattering, excitation and emission wavelengths should be separated with a resulting

larger Stokes shift. Some artefacts can be affected by the fluorescence spectrum and need to be

distinguished. The Raman scattering bands, common in any solvent, overlap the fluorescence

spectrum and can be recognized by a shift, changing the excitation wavelength (Figure 1.11). This

may produce complications if the fluorescence intensity of the dye selected is very low.

Absorbance

A

Absorption

Stokes shift
+—>
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Light
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Figure 1.11. Typical absorption and fluorescence emission spectra. Representation of Stokes shift and

some artefacts as light and Raman scattering.
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Signalling unit

Organic dyes are widely used as signalling units due to their high availability, low price, and
versatility. The main properties of fluorescent dyes are high molar absorbance and quantum yield
(®),%? which represents the ratio of the number of photons emitted as fluorescence to the number
of all absorbed photons. Quantum yield is commonly measured using the relative®® or absolute
method.®* In the relative quantum yield method, ® of the sample of interest is calculated by
comparing its photoluminescence emission with a standard with known quantum yield.
Conversely, the absolute method does not need any reference, instead employing an integrating
sphere to capture all light emitted by the sample. Quantum yield is determined by comparing the
number of emitted photons and the absorbed ones. The optimal excitation is important to achieve
the highest brightness and emission wavelength, and thus to gain the best sensitivity. A large
Stokes shift reduces the effects of light scattering and could be useful in homo-FRET, that is
excitation energy transfer between the same dye molecules. The high photostability of dyes means
less degradation after a number of excitation-emission cycles. Solubility, and reactivity in the
system should also be considered as factors in designing the sensor. The presence of some groups
in the structure can cause fluorescence intensity variation, for example, the presence of heavy
atoms as substituents (internal heavy atom effect) that decrease the fluorescence of the dye due to
an intersystem crossing process.%’ This effect is minor when the fluorescence quantum yield is
large and, the de-excitation by fluorescence emission dominates. Overall, electron-donating
groups promote an increase of molar absorption coefficient and a shift in absorption and
fluorescence spectra. Fluorescence sensing is based on the change of one or more fluorescence
characteristics of a fluorophore upon interaction with an analyte through different fluorescence

signal transduction mechanism.
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1.5.1 Fluorescence signal transduction mechanism

The changes of fluorescence characteristic can result from an alteration of the ground state of the
fluorophore or by an excited state process by an analyte such as electron transfer, charge transfer,
energy transfer and excimer or exciplex formation or disappearance. Similar to the collision with
heavy atoms or with paramagnetic species, all these reactions involve a one-step deactivation of
the excited state, called quenching, meaning a decrease of fluorescence intensity. It occurs by a
decrease of population in the excited state or by a decrease in the fluorescence quantum yield.
There are different ways in which intermolecular process involving the excited state of sample
(M*) and the quencher (Q) compete with the typical de-excitation to the ground state (M). The
probability of interaction rises at higher concentrations of Q. When Q is not at large excess and
there is not possibility of interaction between M" and Q during the excited state lifetime, quenching
cannot occur. In this case, quenching only occurs if there is a significant interaction at longer
distances, such as long-range non-radiative energy transfer. The formation of an excimer (excited
dimer), self-quenching with formation of product MM", is caused by an equal concentration
between Q and M. The characteristic emission band arising from excimer/exciplex formation can

be employed in sensing applications.®' 6% ¢

1.5.1.1  Excimer/exciplex formation or disappearance
Dyes can be involved in their excited state in a collision between an identical unexcited molecule
or with another unexcited molecule (electron acceptor or donor), forming excimers or exciplexes
respectively. The result is a broad fluorescence band shifted to a lower energy compared to the
characteristic fluorophore emission. The concentration of the species, temperature, viscosity, and
solvent properties influence the formation of excimers and exciplex. Usually, the fluorescence

emission band of an excimer is located at wavelengths higher than that of the monomer. Molecules
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such as pyrene, anthracene, and fluorene, owing a high electron density and planar structures, are

more susceptible to intermolecular assembling and, thus to excimer/exciplex formation as well.

1.5.1.2  Photoinduced electron transfer (PET)
PET involves the promotion of electron transfer from a donor (D) to an acceptor (A) molecule.
The molecule that absorbs light is in the excited state. The singlet or triplet state represents the
fluorophore whereas the other molecule involved is referred to as the quencher. The process
requires a wavefunction overlap between the donor and the acceptor, which is only possible at
short distances, typically 10 A. Sensors based on PET are in the format of fluorophores-spacer-
receptor (Figure 1.12). The linker or spacer has the function to connect the fluorophore with the
receptor, which has a non-bonding electron pair, isolating the terminal functional units of the

sensor.®7-¢
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Figure 1.12. Schematic PET mechanism between fluorophore and receptor.

In the absence of analyte, after the excitation of the fluorophores an intramolecular electron

transfer occurs between the highest occupied molecular orbital (HOMO) of the receptor and
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excited fluorophore. This results in the quenching of the probe fluorescence (Figure 1.12left).
When analyte is bound, the energy of the HOMO of the receptor becomes lower than that of the
fluorophore. In this way, the PET process can occur, restoring fluorescence (Figure 1.12right). The
direction of electron transfer is determined by the oxidation and reduction potential of the ground
and excited state. Indeed, the process can be predicted using the Rehm Weller equation if the redox

potentials of fluorophore and quencher are known.”

AG = E(D*/D) — E(A* /A7) — AGyg — & Equation 1-6

Where E(D* /D) and E( A* /A7) refers to the oxidation and reduction process:
Ap+e = Ap Equation 1-7

Df+e - Dp Equation 1-8

AGoo is the energy of the transition of the fluorophore (So = S1), which can be either of donor or
acceptor. The last term of the equation is the columbic attraction energy (e) between ion pairs
following the electron transfer reaction, the dielectric constant of the solvent (¢) and the distance

between the charges (d).

1.5.1.3  Intramolecular Charge transfer (ICT)
Intramolecular charge transfer is observed when organic dyes contain both an electron-donating
group (often a dialkylamino group) and an electron withdrawing group, that acts as an acceptor. If
these groups are located on opposite sides of the molecule, charge transfer from the donor to the
acceptor occurs. This results in the establishment of a strong dipole which depends on the

microenvironment of the fluorophore, such as solvent polarity. The guest interaction with the
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receptor linked to the fluorophore alters the strength of the dipole, resulting in intensity changes

and a spectral shift. (Figure 1.13),.5!
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Figure 1.13. Schematic representation of ICT mechanism, with consequent red (a) or blue (b) shift in the

emission spectra.

The change in the medium system causes the formation of a locally excited state (LE) which can
be the precursor of ICT. Commonly, there is only a simple decay in low polar solvents, or a direct
excitation to CT at high temperature or medium polarity. The ICT emission can be accomplished
by changing the planarity between electron-donor and acceptor fragments, determining twisted
intramolecular charge transfer (TICT) state (Figure 1.14). It produces the maximum charge

separation between the groups and is stabilized by solvent environments.’!> 7>

TICT
EAm ] . i 57y " M

Figure 1.14. Representation of twisted intramolecular charge transfer (TICT) state.
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PET is the most general photophysical mechanism employed due to its ease of use. Despite ICT
probes displaying clear fluorescence band shifts in the binding processes, the presence of suitable
electron and acceptor groups is required to establish a high dipole moment. Moreover, fluorescence

properties are subjected to quenching in highly polar media.”> 74

1.5.1.4  Fluorescence resonance transfer (FRET)
FRET is a distance-dependent photophysical process, collision-free, described by Forster in the
1940s. Comparing to the previous mechanism, FRET involves transferring energy from an excited
donor (D) to a suitable acceptor (A), through long-range dipole-dipole. The overlap between the
emission spectrum of the donor and the excitation spectrum of the acceptor is required for a
suitable energy coupling between the two compounds. The proximity of donor and acceptor, within
a distance from 10 to 100 A and appropriate relative orientation of the dipole vectors promote the
efficiency of the process. The Jablonski Diagram shows the excitation of the donor and its
consequent relaxation (Figure 1.15). FRET ensues with energy transfer to the acceptor, with
consequent emission of photons.””’® The binding event produces a conformational change or
relative orientation of the paired motif, allowing detection through resulting fluorescence

modulation.
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Figure 1.15. Schematic representation of FRET mechanism. Image reproduced from reference [76].

The rate of energy transfer (kr) is given by:

Ro

kr(r) = % (=° Equation 1-9

T

tp is the donor lifetime in the absence of acceptor, r is the distance between the two centres of
donor and acceptor. Ro is called Forster distance and describes the distance at which FRET is 50
% efficient. The rate of energy transfer depends also on the relative orientation of the donor and
acceptor dipoles, defined by the orientation factor k?, and on the sixth exponentiation of the
distance, existing between them. The transfer efficiency (E) can be calculated from the lifetimes
or using the relative fluorescence intensity of the donor when the donor is present (Fpa) or absent

(Fp).

45



E=1- 4 Equation 1-10

E=1- 124 Equation 1-11

D
FRET “antenna” and surplus effect

The efficiency of FRET can be amplified without a real change in molecular distance but by
increasing the probability of FRET occurring through a multi-acceptors system. FRET “antenna”
and surplus effect are two approaches proposed to explain the mechanism (Figure 1.16). The first
is called “antenna” because it increases the sensitivity of the response. The multiple acceptors can
be considered as a new virtual acceptor that allows a higher transfer rate, increasing the probability
that an excited donor finds an acceptor partner before de-excitation. This leads to a rise in rate and
efficiency of transfer. In contrast with the theoretical kinetic model, measured FRET efficiencies
for the single pairs do not add and the sum will not be equal to the measured FRET efficiency of
both acceptors.’® " FRET surplus has been described by Koushik et al., who observed an exceeded
compressive FRET transfer rate in a multi-acceptor system.®’ In their experiments, FRET can be
explained by the statistical nature of the distribution of dipole orientation for two competing FRET
reactions. The sum of both rates represents an equal chance for each acceptor to establish FRET
upon each excitation donor event. The average relative dipole orientation factor «? for a single
donor-to-acceptor FRET transition is assumed to be 2/3. In the presence of multiple acceptors, the
acceptor with the most favourable relative dipole orientation to the donor will determine the
probability to select it for energy transfer. This selection brings to an increase of the relative dipole
orientation, more than 2/3 for a single pair, causing an additional increase in the FRET rate. They
also observed that the probability that an individual donor interacts with an acceptor does not

increase with an increasing number of donor dyes. The part of donor molecules that lose the
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absorbed energy through FRET does not change and the transfer efficiency remains the same.
There are no present disadvantages to having multiple donors because donor excitation is faster

and two excited donors do not compete for the same acceptor.
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Figure 1.16. FRET “antenna” (a) and surplus effect (b) with multiple acceptors per donor. Image

adapted from reference [79].

Solid support

The performance of molecular sensors, including sensitivity, faster response or signal intensity
brightness of fluorescence-based systems can be improved by their attachment to flat or porous
surfaces, or by the incorporation onto polymeric and silica nanoparticles (NP). Macromolecules,
NP, and supramolecular structures can be used as passive support surfaces so that individual
sensors cannot freely diffuse in solution and mix with other sensors. Surface immobilization
therefore ensures the communication between the components of the fluorescent system by their
spatial closeness but can allow spatial separation of sensors with different targets, enabling

multiplexed sensing.®!
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1.6  Solid substrates

The immobilization of fluorescence systems on solid surfaces offers advantages in terms of
reversibility and reproducibility.®*** Among the different types of solid supports available for the
attachment of fluorescent systems, silicon-based surfaces are widely used due to their high

chemical and thermal stability, as well as their relative inertia to their surrounding environment.®>

87

Silicon or silicon oxide (Si/Si0.) substrates are commonly used as solid supports for fluorescence
systems due to their transparent and photophysical inert properties. Moreover, the high stability,
reusability and ease of fabrication have seen the employment of self-assembled monolayers (SAM)
of fluorophores to obtain thin-film sensors. Thus, silicon surfaces are ideal substrates to generate
fluorescent films. They can form stable, ordered monolayers with reactive terminal groups which
can be later modified with selected fluorophores. Due to recent developments in nanoparticle
technology, silica-based NP are often used due to their excellent stability, recyclability,
biocompatibility, and low toxicity. They are characterized by good optical permeability and
stability without influencing the photophysical properties of the fluorophore.® 8¢ 8 Dye doped
silica NP allow an enhancement of fluorescence signal, increased sensitivity, prolonged detection

time and better reproducibility.3%!

1.6.1 Self-assembled monolayers (SAMs)

SAMs result from a spontaneous molecular organization on different surfaces such as metal, glass,
or silica. They allow the formation of film sensors with high stability, high ordering, and high

surface diversity. SAMs can be formed from a variety of active self-molecules on different
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surfaces. One of the most common systems used is alkyl silanes on SiO, which allow the

generation of a chemically and physically stable, covalently attached film.%>**

SAMs are composed of an end group (or head), that bind to the surface, a backbone (or spacer)

responsible for the molecular ordering and a terminal group (Figure 1.17).

Terminal groups

Backbone

End groups

Surface

Figure 1.17. Scheme representing a component of SAM: terminal group, backbone, and end group.

The terminal functional group defines the properties of the surface, and it can be established by
deposition of self-assembling molecules with a modified end group or by chemical transformation
of the terminal group to further SAM formation. Furthermore, an alkyl chain® or an aromatic
ring®® is usually used as a spacer which has a role in the packing/ ordering of the molecules on the

surface.

The head groups provide the site of reaction with a strong affinity to a particular substrate. They
consist of a silicon atom tetrahedrally bound first with three similar functional groups, and then to
a functional group. The most commonly used due to their high reactivity are trichlorosilane (-
SiCls), trimethoxysilane (-Si (OCH3)3) or triethoxysilane (-Si(OCH2CHj3)3.>* Upon contact with an
activated surface, the silane is subjected to hydrolysis to produce silanol, needed for inorganic

surface coupling. The first reaction is the condensation or silane coupling in which the silane
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network interacts with the inorganic substrate through hydrogen bonding. Water is produced

during the formation of the covalent link and needs to be removed by heat or vacuum to promote

the condensation and a stable siloxane linkage (Figure 1.18). A monolayer form when each silane

is coupled directly to the substrate via a siloxane bond. The silane coupling agent with specific

functional and reactive groups can be used to promote the link between inorganic substrates and
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Figure 1.18. The reactions involved with the coupling of an organo silane compound to an inorganic

surface containing available OH (silanization reaction).
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SAM deposition

The formation of SAMs involves the chemical adsorption of self-assembling molecules onto the
surface and their further organization through intermolecular interactions. When the molecules
have reacted with all accessible reactive groups on the surface, the SAM formation stops. The
length of the self-assembling molecule and the angle relative to the surface determine the thickness

of a closely packed and ordered SAM.

The deposition of an organo-silane SAM with functional or reactive groups such as hydroxyl,
amino, aldehyde, epoxy, thiol, carboxylate, and alkyl groups are used to directly functionalize the
surface with such selected groups. This allows further reactions such as click chemistry, Diels
Alder reaction and nucleophilic substitution, and the conjugation of biomolecules to inorganic
substrates to be performed. Amino functionalized surfaces are widely used, enabling the
immobilization of different kinds of molecules, such as enzymes or antibodies, fluorescence

molecules or organic dyes.”!°!

3-Aminopropyl trimethoxysilane (APTMS) and (3-aminopropyl) trimethoxysilane (APTES) are
the most popular, inexpensive, and commercially available reagents used for amine surface
treatment (Figure 1.19). APTMS is the most reactive, and the reaction can be conducted in a non-
aqueous system, avoiding hydrolysis and polycondensation reactions. Indeed, a large amount of

water brings excessive polymerization and the formation of a multilayer film.

51



\O <)
oL/ \/O /
e N ~
/Sl\/\/NH2 O/Sl\/\/NHZ
APTMS APTES

Figure 1.19. Structures of (3-aminopropyl) trimethoxysilane (APTMS) and (3-aminopropyl)

triethoxysilane (APTES).

Due to the tendency of uncontrolled polymerisation of amino alkoxysilane in solution, it is not
easy to have a sufficiently high content of primary amines on the surface and reach a homogeneous
amine modification.!®? Water content, type of surfactant, concentration of the solution, temperature
and choice of solvent are all parameters that influence the quality of SAMs and could hinder the
formation of a well-defined monolayer. 9319 The effect of concentration has been investigated by
Ito et al., who observed an incomplete monolayer formation with a low concentration of silane,
whereas a more concentrated solution brings less ordered films.!”” Chen and Smith compared
commercially available short and long-chained amino alkoxysilane. They detected a loss of the
amine functionality on silica surfaces over time, due to its ability for coordination. The primary
amine in the propyl position tends to coordinate with silicon atoms intramolecularly, with further
cleavage by hydrolysis, or by the formation of a five-membered cyclical intermediate (Figure
1.20a). N-(6-aminohexyl) aminomethyltriethoxysilane derived surfaces were resistant to
hydrolysis and able to produce stable amine-functionalized silica surfaces thanks to the longer
chain length (Figure 1.20b). In this case, the intramolecular coordination with atoms is not
possible, thus the amine functionality on silica remains longer. '®® However, it has been observed
that long alkyl chain carbons produce less ordered films and make the surface less suitable for

sensor fabrication. '%
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Figure 1.20. Modification of SiO: surface with APTMS (a) compared to N-(6-aminohexyl)

aminomethyltriethoxysilane (b).

The deposition of SAMs can be conducted through liquid deposition by an intramolecular
interaction between the surface and the solution containing adsorbing molecular species. Whilst
this allows the reaction to occur, it requires a large amount of solvent and does not offer precise
control over SAM formation, affecting reproducibility and quality. Occasionally, it leads to
microstructural defects such as pinholes or aggregates at the surface which make the surfaces
difficult to characterize properly. Haller ef al. have proposed a vapour-phase alternative, showing
a well-defined APTMS-SAM with the use of a vapour 5 wt.% solution of APTES in toluene. This
technique involves the volatilization of silane coupling agents through an enclosed chamber under
heat or vacuum. The substrate is placed within the chamber in a way that allows the vapour phase

to access all the functionalisation area. This method is commonly employed with silane which is
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difficult to suspend in solution. To let the whole modification occur uniformly, the substrates are
placed in a rack within the chamber.!'% ''! This reduces the amount of organo silane needed and

allows more control of deposition conditions for better-quality SAM formation.!!?

1.6.1.1  Fluorescent film sensor

The sensors are prepared by immobilizing the fluorescent reporter subunits on solid surfaces. The
chemical monolayer assemblies of fluorophore on solid surfaces via SAM technique leads to the
high stability, high ordering, and high surface diversity (Figure 1.21). Moreover, the generated
thin film layer provides a fast response in detection on the analyte. The fluorescent film sensor
consists of a spacer, that needs to connect the other two typical building units, as fluorophore and
substrate. The efficiency of the system depends on the nature of the fluorophore and the choice of
substrate. Small organic dyes with high quantum yield are mostly chosen, due to their small
molecular size and ease of derivatization. Flat oxidised silicon surfaces are ideal substrates, due to
their easy and versatile functionalization by the formation of SAM. Moreover, SiO> glass
substrates are light transparent and photo-physically inert. The preparation of fluorescent film
sensors can be achieved in two approaches. The first involves the pre-functionalization of the
surface with functional terminals, used to attach the fluorophore. The second strategy consists of
the formation of SAMs of alkyl silanes on SiO., followed by the functionalization of the terminal
group to allow bonding with fluorophore derivatives. For both methods, the fluorophores are

located at the end of the functional films and exposed to the analyte.*3
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Figure 1.21. Schematic representation of the formation of fluorophore modified monolayer surface.

Image adapted from reference [88].

1.6.2 Nanoparticles

As mentioned previously, silica-based NP are often used due to their excellent stability,
recyclability, biocompatibility, and low toxicity. They consist of siloxane (-Si-O-Si-O) structures,
with high concentrations of silanol (Si-OH) groups on the surface, produced by Stober process or
microemulsion. Due to their biocompatibility, low toxicity, thermal stability, easy synthetic route,
large-scale synthetic availability and water stability, silica-based NP are promising substrates for
biological use. Modification makes the surfaces suitable platforms for biomedical imaging,
detection, therapeutic delivery, monitoring, and resection therapy. Surface modification methods
help to improve the colloidal stability of NP in biological systems, to reduce toxicity and
aggregation and to increase circulation time. The functionalization of the surface with groups such
as amines, carboxylates, epoxides, and thiols allow for further reactions. This enables NPs to act
as a scaffold for the grafting of desired ligands through conjugation chemistry, such as

carbodiimide, disulphide-coupling or succinyl ester hydrolysis chemistry.”% !

Si02 NPs can be synthesized directly to contain functional groups or by attachment of an additional

layer of linker molecules with functional groups once NP have been formed (post-coating). The
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modification of SiO2 NPs can be done similarly to flat SiO; substrates, employing the formation
of functional silane SAM. For example, the reaction between silica particles with 3-
aminopropylthoxysilane (APTES) leads to the coating of the surface with primary amino groups.
Usually, the reaction is catalysed by heat or with a partially aqueous system to provide the alkoxy

groups (Figure 1.22).%
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Figure 1.22. Functionalization of silica particles by reaction with APTES.
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1.6.2.1  Fluorescent silica particles

Fluorescent nanoprobes are developed by combining organic fluorescent probes into
nanoparticles. Due to the binding with more organic probes, the resulting NP enable multiple
analyte detection and provide a stronger fluorescence response compared to single organic
fluorophores. NP probes also have increased selectivity and better reproducibility. Dye molecules
can be incorporated by physical entrapment during synthesis or by covalent attachment. The
second strategy is preferred because it minimises dye leakage from the NP over time.!'!! Since
silica does not absorb visible light and it is possible to dye doping the silica matrix, SiO2NPs show
photophysical properties similar to the chromophores used to functionalize them. The use of
fluorescent NP in sensors, maximises the brightness and enhances the sensitivity, due to the higher
number and concentration of dyes incorporated. However, some of them have low brightness and
too many fluorophores densely packed can reduce fluorescence intensity due to self-quenching.!'"
13 This effect can be attributed to FRET, aggregation of fluorophores and inner filter effects.
Homo-FRET occurs when two of the same dyes are close to each other. Hertz et al. explained how

choosing fluorophores with large Stokes shift can help to overcome this problem, ! 14

Over the years, surface confined strategies have been employed in the design of novel boronic
acid-based sensing systems. Moreover, different structures, multi-receptor systems and combined
fluorescence signal transduction mechanisms have been exploited to improve the sensing

performance.

1.7 Boronic acid-based fluorescent sensing systems

Because of the binding capacity of boronic acids with diol-containing compounds, boronic acid-

based sensors have been widely investigated for saccharide detection. Furthermore, fluorescent
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techniques have been commonly used to design the sensing system. Several boronic acid-based
sensing systems have been developed with the purpose to improve the sensitivity, selectivity, and
fluorescence signal efficiency. Over the years, the strategies adopted to design the sensing system
have become more sophisticated, ranging from unimolecular sensors * to two or more component

sensing moieties,’>

or by incorporating boronic acid onto the surface of functionalized
nanomaterials or alternative materials. !> 16 Although examples of fluorescence boronic acid-
based sensors are widely reported and discussed, an overview of the system reported led to the
investigation into the key properties needed for an efficient fluorescence response. Additionally,
the advantages offered by a solid surface allow further improvement of the final performance.

The choice of the signalling unit and fluorescence mechanism boronic acid sensing system are two
key properties which are paramount to achieve the desire response. Anthracene, pyrene, and

naphthalene have been widely used as probes in fluorescent sensors due to their higher quantum

yields. ICT, PET, and FRET are the most common fluorescence mechanisms employed. > 7

ICT based sensors

In ICT-based fluorescent sensors, the boronic acid acts as an electron acceptor in the neutral form.
Upon the binding with saccharides, the boronic acid group changes to its anion form and stops
acting as an electron acceptor, bringing a noticeable emission band shift. The first fluorescent
sensor for saccharides was reported by Czarnik in 1992.""® The sensor involved a boronic acid
fragment directly connected to anthracene (Figure 1.23 left). Upon the binding with sugars, a
decrease of fluorescence emission by 30 % was observed. This change was attributed to the change
of hybridisation of boronic acid to the neutral sp? to the anionic sp> of boronate, which displayed
a smaller intensity of fluorescence emission. The system was tested at pH 7.4, as intermediate

value between the two pKa values, respectively 8.8 for 2-anthrylboronic acid and 5.9 for its
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complex with sugar. The addition of saccharide forms a boronic ester, increasing the acidity of
boronic species below the pH, which results in a decrease of observed fluorescence. The isomer
9-anthrylboronic acid was also examined, displaying a smaller change in fluorescence emission

which was attributed to unfavourable peri-interaction in 9-position. '8
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Figure 1.23. First fluorescence ICT sensors for saccharides: anthrylboronic acid(left) and isomer (right).

In 1995, the Shinkai group developed four sensors with a stilbene core, which promote the
fluorescence process due to a large conjugated m system of electrons, enabling ICT to occur. ¥
Four compounds were analysed, evaluating both electron donating groups as hydrogen (a),
methoxy (b), and amino (d)and withdrawing groups, as nitrile (¢)as shown in (Figure 1.24). A pH
increase brought a blue shift in the emission spectra and an increase in intensity in the presence of
sugars. It is attributed to the lack of electron-withdrawing properties of boron in its anionic form.
The fluorescence response was verified by increasing the pH and by addition of saccharide,
observing two different behaviours according to the different effects of electro-donating and
electron-withdrawing substituents. The emission spectra of b and d improved with the change from
neutral to anionic form of boronic acid by increasing the pH, due to the loss of electron-
withdrawing effect. The addition of saccharide brings a blue shift and an increase in intensity. In

contrast, a red shift and a decrease in the emission intensity was observed for ¢, upon binding with

sugar.
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Figure 1.24. First fluorescence ICT sensor with an evaluation of different groups attached.

For most boronic acid-based sensors, the formation of boronic ester upon binding with sugars is
slow at physiological pH. The addition of a suitable substituent promotes the phenylboronic acid
in the binding with diol species. The most efficient is the placement of the basic aminomethyl
group on ortho position, lowering the pKa of the proximal boronic acid due to its electron-
withdrawing nature and a field effect from the ammonium ion. The equilibrium has been shifted
to the charged boronate form, promoting a fast ligand exchange. It has been proposed that the
presence of a weak dative bond between boron atom and amine, and the modulation of N-B bond
strength can increase the fluorescence response upon saccharide binding. Bosh et al. developed an
aniline based sensor, employing ICT, as reported in Figure 1.25.!'7 Upon the addition of
saccharides, the B-N bond strength reduces to form the boronate species b, emitting at 362 nm
when excited at 274 nm. Different fluorescence properties of the two sensors are attributed to two
different states of the aniline fluorophore: locally excited (LE) and twisted internal charge transfer
(TICT). When the ion pair is coordinated with the boron and perpendicular to the m system the
species shows TICT state as species a. Oppositely, species b in which the nitrogen ion pair is free

to conjugate with the n-system, shows the band associates with LE state.*! 120
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Figure 1.25. ICT process occurring in aniline-based sensor. Change of fluorescence properties upon
saccharide binding, due to conversion from locally excited state LE (a) to twisted internal charge transfer

TICT (b).

PET based sensors

In 1994, Shinkai and co-workers showed the first example of (o-(aminomethyl) phenyl) boronic
acid saccharide sensor-based PET (Figure 1.26).!2! The emission of anthracene is supposed to be
quenched via PET mechanism by the nitrogen electron pair, not strongly coordinated to boron.
The binding with sugars strengthens the N-B Lewis interaction between the amine lone pair and
the boron with higher acidity. As a result, the quenching effect is reduced, and the fluorescence of
the probe is restored. The system is mainly selective for D-fructose (Ka= 1000 M) over D-

Glucose and other relevant saccharides.
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Figure 1.26. Boronic acid-based sensor involving the amino group, based PET mechanism proposed by
Shinkai and co-workers."”! Higher fluorescence upon saccharide detection, due to suppression of PET

process.

Furthermore, sensors involving a nitrogen lone pair in the PET process were developed, supporting
this theory. The actual role of the ortho-aminomethyl group has been widely analysed. The group
of Wang demonstrated, through density functional theory calculations, that the N-B bond strength
upon ester formation was not significant to produce a change in PET quenching. Alternatively, a
“pKa switch” or hydrolysis/solvolysis” theory was also proposed. The mechanism was proposed

involving a switch between B-N interaction to a solvent insertion followed diol binding.!?* 123

Recently, studies proposed disaggregation rather than PET as an explanation of fluorescence
response. Anslyn and co-workers observed that in 2:1 water/MeOH solution with NaCl which does
exists as a ground state aggregate, forming excimers upon irradiation. It was found that several
stimuli such as irradiation, sonication or fructose addition produce the same increase in
fluorescence emission and a decrease in excimer emission. It has been observed that in solvents in
which the sensor is completely soluble, such as MeOH solution, there was no aggregate-state
excimer, and the addition of fructose did not produce any fluorescence change. They concluded
that the fluorescence turn-on has been achieved mainly by solvation properties generated by the

saccharides. Moreover, the same fluorescence response in presence of fructose, has been observed
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to analogue of the sensor that does not contain a boronic acid, despite having no functional group
to bind sugars. The results support the theory of disaggregation as cause of fluorescence

modulation observed.'?*

Figure 1.27 summarizes the different theories previously proposed to explain the role of B-N in
fluorescence properties. Xiaolong Sun ef al. conducted several experiments with different probes
highly water-soluble, to remove disaggregation issues to create a unifying theory to explain the
emission turn-on of ortho-aminomethylphenylboronic acids. They demonstrated that the PET or
pKa switch mechanism was not supported because both boronic acid and boronate esters are
mainly solvent inserted. Thus, the switch proposed cannot occur. Moreover, it has been verified
that the sensors were not aggregated, in contrast with the theory of disaggregation. The emission
turn-on of the sensor upon saccharide binding has been justified with “a loose bolt effect” internal
conversion. They observed how in MeOH no fluorescence response upon fructose binding, due to
an exchange of the group —B(OH). to —B(OMe).. After excitation, the fluorophore acts as an
energy donor, while the —OH rotors of -B(OH), work as energy acceptors. The internal conversion
is suppressed with the replacement of hydroxyl groups with fructose or methyl groups from
methanol. The mechanism proposed represent a valid explanation of fluorescence response

observed ortho-aminomethylphenylboronic acid-based fluorescence sensors. 2
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Figure 1.27. Different proposed mechanisms t explain emission turn on (a) change in the strength of an
N—B bonding interaction upon sugar binding; (b) breaking of an N—B bond and insertion of Solvent upon

sugar Binding, and (c) aggregation and disaggregation with solvent insertion.

Alternative dye based fluorescent sensors

The use of polyarene molecules often requires the addition of an organic solvent as co-solvent due
to their lower solubility in water. To promote the application of boronic acid-based sensors in the
biological system, naphthylamide has been often used as a fluorophore due to its absorption and
emission in the visible region and its ease of modification (Figure 1.28a). Mori et al. synthesized
a phenylboronic acid derivative of 1,8-napthalimide linked by a flexible aliphatic chain with an

appended amino group.'?® Due to the low fluorescence enhancement observed upon addition of
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fructose (approx. 3-fold), later studies conducted by the group of Qian improved the structure of
sensor. They included a more rigid and bulky piperazine instead of aliphatic amine to strengthen
the interaction between boronic acid and amino group.!?’” The enhancement of 50-fold upon D-
fructose addition has been attributed to a PET process, which is possibly endorsed by TICT process

caused through piperazine structure. 28

Figure 1.28. Example of 1,8-napthalimide based sensor (a) and improved structure with piperazine ring

(b).
Di-/multi-boronic acid sensors for saccharides

The selective binding towards some sugars depends on structural characteristics. The system must
be modified to include more selective recognition elements to increase the affinity and selectivity
of glucose. The group of Shinkai reported one of the first systems which involved two
appropriately spaced boronic acids (Figure 1.29a). '* The spacing and the orientation of the two
boronic acids enabled the binding of two diols, and so enhancement of the fluorescence response

upon glucose binding, over other monosaccharides. Later, glucose sensors were developed,
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employing a longer spacer to link two fluorescence sensors and a different fluorophore which had
been demonstrated to affect the selectivity. Since the low fluorescence response observed in
b,'*%ue to the self-quenching effect by the same pyrene probe, asymmetrical diboronic acid (¢)

31 has been developed (Figure 1.29b and c).

HO
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(

Figure 1.29. Example of sensing system with more selective recognition boronic units to increase binding
affinity and selectivity to glucose (a). Improvement of the length of linker (b) and use of different

asymmetric probes (c).
FRET bases sensors

Using polyaryl systems, James et al prepared a FRET saccharide sensor with two different
fluorophores (Figure 1.30).!3? The system was based on phenanthrene as the donor and pyrene as
the acceptor separated by hexamethylene as linker. The emission wavelength of the donor at 369
nm and the excitation of pyrene (acceptor) at 342 nm, were suitable to achieve spectra overlap,
enabling FRET mechanism. The system conjugate with D-glucose was irradiated at the excitation

wavelength of the donor, observing the highest fluorescence response at 397 nm (3.9 times). The
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binding with D-glucose was observed to be stronger than that of other saccharides, serving as a

selective glucose sensor.
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Figure 1.30. FRET-based system developed by James and co-workers (left) Fluorescence spectral change

of sensor with different concentrations of D-glucose. Image adapted from reference [132].

Fluorescent sensor-based FRET requires suitable spatial positions of the boronic acids involved
and some strict requirements regarding emission and excitation properties of the sensor involved.
However, FRET can be used a method to enhance sensitivity and selectivity. Moreover, it has been

widely used in boronic acid sensors, further supporting its use in this work.

An example is reported by Chaicham et al.'*® They reported a FRET-based sensing system for
catecholamine detection. The system involved two different fluorescent sensors where a suitable
catecholamine act as a guest linker between boronic acid and aldehyde, inducing a FRET
mechanism (Figure 1.31). The ability of the sensor to differentiate structurally similar

catecholamines through a FRET on/off process was demonstrated.
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Figure 1.31. FRET based system for catecholamine detection. Image reproduced from reference [133].

1.8 Boronic acid-functionalized surfaces for saccharides sensing

In recent years, innovative systems have been developed by functionalization of BA in different

134

materials such as quantum dots,'** carbon nanotubes,'*> nanofibers,'*® or graphene oxide."*” Also,

139. 140 5r molecularly imprinted polymers'*! though BA

functional polymers,'*® hybrid nanogels,
modification is emerging as a strategy in sensing systems development. The incorporation of
boronic acid into the polymer matrix, or onto the nanoparticles or nano sensors’ surface enhances
the binding towards analytes, reducing the matrix interference since the recognition processes take
place in the solid-liquid interface. Moreover, it is possible to develop multivalent boronic acid, by
incorporating multiple sensors, enhancing the sensitivity towards analyte. The controllability of

the size and shape of nanoparticles /sensors and their inherent properties confer tailorable

characteristics to the final developed sensor system that can improve performance.

Recently, hydrogels have been widely used due to their high biocompatibility, flexibility and
mechanical properties that facilitate the incorporation of boronic acid moieties. Cai et al
synthesized a multifunctional hybrid nanogel with 3-acrylamidophenyl boronic acid
copolymerized with ethyl aminoethyl methacrylic (p(APBA-b-LAMA)) for high selectivity

glucose detection.!*? The improvements of hydrogel with PBA for smart glucose response delivery
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systems, enable their application in the treatments of diabetes. Alternative systems have been
developed by functionalization of BA in different materials such as quantum dots, carbon
nanotubes, nanofibers, or graphene oxide. For example, in 2010, Zhou and co-workers reported
phenylboronic acid-functionalised cadmium telluride (CdTe)/ zinc telluride (ZnTe)/ zinc sulfide
(ZnS) quantum dots (PBA-QDs) for selective detection of glucose (Figure 1.32) '*3 They observed
a fluorescence quenching of about 67 % upon the addition of 20 mM glucose, verifying the high

sensitivity towards it.
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Figure 1.32. Glucose induced assembly of PBA modified ODs. Image reproduced from reference [143].

Boronic acid-modified glass-surface was engaged to fabricate a covalent carbohydrate
microarray.'* The system was proved to be able to immobilize several carbohydrates of different

sizes, and thus employed to identify carbohydrate-protein interactions (Figure 1.33).
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Figure 1.33. Fabrication of carbohydrate microarray. Image reproduced from reference [144].

James et al developed a FRET-based sensing system for saccharides by using Avidin microspheres

as a substrate. '** They detected as the decreasing fluorescence intensity of a biotinylated boronic

ester in the presence of a quencher involving a diol. Once added, the fructose competes with the

quencher for the binding site, replacing it and allowing restoration of the fluorescence (Figure

1.34).
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Figure 1.34. Boronic acid-fluorophore conjugate, (a) FRET-based fructose sensing on a microsphere (b).

Image reproduced from reference [145].
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Different and innovative materials have been employed in the recent years, however the
development of self-assembled simple boronic acid-based sensors to confined to solid substrates
remains unexplored. The surface can be employed to enhance the sensitivity and efficiency of a
simple boronic acid-based sensor. Qian and co-workers improved the performance of their
previous designed 1-8 naphthene-based system (Figure 1.28b), through its incorporation onto the
surface of silica nanoparticles (Figure 1.35). 146 They observed that the length of the linker does
not significantly affect the spectral response, while a particle size of 100 nm, compared to smaller

sizes, showed a significant response toward fructose and sorbitol.
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Figure 1.35. Incorporation of multi sensor into silica nanoparticles surface. Image reproduced from

reference [146].

Due to the several advantages of chemical and thermal stability, biocompatibility, and
functionalisation versatility, silica-based surfaces represent a powerful support for the
development of advanced sensing systems Moreover, the transparent and photophysical inert
properties of silicon substrates promote the fluorescence signal of the sensor, making additional

fluorescent processes possible.
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An initial investigation of the structure, single units, and fluorescent mechanism involved will
allow the development of a high-sensitivity fluorescent boronic acid-based system. Incorporation
onto a surface will allow further adjustment of the system’s properties and improve the efficiency

of saccharide detection.

1.9 Summary

Because of the natural diversity of the constituents, the variability of the glycosidic bond, and the
ability of conjugate with other molecules, glycans are involved in several physiological events
inside the body. The effective and efficient detection of glycans, their derivatives, and the
recognition of abnormal concentrations can lead to the early diagnosis of diseases and the
development of treatments. Therefore, research into simple saccharide identification systems has
become pertinent in recent years. As previously mentioned, a molecular sensor is formed of a
receptor and a transducer. Since boronic acids can bind to polyhydroxy compounds, such as
saccharides, they are widely employed as receptor units in sensing applications. The presence of
specific groups, such as amino, its suitable position, and the structure of boronic acid derivatives,
can promote the interaction with diols in terms of selectivity and sensitivity. With boronic acid
acting as the receptor unit, a transducer mechanism is also required. Due to advantages such as
higher sensitivity, selectivity, response time, low cost, and local observation, fluorescence is the
most used traducer mechanism for modulating the signal upon saccharide binding. Different types
of signalling units and signal transduction (PET, ICT, or FRET) can be employed. Several boronic
acid-based sensing systems have been developed with the purpose to improve sensitivity,
selectivity, and fluorescence signal efficiency. The performance of the sensor has been
demonstrated to enable to increase in its attachment to a solid surface. The effect of the surface is

to reduce the matrix interference and bring close the system units strengthening their interaction
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and so the fluorescence mechanism involved. The strategies adopted to design the sensing system
range from unimolecular sensors to two or more component sensing moieties or incorporating
boronic acid onto the surface of functionalized nanomaterials or alternative materials. Although
different materials such as quantum dots, polymers, and hybrid nanogels have been functionalized
with BA, boronic acid-based sensors designed to be surface-confined have not been extensively

investigated in saccharides detection research.

1.10 Aims of this work

The aim of this work is to design fluorescence boronic acid sensing systems with the capability to
be immobilized onto solid supports. The project will contribute to the research of high sensitivity
sensor for saccharide detection. Each system is based on boronic acid as the receptor unit and a
fluorophore that provides a fluorescence intensity change modulated by a fluorescence
mechanism. The system is planned to be immobilized onto a silica surface, aiming to strengthen
the interaction between the units involved and thus the performance of the system. Different
boronic acid-based sensing systems were explored, with investigation into the structure of the units

involved, their connection and the employed fluorescence mechanism.

The first sensing system consists of two single units: phenylboronic acid as a receptor and an
anthracene dye as a fluorophore. The fluorescence mechanism selected to modulate the response
upon sugar binding is PET, as shown in Figure 1.36. The incorporation of the units onto the surface
works to strengthen the interaction between the two units and promote the PET mechanism

involved.
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Figure 1.36. Representative scheme of first sensing system: PET system based on phenylboronic acid and

anthracene.

The second sensing system involved a pyrene-based sensor with BA unit incorporated into the
structure of the fluorophore. The boronic acid moiety is connected to the fluorophore directly (a)
or through an alkyl chain with an amino group as a linker (b), as shown in Figure 1.37. The system
aims to enhance the performance of the sensing system employing FRET mechanism, by
interaction between BA-based sensor acting as donor and coumarin dye as acceptor. In the first
strategy (a) the fluorescence response of BA based sensor achieved upon saccharide binding
enables the interaction with coumarin and thus FRET mechanism. In strategy b, the fluorescence
response is modulated by ICT mechanism, where the shift in the emission spectra upon sugar

binding enables FRET with coumarin.
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Figure 1.37. Representative scheme of second sensing system by different strategies: a) direct connection
of BA (red) with fluorophore (green), b) connection through a linker (blue). FRET system between pyrene
boronic-acid based sensor following fluorescence response (a) and ICT mechanism (b) as donor and

coumarin probe as acceptor.

The final system involves a pyrene-based sensor with the boronic acid connected through a
piperazine ring modulated by a PET mechanism. The fluorescence response produced by
saccharide binding by PET is employed to establish an interaction with an additional probe. The

fluorescence performance of the system is then improved through FRET mechanism (Figure 1.38).
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Figure 1.38. Schematic representation of third sensing system: combination of PET-pyrene boronic-acid

sensor and FRET.

The binding abilities of the sensor towards saccharides are assessed by fluorescence
measurements. Experiments at different pH, range of sugar concentration and different saccharides
are performed to evaluate the binding condition, sensitivity, and selectivity of three different

sensing systems.

The properties and functionalization methods of silicon wafers and silica nanoparticles are
explored to evaluate their use as solid supports for the immobilization of the fluorescence systems.
The units involved in the sensing system are planned to be modified to promote further reaction
on the surface via functional groups. Alkene, azide and alkyne groups are explored to enable
immobilisation onto the surface through radical addition (alkene group) or click chemistry reaction

by azide-alkyne cycloaddition.
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CHAPTER 2: TECHNIQUES

2.1  Spectroscopic Techniques

Spectroscopy refers to those techniques that employ the electromagnetic radiation to interact with
a sample. These techniques can be classified depending on the frequency of radiation employed,
which determine the object of study, or their complexity. For example, simple techniques, such as
absorption, obtain qualitative and quantitative data from the intensity of adsorbed light in function
of wavelength; while other more complex techniques, such as Circular dichroism, that can offer

more deep structural information.'#’

Table 2.1. Examples of spectroscopic techniques.

ELECTROMAGNETIC RADIATION SPECTROSCOPIC TECHNIQUE

X-ray X-ray photoelectron spectroscopy

UV-Vis spectroscopy

Ultraviolet—visible Fluorescence spectroscopy

Circular dichroism

IR spectroscopy
Infrared
Raman spectroscopy
Microwave Rotational spectroscopy

For the purpose of this project, UV-Vis, Fluorescence, and IR spectroscopy are described here.

2.1.1 UV-Vis spectroscopy (UV-Vis)

UV-Vis spectroscopy is a widely used analytical technique, for qualitative and quantitative
analysis, that employs radiation of frequencies in the ultraviolet and visible regions of the

electromagnetic spectrum. This kind of radiation interact mainly with the highest occupied orbitals
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from molecules and atoms, giving basic structural information. The adsorption spectrum is
measured by recording the intensity of radiation that passes through a sample. The wavelengths
that are absorbed are those interacting with the sample, represented in the spectrum as an
absorption peak. For organic molecules, those peaks are correlated with some specific type of
bonds and, therefore, may be employed as support for the identification of functional groups. Basic
aromatic molecules absorb in the ultraviolet part of the spectra and more extended conjugated
molecules have more redshifted absorption, potentially reaching near infrared wavelengths.
However, it also can help to determine the molecule concentration, thanks to Beer-Lambert law.
This law defines the direct proportion between the concentration of absorbing species in the

solution and the intensity of light absorbed!#’ as seen in this equation:
Iy .
A= Logqg (7) = &CL Equation 2-1

Where A is the measured absorbance, dimensionless but reported in Absorbance units (AU)
(reference), is the logarithmic ratio between lo, the intensity of incident light on the sample, and I,
the intensity of transmitted light from the sample. This value gives quantifiable information about
light absorbed at a selected wavelength and is directly proportional to the concentration of sample
C. The other two parameter in this equation are L, the optical path length and ¢ (extinction

coefficient), an intrinsical property of the molecule at specific temperature, pressure and solvent.

Another common parameter is the transmittance (7), defined as ratio between intensity of light
after (/) and before (/o) passing through a sample. It is expressed as percentage (T%) and correlated

with absorbance by the following expression:

T=—-=10"4 Equation 2-2
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Basic UV-Vis absorbance measurements are performed in UV-Vis spectrophotometer, an
apparatus composed of a light source, a sample holder, a monochromator to separate the different
wavelengths of light, and a detector. A combination of lamps as light source is required to cover
all UV-Vis range. Tungsten filament lamp, deuterium or xenon arc lamp are ones of the most
common. Some kind of light-detecting device, such as a photomultiplier tube, a photodiode, or a
photodiode array, is used as detector unit. More complex instruments are available, such as double
beam spectrophotometer, which splits the incident light in two beams and allows to measure a
reference at the same time as the sample. Moreover, it can be used as a detector unit for high-
performance liquid chromatography (HPLC) techniques for analytical or preparative

applications.'*8

2.1.2 IR spectroscopy

IR absorption spectroscopy refers to the interaction of infrared radiation (wavelengths from 700
nm to 1 mm) with a sample. In this wavelength region, the light induces vibrational changes in
covalent bonds of atoms or groups of atoms, thus can be employed for their characterization.
Rotation and vibration motions are characteristic of organic molecules and can be employed for
their characterization. Furthermore, there are different vibrational modes corresponding to the
relative movement of 2 atoms such as bond stretching or 3 atoms: angle twisting, wagging, etc.
The frequency and amount of absorbed radiation is different for each vibration mode, being the
stretching frequencies higher, and corresponding peaks more intense than others. The same
tendency can be observed with the increase of the number of bonds, triple bonds higher than single
ones, and for lighter atoms, heavier atoms have smaller stretching frequencies than hydrogen.
Additionally, they are dependent on molecular symmetry and spectroscopic selection rules, such

as changes in dipole moment. % 14
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The region from 500 to 1500 cm™! of infrared spectra is called the fingerprint region, because many
different peaks appear and very complex to analyse. Nevertheless, some interesting peaks appear
in this region such as C-O stretching (1160-1080) or Si-O stretching (950-810). The region from
1500 to 4000 cm is clearer and is related to the stretching vibration of diatomic units, resulting
in strong characteristic peak. In this region appear peaks such as C—H stretching (3300-2800), N-

H/O-H (3650-3300), C=0 stretching (1600-1400) or azides (2200-2100).!°
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Figure 2.1. Regions of the infrared spectrum and specific wavelength of common functional groups.

Infrared spectra are traditionally plotted in graphs of infrared light transmittance versus
wavenumber, the inverse of the wavelength, expressed in cm™. Infrared spectrophotometers were
originally very similar in design to UV-Vis spectrophotometers, but new Fourier transform
infrared (FTIR) spectrophotometers were developed allowing fast response, high sensitivity and

precise measurements. This equipment employs an interferometer as an infrared source, using only
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radiation of one singular wavelength, then transmitted light is processed using a Fourier transform

to obtain a typical infrared spectrum.!>!

2.1.3 Fluorescence spectroscopy

Since the objective of this work is to develop fluorescence-based sensor, fluorescent techniques

are already described in detail in section 1.5.

2.2 Organic chemistry techniques: analysis, separation, and purification

Nuclear Magnetic Resonance (NMR) spectrometry, mass spectrometry (MS) and liquid
Chromatography (LC-MS), and thin layer chromatography (TLC) are common techniques of
analysis in organic chemistry. Chromatographic column and HPLC are employed as separation

and purification methods.

2.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy

NMR spectroscopy is an advanced characterization technique used to determine the molecular
structure at the atomic level of the sample. NMR is based on the interaction between atom nuclei
and an external applied radiofrequency radiation. Nuclear spin, an intrinsic property of protons
and neutrons, is modified due to this interaction leading to an exchange of energy that is later

emitted back, revealing information about its structure.

The overall spin number (I), defined as the number of unpaired protons and neutrons, is directly
related to the magnetic moment p and determines NMR susceptibility. Nuclei with even number
of protons and neutrons, such as >C, '°0, has a zero magnetic moment (u = 0) and therefore is
NMR inactive; while other nuclei with non-zero magnetic moment (. # 0), such as 'H, 1°C, !B,

are NMR active. Following the application of an external magnetic field (Bo), the magnetic dipoles
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of these nuclei distribute along the axis of the applied field in different states, which number S is

defined by the following equation.
S=2I+1 Equation 2-3

Thus, for an atom with a single proton, spin number I will be 1/2 and the nuclei can assume two
different orientations to the applied magnetic field. The magnetic moment of the lower energy
+1/2 state is aligned with the external field, while that of the higher energy -1/2 spin state is
opposed to the external field. The energy difference between the two states depends on the applied

magnetic field, the Planck constant and from the magnetogyric ratio (y), defined by the nucleus

types.

AE =y h/2mBo Equation 2-4

The excitation of nuclei will lead to a spin inversion, which occurs when is applied an
electromagnetic radiation of frequency v correspondent to the energy difference. After excitation,
the nuclei relax emitting energy as radiofrequency, which produces a characteristic signal called
free induction decay (FID) and is registered by the detector. The FID is then processed by Fourier
transformation to produce the NMR spectrum. The NMR spectrum presents the resonant
frequencies for each nucleus displayed as a signal after transformation into a chemical shift ()
reported in ppm. The chemical shift is defined by the frequency (Hz) of the nucleus, (vi), the

frequency of a reference (VR), and the frequency of the instrument in MHz (vo).!>
0 = (vi — vR)/v0 Equation 2-5

The chemical environments where the nuclei are present describes the shielding to which it is
subjected and thus affects the resonant frequency of a specific nucleus and, as consequence, the
chemical shift. If a nucleus possesses electrons near, it is subjected to a magnetic field opposed to
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Bo, reducing the effective magnetic field seen by the nucleus, and a lower resonance frequency.
For higher electron densities, the chemical shift is smaller because the shielding is greater, and the

signal is shifted to a higher field. In the opposite way, nuclei less shielded provide larger 6 shifts.

Signal multiplicity, coupling constant (J) and signal integral are other key parameters for the
interpretation of NMR spectra. Thus, the multiplicity gives information on the number of NMR-
active nuclei that are within a certain distance (usually 3-bond away from a given nuclei). For
example, the signal multiplicity in IH NMR spectrum is equivalent to the number of neighbouring
protons, plus one. A signal that appears as a doublet suggests the presence of one hydrogen on the
adjacent atom; the resonance will be split into two peaks of equal size. The integrated area of a
peak gives another important piece of information, as is directly proportional to the total number
of protons producing the signal. Other atoms, such as 13C NMR, are also commonly employed in
the identification of organic molecules. However, it is a lesser abundant isotope *C active isotope
that is used in NMR, is less abundant than 'C making its sensitivity much lower than 1H NMR.

Consequently, 13C NMR analysis requires more concentrated samples.

2-D experiments can also be performed to provide additional information on the molecular
structure, such as COrrelated SpectroscopY (COSY) and Heteronuclear Single Quantum
Correlation (HSQC) employed in this work. COSY refers to the 'H-'H correlation spectroscopy
and displays the correlation between H nuclei separated by a maximum of 3 bonds. The correlation
between protons is displayed as cross peaks in the 2-D spectra. 'H'*C, HSQC is similar and is used

to observe the correlation of protons attached to a specific carbon.'>?
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2.2.2 Mass spectrometers (MS)

MS is an analytic tool that measures the mass/charge ratio (m/z) of one or more molecules present
in a sample. It is used to calculate the exact molecular weight of sample components, enabling the
identification of unknown compounds, structure determination and elucidation of the chemical

properties of molecules.

MS consists of an ionisation source, a mass analyser and an ion detector. A sample is vaporized
and subjected to ionization, that can also include fragmentation. The ionization of small molecules
provides charged ions that are absorbed from the sample by an extraction system. The ions are
enhanced through an electric /magnetic field into the mass analyser that separates them depending
on their masses. The separated fragments are measured by the detector that calculates their m/z
and their relative abundance. The generated ions are very reactive and short lived, so their

formation and manipulation have to be conducted in a vacuum.'>*
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Figure 2.2. Schematic scheme of mass spectrometer MS.

Different techniques of ionization can be applied, depending on the chemical and physical
properties of the sample. The sample can be introduced directly or in the case of mixtures, through
an intermediary chromatographic device (gas chromatography, liquid chromatography, etc).
Electro impact and/or chemical ionization are employed for non-thermolabile samples, while

electrospray (ESI) and matrix assisted laser desorption (MALDI) are employed as soft ionization
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for more sensitive compounds. The ionization process via ESI forms positive or negative ions
depending on the sign of the applied electrical field. The achieved m/z values usually correspond
to the mass of analyte plus a proton [M + H] or deprotonated in negative mode [M -H]. Common
mass analysers include an electrostatic-magnet (EB), ion trap (IT), quadrupole (Q) and time of

flight (TOF).!55

A mass spectrum refers to the plot of the m/z ratio of the ions present in the sample versus their
abundance. lons provide information about the nature and the structure of their precursor molecule.
Molecular ions, if present, appear as the highest value of m/z ratio and give the molecular mass of
the compound. The fragmentation pattern can give useful information about the structure of
molecular ions. However, it is not always possible to explain the origin of all the fragments if the
structure is unknown. Mass spectra can also identify elements with different isotopes that show
characteristic patterns, such as compounds containing Br, Cl, or B. Chlorine atoms possess the
most abundant isotopes *>Cl and *’Cl, and the peak heights reflect the relative proportion between
them (3:1). In the same way, bromine shows two peaks in the same ratio, corresponding to its two
isotopes. Although MS is considered a destructive technique, it is widely employed because it

requires very little amounts of material for analysis (~1 pg). %

2.2.3 Thin layer chromatography TLC

TLC is an example of analytical chromatography widely used in synthetic chemistry to monitor
the progression of a reaction or identify compounds. It is employed to optimize the solvent system
for further separation through column chromatography. Compared to column, TLC requires only
a small quantity of compound, and is an easy and quick technique. The separation is achieved by
the different affinity of analytes towards the stationary and mobile phase. A TLC plate, involving

a sheet of glass, metal plastic coated with a thin layer of solid adsorbed (silica or alumina) refers
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to the stationary phase. A small amount of mixture to analytes is spotted close to the bottom of the
plate. The TLC plate is placed in a developing chamber with a thin layer of solvent with which is
in contact with the bottom of the plate. This liquid, or the eluent, is the mobile phase, and it causes
the analyte to slowly rise up the TLC plate by capillary action. Following complete elution, the
plate is removed, and the separated components are visualized. Since most organic compounds are
colourless, a UV lamp is employed for the visualisation on the plates. Furthermore, several
permanent or semi-permanent methods exist which allow the determination of specific functional
7

groups contained within the molecule. Some of TLC stains used are reported in the table below.!

Table 2.2. List of some TLC employed, compounds visualized and colours.

TLC staining Compounds visualized Colours
UV-light Compounds with extended conjugation  Pink on light green background
Ninhydrin Amino acids, amines Purple or yellow (2° amine)
Bromocresol
Carboxylic acids (pKa<5) Yellow spot-on blue background
Green
Iodine Unsaturated and aromatic compounds Brown spots
Curcumin'>8 Boronic acid compounds Red spots

2.2.4 Liquid chromatography (LC) and high-performance liquid chromatography (HPLC)

LC and HPLC are chromatography techniques employed for the separation of complex
mixtures.'>® LC relies on gravity for the passage of the mobile phase through the column, while
HPLC represents an advanced type of LC, by operating at a higher pressure range of 50-350 bar.
The separation is achieved by the different affinities of analytes towards the stationary and mobile

phase. Each component is adsorbed and desorbed differentially into the stationary phase, and
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eluted through a change of the solvent, composing the mobile phase. Reverse phase
chromatography involves a hydrophobic stationary phase (as standard C18 columns) and a polar
mobile phase, or eluent, passing through the column. The common eluent involves a gradient or
isocratic mixture of water, acetonitrile (MeCN) or methanol (MeOH). Small amounts of acetic
acid, formic acid, ammonium hydroxide/ammonia solution, or ammonium acetate can also be used
in the mobile phase, to promote the separation and enhance peak resolution.'®® Upon mixture
loading into the column, the components are separated depending on their affinities into stationary
phase versus mobile phase. Because of the low polarity of the stationary phase, apolar components
show higher affinity compared to the polar solvent and they are retained in the column. Depending
on the degree of affinity, the components of the mixture are eluted out of the column at specific
times (retention time). Longer retention times (RT) are synonymous with apolar elements while
polar elements have shorter retention times. Compounds are determined based on their retention
time in the column in a graph called a “chromatogram”, versus the method used for detection:
mass spectrometry, refractive index, UV detector, etc. HPLC can be distinguished between
analytical and preparative type depending on the main purpose. Analytic HPLC aims to separate
the components of a sample and is used for qualitative and quantitative analysis. Alternatively,
HPLC preparative is employed to isolate and purify a specific substance from a mixture. Analytic
HPLC can be employed to determinate the conditions of separation, to be applied for preparative

HPLC.'®!
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Figure 2.3. Schematic representation of HPLC.

2.2.5 Liquid chromatography-mass spectrometry

Liquid chromatography-mass spectrometry (LC-MS) is an analytical technique for the analysis of
liquid mixtures. As it can be applied for the analysis of large, polar, ionic, thermally unstable and
involatile compounds, it finds application in the analysis of biological samples and is widely
employed in organic chemistry as an analysis and purification tool. LC-MS combines the resolving
power of HPLC and the detection specificity of mass spectrometry (MS). Following
chromatographic separations by HPLC, compounds elute off the column, de-solvated into the gas
phase, ionized, and then introduced into the MS instrument for mass analysis. Among the possible
ionization methods, ESI is widely employed, being an atmospheric pressure process and thus easy

to use and interact with HPLC and LC separation.?’
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Figure 2.4. Schematic representation of LC-MS.

LC-MS provides the molecular weight and structural information of the compounds after the
separation by LC, allowing for the identification and quantification of sample components. More
information can be achieved using MS in combination with other LC detectors. Diode array
detector acquires data on selected ultraviolet (UV) and visible (Vis) wavelengths and spectra. The
use of both a UV detector and mass selective detector allow to employ the two sets of data
simultaneously to identify and quantify the compounds. MS detector can be used with non-UV
responsive analytes while UV-diode array detection (DAD) helps to identify the presence of non-

ionizable compounds. '®?

2.3 Solid substrate analysis and characterization
2.3.1 Contact angle

Contact angle measures the wettability of a surface by a liquid. It is defined by the angle measured

at the three-phase interface between air, a liquid drop and a solid (Figure 2.5).
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Figure 2.5. Schematic representation of contact angle.

Contact angle is used for the determination of hydrophobicity/ hydrophilicity of a surface, through
the strength of interaction between a liquid and a solid. Different solvents can be used for this
purpose, but water is the most common. As shown in Figure 2.6 (left) the surface of a solid is
considered to be hydrophilic, with strong interactions with an aqueous solution, when the contact

angle 0 is close to zero. On the other hand, a hydrophobic surface results in higher contact angles

) 163, 164

than 90° for similar droplets (Figure 2.6 right

Hydrophilic surface Hydrophobic surface
Figure 2.6. Contact angle schematic representation of hydrophilic(left) and hydrophobic (right).

The measurements are conducted by a tensiometer that works via dynamic physical force or optical
measurements. The first employs the variation in weight when the solid interacts with a liquid,
while optical tensiometry measures the shape of the droplet on a surface over time. The contact
angle can be recorded statically by placing a liquid droplet on the sample surface and measuring

the angle (the static sessile drop method) or dynamically by measuring the angle while increasing
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or decreasing the droplet volume (the dynamic sessile drop method). The advancing and receding
angles are therefore calculated while increasing and decreasing the droplet volume, respectively
(Figure 2.7). The difference between these angles gives the hysteresis which indicates the
roughness, smoothness and quality of the self-assembled monolayer formed at the investigated

surface.'®

Increase Decrease
droplet droplet volume
volume

Advancing contact angle 6a Receding contact angle h

Figure 2.7. Dynamic contact angle analysis which measures advancing contact angle Ga (right) and

receding contact angle 6h (left).

2.3.2 Ellipsometry

Ellipsometry is a very sensitive, non-destructive technique used to characterize optical properties
of surfaces, as well as film thickness. The characterization of surfaces, interfaces and thin films is
possible by analysing the change in a polarized light beam upon reflection at an oblique angle in
respect to the sample. Ellipsometry measures the phase shift (A) and the amplitude component (V)
of the reflected light. A light source produces a light that is polarized by the polarization generator,
which allows the passage of light with a specific electric field. The orientation of the generator
permits parallel waves to incise perpendicularly to the plane of incidence of the sample. Upon
reflection, the linearly polarized light becomes elliptically polarized and can be reflected into the

polarization analyser and the detector. The detector then converts the reflected light into an
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electronic signal, generating ellipsometry parameters. Models representing the sample are
constructed by a computer software. By using regression analysis, the experimental data are fitted
to the computed values. The thickness of the self-assembled monolayer is found by the best fit, in

which experimental curves overlap with the modelled ones. 96167
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Figure 2.8. Schematic representation of an ellipsometry experiment.

2.3.3 Dynamic light scattering (DLS)

DLS is a technique for measuring the size of particles typically in the sub-micron region. It is
based on the Brownian motion of dispersed particles, that assumes that they are constantly
colliding with solvent molecules. The particles’ movement and speed are derived from the
collisions and is dependent on their diameter, with smaller particles moving at higher speeds than
those that are larger. In this way, it is possible to calculate the hydrodynamic diameter by
measuring the speed of particles, knowing the other parameters that influence particle movement.
The Stokes-Einstein equation describes mathematically the relationship between the size of a

particle to its translational diffusion coefficient, that measures its speed in the solvent:

kT
3nnD

d(H) = Equation 2-1
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Where d(H) is the hydrodynamic diameter, D is the translation diffusion coefficient, k is the
Boltzmann constant, T and r are respectively temperature and viscosity of the liquid. To obtain
the diffusion coefficient, a sample in a cuvette is exposed to a light, originated by a single
frequency laser, that is scattered in all directions if particles are present. The scatter light is
recorded at a fixed angle over time (Figure 2.9). The variation in intensity of the signal allows the
determination of the diffusion coefficient and, by using the previous equation, the particle sizes

present in the samples.
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»
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Figure 2.9. Schematic representation of DLS instrument.

The movement of the particles is monitored by the collection of scattered light, that is not constant,
over a certain time. Due to the higher speed, small particles show faster fluctuation. In contrast,
larger particles result in higher amplitude between maximum and minimum scattering intensity
(Figure 2.10a). The range of DLS size determination is defined by the nature of the measured
fluctuation that needs to be only based on Brownian motion. For example, particles which are too
large can sediment causing incorrect estimations, while particles which are too small do not scatter
much, leading an insufficient measurement signal. If everything is correct, the measurement should
look like an irregular wave that shows the scattered light by unit of time, then it is transformed
into a decay function known as the correlation function (G2). From this point the onset of decay

can be calculated, meaning the average time that the particles need to change their position. Small
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particles move quickly, so the decay is fast. Larger particles move more slowly and therefore the
decay of the correlation function is delayed (Figure 2.10b). The delay time is proportional to the
diffusion coefficient. From the fitting of the delay time, the polydispersity index (PDI) can also be
obtained, and it describes the broadness of the particle size distribution. A particle size distribution
chart can also be obtained, relative intensity of light scattered versus various size ranges, which
gives more information about different sized populations within the sample (Figure 2.10c). Since
the scattering intensity become exponentially proportional to particle size, the intensity function
of distribution can be expressed also as a volume or number-dependant. The distribution in
function of volume or number is more suitable for smaller particles in which the intensity of

scattering is lower.!6®
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Figure 2.10. Comparison between small (up) and large particles (down). Intensity vs time (a), correlation

function versus delay time (b). Particle size distribution-based intensity (c).
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2.3.4 Zeta potential

Zeta potential is the charge developed at the interface between a particle surface and the liquid
medium. This property gives information about functionality and stability of the particle. The
functional groups on a particle surface react with the medium where it is dispersed, resulting in a
surface charge and the accumulation, through electrostatic attraction, of oppositely charged ions.
The attracted ions form two different layers called the Stern and diffuse layer which differ by the
strength of the bond; relatively strong for the Stern layer and loosely bound for the diffuse layer.
The Zeta potential is defined as the voltage in proximity of the diffuse layer where it meets the

surrounding liquid, known as the slipping plane (Figure 2.11).

Diffuse layer ions
Negatively loosely attached
charged particles

Ions strongly
bound to particles

Slipping plane -«

Zeta potential

Figure 2.11. Schematic representation of electrical double layer and zeta potential.

Nanoparticles with low charge could lead to sedimentation followed by flocculation and
conjugation due to the lack of repulsive forces. In contrast, two particles with high zeta potential
at opposite signs do not agglomerate due to the repulsive electrostatic forces. Zeta potential is

commonly measured by electrophoretic light scattering (ELS), employing the mobility of particles
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under the application of an electric field generated by a laser crossing the sample. A special
capillary cell with two electrodes is used (Figure 2.12), allowing the application of a voltage to the
liquid sample inside the cell. The charged particles move though the medium at different rates
which is measured through light scattering and is proportional to the zeta potential. It is higher for

particles which moves faster and low for particles with a slow rate of movement.'®
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Figure 2.12. Capillary cuvette (cell) used for the measurement of zeta potential.

The laser light crosses the sample, generating a frequency shift of scattered light. It is employed
to measure the speed of particles and converted into a value of electrophoretic mobility. Knowing
solvent dielectric constant (), viscosity (1) and other constants, zeta potential  is calculated from

electrophoretic mobility Ug using the Henry Equation.!””

2¢&d

Ug = o f (Ka) Equation 2-2

2.3.5 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a technique in which the mass of a sample is monitored over
time, as temperature increases slowly. It is commonly used as a characterization method for

inorganic material containing organic matter. TGA can be used to determine the
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composition/purity of a sample by measuring the mass loss, due to the organic material burning,
as a function of temperature. Furthermore, it can also be employed to evaluate thermal stability or
chemical decomposition of specific materials. A TGA instrument involves a precision balance
contained into a furnace. A sample pan is introduced, following a purge with an inert gas, that

controls the environment prior to heating. The data are plotted as residual weight versus

temperature, as shown in Figure 2.13.17!
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Figure 2.13. Example of thermal curve by TGA.
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CHAPTER 3: ASSESSMENT OF SEVERAL BORONIC-BASED FLUORESCENCE

SYSTEMS

This chapter describes the first sensing systems investigated for saccharides detection. The design,

structure and fluorescence experiments are included.

3.1 PET fluorescent sensing system based on phenylboronic acid and anthracene

The first sensing system consisted of two single units: phenylboronic acid as a receptor and an
anthracene dye as a fluorophore. The employment of single units allowed them to act
independently of each other. The anthracene fluorescence would be modulated by a PET
(Photoinduced electron transfer) mechanism upon sugar binding to phenylboronic receptor. Phenyl
boronic acid (PBA) with an amino group was demonstrated to promote the interaction with
saccharides at a suitable pH (section 1.4.1). Anthracene probe was also selected because it is
widely used as a probe in fluorescence applications due its commercial availability, photophysical
property and handling ease.!”” Fluorescence-based PET was employed as the transducer
mechanism due to its relative ease of implementation (Section 1.5.1). Both units would be
immobilised together into solid support, that was supposed to promote the interaction, reducing
the distance between each other (2-3 nm). Similarly to the (2-(((anthracen-9-ylmethyl)

173

(methyl)amino) methyl) phenyl) boronic acid sensor reported in the literature, > the system aims

to provide an efficient fluorescence response following saccharide binding.

The fluorescence sensing system selected is composed of (3-((allyl (methyl) amino) methyl)
phenyl) boronic acid 1, acting as receptor and 9-(azidomethyl) anthracene 2, as fluorophore unit.

Differently compared to the system reported in literature [173] , BA derivative with amino group

98



in meta was selected over ortho position. It was expected a similar behaviour of boronic acid unit,
despite different position. A comparable fluorescence property of meta substituted BA boronic
acid derivatives towards sugar detection has been verified.!”* Moreover, it was predicted that the

position could facilitate sugar binding once into solid substrate, via reducing steric effect.

HO OH

Figure 3.1. Chemical structures of (3-((allyl(methyl)amino) methyl) phenyl) boronic acid 1, 9-(azido

methyl) anthracene 2.

As described in section 1.4.1, the binding of sugar by boronic acid 1 is potentially promoted
through the formation of hybridized borate anions using a basic environment. The fluorescence of
anthracene was theoretically quenched through a PET mechanism, by the nitrogen electron pair
belonging to boronic acid that acts as donor to excited fluorophore. The binding between BA
moiety and sugar is predicted to reduce the quenching effect, by strengthening the N-B interaction
restoring the fluorescence of the dye and thus displaying the desired fluorescence response (Figure
3.2).!2! The designed system aims to enhance the sensitivity, generating the desirable fluorescence

response only upon the binding of a specific sugar.
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Figure 3.2. A) Supposed PET mechanism between BA (1) towards anthracene dye (2) B) Sugar binding

followed by suppression of PET and re-establishing of anthracene fluorescence.

The approach aims to immobilise the fluorescence sensing system components onto SiO» surface,
selected as a solid support. Thus, both structures of 1 and 2 have been modified to enable further
reaction onto the surface by radical addition'® by an alkene group in 1 and copper (I)-catalysed

azide-alkyne cycloaddition (CuAAC) by an azide group in 2 (Figure 3.1).!7

As shown in Figure 3.3 the strategy provided the deposition onto the surface of the two units 1 and
2, occurring through reaction with a suitable terminal group of N-acrylamido-4-oxo-4-(prop-2-yn-
I-ylamino) butanoic acid. It acted as a spacer between the fluorescence system components and

the surface, previously functionalized with amino groups, through SAM formation (section 1.6.1).
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Figure 3.3. Schematic representation of the two units involved 1 and 2, spacer with suitable terminal

group. Incorporation into the surface functionalized.

3.2 Fluorescence-based sensing system: design and fluorescence experiments

The proposed fluorescence sensing system was composed of 1 and 2, as reported in Figure 3.1
which were expected to interact through a PET process between the amino groups of 1 and the

fluorophore 2.

1 was synthesized starting from PBA derivative with bromomethyl group in meta position and N-
allylmethylamine 4 (Figure 3.4). The reaction was conducted in dimethyl sulfoxide (DMSO) at 60
°C and promoted by triethylamine as base. 2 was previously synthesized by the research group

through reaction of 9-(chloromethyl) anthracene with sodium azide (NaN3).!7®
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Figure 3.4. Synthesis scheme of 1.

Preliminary studies were performed to assess the quenching of the unlinked compounds. First,
solutions of 2 at different concentrations (0.01 to 2 pM) were analysed to evaluate the
concentration-dependent fluorescence intensities, the solubility of the fluorophore in aqueous

solution and the optimal concentration for further experiments (Figure 3.5).
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Figure 3.5. Fluorescence spectra of 2 at different concentrations in water (L 350 nm). Relative intensity

vs concentration at Aem 412 nm.

A concentration of 2 around 0.5 pM was selected as reference concentration to evaluate the
behaviour of dye with 3. Moreover,, since the formation of excimer is determined by excitation

and concentration of the fluorophore, being a complex between two same species, higher
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concentration could favour the process.!”” Experiments mixing 2 with 1 (0.01; 0.1; 1; 10; 100 uM)
in water are shown in Figure 3.6. Preliminary results showed an increase (177 %). in fluorescence

intensity upon the addition of 1.
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Figure 3.6. Fluorescence spectra of 2 (0.5 uM) with 1 and different concentrations in water (Aex 350 nm).

Relative intensity vs concentration at /. 412 nm.

At low concentration of 2, it was observed a slight decrease of fluorescence. However, by
increasing the concentration of 2, it is possible to notice the increase of fluorescence. These
preliminary results suggested the absence of a quenching effect from 1 versus anthracene.
Experiments between 2 and a pyridinium chloride 5 were performed to evaluate the quenching
effect on the fluorescence of the dye. Despite the structure of 5 differs compared to the units 2, the
aim was evaluated the effect of nitrogen group towards fluorescence of dye. Moreover, 5 is
reported in literature as quencher towards fluorescence of anthracene, thus it was considered
suitable to observe the establishment of quenching or not. !”® Pyridinium chloride 5 was prepared
by mixing pyridine and hydrochloric acid. Measurements of 2 at 10 uM in the presence of

pyridinium chloride 5 (2.5; 12.5; 25; 37.5; 50 mM) in ethanol (EtOH) were conducted.
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Figure 3.7. Chemical structure of pyridinium chloride 5.

Since both fluorophore and quencher move freely in solution, quenching of fluorescence is thought
through a collisional mechanism. As shown in Figure 3.8, the fluorescence intensity decreases

when 5 concentration increases, showing the pyridinium molecules act as a quencher.
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Figure 3.8. Fluorescence spectra of 2 (10 uM) with 5 at different concentrations in EtOH (Aex 350 nm).

Relative intensity vs concentration at /. 420 nm.

The formation of an emission band at 520 nm was observed from concentration at 12.5 mM. It
was supposed the formation of an excimer. To ensure that the fluorescence response observed were

not influenced by the solvent EtOH, experiments with 2 and 5 were repeated in aqueous solution.
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Figure 3.9. Fluorescence spectra of 2 (10 uM) with 5 at different concentrations in water (Aex 350 nm).

Relative intensity vs concentration at A 412 nm.

Although at higher concentrations of 5 the decrease in fluorescence intensity was less marked
compared to previous results, steep decrease in fluorescence intensity was observed in the presence
of 5 suggesting that quenching had occurred (Figure 3.9). One reason of broad peak observed was

attributed to some effect by solvent on fluorescence, such as Raman scattering.

It was hypothesized that the combination of a high concentration of quencher and solvent could
have a role in the fluorescence quenching process. Thus, new experiments of 2 with 1 at the same
concentration and solvent used in the previous experiment were conducted. However, the expected
quenching effect was not observed. Instead, a fluorescence intensity increase was seen, as reported

in Figure 3.10.

The lower fluorescence intensity of 2 at 10 uM compared to previous experiments could be
attributed to the presence of § and its lower solubility to compare to 1. It was believed that the also
2 contributed to the overall fluorescence intensity. To confirm and for control purposes,

fluorescence spectra of 1 solution in water (2.5; 12.5; 25; 37.5; 50 mM) and EtOH (5; 25; 75; 100
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mM) were recorded. An emission peak at a wavelength that overlaps with one characteristic peak
of the anthracene probe (Aem 450 nm) was observed. The fluorescence intensity was higher in EtOH
than in water, confirming the hypothesis that the choice of solvent influences the fluorescence

response of 1 (Figure 3.11).
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Figure 3.10. Fluorescence spectra of 2 (10 uM) with 1 at different concentrations in water (Jex 350 nm).

Relative intensity vs concentration at . 412 nm.
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Figure 3.11. Fluorescence spectra of 1 at different concentrations in water (left) and EtOH (right) (J.ex

350 nm). The higher values of the fluorescence intensity axis are red labelled.
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The experiments were also performed in aqueous 0.1 M sodium dodecyl sulfate (SDS) solution to
evaluate the effect of surfactants on fluorescence intensity. Spectra reported in Figure 3.12, show
an opposing trend to that expected. The fluorescence intensity increases with increasing

concentrations of 1.
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Figure 3.12. Fluorescence spectra of 2 (1 uM) with 1 at different concentrations in an aqueous SDS (0.1

M) solution (Aex 350 nm). Relative intensity vs concentration at A 440 nm.

The fluorescence spectra of 2 displayed a fluorescence intensity enhancement as the concentration
of 1 increased, increasing the overall fluorescence signal in the system. The proposed fluorescent
system was supposed to work through a quenching PET mechanism, following suppressed by
addition of sugars. However, it was verified that 1 did not quench the fluorescence of 2 in the
condition tested. Instead, an enhancement of fluorescence response was observed, suggesting that
the boronic acid does not quench the fluorophore. Different theories, controversial and still under
investigation have been developed to explain the fluorescence mechanism of the sensor. '2° Thus,
it was concluded that the fluorescent system’s structure required changes to improve the interaction
between the two units. However, further step has to involve experiments with sensors units
incorporated into the surface, which could improve their interaction. The aim was achieving a
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fluorescence response upon saccharides binding, modulated by a mechanism independent of
solvent condition employed. The first step of sensor involved is to test fluorescence performance

in solution, to ensure that the sensing is not affect by matrix factors.

3.3  FRET fluorescent sensing system: pyrene boronic-acid based sensor and coumarin probe

Since the first system proved unsuccessful, an alternative approach aimed to design a fluorescence
sensing system by boronic acid as receptor unit included in the structure of fluorophore. Pyrene
was selected as the fluorophore unit, owing to its higher fluorescence quantum yield (0.69)
compared to the anthracene (0.31) probe previously used.!”® ¥, The interaction of two units was
investigated by direct incorporation of boronic-acid moiety into the structure of the fluorophore
through covalent bond formation (sensor 6) or through an alkyl chain with an amino group as a
linker (sensor 7). To explore also alternative fluorescence mechanism to PET, FRET was proposed
due to its wide use in sensing ®° and surface applications. Indeed, it can occur at longer distances
(10-100 A) compared to PET.!”® The final fluorescence signal was aimed to be achieved through
interaction between a pyrene boronic acid-based sensor and a coumarin probe, enabling FRET
process. The designed sensors acted as a donor while the coumarin as an acceptor, according to
the photophysical properties of the pyrene dye. Coumarin (9) was selected for the preliminary
experiments due to the numerous examples of FRET couples involving coumarin and pyrene found
in the literature. '3 181183 Figure 3.13 reports the structure of the components of the system,

forming the second sensing system.
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Figure 3.13. Structure of pyrene based boronic-acid sensors (sensors 6 and 7) and coumarin probe 9.

The designed sensors differed by their connection with boronic acid unit and for the fluorescence
mechanism involved that enable the interaction with the acceptor probe. Saccharide binding was
expected to cause a change of fluorescence emission of pyrene. It was projected the establishment
of FRET mechanism occurs upon the change of fluorescence emission of sensor (donor) such as
significative increase or shift to interact with coumarin probe. This fluorescence change will enable
interaction with the acceptor probe, allowing a suitable overlap with its adsorption band to provide
the sensing signal by FRET mechanism. The establishment of FRET process was projected to
improve the fluorescence response. Indeed, it was aimed to heighten the fluorescence performance
of the system by optimising the concentration and ratios of the units involved. Further steps involve

the incorporation of each unit into selected surface.

Sensor 6 aimed to establish FRET mechanism through fluorescence increase upon saccharides

binding, providing the desired signal (Figure 3.14).
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Figure 3.14. Scheme of mechanism involving sensor 6. interaction between donor 6 and acceptor probe 9

provides a fluorescence signal by FRET mechanism following saccharide binding.

Alternatively, a different mechanism where the BA moiety was incorporated through a linker on
the structure of sensor 7 was also investigated. The direct connection of amine of the fluorophore
was supposed to bring a spectral change upon saccharide binding. The expected shift of emission
band of sensor is to attribute to a change of environment of nitrogen, leading a change of its energy
levels. As consequence the fluorescence of dye connected is also affected. This dipole moment
change between the units of sensor allows the ICT mechanism to occur. It was expected that the
binding of saccharides causes a shift of fluorescence emission of the pyrene through an ICT
mechanism (Figure 3.15a). The fluorescence change achieved of sensor 7 (donor) enables the

establishment of FRET by interaction with coumarin probe (Figure 3.15b).
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Figure 3.15. Scheme of mechanism involving sensor 7. interaction between sensor 7 and saccharides
bring the establishments of ICT (a). The process enables the interaction between sensor 7 acting as donor

and acceptor probe 9 and provides a fluorescence signal by FRET mechanism (b).

As FRET can be used on surfaces, the functionalisation of the structure of the acceptor and donor
to allow immobilisation onto the surface must also be considered. FRET has been found to be
established on the surface of silica nanoparticles.''* Moreover their stability, recyclability and
biocompatibility provide advantages over the silicon wafers employed in the previous chapter, and

render them a suitable alternative solid support. !4

3.3.1 Sensor 6: fluorescence experiments

Based on a reported system for detection of catecholamines, commercial pyrene-1-boronic acid
(PBA) 6 was selected as the first candidate to induce FRET with coumarin 9. The fluorescent

system designed by the group of Chaicham involved a pyrene-boronic acid as donor and coumarin
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probe as acceptor in FRET couple (Figure 3.16A). A fluorescence intensity decrease of PBA and
the formation of emission band at 450 nm along the addition of catecholamine (B) was noticed.
Following the addition of coumarin aldehyde, they observed the fluorescence intensity decrease
of PBA (donor) and the fluorescence increase of coumarin (acceptor). This has verified the

establishment of the interaction between the probes and thus FRET process (C). !*3
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Figure 3.16. Assembled complex for catecholamine sensing by a FRET process. Emission spectra (right)
of pyrene dye as reported in literature: fluorescence intensity decrease with catecholamine addition and

increase with coumarin (CA). Image adapted from reference [133].

D-Fructose 8 was selected as a reference saccharide to evaluate the binding and sensitivity of the

system.
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Figure 3.17. Chemical structures of pyrene-1-boronic acid 6, D-fructose 8 and the probe coumarin 9.

Preliminary experiments of excitation spectra of 1-Pyreneboronic acid 6 in water, according to the
Aem observed in the literature (380 nm),'” were conducted to select a suitable excitation
wavelength. As shown in Figure 3.18, the maximum intensity was observed at 344 nm, which was

therefore selected as the optimum excitation wavelength for the next fluorescence experiments.
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Figure 3.18. Excitation spectra (em 380 nm) of 6 in water at different concentration (0.5; 1; 1.5; 2 uM).

Emission spectra of solutions of 6 at different concentrations (0.5 to 2 uM) were performed to

evaluate the concentration-dependent fluorescence intensities and to determine the ideal
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concentration going forward. Indeed, the excimer could form at higher concentration (1-2 uM),

aligning with that seen in the literature.'
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Figure 3.19. Fluorescence spectra (Aex 344 nm) of sensor 6 in water at different concentration (left).

Relative intensity versus concentration at /. 380 nm (right).

As shown in Figure 3.19, a linear response of fluorescence intensity versus concentration was
established, confirming the solubility of 6 in water. As the low fluorescence intensity observed
with 6 at 0.5 uM was deemed too low, a concentration of 1 uM was considered suitable and
comparable in terms of the intensity recorded. It was therefore selected as the optimal
concentration. To promote the binding between PBA and D-Fructose 8, the experiments were
conducted in aqueous buffer (HEPES, 100 mM Na>SOs3, 20 mM NaCl). Using this buffer instead

of aqueous solution meant the pH could be modified.

The first experiments were conducted between 1 M of sensor 6 in aqueous buffers solution at pH
7.4 with D-Fructose 8 (0; 1; 2; 5; 10 mM) to evaluate the effect of boronic acid moiety on 6 and
its interaction with sugars. The spectra reported in Figure 3.20 (left) show a fluorescence intensity

increase (193 %) of 6 by addition of 8 suggesting the establishment of an interaction between both
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molecules. However, the behaviour observed was in contrast with what has been previously
reported in the literature, that was a decrease of fluorescence intensity.!3* The system reported was
based on PBA and the interaction with different catecholamine species. To investigate the
fluorescence response of sensor 6, further experiments were performed evaluating effect of pH,

and solvent.
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Figure 3.20. Fluorescence spectra of 6 (1 uM) at A.. 344 nm with 8 at different concentrations in buffer

solution (100 mM Na:S:03, 50 mM HEPES, 20 mM NaCl, pH 7.4). Intensity vs concentration at 2. 380 nm

(right).

The experiments were repeated in aqueous buffer solution at higher pH (= 9), as a stronger binding
of sugars has been demonstrated in more basic medium.'®> A smaller increase in fluorescence
intensity (18 %) compared to the previous results was noticed (Figure 3.21). The fluorescence
response still differed from that expected from the literature. Additionally, the fluorescence
response observed was less evidenced at basic pH, where higher sugar binding to the boronic acid

was expected.*’
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Figure 3.21. Fluorescence spectra of 6 (1 uM) at lex 344 nm with 8 at different concentrations in buffer

solution (100 mM Na»S>03, 50 mM HEPES, 20 mM NaCl, pH 9). Intensity vs concentration at A 380 nm

(right).

The experiments were repeated in methanol (MeOH) to assess if the solvent affected the
fluorescence response. The experiments were performed with a slight difference in concentration
range (0; 2; 5; 10; 20 mM) to evaluate the response of sensor with higher concentration of D-
Fructose 8. An increase of fluorescence intensity (103%) with gradually more concentrated
solutions was observed for 8 at 10 mM (Figure 3.22), as in the previous results. It was supposed

that the fluorescence response observed here, was not dependent on the solvent.

116



5000 - 3 A

. 4500 -
N -
2 4000 - s .
(—]
£ 3000 - = .
= h—1
£ i Z 1.5 -
” 2500 g 54,
£ 2000 - =
2 © 19
§ 1500 - E
2 1000 Z 05
=
500 - ~
0 0 T T T T 1
T T T T 1 T T 1
350 370 390 410 430 450 470 490 510 530 0 5 10 15 20 25
Wavelength (nm) Concentration (mM)

Figure 3.22. Fluorescence spectra of 6 (1 uM) at Le. 344 nm with 8 at different concentrations in MeOH.

Intensity vs concentration at A 380 nm (right).

The results observed with D-Fructose 8 contrasted with the expected trend, wherein a decrease in
fluorescence was expected upon sugar binding. Further experiments were performed with a similar
compound employed in the system reported in the literature, where it a fluorescence decrease was
observed. Experiments between 6 and dopamine 10 were conducted to evaluate the quenching
mechanism. Among the catecholamines employed in the reported system, dopamine 10 was
selected due to the presence of two-hydroxyl groups, conferring a similarity to the D-Fructose used
previously. The structure also involved an amine group with an ethyl chain attached, as shown the

Figure 3.23.

HO NH,

HO
10

Figure 3.23. Chemical structure of dopamine 10.

117



The fluorescence spectra reported in Figure 3.24 shows a fluorescence intensity decrease in
response to 10, in contrast to the effect of D-Fructose 8, confirming that the expected quenching

effect was occurring.
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Figure 3.24. Fluorescence spectra of 6 (1 uM) at Aex 344 nm with 10 at different concentrations in buffer

solution (100 mM Na>S-03, 50 mM HEPES, 20 mM NaCl, pH 7.4). Intensity vs concentration at A 380 nm

(right).

Moreover, in the literature reported PBA system, red shift in the emission spectra of PBA upon
the addition of dopamine was observed (using catecholamine as reference), as marked in Figure
3.25. This was attributed to the excimer band of pyrene, hypothetically induced by the reaction of

catechol and PBA. However, as shown in Figure 3.24, no shift upon the addition of 10 was seen.
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Figure 3.25. Emission spectra of PBA with different concentration of dopamine. Decrease of

fluorescence intensity (red arrows) and red shift at 450 nm (yellow circle). Image adapted from literature

[133].

The experiments were repeated in aqueous buffer solution at higher pH (= 9) to examine if this
could affect the fluorescence properties of the probe. A stronger fluorescence decrease upon
addition of 1 mM of 10 was observed (Figure 3.26). The decrease of fluorescence became less
marked at higher concentrations of 10. Moreover, at concentrations of 2 mM and above, a shift in
the emission spectra at 450 nm was seen, as verified in the reported system. However, the intensity

of this peak was marginally increased compared to that reported, as noticeable in Figure 3.25.

In the spectra reported in Figure 3.26, it is possible noticed the presence of an emission band at
450 nm. It was attributed to the formation of excimer, as it was observed in the system reported in
literature. However, the fluorescence intensity observed was very low compared to the example

reported, as shown in Figure 3.16.
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Figure 3.26. Fluorescence spectra of 6 (1 uM) at A.x 344 with 10 at different concentrations in buffer

solution (100 mM Na»S>03, 50 mM HEPES, 20 mM NaCl, pH 9). Focus on smaller fluorescence

intensities (right).

An increase and a decrease in the fluorescence of 6 was seen upon addition of D-Fructose 8 and
dopamine 10 respectively, evidencing binding. The opposite fluorescence responses seen for D-
Fructose and dopamine can be potentially explained by the presence of the amino group in 10
which might act a fluorescence quencher of 6. Moreover, the formation of excimer pyrene band at
higher intensity was not detected, in contrast with that reported. Whilst experiments were carefully
conducted to mimic that reported in the literature, method reproducibility is a known, wide-spread
issue. Therefore, a method detail may have been omitted which could influence the results obtained
here. The performance of sensor 6 was in contrast with what was expected upon the D-Fructose
addition. However, preliminary experiments with coumarin 9 were performed to investigate if the
fluorescence response of 6 following addition of 8, was able to establish a successful interaction
and allow FRET mechanism, as shown in the Figure 3.14. The structure of coumarin 9 (Figure
3.17) is different compared to what reported to literature [133]. However, it was considered

suitable for preliminary FRET experiments.
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FRET experiments

As aforementioned, coumarin is widely used as the acceptor in a FRET couple with pyrene,
therefore preliminary experiments with coumarin (9) were performed. The emission wavelength
of sensor 6 was 380 nm, while the excitation wavelength of coumarin was reported as 350-400
nm. '3 Preliminary experiments with 6 (1 uM) acting as the donor and coumarin 9 (30 uM) as the
acceptor were conducted to investigate the FRET process and the fluorescence response upon D-

Fructose addition (10 mM).
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¢) Donor 6 + acceptor 9 + 8
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Figure 3.27. Fluorescence spectra of donor 6 (a); donor and acceptor 9 (b); and donor, acceptor plus

sugar 8 (c) in buffer solution (100 mM Na»S>03, 50 mM HEPES, 20 mM NaCl, pH 9) at A 344.

The fluorescence spectra reported in Figure 3.27 shows a slight fluorescence decrease compared
to sensor 6 alone (a) and with 9 added (b). This may indicate an interaction between the two probes
through the hypothesized FRET mechanism. There was a marked increase in fluorescence intensity
upon addition of 8, suggesting the successful binding between BA and sugar. A possible reason of

the fluorescence increase could be justified with the establishment of additional interaction with
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coumarin upon the sugar addition, or some disaggregation mechanism. However, no further
experiments were performed to investigate and understand completely the process. Moreover, no
change in the fluorescence emission of coumarin 9 was observed, which was supposed to be
involved for achieve the detected signal. This was attributed to the reciprocal photophysical
properties in terms of absorption and emission of the probes. Emission and excitation wavelength
were too close to allow a suitable excitation of coumarin 9. Different coumarin derivatives with a
more suitable excitation wavelength must therefore be investigated. Moreover, the FRET

efficiency of the couple could be optimized by varying the concentration of sensors.

Although a fluorescence response of 6 was observed upon saccharide addition, a more marked
change in fluorescence intensity was required to establish the interaction with another probe to
achieve FRET. Additionally, it was theorized that the fluorescence increase was affected by pH
and solvent since a slight increase at basic pH (18 %) and a less marked response in MeOH (103
%) compared to aqueous solution at pH 7.4 (193 %) was seen. The reason for this behaviour was
not clarified and could cause an issue for achieving the FRET mechanism. Furthermore, PBA has
been previously employed as sensor for saccharides detection.’® '87-18% This work aimed to the

development of new sensing system, to be improved for highly sensitive saccharides detection.

Sensor 7 was designed with the aim of achieving a more marked fluorescence change upon sugar
binding and enable a FRET process. Improvement of structure and alternative sensing mechanism

were investigated.

3.3.2  Sensor 7: design and fluorescence experiments

Sensor 7 was designed to promote the incorporation of BA into the structure through an alkyl chain

with an amino group. They reported an internal charge transfer (ICT) fluorescent saccharide
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sensor, composed of 2-formyl benzeneboronic acid and aniline as the dye. They observed a shift
of emission maxima from 404 nm to 362 nm upon saccharide binding. Sensor 7 involved a pyrene
probe, an amino group directly linked to it, which acted as a quencher, and a phenylboronic acid
as saccharide receptor (Figure 3.28). The sensor was planned to provide a blue shift (decrease in
wavelength) in the emission spectra. It was anticipated that the shift could be enhanced using PBA
as the receptor and pyrene as the dye. Moreover, as reported in the literature, the presence of an
amino group in an ortho position, thus closer to BA moiety compared to in para position, can
improve the affinity binding with diols. '*® The change in fluorescence emission achieved with
saccharides binding aimed to allow the interaction with coumarin and provide the final FRET

process (Figure 3.15).

The synthesis of sensor 7 involved a nucleophilic substitution of 1-aminopyrene 11 with 2-

(bromomethyl) phenylboronic acid 3b, following the scheme below.

OH
]-I)’/
OH
NH, NH
HO OH
\B/
+
K,CO;
Br —_—
MeCN
1 3b 7

Figure 3.28. Synthesis scheme of sensor 7 from starting materials 11 and 3b. Reaction condition adapted

from a reported procedure [191].

The reaction product was isolated by chromatographic column [Hexane / Ethyl acetate 1:1 (Hex)

/(EtOAc) and analysed by NMR. Preliminary analysis of the NMR spectra suggested the
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successful synthesis of the desired product. By comparing the NMR spectra of the starting material
11 and 3b (Figure 3.29a & b, respectively) and that of the reaction product (¢), both the
characteristic aromatic peaks (8-7 ppm) belonging to pyrene and the benzene ring can be seen in
spectra ¢. The amino group peak (= 7.0 ppm) did however disappear in spectra a. Moreover, the
peak (= 5.0 ppm) attributed to the proton closest to bromide in 3b (b) is slightly shifted (= 4.7

ppm) in the product’s spectra (c).

T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
f1 (ppm)

Figure 3.29. Comparison of NMR spectra in DMSO-d6. a) 1-aminopyrene 11 b) 2-bromomethyl)

phenylboronic acid 3b, and c) reaction product. Arrow indicates the shift of peak (5 ppm) from b to c.

To further confirm the desired product was formed, mass spectra of the reaction product was
conducted. In contrast with what was hypothesized with the NMR spectra, the main peak shown
in Figure 3.30 did not correspond to the desired product 7 (calculated 350.14). Instead, the found

m/z486.21 (yellow label) was attributed to [M+H] " of the di-substituted derivate 12 (Figure 3.31).
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The other minor peaks were attributed to the desired product 7 (m/z 351.14) and to the starting

material 3b (m/z 216.09).
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Figure 3.30. Mass spectrum of recovered product with peak m/z 486.21 in evidence.

HO OH

HO\B N,

OH

Figure 3.31. Chemical structure of the substituted derivate 12.
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Following these unexpected results, alternative conditions involving different ratios of starting
material 11 and 3b, temperature, time and purification were evaluated to achieve sensor 7 without
the di-substituted product. The same reaction solvent (MeCN) was used across the experiments

summarised in Table 3.1.

Table 3.1 Reaction conditions for the synthesis of 7.

Test Ratio 11/ 3b Time (h) Temperature (°C) Atmosphere
a 1:1.5 24 25 Air
b 1:1 24 25 Air
c 1:1 24 90 Air
d 1:1 8 25 Argon
e 1:1 5 90 Argon

Since an excess of 3b on 11 could increase the likelihood of forming di-substituted product, the
reaction was conducted with the reagents at equal concentration (test b). Preliminary analyses were
performed by TLC with dichloromethane (DCM)/MeOH 1 % as eluent. Comparing starting
material and product, a large excess of unreacted 11 was observed. The reaction (test ¢) was
therefore repeated with an increased temperature (~ 90 °C) slightly higher to the reflux temperature
of MeCN (82 °C). It was expected that a high temperature could promote the conversion of starting
material 11 and achieve the final product. The mass spectra reported in Figure 3.32 of the product
related again to the di-substituted derivate, corresponding to the main peak at m/z 486.21 (yellow

label). The peak at peak 218.16 (blue label) was attributed to starting reagent 11.
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Figure 3.32. Mass spectrum of product of test ¢ shown in the Table 3.1 with peak at m/z 218.10 9 (blue)

and at m/z 486.21 (yellow) evidenced.

Since the results, it was supposed that a higher temperature increases the reactivity, leading to the
formation of di-substitute product. A new strategy was therefore employed, following an

190 in which a shorter reaction time (8h), room

alternative procedure reported in the literature
temperature and inert atmosphere were used. The inert atmosphere was supposed to enhance the
reactivity, avoiding the formation of side product. The mass spectra of the reaction product
achieved with test d (Figure 3.33) show the peak of the desired product (m/z 351.14-orange peak)
suggesting an improved conversion with this method. Although the desired product 7 was achieved

following this method (d), the m/z attributable to starting reagent 11 was still seen (peak 218.16-

blue label).
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Figure 3.33. Mass spectrum of product following condition d shown in the Table 3.1.Peak at m/z 351.14

(orange) and 218.16 (blue) evidenced.

New test e was conducted following the condition of previous test d but monitoring the progress
of reaction by TLC analysis until 11 was totally consumed. The reaction was monitored by TLC
every two hours, using DCM/Hexane/MeOH 1 % as eluent system. Specific TLC stains were
employed; ninhydrin to identify amino groups'®? and curcumin for boronic acid.'*® The selected
stains allowed the amino group of 11 and boronic acid of 3b starting materials to be identified, to
examine whether the final product was achieved The starting material 11 was very visible by
ninhydrin test, being a primary amine, whilst the desired product involving a secondary amine

showed a less marked signal.
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Alternatively, a tertiary amine, such as in the di-substituted derivate 12, does not stain. In Figure
3.34, TLC plates (on silica gel substrate) at three different time points (after 2, 4 and 5 hour) are
reported. Each plate was subjected to analysis by curcumin (a, ¢ and e) and ninhydrin (b, d and f).
The spot of starting materials and reaction product were compared through their retention factor
(Rf) and marked by colour with TLC stain. After 2 hours, in TLC a (curcumin stain) the presence
of'a spot assigned to 3b can be observed (purple label in Figure 3.34). In TLC b, (ninhydrin stained)
a marked signal attributed to the primary amine of starting material 11 at low RT was also observed
(red label in Figure 3.34). Being low polar, 11 travelled slowly and only moved a short distance
on the TLC plate. After 4 hours the same results were observed, as shown in TLC plates ¢ and d.
After 5 hours, in TLC plates e and f, the spot at different RT to that of the starting material was
seen; the spot had a stronger signal upon curcumin stain (TLC e) and a weaker coloured stain with
ninhydrin test (TLC f) compared with the previous one (yellow circles). The weaker spot was
supposed to arise from secondary amino presence, and thus attributable to the desired product 7.
It was therefore concluded that five hours was the optimum reaction time, allowing for completion

of the reaction without the formation of side product.
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Figure 3.34. TLC plates, subjected to curcumin test (left)) and ninhydrin (vight) at different reaction time
(2, 4 and 5 hours). Red label shows primary amine by (11), purple label refers to boronic acid reagent

(3b), yellow circles the supposed final product (7).

Due to these results, the reaction according to test e, as reported in Table 3.1, was repeated.
DCM/hexane was employed as the eluent system with increasing percentage of MeOH to promote
the separation of the desired final product. The TLC plate, subjected to ninhydrin test reported in
Figure 3.35, shows different spots at a suitable Rf, validating the chosen conditions for the
separation. The spot at the top was attributed to the starting material 11 (a). 11 being the less polar
compound moved higher up the plate. As the boronic acid moiety was involved, both starting
material 3b and the desired product were more polar and thus, move slowly and were dependent
on the addition of MeOH to the eluent system. The spot on the bottom and the middle spot were

attributed to 3b and the desired product 7, respectively (Figure 3.35c¢).
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Figure 3.35. TLC plate, subjected to ninhydrin strain, of product following conditions e, reported in

Table 3.1, showing three spots, attributed to 11(a) 3b (c) and (b) desired product 7.

In contrast to the results observed by preliminary TLC studies, the mass spectra of the fractions
collected by chromatographic column did not support these results (Figure 3.36). The first fraction
corresponded to the starting material 11 (m/z 218.10-blue label) as shown in Figure 3.36a. The
mass spectra of the second and third fractions, reported in Figure 3.36 b & ¢, showed a mixture of
products. They include the di-substituted product 12 (m/z 486.19-yellow label) and the desired
product (m/z 352.15-orange label), as well as starting material 11 (m/z 218.10-blue label). Only in
the third fraction could the presence of reagent 3b (m/z 216.10-pink label) be seen by a small peak.
It was therefore concluded that despite the preliminary promising studies, the chromatography
column was not suitable for the separation of 7. Alternative separation techniques were therefore

investigated, such as LC-MS.
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Figure 3.36. Mass spectra of first, second and third fraction (a, b and c) collected by chromatography
column of reaction product following conditions e, reported in Table 3.1.Peak at m/z 218.10 (blue),

216.10 (pink) and 486.19 (vellow) evidenced.

The reaction was repeated, and the reaction product was analysed by LC-MS to allow the
separation and identification of single compounds through mass spectra. The first chromatograms
shown in Figure 3.37a and b, involved a system with water (solvent 1) and MeOH or MeCN as
solvent 2, following preliminary gradient conditions reported in Table 4.2. Due to the low
separation observed in both methods, a solution of 0.1 % trifluoroacetic acid (TFA) was added to
promote the separation and the definition of single peaks (Figure 3.37a2 and b2). Using MeOH

(Figure 3.37a2) over MeCN (b2), achieved a higher level of separation.
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Figure 3.37. Chromatograms achieved following the gradient condition reported in Table 3.2 a) water/

MeOH b) water/MeCN, a2 -b2) with the addition of TFA 0.1 %.
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Table 3.2. Gradient condition, applied to achieve chromatogram (a/a2, b/b2) reported in Figure 3.37.

Method Time Water % MeOH (a) % // MeOH + TFA (a2)
0 70 30
30 0 100
a/a2 35 0 100
35.10 70 30
40 70 30
Water % MeCN (b) % // MeCN+ TFA (b2)
0 70 30
30 0 100
b/b2 35 0 100
35.10 70 30
40 70 30

However, the analysis of the mass spectra of the single compounds (Figure 3.38B) identified with
different RT in the chromatogram, (Figure 3.38A) did not confirm the successful purification of
the desired product. 11 (m/z ~217-yellow label) was identified in all mass spectra while 3b was
identified in all except the peak at RT 15.33 (1). The peak with m/z 189 may be attributed to
fragmentation product of 3b (orange). The conditions employed may have resulted in the
unsuccessful separation of the desired product. Consequently, new parameters were investigated

such as gradient change, time and type of solvents.
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Figure 3.38. Chromatograms achieved employing system water/ MeOH plus TFA 0.1 %, following the
gradient condition reported in Table 3.2 (A). Mass spectra of the main peak identified 1-4 (B). Peak at

m/z 189 (red) and 217 (yvellow) evidenced.

It was expected that the desired separation could be obtained by increasing the amount of MeOH.
Indeed, as observed by TLC analysis the presence of MeOH enabled the movement of boronic
acid-based compounds along the column. Thus, new gradient conditions employing different
starting amounts of MeOH were investigated (Table 3.3). As used previously, 0.1 % TFA was

employed to improve the separation in each experiment.
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Table 3.3 Gradient condition, applied to achieve chromatogram reported in Figure 3.39.

Method Time Water % MeOH (a) % // MeOH + TFA (a2)
0 30 70
30 0 100
c 35 0 100
35.10 30 70
40 30 70
Water % MeCN (b) % // MeCN+ TFA (b2)
0 20 80
30 0 100
d 35 0 100
3510 20 80
40 20 50
Water % MeCN (b) % // MeCN+ TFA (b2)
0 50 50
30 0 100
e 35 0 100
35.10 50 50
40 50 50
Water % MeCN (b) % // MeCN+ TFA (b2)
0 95 5
30 0 100
f 35 0 100
35.10 95 5
40 95 5
Water % MeCN (b) % // MeCN+ TFA (b2)
0 95 5
30 25 75
g 35 25 75
35.10 95 5
40 95 5
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Analysis of the chromatograms reported in Figure 3.39 showed that the use of a low percentage of
MeOH to start the gradient and then an increase to 100 % (f) or 75 % (g) did not improve the
separation (Figure 3.39f and g). A better separation of the peaks following method c-d-e with a
higher amount of MeOH, respectively 70, 80 and 50 %, was seen compared to the preliminary
conditions applied and reported in Table 3.2. (Figure 3.39 c-d-e). Moreover, the chromatogram e

showed the most acceptable separation, in which more distinct peaks were seen.
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Figure 3.39. Chromatograms achieved following the gradient condition reported in Table 3.3 (c-g) with

an eluent system a) water and MeOH with the addition of TFA 0.1 %.
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Mass spectra of the main peaks of chromatogram e (Figure 3.40A) were investigated to find the
peak (retention time) of the desired product. From the mass spectra 1-5 as showed in Figure 3.40
B no peaks corresponding to the m/z of the desired product (351) were observed. As in previous
results, it is possible to notice the peak attributed to the starting material 11 and 3b, as highlighted
in yellow (aminopyrene 11) and orange (1-Bromo PBA 3b) in Figure 3.40B. Based on these

results, it was assumed that the chosen conditions resulted in retention of the final product in the

column.
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Figure 3.40. Chromatograms achieved employing method e shown in Table 3.3 (4). Mass spectra of the

main peak identified 1-5 (B). Peak at m/z 189 (red) and 217 (yellow) evidenced.
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Despite exploring different conditions, sensor 7 could not be completely isolated from the products
mixture. However, it was decided to perform fluorescence experiments with the di-substituted
product 12 achieved with the first conditions (Test a) reported in Table 3.1. The synthesis of
product 12 was verified through mass spectra, as shown observe in Figure 3.30. Although it was
not the desired sensor designed, it was projected that the structure of 12 would allow the behaviour
of sensor-based ICT mechanism to be investigated. The aim was to evaluate if a shift in the

emission spectra occurred, as expected, upon saccharide binding.

Preliminary excitation spectra experiment of pyrene were conducted to select the maximum

excitation wavelength. Excitation spectra of 12 were recorded at the emission wavelength of the
pyrene probe reported in the literature (380 nm).!*

25 -
0.01 pM

Excitation intensity (u.a)

270 290 310 330 350 370
Wavelength (nm)

Figure 3.41. Excitation spectra a J.en 380 nm of 12 in water at different concentration (0.01; 0.1,0.5; 1;

1.5; 2 uM).

Following emission spectra of 12 were recorded at Aex 344 nm, the maximum excitation

wavelength observed. Next aim was to evaluate the solubility of the sensor in water and to select
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the optimum concentration for further experiments. As shown in Figure 3.42a, a linear response
of fluorescence intensity versus concentration was established, confirming the solubility of 12 in
water. Since an acceptable fluorescence intensity was seen at the lowest concentration 0.01 uM of

synthesized sensor 12 (Figure 3.31), this concentration was selected and used in further

experiments.
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Figure 3.42. Fluorescence spectra at Aex 344 nm of sensor 12 in water at different concentration (a).

Fluorescence intensity versus concentration at A 445 nm (b).

Fluorescence experiments between 12 and D-Fructose 8 at different concentrations (0.01; 0.01;
0.1; 1;10; 100; 1000 uM) were conducted in aqueous buffer solution at pH 7.4 (Figure 3.43) and
pH 9 (Figure 3.44). Since the purpose was to evaluate the appearance of a shift in the emission
spectra upon saccharide binding, a smaller concentration of D-Fructose was employed. However,
the emission spectra shift predicted was not detected in either of the fluorescence spectra shown
in Figure 3.43 and Figure 3.44. It was therefore determined that the ICT mechanism was not
involved. In both of spectra, it is possible to notice a peak at 385 nm, mainly at basic pH. It was

attributed to Raman band of water. Moreover, it was observed a difference starting fluorescence

140



intensity value of sensor in absence of 8. These results suggest an effect, not examined, of pH

towards the fluorescence properties of sensor.
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Figure 3.43. Fluorescence spectra of 12 (0.01 uM) at J. 344 nm with 8 at different concentration in in
buffer solution (100 mM Na»S:03, 50 mM HEPES, 20 mM NaCl, pH 7.4). Intensity vs concentration at 1

445 nm (right).
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Figure 3.44. Fluorescence spectra of 12 (0.01 uM) with 8 at different concentration in in buffer solution

(100 mM Na»S>03, 50 mM HEPES, 20 mM NaCl, pH 9). Intensity vs concentration at A 445 nm (vight).
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Since a visible shift was not seen, it cannot be verified whether an ICT mechanism was involved.
Although it has not been assessed, the reason could be attributed to the presence of two boronic
acid moiety in product 12. Since it has not been possible to synthesize sensor 7, it was not possible
perform fluorescent experiments to evaluate a potential establishment of ICT mechanism in the
sensor as designed. However, a higher fluorescence intensity increase upon saccharides binding
was observed, compared to that seen with sensor 6 at the same concentration of D-Fructose 8 (1
mM). Indeed, in a solution at pH 7.4 an increase of 57 % with sensor 6 (Figure 3.20), and an
increase of almost 59 % with sensor 12 (Figure 3.43). Moreover, sensor 12 showed an increase of
48 % at pH 9 compared to the 7 % increase of sensor 6 in the same conditions (Figure 3.21) These
results suggested that the presence of amino group could promote the binding towards saccharides.
It was anticipated that the fluorescence response could be amplified by the presence of a single
boronic acid moiety, instead of two, as in 12. Nevertheless, the fluorescence response observed

was not considered to evaluate the FRET mechanism. No experiments with 9 were conducted.

3.4 Summary and outlook

The first sensing system provided a PET mechanism between boronic acid derivative as receptor
1 and anthracene 2, as fluorophore units. The interaction between the units was predicted to be
strengthened with the future immobilisation onto a solid support. However, fluorescence
experiments recorded between the components 1 and 2 did not show fluorescence quenching upon
addition of 1 to 2. Indeed, its addition to 2 showed a slight fluorescence increase, in contrast to the
expected result. It was proved that no PET mechanism occurred and so the fluorescent system did
not act as planned. Consequently, it was concluded that the structure of the fluorescent system
required improvement to promote the interaction between the two units. Moreover, an alternative

fluorescent mechanism was investigated to improve the response upon saccharide binding.
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The second sensing system involved a boronic acid-based pyrene and coumarin 9, and their
interaction to allow a FRET process for saccharide detection. The boronic acid was incorporated
into the structure of the fluorophore by a direct connection (sensor 6) or through an alkyl chain
with an amino group as a linker with a phenylboronic acid (sensor 7). Sensors 6 and 7 were planned
to bring a suitable change in fluorescence properties upon sugar binding to enable the interaction
with coumarin 9. Sensor 6 was expected to display a fluorescence intensity decrease upon the
saccharide binding, as observed with the catecholamine sensing systems reported in the literature.
However, a fluorescence increase following the addition of D-Fructose was observed here.
Fluorescence experiments between sensor 6 and dopamine 10, employed in the reference system,
displayed a fluorescence intensity decrease. The reason was attributed to the presence of amino
group in 10, expected to incite a quenching mechanism towards pyrene. However, the fluorescence
response exhibited was not considered suitable for the sensing application. Moreover, there was
not an efficient interaction with coumarin 9 to establish a FRET mechanism. Sensor 7 was
designed, expecting a noticeable shift in the emission spectra upon sugar binding caused by ICT
mechanism. Despite different attempts, the desired compound, isolated from the products mixture,
was not obtained. To investigate the behaviour of the sensor-based ICT mechanism, fluorescence
experiments between the di-substituted product 12 and D-Fructose were performed. No noticeable
shift in the emission spectra upon sugar binding was observed. However, the system displayed a
higher fluorescence increase compared to sensor 6. These results suggested that the presence of
amino group could improve the interaction with saccharides. Moreover, it was expected that a
suitable linker between the amino group and the fluorophore could further strengthen the
fluorescent mechanism that modulates the signal response. Whilst the fluorescence response of

sensor 7 was not verified, focus was shifted away from the purification of sensor 7 towards a new
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sensing system. The structure of the sensing system needed to be improved to ensure a suitable
fluorescence response upon saccharide binding, enabling the interaction with an additional probe
and thus the FRET process. Moreover, since ICT mechanism is also influenced by the matrix, a
more predictable and frequently used mechanism such as PET was favoured for the next sensing

system.
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CHAPTER 4: FLUORESCENT SENSING SYSTEM BASED ON PET-PYRENE

BORONIC ACID SENSOR

4.1 Introduction

The previous sensing system involved a boronic acid-based pyrene (sensor 6 and 7) and coumarin
9 and their interaction to allow a FRET process. Sensor 6 based on boronic acid directly connected
to the structure of pyrene, displayed a fluorescence increase following the addition of D-Fructose.
The response observed was not considered significative (157 %) to be employed for sensing
applications. Moreover, an efficient interaction with coumarin 9 to establish a FRET mechanism
was not observed. Sensor 7 involved the incorporation of boronic acid moiety to the pyrene dye
through an alkyl chain with an amino group as a linker with a phenylboronic acid. Due to
insufficient yield of the compound desired, isolated from the product mixture, fluorescence
experiments were performed between the di-substituted product 12 and D-Fructose. The higher
fluorescence response compared to sensor 6 evidenced the effect of amino group in improving the
interaction with saccharides. However, this response was not considered sufficient to enable the
interaction with coumarin 9 to allow FRET process. The FRET mechanism is promoted by a
suitable overlap between the emission of the donor and the absorption spectra of acceptor. Thus,
the fluorescence response of the sensors followed the sugar binding must bring a markable change
in the emission spectra. A wide range of high sensitivity boronic acid-based sensors have been
developed in the recent years. The novelty of this work consists of developing a sensing system
based on the interaction of surface-confined independent units to provide the final fluorescence

response.
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From the previous sensor investigation, it was concluded that the structure of the sensing system
needed to be improved, with a suitable linker between the amino group and the fluorophore. It was
projected to strengthen the fluorescent mechanism that modulate the signal response. Since ICT
mechanism depends also on the solution and environment condition to occur, a more predictable
and employed mechanism such as PET was favoured for the next sensing system. Therefore, this
chapter is focused on the design and synthesis of a PET-based sensor with an enhanced structure
that involves a defined amino based linker between the boronic acid moiety and the fluorophore.
The aim was to enhance the fluorescence response upon sugar binding and allow the interaction

with an additional probe through the FRET process.

According to the literature, PET mechanism can be promoted by increasing the electron-deficiency
of the fluorophore moieties and including a longer and more rigid alkyl spacer. Based on a 4-

amino-1,8-naphthalimide fluorophore reported by Liu et al,'?’

a fluorescence pyrene analogue
(sensor 13) was designed, integrated with the phenylboronic acid receptor through piperazine 14
as the linker characterized by a semi-rigid structure (Figure 4.1). It was expected to strengthen the
interaction between the amino group and the boronic acid and modulate the fluorescence response

by PET mechanism. Furthermore, the structure was decorated with ethynyl groups to allow

immobilisation onto silica surfaces.
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HO—1|3

13
Figure 4.1. Chemical structure of sensor 13 and piperazine 14.

Fluorescence experiments of the designed sensor were conducted to evaluate the signal response
upon the binding with sugars. Since the structure of sensor 13 was novel, a thorough investigation
of its photophysical properties by absorption spectra, solubility test and pH titration were required.
Indeed, the presence of acetylene group and piperazine can affect the fluorescence of pyrene. As
planned in the previous chapter, the fluorescence response achieved upon sugar binding by PET
was employed to establish an interaction with the coupled probe through FRET process. The role
of the sensor 13 was investigated both as donor then acceptor in the FRET couple. In contrast with
the previous system designed. With the aim of incorporating the sensors onto solid substrates in
mind, easily functionalizable dyes and with reported photophysical properties were chosen.
Common functionalized groups such as acetylene group could bring a bathochromic shift (higher

) 13 and amplify the quantum yield of a probe used as acceptor.'**1°7 It was expected

wavelength
that the shift of emission spectra of acceptor reduced the requested overlap. Moreover, it was

theorised that the high difference between quantum yield of donor and acceptor would make the

FRET signal response following the sugar binding less noticeable. Furthermore, the role of pyrene
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probe as acceptor in FRET couple is less investigated. The photophysical properties, their
concentration relating to the optimum ratio, and structure of the probes have been investigated to
improve the FRET efficiency. !'* 1% 10 The use of an additional process such as FRET antenna
or surplus effect were also considered to promote FRET selectivity and efficiency.” The final
stage of this work looked to immobilise sensor 13 onto the surface of silica nanoparticles through
functionalisation of the sensor’s structure, as previously exhibited by the group of Qian (Section
1.8).146 The probes involved in the FRET process have been selected for the inclusion of a suitable
functionalization group. Discussion and preliminary experiments with silica nanoparticles are

described in chapter 5.

This chapter reports the design of the main components of sensor 13, along with an explanation of
their function. A detailed discussion about synthesis strategies of sensor 13, including analysis and
purification procedures, are provided. Fluorescence experiments were conducted to evaluate the
photophysical properties of the sensor, its ability to bind sugars and the resulting final fluorescence
response. Preliminary FRET experiments between the sensor and different probes are also

described herein.

4.2 Sensor 13: design

Pyrene was selected as the probe due to its higher fluorescence quantum yield (0.69) compared to
other fluorophores,”® and the associated versatility of structure modification. To enable its
immobilisation onto surfaces, an acetylene group was selected and added due to its widely reported
functionalization procedure.?! Moreover, according to the literature it should not compromise the
fluorescence properties of the probe. 2°* 22 Fluorescence quenching could occur instead with

different group such as halogen or amino groups.?® The structure of sensor 13 involved a semi-
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rigid piperazine (14) that was believed to act both as a fluorescence quencher and a spacer for the
receptor moiety. Due to its semi rigid, planar structure, it was thought that piperazine promoted
fluorescence quenching by twisted intramolecular charge transfer (TICT) promoted PET. TICT
caused the maximum charge separation (positive-negative), stimulating the PET process. 2
Following the excitation, TICT states were performed, and a strong positive electron filed on 4-
position nitrogen, that accelerates the PET process. The semi-rigid structure of piperazine
guaranteed a short distance between the two nitrogen atoms, promoting the interaction with
boronic acid with sugar and the quenching effect towards fluorophore. '2%204 The interaction with

sugars by boronic acid (BA) moiety located in ortho position, should promote the interaction B-

N, interrupting the PET process and restoring the fluorescence of the sensor (Figure 4.2).

HO-B 0-B

OH [:j 11(>_<)11 ﬁ/é [N

N
PET

e DO

No-Fluorescent Fluorescent

Figure 4.2. Scheme of fluorescence mechanism involved in sensor 13 modulated by sugar binding by BA.

Since the sensor (13) was composed of two single units, contrary to the sensor described in chapter
3, the Rehm-Weller equation can be used to calculate the energy change which can be used to

evaluate whether the PET process is established. 7
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2
AG = E(D*/D) — E(A*/A7) = AGoy —= Equation 4-1

The redox potential of pyrene (acceptor) and of piperazine (donor) were noted from the literature.
The oxidation potential of pyrene (E(D*/D)), is 1.16 V,?% 206 while the reduction potential of
piperazine (E (A/A")), is 1.96 V.2 The excited state energy of pyrene fluorophore (AGoo), is 3.34
eV. The last term represents the coulombic energy of ion pair (e) following the electron transfer
process, where ¢ is the dielectric constant and d the distance between the charges. Taking
acetonitrile as reference solvent, the ratio (e? / ed) is 0.06 eV. ’° The estimated AG is -0.28 eV. The
negative value of AG proved that PET was energetically possible. The quencher behaviour of
piperazine towards the pyrene probe was tested through preliminary fluorescence studies.
Fluorescence spectra of pyrene 15 (0.1 pM) were recorded with piperazine 14 at different
concentrations (0-100 mM) in water to highlight the quenching response. The results reported in
Figure 4.3 show a decrease in fluorescence intensity upon the addition of 14, confirming its

quencher role and suitability for its incorporation into the design of sensor 13 sensor.
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Figure 4.3. Fluorescence spectra of 15 (0.1 uM) at L., 344 with 14 at different concentrations in water.

Relative intensity vs concentration at Aem 376 nm (right).
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4.3  Synthesis and purification

The retrosynthetic route reported in Figure 4.4 shows the starting approach proposed for sensor 13
synthesis, that included five main steps. The methodology involved the reaction between 1,6-
dibromopyrene (15b) and 1-boc-piperazine (14b) for step 1 of synthesis. 15b was employed due
to the higher reactivity compared to the monobromide pyrene. Furthermore, the second atom of
bromine allowed the next functionalization (step 2). 18 can be obtained through a Sonogashira
coupling reaction, between 16 and trimethylsilyl acetylene 17 (TMS acetylene) followed by TMS
deprotection (step 3).2°%-2%8 After the deprotection of the Boc group (step 4) to achieve 20, 13 can

be synthesised by reaction with 2-(bromomethyl) phenylboronic acid 3b (step 5).

HO- B [ [ij

OH N
[Nj Step 5 Step 4
OO 5

20 19 “ Step 3

Il
13
. X
Br N
OO Step 1 O |‘| £ [Nj
! . (0

15b 16 | |
T™MS

18

Figure 4.4. Retrosynthetic route of sensor 13 (step 1-5).
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Conferring to the retrosynthesis route, each step was performed to evaluate the best reaction
conditions to yield the desired product. Although each step reactions are reported in the literature,
the reactivity of the product changed due to the protective groups, Boc (step 1) and TMS-acetylene
(step 2) and their next deprotection reactions (step 3 and 4). Different condition reactions and

changes in the reaction sequence were evaluated.

The first step consisted of incorporation of piperazine group to pyrene structure. Di-bromo
substituted pyrene 15b was employed to have a secondary amine group for the next
functionalization (step 2). Tert-Butyloxycarbonyl (Boc) is a common protecting group for amines
Piperazine involving Boc group (14b) was employed to increase the reaction selectivity towards

15b, avoiding the functionalisation of both the amino groups of piperazine (Figure 4.5).

I|30c
N
Br [ ]
l|30c NaOtBu N
OO N Pd(OAc), \ BINAP (cat)
SOLE" - 2
H Toluene “
100 °C
Br 12h

14b

Br

16

Figure 4.5. Reaction scheme of step 1 for the synthesis of 16.

Synthesis of 16 was verified by NMR spectra, where the Boc group peak (~1.5 ppm) 2% is
noticeable (Figure 4.6). The main peak observed in mass spectra (m/z 467) corresponds to the

mass expected of 16 [M+H]", confirming successful synthesis. Furthermore, peaks relative to m/z
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411 and 365, respectively peaks a and b, were attributed to the fragmentation of t-Boc group (a=

m/z 411) and total loss of the Boc group (b = m/z 365), as reported in Figure 4.7.
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Figure 4.6. NMR spectra of 16, with Boc peak shown with an arrow.
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Figure 4.7. Mass spectra of 16 (left). Relative structure of compounds for peaks a and b with the relative

fragments lost in red (right).
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The next steps involved the introduction of TMS acetylene (17) by reaction of 16 in dry EtsN and
ethynyl-trimethylsilane 17 with Pd(PPh3)>Cl, /Cul as catalyst. The following deprotection TMS
employed tetra-n-butylammonium fluoride (TBAF) in tetrahydrofuran (THF) to achieve the
product 19. The reaction was verified by comparing the NMR spectra, as reported in Figure 4.9.
The products 18 and 19 were confirmed by NMR spectra. The appearance of the peak of the TMS
group (~0.5 ppm) proved the synthesis of 18 while the peak attributable to ethynyl group peak (~
3.5 ppm) verified the successful synthesis of 19. In the same spectra, it is possible to notice that

the previous peak of the TMS group is absent, confirming its successful deprotection.

: N SO

Pd(PPh;),Cl,
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Br ‘
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Figure 4.8. Scheme of step 2-4 with reaction conditions.
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Figure 4.9. Comparison NMR spectra of 16, 18 and 19 with TMS and ethynyl group peaks shown with an

arrow.

The final step, before the reaction with 3b, provided the deprotection of Boc (step 4 in Figure 4.4).
This procedure was widely reported and occurs through carbamate hydrolysis in acidic
conditions.?!® The starting material 19 was dissolved in dichloromethane (DCM) with a solution

of trifluoroacetic acid (TFA) at room temperature for 10 min.?!!

Examining the NMR spectra reported in Figure 4.12, the characteristic peak of Boc is absent (~1.5
ppm-orange label) suggesting the successful Boc deprotection. However, analysis of the mass
spectra reported in Figure 4.10 has not verified the formation of the desired product 20. The mass
was attributed to the formation of alternative methyl ketone 21 [m/z 329.17], as shown in Figure
4.11. This reaction was supposedly caused by the acetylene group’s instability in acidic conditions.

Although rare, an example of this reaction has been reported in the literature.?!?> The other small
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peak (m/z 429.22) was attributed to methyl ketone derivative with Boc group, not subjected to

deprotection.

100 2807

Figure 4.11. Chemical structure of side product of 21.

A further investigation of the NMR spectra (Figure 4.12) has evidenced the presence of a small
peak around 3.2 ppm that could be attributed to methyl group (green label), identified by mass
spectra. Since the low concentration of product obtained, it has not been possible record 13C NMR

spectra for a deeper investigation. To avoid doubt regarding side product formation, following
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separation by column chromatography each product was analysed by mass spectra. It was
considered a superior analysis technique to verify the formation of undesired product of the
reaction compared to NMR spectra. Indeed, despite NMR spectra clearly showing the appearance
or disappearance of the peak of interest, it was difficult to notice the small change due to side

products, as verified for side product 21.
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Figure 4.12. NMR spectra of product following Boc deprotection. Absence of peaks around 1.5 ppm

(orange label). Marked peak 3.2 ppm (green label).

It was proposed that ethynyl group was sensitive to acidic conditions due to its high reactivity.
Therefore, to avoid the formation of side product 21, the reaction of Boc deprotection was
conducted with the compound 18, before the deprotection of TMS, assuming its higher stability
compared to 19 (Figure 4.13). Nevertheless, formation of the undesired product 21 was still
verified by mass spectra, suggesting that the instability of the TMS group was easily removed in

acidic conditions and subjected to reaction.
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18 21

Figure 4.13. Scheme of reaction of 21 with reaction conditions.

Another strategy involved the Boc deprotection of 16, followed by the introduction of TMS group
(17). The purpose to achieve the final product 18b, avoiding side product formation due to TMS

or ethynyl group instability.
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Figure 4.14. Reaction scheme of 18b with reaction conditions.

However, the absence of Boc group in 16b changed the reactivity and solubility of the reagent.
The reaction employed previously to achieve 18 through Sonogashira reaction (Figure 4.14) failed
to yield the product. The mass spectra reported in Figure 4.15a shows the peak attributable to the
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desired 18b (m/z 383.19-yellow circle) but also the presence of other compounds. All the products
corresponding to other peaks had not been identified. However, it was expected that some may
arise due to the presence of the starting material 16 not fully being deprotected, which brings the
formation of side products. A preliminary TLC analysis did not reveal a suitable separation
between the compounds. Moreover, the purification through column chromatography became
more complex, due to the presence of the free amino group of 16b. Another reaction was made
using dimethylformamide to increase the solubility, aiming to improve the yield of 16b and
facilitating the next purification. The mass spectra reported in Figure 4.15b did not reveal the
presence of the desired compound. Moreover, the boiling point of dimethylformamide (DMF) (153
°C) is higher than DCM (39.6 °C) making the removal of solvent more difficult. Since product 18
was obtained with acceptable yield (54%), focus was shifted to implementing new strategies of

Boc deprotection instead.

159



38319

365.08

2521

26310
{42621
50721
!50811

4917
2721

66345
24109

Al
i l}j I

|

700

m/z

149.02

100

42521

4119

353.16

339.15

3.5
266.10

A

12621

50925
52326

(52426

152526 L

Wl

Y

607.30

22 32

23.31

i

200 300 400

[
500 600

700

800

™ m/z
900

Figure 4.15. Mass spectra following test a (a) and b (b) to achieve 16b. Peak at m/z 383.19 (yellow

circle) evidenced.

As a result, new reagents for Boc deprotection were investigated. The aim was to determine the

suitable pH condition of reaction,?!* required for Boc deprotection of 14, avoiding side reaction of

the TMS group. The main challenge consisted of finding a reaction under suitable acidic conditions

to allow the Boc deprotection of amine group of piperazine 14 (pKy 4-5). Different Boc

deprotection procedure have been reported, depending on nature of amino group involved. Table

4.1 describes some of the methods investigated to evaluate their efficacy towards 14.
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Table 4.1 Boc deprotection methods used (a-d).

Method Conditions
a Tetra-n-butylammonium fluoride TBAF/THF 24
b Fluorinated Alcohols: 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) 213
c 6M HC1/ H,0 2'°
d HCI (4M) / Dioxane 2!

The method a aimed to bring the deprotection of the TMS group and Boc at one single step to

achieve the final compound 20 (Figure 4.16).
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Figure 4.16. Reaction scheme of 20 according to method a.

The first attempt was made at room temperature, but deprotected product was not observed, so the
reaction was attempted at a higher temperature (70°C). The comparison between NMR spectra
reported in Figure 4.17 before (1) and after (2) the reaction shows the presence of the Boc peak in
both spectra (~1.5 ppm-green arrow). Whereas the TMS group peak (purple arrow) is absent in

spectrum 2 (Figure 4.17), meaning the conditions employed were suitable for TMS deprotection
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but not for the deprotection of the Boc group. Further experiments with a longer reaction time

(overnight) did not show the desired product either.
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Figure 4.17. Comparison between NMR spectra before (1) and after the reaction (2) reported in Figure
4.14, following condition of method a as reported in Table 4.1. Boc (green) and TMS (purple) peak

evidenced with arrows.

The literature procedure,?'*

adapted for method a, was employed for aromatic and heterocyclic
aromatic amine with pKa 9-10 and pKb 7-8 respectively. The reason for the unsuccessful reaction
was attributed to the difference in basicity of the amines employed in the literature compared to
piperazine 14 (pKb 4-5). As aromatic amines are less basic (pKa 9-10 and pKb 7-8), they were
more easily subjected to Boc deprotection under mild conditions. Since the deprotection of Boc
required selective conditions, the next methods (b-d) were focused only on Boc deprotection, as

shown in the figure below.
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TMS

18 18b

Figure 4.18. Reaction scheme of 18b.

As reported in the literature, fluorinated alcohols,"

can be exploited as solvents for Boc
deprotection. Thus, method b employed HFIP as the solvent at reflux temperature, aiming to
achieve the cleavage of Boc, without affect the reactivity of TMS group. Although the literature
215 reported its successful application to piperazine compounds, the mass spectra of the reaction
product revealed the predominant presence of the starting material 18 (m/z 483), suggesting low

conversion to the final product 18b (m/z 383.19). This can be attributed to a different reactivity of

the piperazine once bound to pyrene.
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Figure 4.19. Mass spectra following the scheme reported in Figure 4.18 according to condition of

method b, reported in Table 4.1.Peat at m/z 383 (18b) and 483 (17) evidenced with green arrows.

Assuming that Boc deprotection needed stronger conditions, method ¢, an aqueous solution of HC1
was used. However, as with the previous method, Boc deprotection was not achieved, possibly
due to the low solubility of starting material 18 in aqueous solution. Consequently, alternative
solvents such as dioxane, was investigated, adapting the reported procedure.?!” A longer reaction
time (5h) compared to the original procedure (30 min) was employed. Decisively, with these
conditions, deprotection was successful as seen in the NMR spectrum reported in Figure 4.20 (left).
Whilst the Boc group peak was absent, the peak representing the TMS group was present.
Although the mass spectra (Figure 4.20 right) showed the presence of the desired compound 18b

(m/z 383), the fully deprotected compound 20 was also revealed, signifying the presence of mixed
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products. However, it was believed that having mixed product would not cause a problem in the

following reaction, because undesired product, methyl ketone 21, is absent.

TMS
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Figure 4.20. NMR (left) and mass spectra (vight) of reaction product following the scheme reported in

Figure 4.18, according to condition of method d as reported in Table 4.1. In NMR spectra TMS peak

(purple arrow) and absence of Boc peak (orange label). In MS spectra, peak at m/z 311 (20) and 383

(18b) are evidenced with green arrows.

Following the successful deprotection of the Boc group, the next reactions involved the total

deprotection of TMS group, allowing the subsequent reaction with boronic acid derivative 3b.
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Figure 4.21. Reaction scheme to achieve 13, from starting 18b, previously subjected to TMS deprotection

(20).

The reaction of TMS deprotection was performed with a solution of 1M of TBAF in dry THF. The
reaction was verified by comparison of NMR spectra of 18b and 20 (Figure 4.22), the absence of
TMS peak (purple arrow) in the NMR corresponding to 20, suggested that successful deprotection

had occurred.
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Figure 4.22. Comparison NMR spectra of 18b and 20 with TMS peak evidenced with purple arrow.

The mass spectra in Figure 4.23 shows the presence of some undesired product. The peak 1 (m/z
242 .99) was attributed to tetrabutylammonium as a residue from the reaction with TBAF. The peak
2 (m/z 311.16) corresponded to the desired product 20 [M+H"]. The peak 3 (m/z 399.21) was
thought to be a complex between the final product 20 (without TMS) and a residue of solvent

(dioxane) from the previous Boc deprotection according to the conditions of method d (Table 4.1).
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Figure 4.23. Mass spectra of reaction product followed the scheme reported in Figure 4.21.Peak at m/z

242.29 (1), 311.16 (2) and 399.21 (3) evidenced with green arrows.

As the presence of residual solvent (dioxane) was observed following the method d (Table 4.1) for
Boc deprotection, so new reactions conditions were investigated. The aim was also to prevent the
deprotection of TMS group (18b), and the formation of mixed products as seen in the mass spectra
reported in Figure 4.20. Two alternative methods, e and f, reported in Table 4.2 were investigated

to selectively deprotect the Boc group, leaving the TMS group intact.

Table 4.2. Boc deprotection method approached (e-f).

Method Conditions
e HCI (2M) / Et,0 '8
f HCI (4M) / MeOH 2%
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Reaction conditions following method e did not produced a complete Boc deprotection. Assuming
the concentration of HCI used was too low (2M), method f used a more concentrated HCI solution
(4M) in MeOH, to enhance the solubility of starting material 18. Moreover, it was assumed the
use of MeOH as solvent allowed the easier purification of the desired product through a silica
chromatographic column. The separation of the pure desired product was achieved by employing
a short chromatographic column and the slow addition of MeOH. The Figure 4.24 reports the NMR
spectra of 18 (a) in which the Boc group (~1.5 ppm) was still present and of the product 18b (b)

where the Boc peak is absent. Additionally, the TMS peak was present in both spectra.

TMS
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I
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90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1.0 -15
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Figure 4.24 Comparison NMR spectra of the two fraction, a and b, isolated by chromatographic column
of reaction product following conditions of method f as reported in Table 4.1. TMS (purple) and Boc peak

(green) evidenced with arrows.
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In contrast with the reaction scheme reported in Figure 4.21, a new approach provided the TMS
deprotection as the final step following the reaction between 18b and 3b. It was expected that the
presence of the ethynyl group could affect the reaction, due to reaction competition of 3b with thus

group. Figure 4.25 reports the reaction scheme adopted.

S O
N OH [ oH [ j
OO HO. |, OH N N
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TMS | ‘
T™MS

18h 3b 13b 13

Figure 4.25. Reaction scheme to achieve 13 though formation of 13b.

To preserve the TMS group, the reaction with boronic 3b was performed in mild conditions: weak
base as Et3N, dry solvent (DMF) and at room temperature. The completion of the reaction was
verified by TLC analysis and confirmed by NMR and mass spectra. By comparing the NMR
spectra, the distinctive groups of the starting material 3b and 18b in the spectra of product 13b can
be observed (Figure 4.26). The peak relative to 3b is at 7.2 ppm (yellow label) and the TMS peak
of 18b at 0.5 ppm (purple label). The mass spectra also confirmed the presence of desired product
(Figure 4.27). The main peak (m/z 517) was attributed to the desired product 13b, while the small

peaks were ascribed to 13, the fully deprotected product (m/z 445).
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Figure 4.26. Comparison NMR spectra of 3b, 18b and 13b. Peaks at 7.2 ppm (yellow) and 0.5 (purple)

evidenced.
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Figure 4.27. Mass spectra of expected product 13b following the scheme reported in Figure 4.25.

Because of the previous issues with the purification of amine and boronic acid compounds, 13b
was analysed by LC-MS to evaluate the conditions for a further separation through preparative
HPLC. The method, already employed in the previous chapter for sensor 7, involved an eluent

system of water and MeCN + TFA 0.1 %, following the gradient condition reported in Table 4.3.

Table 4.3. Gradient condition followed to achieve chromatograms reported in Figure 4.28.

Method Time Water % MeCN + TFA 0.1 TFA %
30 70
30 0 100
a/a2 35 0 100
35.10 30 70
40 30 70
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In the chromatogram reported in Figure 4.28, the main peak is seen at RT 20.02. Analysis of mass

spectra (right) demonstrated that the peak corresponded to the desired product 13b (m/z 517). The

compound was successfully isolated through preparative HPLC and verified by NMR spectra.
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Figure 4.28. LC-MS chromatogram of 13b following method reported in Table 5.2. Peak at RT 20.02

(purple label) evidenced. Mass spectra of peak at RT 20.02 (right)

Moreover, the successfully separated compound 13b was noticeable in LC-UV chromatograms,

reported in Figure 4.29. The purity level of the compound was estimated at 86 % by integration of

the main peak at RT 20.25.
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Figure 4.29. LC-UV chromatograms of 13b. Peak at RT 20.25 (green arrow) evidenced.

The next step concerned the TMS deprotection to yield the final sensor 13, employing the same

conditions used previously (TBAF/ THF).

TMS
13b 13

Figure 4.30. Reaction scheme for synthesis of 13.
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Since the absence of characteristic TMS peak in the NMR spectra of 13, it was assumed that
successful deprotection had occurred. However, the comparison between NMR spectra of the
compound before (13b) and after the reaction (13) suggested the formation of a side product. Some

unexpected peaks were also seen, as highlighted in orange in Figure 4.31.

AR \/U/’J

13b
TMS

Figure 4.31. Comparison NMR spectra of 13 and 13b, following the reaction scheme reported in Figure

4.29. Interested peak (orange) and TMS (purple arrow) evidenced.

In support of this, the mass spectra reported in Figure 4.32 confirmed the presence of an undesired
product. The peak 1 (m/z 242.29) was attributed to tetrabutylammonium as second product
following the reaction with TBAF, as previously observed (Figure 4.23). The peak 3 (m/z 446.22)
referred to the desired product 13, while peak 2 (m/z 418.20) was attributed to the oxidized product

on BA moiety (22) as reported in Figure 4.32.
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Figure 4.32. Mass spectra of reaction product, following scheme reported in Figure 4.25, with peak 1

(m/z 242.29) 2 (418.20) and 3 (446.22) evidenced (left). Chemical structure of 22 (right), attributable to

peak 2.

As reported in the literature, some boronic acid derivatives can be subjected to oxidation or even
protodeboronation at select conditions.?!® Additionally, the presence of amino atoms such as
piperazine in closer proximity can strengthen this propensity.??* The process was described to be
promoted by high temperatures, basic conditions and radical-generating solvents, as for example
THF, employed for the deprotection reaction of TMS. In face of these results, TMS deprotection
was performed following an alternative procedure. Sodium carbonate in MeOH was selected over
TBAF to avoid the tetrabutylammonium impurities observed before. The reaction was conducted

at room temperature and the reaction time was increased to support the complete conversion of
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starting material. The expected product was achieved following the new conditions and was
analysed by LC-MS. The gradient conditions were maintained as reported in Table 4.3 while

different combinations of solvents were investigated, as shown in Table 4.4.

Table 4.4. Gradient condition, applied to achieve chromatogram reported in Figure 4.33.

Method Solvent 1 (%) Solvent 2 (%)
a Water MeCN + TFA 0.1%
b Water MeCN + FA 0.1 %
c Water MeOH + TFA 0.1 %
d Water MeOH + FA 0.1 %

The Figure 4.33 shows the chromatograms corresponding to the different methods (a-d) used. As
shown in Figure 4.33 the greatest separation between the desired product 13 (orange label) and the
oxidised product 22 (green label) was achieved though method d. Latter gradient conditions were

applied for the purification of the reaction product through preparative HPLC.
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Figure 4.33. Chromatograms of reaction product 13 (Figure 4.29) following method a-d, according to

gradient conditions reported in Table 4.4. Peak of 13 (orange label) and 22 (green label) evidenced.

The purified compound was analysed by LC-MS, as reported in Figure 4.34. Analysis of the peaks

1 (RT 17.02) and 2 (RT 22.60) by mass spectra suggested the separation was not successful in

contrast to what has been observed in the chromatograms d reported in Figure 4.33. Peaks 1 and 2

were attributed to the phenol 22 (1) and to the desired 13 product (2) respectively.
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Figure 4.34. UV chromatogram by LC -UV of 13 following HPLC preparative (left). Peak at 17.02 (1-

purple) and 22.60 (2-green) evidenced. Mass spectra of peak 1 (RT 17.02) and 2 (RT 22.60) (vight).

It was concluded that the boronic acid moiety was very sensitive to the temperature and to the

basic conditions that were required for TMS deprotection. To avoid side reaction of the BA moiety

under these required conditions, 2-Bromomethylphenylboronic acid pinacol ester 3¢ was selected

as an alternative method to achieve the final product. It had not been selected previously because

it implied an addition step of deprotection. The reaction scheme reported in Figure 4.35 shows the

strategy adopted.
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Figure 4.35. Reaction scheme to achieve 13, involving 3c.

The compound 18b, containing the TMS group, was subjected to further purification by
preparative HPLC, following the gradient reported in Table 4.3 (Water/ MeCN plus TFA 0.1 %).
Neutralization of TFA before the complete removal of solvent was required to avoid the formation
of side product such as ketone 21. To avoid the deprotection of TMS group which occurs in basic
conditions, a mild base such as Et:N or a solution of solid sodium carbonate was employed.
However, even in the mild basic condition used, the formation of side product 21 and the
deprotection of TMS group was still seen. Instead, the solution was successfully treated with a
basic resin which allowed the complete neutralization of TFA without adding any reagents that

may affect future reactions.

Figure 4.36 shows the comparison of LC-UV chromatograms of the 18b before (1) and after (2)
being subjected to preparative HPLC. In chromatogram 2, a single peak was observed, confirming

the purity of the compound.
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Figure 4.36. LC-UV chromatograms of 18b before (1) and after (2) HPLC preparative.

Next, the reaction of 18b with 3¢ was conducted (Figure 4.35) in the same conditions employed for
3b, with triethylamine (Et3N) as base, in DMF and at room temperature (24h). Figure 4.37 reports
the mass spectra of the reaction. It is possible to observe a main peak (m/z 318.26), that was

attributed to an undesired compound due to the reaction between 3¢ and Et3N.
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Figure 4.37. Mass spectra of product of reaction between 18b and 3c, using EtsN.Peak at 316.26

evidenced. Chemical structure of relative compound is reported.

The reaction was repeated employing K2COs as base (two equivalent), increasing the reaction time
(48h) to enhance the conversion of starting material 18b. The reaction successfully yield product
23, that was analysed though LC-MS for the next purification. Table 4.5 reports the eluent systems
evaluated for this LC-MS analysis. The gradient conditions were maintained the same as reported

in Table 4.3, but solvents (Table 4.5) were modified to look for a good separation.
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Table 4.5. Methods applied to achieve chromatogram reported in Figure 4.37.

Method Solvent 1 (%) Solvent 2 (%)
e Water MeCN + TFA 0.1 %
f Water MeCN + FA 0.1 %
g Water MeOH + TFA 0.1 %
h Water MeOH +FA 0.1 %
1 Water MeCN + TFA 0.05 %
] Water Buffer pH 5

Analysis of the mass spectra of each chromatogram peak determined that desired product 23

possessed the highest RT, as indicated with red labels in Figure 4.38. With method h, 23 was less

noticeable compared to all the other chromatograms. In the chromatograms e, f and g, a second

peak was also seen, attributable to 13b, that arises from the deprotection of alkyl pinacolyl

boronate esters (yellow label). The reason was attributed to the acidic conditions employed for the

separation.
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Figure 4.38. Chromatograms of reaction product 23 (Figure 4.35) following method e-h, described in

Table 4.5. Peak of 13b (yellow label) and 23 (red label) evidenced.

Thus, two alternative methods involving milder conditions were investigated; a solution of MeOH

with a lower percentage of TFA 0.05 % (i) compared to previous methods (0.1 %), and a buffer

solution at pH 5 (j). However, the peak attributable to 13b was still noticed in both chromatograms,

as indicated in yellow in Figure 4.39.
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Figure 4.39. Chromatograms of reaction product 23 (Figure 4.35) following method i-j, described in

After comparison of the results, method e led to the most effective separation. Thus, these

conditions were applied to yield the final product by preparative HPLC. HPLC chromatograms
revealed two different peaks (Figure 4.40left). The mass spectra of the isolated fractions 1 and 2

(right) identified a mixture of product that involves both 23 and 13b, suggesting separation had

not been successful.

Table 4.5. Peak of 13b (yellow label) evidenced.
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Figure 4.40. HPLC chromatograms of product 23 according to method e reported in Table 4.5. Mass

spectra relative to fraction collected at peak 1(yellow label) and 2 (ved label) (right).

Due to these results, it has been agreed to perform the next step of the synthesis (Figure 4.43)

without steps of purification of the intermediate products. The aim was to avoid side or undesired

product due to the possible conditions employed during the purification. The deprotection of the

TMS group to achieve 23b was performed with sodium carbonate (Na;CO3) to avoid the formation

of side product 21. The reaction was confirmed by mass spectra as reported in Figure 4.41, where

the main peak (m/z 527.29) was attributed to 23b.
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Figure 4.41. Mass spectra of reaction product following TMS-deprotection of 23 (Figure 4.35).

The last step involved the deprotection of alkyl pinacolyl boronate esters in 23b (Figure 4.35).
Two methods have been investigated to achieve the successful deprotection. The first one
employed the use of diethanolamine (DEA) according to a literature procedure.??! The
deprotection reaction was expected to occur through transesterification with diethanolamine
(DEA) followed by acid hydrolysis. The mass spectra of reaction product revealed the formation
of the DEA-boronate compound, as reported in Figure 4.42 (m/z 586.31). However, the followed

reaction of hydrolysis was insufficiently efficacious to achieve the final product.
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Figure 4.42. Mass spectra of reaction product following the first method for the deprotection of alky!

pinacolyl boronate esters. Chemical structure of relative compound is reported.

The second method to achieve the deprotection of alkyl pinacolyl boronate esters employed
methylboronic acid as reagent, as reported in the literature.??> The reaction was performed under
mild acidic conditions to preserve the ethynyl groups. Due to the risk of formation of the oxidized
product, the reaction was handled avoiding any source of heat. The final product was verified by
mass spectra as reported in Figure 4.43. Regardless of the presence of the mass attributable to 13

(m/z 445.21), the presence of a mixture of products was apparent.

188



3.45

100
13 597.43
= 338.34
[l s o
44521
275.14
481.19|
685.44
219.17 ‘ ’ J } 750.41
r! Y l.” -'|~ “ ,|~m/z
200 400 600

Figure 4.43. Mass spectra of reaction product 13, following the scheme reported in Figure 4.34.Peak at

m/z 445.21 (13) evidenced with green arrow.

The reaction mixture was analysed by LC-MS, following the conditions of method e (Table 4.5).

Product purity was calculated at 35% by integration of the relative peak, detected by LC-UV

chromatogram (Figure 4.44).
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Figure 4.44. LC-UV chromatograms achieved according to method e conditions as reported in Table

4.5.Peak at RT 14.63 (22), 15.07 (13) and 22.07 (23b) evidenced with arrows.

As expected, a mixture of products was observed, explaining the low product purity determined.
Due to the low stability of the final product, the formation of fragment ions did not allow the
identification of all the compounds present. The mass spectra of peaks evidenced were analysed
and were attributed to the oxidized product 22 (RT 14.63), the desired product 13 (RT 15.07) and

the starting material 23b (RT 22.07).
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Figure 4.45. Chemical structure of compound 22, 13 and 23b.

The presence of 23b suggested that the deprotection conditions were not completely suitable and
needed improvement. A different amount of methylboronic acid or increasing reaction time could
promote yield desired product. LC-MS technique allowed the identification of the products of
reaction, giving more information regarding secondary products. However, since the low stability
of 13 towards temperature and acid, the condition employed during the separation with LC-MS or
HPLC could cause side reactions such as oxidation, or degradation of the desired product.
Consequently, the success of the reactions could not be verified. Alternative techniques to achieve
a complete separation of desired product must be investigated. Complete characterization of
sample with 1H and 13C NMR has not conducted, due to the presence of product as mixture and

low purity.
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4.4 Fluorescence experiments

The intermediate compound 13b that involved TMS-group as shown in Figure 4.25, was
synthesized. It was isolated and purified, estimating at 86% purity level from LC-UV
chromatograms reported in Figure 4.29. The main cause affecting the purity of the sample was

attributed to the formation of the oxidized product, equivalent to the compound 22 (Figure 4.45)

but including the TMS-group. Since it was difficult to achieve the final desired compound 13 by
separation from the mixing of product, preliminary fluorescence experiments were conducted with
13b. It was expected that the response towards saccharides of 13b were similar to that of the
desired product. The main difference between the two structures was the presence of the TMS
group linked to the pyrene probe which should not interfere with the interaction between diols and

the PBA receptor (Figure 4.46).

HO—]IB HO—]TD»

TMS

Figure 4.46. Chemical structure of 13 and 13b.
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Fructose was employed as a standard monosaccharide to evaluate the binding with BA receptor.
The selectivity of the sensor was tested by performing experiments with different monosaccharides
(Figure 4.47). Sorbitol and Glucose were selected as they are commonly used to evaluate boronic

acid binding, due to their abundance in the blood and thus important for sensing application.

Moreover, they are both affordable and widely available. 3 115223
on 0 OH OH OH OH
OH 0
HOTN\ OH HO™ Y HO” Y 7
oH OH OH OH OH OH
Fructose Sorbitol Glucose

Figure 4.47. Chemical structure of monosaccharides: Fructose, Sorbitol, Glucose.

Preliminary experiments were performed in solutions to evaluate the behaviour of sensors towards
saccharides. The role of solvent used to dissolve the compounds and the solvent used to record the
spectra was investigated. The final aim consisted of the incorporation of the sensor onto the surface
of silica nanoparticles. However, the sensitivity and overall performance of sensors need to be

investigated in solution first.

Due to the low solubility of the organic probe, a highly concentrated solution of 13b was prepared
in DMF, and then diluted in water. Absorption spectra of 13b at different concentrations were
recorded (Figure 4.48a). Since a signal response with the lowest concentration (10 uM) was
observed, 10 uM was selected for the further fluorescence experiments. The solubility of the sensor
in aqueous solution was evidenced by the linear response of absorbance versus concentration of

13b at 390 nm (Figure 4.48b).

193



0.25 -
100 pM
0.2
50 pM
g
g 015 — 25 M
P
2
=
< 01 10 pM
. \/\/\
0

250 300 350 400 450 500 550
Wavelength (nm)

Absorbance

0.14 1

0.12

0.1 A

0.08

0.06

0.04

0.02

y=10.0013x - 0.0024
R?=0.9999

20

40 60 80
Concentration (pM)

100

Figure 4.48. Absorption spectra of sensor 13b in water. Absorbance versus concentration at Aqs 390 nm.

A highly concentrated solution of 13b was also prepared in DCM, however due to its immiscibility

in water, the solution was prepared by completely drying the solvent under vacuum (overnight). It

was then dissolved in large amounts of water to afford a low concentrated solution. A set of diluted

solutions (0; 0.1; 0.2; 0.5; 1; 2; 5; 10 uM) were prepared from a high concentrated stock solution

and subjected to fluorescence measurements. The aim was to investigate the effect of the starting

solvent (DCM and DMF) on the fluorescence properties of sensor and evaluate the maximum

fluorescence signal.
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Figure 4.49. Relative intensity (a.u) versus concentration. Comparison between solution prepared by

dilution of stock solution of 13b dissolved in DCM or DMF.

As shown in Figure 4.49, the solution in DMF had a higher fluorescence signal compared to the
solution with DCM. Therefore, DMF method was selected in the further experiments. Once the
absorption and emission spectra were recorded, the Stokes shift was determined by the difference
between the maximum absorption and emission wavelengths. A Stokes shift of 66 nm was
calculated (Figure 4.50). A large Stokes shift (>100 nm) aids to reduce self-quenching processes
that could cause a decrease in fluorescence intensity. Although the Stokes shift value was lower
than required to prevent self-quenching, it was expected that the further immobilization of the

sensor onto the surface of silica nanoparticles would prevent this effect.
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Figure 4.50. Normalized absorption and emission spectra of 13b in aqueous solution.

To ensure that the fluorescence properties of the sensor were not affected by the polarity of solvent,
absorption and fluorescence experiments were conducted in water with different percentages of

MeOH and MeCN, and in pure organic solvent (Figure 4.51).
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Figure 4.51. Normalized absorption (a) and emission (b) spectra of 13b.

In Table 4.6 absorption maxima and the respective emission maxima in different solvents are
reported. As shown, the calculated extinction coefficient € and the Stokes shift did not increase
when the MeOH and MeCN solutions were used, compared to water (66 nm). The sensor displayed
a marked bathochromic shift of emission spectra (Aem 473 nm) when dissolved in the less polar
solvent (MeCN). The highest extinction coefficient molar € were detected in pure MeOH and
MeCN. This may be due to the higher solubility of the probe in organic solvents compared to
water. Although, since in the polar solvents the orbital energy of HOMO decreases, it was expected

that the PET process would be supported.?**
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Table 4.6. A.s and Lew of absorption and emission spectra of 13b in different solvent. Extinction

coefficient molar ¢ and Stokes shift calculated.

Solvent Aabs (nm) Aem (nm) e (M em™) Stokes shift (nm)
Water 390 456 1182 66
PB solution (pH 7.4) 391 445 999 61
MeCN 390 473 2122 83
MeOH 372 462 3801 90
Water-MeOH 1:1 380 462 1683 82
Water-MeOH 20 % 392 453 1272 61
Water-MeCN 20 % 392 458 1326 66

As consequence of these results, it was concluded that experiments can be conducted in aqueous
solution, strengthening the PET mechanism involved and consequently increase the probability of
fluorescence emissions following the sugars binding. To investigate the effect of the selected
solvent, fluorescence experiments of water at different excitation wavelengths were conducted.
Typical Raman scattering bands can be recognized by a shift of emission wavelength changing the
excitation wavelength. Experiments with the probe 13b (10 uM) were performed to investigate the
wavelength at which these bands occur. The aim was to identify the excitation wavelength to allow
a suitable fluorescence intensity response of the probe, avoiding overlapping with Raman bands

of water.
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Figure 4.52. Emission spectra of water (A) and 13b in water (B-C) at different excitation wavelengths

(320-400 nm).

Figure 4.52A show a shift of emission spectra of water, verifying the typical Raman bands. In
Figure 4.52B and C, it is shown how the fluorescence spectrum of 13b was affected by the Raman
bands of water. In proximity of the wavelength corresponding to the emission maxima of probe
(Aem 456 nm), the Raman band of water overlaps the emission band of the probe. Consequently, a

decrease of fluorescence intensity was detected alongside a band distortion.

Figure 4.53 reports the fluorescence intensity at maximum emission (Aem 456 nm) versus different
excitation wavelengths. The intensity increased until Aem 375 nm, and then decreased markedly.
Due to the low fluorescence intensity of the sensor, involving the PET process, the effect of water

and the overlapping of Raman bands predominates. To avoid this effect, the next fluorescent
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spectra have been recorded at a specific excitation wavelength ( A < 390 nm), because distinct
bands can be identified at A 320, 350, 370,375, 380 nm, (Figure 4.52B). It was expected that this

method would avoid an overlap with the Raman bands of water and the emission band of the probe,

and thus prevent the decrease of fluorescence intensity.
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Figure 4.53. Fluorescence intensity of 13b (10 uM) in water at /. 456 nm versus different excitation

wavelength (320-400 nm).

After determining the most suitable excitation wavelength, the next experiments focused on
investigating the behaviour of the sensor towards D-Fructose. Experiments were conducted in

buffer solution.

Phosphate buffer solution (PBS) was selected due to its simple preparation and the absence of
compounds that influence the properties of the sensor. A 50 mM phosphate buffer was selected to

avoid interferences of high concentration buffer, while keeping the buffering ability.?*
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The effect of PBS on the emission spectra was investigated, as similarly done for water. As
reported in Figure 4.54 (right), the fluorescence intensity at fixed emission wavelength (450 nm)
decreased as the excitation wavelength increased. Unlike with water, an early fluorescence
intensity decrease (Aex 375 nm), with the maximum value at 350-360 nm, was observed. 360 and

390 nm were investigated as excitation wavelengths for the further experiments.
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Figure 4.54. Emission spectra of 13b (10 uM) in PBS (left) at different excitation wavelengths (320-400
nm). Fluorescence intensity at 1 450 nm versus excitation wavelengths. Ae. 350 nm (red) and 375 nm

(green) evidenced.

Due to the low fluorescence intensity of the probe due to the involved PET mechanism, the effect
of solvent and the Raman bands was strongly visible. It was expected that the fluorescence
intensity would increase after binding with sugars, due to the suppression of PET mechanism
involved. However, a change of intensity signal, by changing the excitation wavelength, was
observed. Thus, different excitation wavelengths were considered as although the aim was to avoid
the effect of the Raman bands, the optimum excitation wavelength resulting in the highest emission

intensity also need to be elucidated.
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The next experiments focused on fluorescence properties of the sensor in the presence of
saccharides. The pH profile of the sensor 13b was investigated to understand the sensing
mechanism toward the sugars. A proposed pH-dependent behaviour of the probe 13b is described
by the scheme shown in the Figure 4.55. At neutral pH, 13b should not exhibit fluorescence due
to electron transfer process from the amino group of piperazine (a). The establishment of an
interaction between boron and amino group would cause a reduction of the basicity of the amino,
making its electron pair less available. This interaction will strengthen upon saccharides binding.
At low pH the protonation of the amine was believed to restrain the electron transfer from the
amino to the fluorophore, resulting in high fluorescence (b). While in a more basic environment,
the piperazine will be deprotonated, restoring the quenching effect by electron transfer leading to

a fluorescence intensity decrease (c).

Fluorescent Non-Fluorescent Non-Fluorescent

Figure 4.55. Proposed scheme of 13b behaviour from acid (b) neutral (a) and basic (c) pH.

The pH-dependent fluorescence emission behaviour of 13b (10 uM) was investigated through

fluorescence titration, where the pH was gradually increased. The fluorescence emission spectra
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at hex 390 nm were recorded upon addition of basic solution to evaluate the whole pH range.
Following the same procedure, fluorescence spectra of the basic solution with gradually increasing
pH were also performed as a control, allowing the emission spectra of the probe to be normalised

to a blank solution, as reported in Figure 28 (Appendix).
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Figure 4.56. Fluorescence intensity pH profiles of 13b (10 uM) in 50 mM PB solution at 1. 450 nm.

Emission spectra recorded at Aex 390 nm. Complete emission spectra reported in Figure 28 (Appendix).

The Figure 4.56 reports fluorescence intensity profile at A 450 nm. It is possible seen that the
intensity was high at acidic pH (<3) as expected due to the protonation of amine, blocking the
electron transfer to the fluorophore, and restoring the fluorescence. However, in contrast to what
was predicted (Figure 4.55), the fluorescence continued to increase even at more basic pH. Indeed,
it was expected a restoring of quenching effect by piperazine, once be deprotonated. The reason
for this behaviour was attributed to the presence of the TMS group. It was thought that strong basic
conditions led to the deprotection of the TMS groups, leaving the free acetylene group which

enhanced the fluorescence intensity.'?* 2%
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The binding with diols is known to increase the acidity of BA, due to an increased electron
deficiency of the boron centre which acts as Lewis acid. ''® The expected behaviour of the sensor
in the presence of diols is reported in Figure 4.57. It was expected that the interaction between
boron and amine (a) became stronger upon the diol binding, restoring the fluorescence by
suppression of PET mechanism (a2). The presence of D-Fructose brings a fluorescence change of
sensor over a large pH range. It was expected two different pKa values 1 and 2 ascribed
respectively to the tertiary amine (1) and to PBA (2), following the binding with saccharides. In
acidic conditions (pH <pKal), the fluorescence was supposed to be restored due to the protonation
of amine (b2). In strong basic conditions (pH > pKa2), the interaction between boron and amino
was too weak to suppress the electron transfer, resulting in the lack of fluorescence observed (c2).

For sensing application, the sensor aims to perform at physiological pH (7.4).
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Figure 4.57. Proposed scheme of 13b behaviour over a change of pH, with diol-interaction.

As reported in the literature,* the binding between phenyl boronic acid and saccharides occurs
primarily at basic pH (around pH 8). Since the basicity of amino group was projected to be reduced
due to the formation of the N-B bond??®, the binding between sensor 13b and saccharides was
expected to occur at the lower pH of physiological pH. This supports the suitability of the sensor

for biological application.

The pH fluorescence titration was repeated with the addition of D-Fructose at high concentration
(100 mM) to investigate the establishment of the binding, and to determine the pH that this occurs.
The complete emission spectra are reported in Figure 29 (Appendix). The results reported in

Figure 4.58 reports the fluorescence intensity pH profile at A 450 nm versus pH of 13b. It is
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noticeable an enhancement of fluorescence intensity with D-Fructose (orange) compared to sensor
alone in solution (blue), confirming the formation of the interaction. However, an increase of
fluorescence intensity at high pH (> 10) was also observed. In contrast, the fluorescence of the
sensor with D-Fructose was expected to decrease at high pH. The electron transfer from amino
group of piperazine to the fluorophore is restored, due to the deprotonation of piperazine at basic
environments. The fluorescence intensity profile detected was not able to provide information
regarding the pH range in which the binding with saccharides occurs at. Moreover, it has not been

possible to calculate the values of pKal and pKa2.
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Figure 4.58 Comparison of fluorescence intensity pH profiles of 13b (10 uM) with (orange) and without

D-Fructose 100 mM (blue) in 50 mM PB solution at A 450 nm. Emission spectra recorded at J.. 390 nm.

Since the fluorescence response observed did not follow the expected trend, the probe 13b was not
considered suitable to evaluate the sensing ability of the sensor toward saccharides. Further
experiments were performed with designed sensor 13 which had the low purity level of 35 %. The
reason for the low purity was due to the main presence of the oxidized product 22 and of the

product 23b, that involved the BA pinacol ester. The low stability of product towards temperature
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and acid conditions made techniques, such as LC-MS or HPLC, unsuitable for the purification and
isolation of final product. Indeed, the establishment of side reactions such as oxidation, or
degradation represented an issue to achieving the desired sensor with higher purity percentage. As
the sensor was present in a mixture, it was expected that the presence of other compounds would
interfere with its fluorescence. They could be excited at the same wavelength of the sensors or
reduce the fluorescence intensity due to side processes such as collisional quenching, energy
transfer, charge transfer, or the heavy-atom effect.??” However, it was expected that the presence
of 22 and 23b would not affect the interaction with sugars, due to the lack of BA free unit receptor.
It was thought that the effective binding and the sensitivity towards saccharides could be

successfully evaluated by performing experiments with sensor 13 as mixed solutions.
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Figure 4.59. Chemical structure of 22 and 23b.

Spectroscopic properties of the final designed sensor 13 were investigated. Absorption and relative
emission spectra were recorded. The absorbance spectrum of probe 13 could only be recorded at
a high concentration (100 pM). Conversely to the absorbance signal of 13b, involving TMS, that

was detected at a lower concentration (10 uM), as shown in Figure 4.48. This was due to a lower
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solubility of 13 in aqueous solution and due to the presence of impurities. Moreover in Figure
4.60a, a higher absorbance of 13b was seen compared to 13. The absorbances of two sensors are
not comparable since different concentration and purity. However, the aim was investigated the
maximum excitation and emission wavelength, to evaluate the role of TMS group. To gain more
information regarding the excitation wavelength of the probe, excitation spectra of 13 at 10 uM

was conducted, assuming the same emission wavelength of 13b (450 nm).
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Figure 4.60. Comparison of absorption spectra of sensor 13b and 13 in aqueous solution (a). Excitation

spectra of 13 at Aew 450 in water (b).

The excitation spectra reported in Figure 4.60b show a different excitation wavelength compared
to 13b. The 360 and 390 nm were selected as excitation wavelengths to perform next fluorescence
experiments. 360 nm was the excitation wavelength with highest intensity in the excitation
spectrum, while 390 nm was the one used for the previous sensor 13b. In Figure 4.61, a higher
fluorescence intensity for the shorter excitation wavelength (360 nm) was observed. Furthermore,
at this excitation wavelength the impact of Raman bands of water was lower as observed in Figure

4.52.
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Figure 4.61. Emission spectra of 13 (10uM) at different excitation wavelength, 1 360 nm (orange) and

390 nm (blue).

As with 13b, the pH profile of 13 was investigated to understand the sensing mechanism towards
sugars. The fluorescence emission pH profile of 13, was recorded at both excitation wavelengths
(360 and 390 nm) as reported in Figure 30 (360 nm) and 31 (390 nm) in the Appendix. Figure
4.62a reports fluorescence intensity pH profile at A 450 nm, for both excitation wavelengths.
Alongside, Figure 4.62b shows the fluorescence response of 13b at different pH. Comparing the
spectra of 13 and 13b, there is a difference in the fluorescence intensity trends of both sensors,
with an intensity decrease at high basic environment (pH > 10) for 13 (a) and the opposite for 13b
(b). This trend confirmed that the fluorescence intensity increase observed in 13b was due to the

deprotection of the TMS group in basic conditions.
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Figure 4.62. Fluorescence intensity pH profiles of 13 10 uM at Aex 360 and 390 nm (a) and 13b (b)at A

390 nm in 50 mM PB solution with A 450 nm.

Through the titration curve, the two pKa values of 13 can be approximated. First in the region
where the fluorescence intensity starts to decrease, around 4 (pKal), and the second before the

intensity starts to decrease again, around 10 (pKa2). The pH fluorescence titration experiments

210



were repeated in presence of D-Fructose at high concentration (100 mM), selecting Aex = 360 nm

due to the better response seen at this wavelength.
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Figure 4.63 Fluorescence intensity pH profiles of 13 (10 uM) with of D-Fructose at Aex 360 nm (a).
Comparison of fluorescence intensity pH profiles of 13 (10 uM) with and without D-Fructose (100 mM)

at. A 476 nm in 50 mM PB solution. (b).

Figure 4.63a shows an enhancement of fluorescence intensity and a shift of maximum emission
around pH 7.4. This increase of fluorescence intensity verified the successful binding between the
probe and D-Fructose. The observed red-shift in emission wavelength was assumed to be due to
the deprotonation of piperazine, which strengths the electron push-pull effect on the probe. In
Figure 4.63Db, the relative intensities of sensor 13 with and without D-Fructose (100 mM), at Aem
476 nm, versus pH are reported. Although binding at pH 7.4 was confirmed, further experiments
were conducted at a slightly basic pH (~8) to ensure a stronger interaction between sensor and

saccharides.

The sensing ability of 13 towards saccharides was evaluated through fluorescence titration of the

sensor (10 pM) with gradual addition of D-Fructose to reach concentrations in the mM range (0-
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200 mM). Results reported in Figure 4.64A show a concentration-dependent increase in
florescence intensity response with D-Fructose until a plateau was reached (B). Furthermore, a

linear trend was seen up until 18 mM, as shown in graph C (Figure 4.64).
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Figure 4.64. Fluorescence emission of 13 (10 uM) with different concentration of D-Fructose (0-200
mM) in 50 mM of PB solution at Aex 360 nm (A), Fluorescence intensity versus concentration 0-200 mM

(B) and 0-18 mM (C) at 2. 460 nm.

The experiments were repeated with different saccharides, as reported in Figure 4.47, to evaluate
the selectivity of sensor 13. D-Sorbitol (a) and D-Glucose (b) induced similar spectral changes, as

shown in Figure 4.65. Higher fluorescence intensity was observed for D-Sorbitol suggesting the
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stronger binding with 13, followed by D-Fructose and D-glucose, in accordance with the reported
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Figure 4.65. Fluorescence intensity of 13 (10 uM) at .ex 360 nm versus concentration (0-200 mM) of D-

Sorbitol (a) and D-Glucose (b) at A 460 nm.
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Figure 4.66. Comparison between fluorescence intensity of 13 versus D-Fructose,D- Sorbitol and D-

Glucose concentration.
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Figure 4.66 shows the fluorescence response of 13 towards the sugars selected. 13 was proved to
have a higher sensitivity for D-Fructose and D-Sorbitol than D-Glucose, again in agreement with

the literature.

Binding constants were calculated employing the Hill equation assuming 1:1 stoichiometry. >3

AXC

I = Io+ Kp+C

Equation 4-2

Where [ is the fluorescence intensity, while C is the concentration of the sugar selected. The
equation provides: Kp is the dissociation constant, /) is base fluorescence and 4 is maximum

fluorescence.?!

The detection limit (LOD) and limit of quantification (LOQ) were calculated by Sb/k, where Sb is
the standard deviation of the blank measurements multiplied by 3 for LOD and by 5 for LOQ. k is

the slope of the line achieved by plotting fluorescence intensity versus concentration (Figure 4.67).
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Figure 4.67. Fluorescence intensity of 13 at A 460 nm versus concentration (mM) of D-Fructose, D-

Sorbitol, or D-Glucose. Determination of LOD by slope of relative line plotted.
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The table below summarises association constants LOD and LOQ for the sugars tested. The

binding constants between sensor 13 and sugars decreased in the order D-Sorbitol> D-Fructose >

D-Glucose, as found also in literature.'?” 2% 232 However, the value were lower compared to

literature sensor. The reason was attributed to the low purity of compound, used to perform the

experiments.

Table 4.7. The association constants (Kas) between sensor 13, their detection limit (LOD) and

quantification limit (LOQ).

D-Fructose D-Sorbitol D-Glucose
Kp/mM 9.5 6.9 12.7
Ka/M1 104.9 144.3 78.6
LOD/mM 0.27 0.28 1.33
LOQ/mM 091 0.94 4.44

Determination quantum yield

Quantum yield ® of sensor was calculated to verify the application in saccharides detection.
Despite not being able to isolate 13 from the products, its quantum yield was calculated. A low
value was expected due to the PET mechanism involved. 13 has been calculated through a relative
method,®® by using a standard with known quantum yield. 7-Diethylamino-4-methylcoumarin was
selected as the standard since absorption (Amax 380 nm) and emission (Aem 460 nm) maxima

wavelengths are comparable with the designed sensor.
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Figure 4.68. Normalized adsorption and emission spectra of 7-Diethylamino-4-methylcoumarin (left) and

chemical structure (right).

@y (sample unknown) was determined employing the following equation.?*

bx = Pst [ﬁ] [ﬁ] [ﬁ Equation 4-3

Ax 1 LFx 1 LDy

&, standard) of 7-Diethylamino-4-methylcoumarin is 0.055 in water according to the literature.
234 Absorbance of sensor 13 (4y) and standard (4s) were determined, by recording absorbance
spectra at the excitation wavelength of the standard (Amax 380 nm). F;and Fi represent the areas of
fluorescence spectra of the standard and sample (x) respectively, subjected to spectral correction.
Both absorbance and fluorescence spectra were conducted in the same solvent and in the same
conditions for each probe. The values were adjusted via dilution ratio D. The quantum yield @ of
the sensor 13 was negligible (0.00019) due to the involved quenching mechanism of PET, as
demonstrated with the fluorescent experiments reported in Figure 4.64. However, the value
determined belonged to sensor 13, which was involved in a mixed product. The presence of these
impurities could affect the quantum yield of the probe, displaying a lower value. As the value of

probe 13 isolated from the mixture product could not be determined, it was decided not to calculate
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the quantum yield of the sensor in the presence of D-Fructose. Following the successful synthesis
of isolated 13, the ® of sensor 13 alone and in presence of D-Fructose will be calculated and
compared to evaluate the strength of PET mechanism involved and the effective binding. Although
® determined did not correspond to pure probe 13, the value determined further supports the idea
that PET mechanism is involved. Furthermore, it suggested the potential application and promising

efficacy for saccharides detection.

217



Preliminary FRET experiments

Due to the fluorescence results gained upon sugar binding, preliminary experiments were
conducted to evaluate FRET mechanism as an additional process for the sensing system. The
system based on the designed sensor and an additional probe aimed to enhance the fluorescence

response previously observed.

The performance of the system was planned to be further improved by antenna or surplus effect,
manipulating the concentration of the probes involved to achieve this. Sensor 13 was investigated
to act both as an acceptor and a donor. When 13 acts as the acceptor, a donor probe with a suitable
emission wavelength overlapping the absorption spectra of the acceptor is required. When 13 acts
as a donor, its emission needs to match with the absorption spectra of the acceptor probe. The
structure of the probes should involve a group that enables their immobilisation onto a solid
substrate, as designed in sensor 13. However, the presence of an additional group could change
the fluorescence properties of the dye. For example, it was verified how acetylene groups could
bring a shift of emission or increase the quantum yield of a probe.'** 1%® This was taken into account
to select dyes with fluorescence properties to ensure the overlap for FRET process. 1-
ethynylpyrene (24) and 1-ethynylnaphathalene (25) were the best candidates, as they widely
reported in the literature, and commercially available. 2>>2%° They were therefore selected as the

donor in the FRET couple, while sensor 13 employed as the acceptor (Figure 4.69). 240-243
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24 25

Figure 4.69. Chemical structure of 1-ethynylpyrene (24) and 1-ethynylnaphathalene (25).

By mixing donor and acceptor (sensor 13), a decrease in the donor’s fluorescence emission was
expected due to FRET, while acceptor emission should not increase much due to PET quenching.
Following sugar binding with 13, the fluorescence emission of the acceptor was expected to

increase (as shown in scheme of Figure 4.70) and emission of the donor to further decrease.
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Figure 4.70. Scheme to show the interaction between the sensor 13 acting as acceptor in FRET process.

The absorption spectra (a) of 24 was examined at different concentrations (10; 25; 50 and 100
uM). The lowest concentration was designated to evaluate the fluorescence properties of 24,
comparing two excitation wavelengths, 343 nm and 326 nm, as reported in Figure 4.71b. To solely

excite donor 24 and not sensor 13 (Aex 360 nm), an optimum wavelength of 326 nm was selected.
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Figure 4.71. Absorption spectra of 24 (a) at different concentration and fluorescence spectra (b) of 24

(10 uM) at different excitation wavelengths (343 and 326 nm) in water.

Figure 4.72 shows the overlapping (yellow evidenced) of the donor 24 emission and the acceptor

13 excitation spectra (at Aex 390 nm), confirming the suitability of the probe selected.
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Figure 4.72. Normalized acceptor 13 excitation and donor 24 emission spectra. Overlapping evidenced

(yellow).
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Since using a small concentration help to avoid self-quenching processes that could cause to a

fluorescence signal decrease,>** 24 was used at low concentrations.

Results reported in Figure 4.73 show the fluorescence spectra of 24 (0.2 uM) acting as the donor,
its fluorescence response with the acceptor 13 (10 uM), and the response following addition of D-
Fructose (2; 10; 25 uM). The experiments were conducted in PBS, at pH 8 to promote the binding
with D-Fructose. A decrease of fluorescence emissions of donor 24 and an increase of fluorescence
emission of acceptor 13 were expected. In Figure 4.73, a decrease of fluorescence intensity at
emission wavelength of donor (A =384 nm) and an increase at one of acceptor 13 (A =460 nm)
was shown. The results verified the establishment of an interaction between the two probes.

120 - —D 0.2 M

D 02pM+ A 10 pM
100 -

D 02puM+A 10 pM +d-F2mM

80 - D 0.2 pM + A 10 pM + d-F 10 mM

=D 0.2 pM + A 10 pM + d-F 25 mM
60 -

40

Fluorescence intensity (a.u)

20 -

350 380 410 440 470 500 530

Wavelength (nm)

Figure 4.73. Fluorescence spectra of donor 24 0.2 uM, donor 24 plus acceptor 13 (10 uM) and donor
plus acceptor plus D-Fructose (2,10;25 uM) in PBS (pH 8). Fluorescence decreases at A 384 nm and

increase at 2460 nm evidenced with yellow arrows.

Fluorescence experiments were repeated with 24 at high concentration (0.5 and 1 puM),

maintaining a fixed concentration of 13. The Figure 4.74 and 4.75 report the relative fluorescence
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intensity respectively at emission wavelength of donor D (Fig. 4.74) and acceptor A (Fig. 4.75).
Each measurement was repeated three times, and the results represent the average of fluorescence
intensity recorded with relative standard deviation calculated. The graphs allow comparison of the
intensity of the donor at different concentrations and the fluorescence response of acceptor 13
above different concentrations of D-Fructose. The aim was to investigate which concentrations of
donor 24 caused the strongest fluorescence intensity decrease following the interaction with
acceptor 13. Similarly focusing on maximum emission wavelength of donor 24, the aim was to

evaluate the concentration at which the most marked decrease occurred.
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Figure 4.74. Comparison of the fluorescence intensities between donor 24 at 0.2; 0.5; 1 uM, donor 24
0.2; 0.5; 1 uM plus acceptor 13 (10 uM) and donor 0.2; 0.5, 1 uM plus acceptor plus D-Fructose

(2:10;25 uM) at 2 384 nm.
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Figure 4.75. Comparison of the fluorescence intensities by donor 24 0.2; 0.5; 1 uM, donor 24 0.2, 0.5;
and 1 uM plus acceptor 13 (10 uM) and donor 0.2; 0.5; 1 uM plus acceptor plus D-Fructose (2,10;25

uM) at 2 460 nm.

Focusing on the emission wavelength of the donor (Figure 4.74), all tested concentrations of 24
showed a marked fluorescence intensity decrease compared to each other. Similarly, a marked
increase in fluorescence intensity in the acceptor’s emission spectra upon D-Fructose addition was
seen in Figure 4.75. The interaction between donor 24 and acceptor 13 through FRET was
confirmed due to this observed fluorescence decrease in emission of the donor and the increase of
the acceptor. However, the response following the D-Fructose addition in the FRET couple was
not as striking as expected (16.45 £ 6.76) compared to the performance of sensor 13 (400 %), as

observed in (Figure 4.64).

The probe 25 (Figure 4.69) was selected as an alternative non-pyrene-based donor probe, to
evaluate the interaction between two different probes. The aim was to achieve an improved

interaction with sensor 13. The experiments were repeated with the same conditions as used
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previously. Emission spectra was recorded only to 10 uM as selected concentrations. Absorption
measurements may require higher concentration compared to fluorescence. Absorption (a) and
emission spectra (b) of 25 were recorded to determine the suitable emission wavelength, identified

as 334 nm (Figure 4.76).
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Figure 4.76. Absorption spectra of 25 (a) and fluorescence spectra (b) at 10 uM at different wavelengths

in water.

The overlap between the two spectra (yellow evidenced) respectively emission of 25 and excitation
of 13, demonstrated the suitability of probe 25 to act as a donor in a FRET application (Figure

4.77).
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Figure 4.77. Normalized acceptor 13 excitation and donor 25 emission spectra. Overlapping (yellow)

evidenced.

Comparing with the results reported in Figure 4.72, the overlap occurs at 350 nm, which differed
from that seen with donor 24 (390 nm). Fluorescence spectra of 25 (Aex 296 nm) as the donor at
0.2 uM, together with the acceptor 13 (10 uM) and upon addition of D-Fructose (2; 10; 25 uM)
were recorded. As shown in Figure 4.78, the peak fluorescence intensity in the emission of 25 (A
334 nm) decreased suggesting that the interaction with acceptor 13 was successful. Furthermore,
an increase of signal at the emission wavelength of the donor (A 460 nm) was observed following

the addition of D-Fructose.
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Figure 4.78. Fluorescence spectra of donor 25 0.2 uM, donor 25 plus acceptor 13, (10 uM) and donor
plus acceptor plus D-Fructose (2,10;25 uM) in PBS (pH 8). Fluorescence decrease at A 334 nm and

increase at 1. 460 nm evidenced with yellow arrows.

Since a marked change in the fluorescence response was not seen when a high concentration of
the previous donor 24 was used (Figure 4.75), fluorescence experiments were repeated with donor
25 only at 0.5 pM. Figure 4.79 and 4.80 show the results observed at the two-emission
wavelengths, 334 nm and 460 nm. As below, the results represent the average of three

measurements with standard deviation calculated.
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Figure 4.79. Comparison fluorescence intensities by donor 25 0.2; 0.5 uM, donor 25 0.2; 0.5; 1 uM plus

acceptor 13 (10 uM), and donor 0.2; 0.5 uM plus acceptor plus D-Fructose (2,10;25 uM) at 2 334 nm.

Bl Donor 25
B Donor 25 + Acceptor 13 (10mM)
Donor 25 + Acceptor 13 + D-Fructose (2mM)
Donor 25 + Acceptor 13 + D-Fructose (10mM)
B Donor 25+ Acceptor 13 + D-Fructose (25mM)

70
65
60

55 A

50 4

45 4 I
40 4 = = I
35 4

30 4

25 4

20 A

15 4

10 4

5 4

0

Donor 25 (0.2 pM) Donor 25 (0.5 pM)

Fluorescence intensity (a.u)

Figure 4.80. Comparison fluorescence intensities by donor 25 0.2; 0.5 uM, donor 25 0.2; 0.5 uM plus

acceptor 13, and donor 0.2; 0.5 uM plus acceptor 13 plus D-Fructose (2,10,25 uM) at 2 460 nm.
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As shown with 24, the concentration did not affect the fluorescence response. However, a
fluorescence emission decrease of the donor and an increase of fluorescence emission of the
acceptor was observed, suggesting an interaction between donor 25 and acceptor 13 through
FRET. As observed with 24, the fluorescence response was not comparable with sensor 13 (15.61

+6.15).

The fluorescence signal response of the two probes 1-ethynylpyrene 24 and 1-ethynylnaphathalene
25 at 0.2 uM with acceptor 13 and with D-Fructose addition were compared. Figure 4.81 shows
the relative fluorescence intensity of 24 and 25 at 384 nm (left) and 334 nm (right). These
wavelengths correspond to the maximum emission wavelength recorded for 24 (384 nm) and 25

(334 nm).
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Figure 4.81. Comparison between fluorescence intensities of donor 24 and 25 (0.2 uM), donor plus

acceptor 13 (10 uM), and donor plus acceptor plus D-Fructose at Aem 384 nm (24) and 334 nm (25).

Both probes employed as donors displayed a fluorescence intensity decrease when acceptor 13

was added. These results suggested an interaction between the two probes. Figure 4.82 reports the
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fluorescence intensity of 24 and 25 at 460 nm, identified as the maximum emission wavelength of

acceptor 13.
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Figure 4.82. Comparison fluorescence intensities by donor 24 and 25 0.2 uM, donor plus acceptor 13

(10uM) and donor plus acceptor plus D-Fructose at dem 460 nm.

As expected, a fluorescence intensity increase following the addition of 13 was seen. No marked
change in fluorescence response following the D-Fructose addition was observed, independent of
the probe used. This was attributed to the large difference in quantum yield between the donors
and the acceptor, involved in the PET process. It was thought that the fluorescence, re-established
upon the sugar binding by PET suppression, was not sufficient to achieve a comparable quantum
yield as the donor. Consequently, despite evidence of an interaction between the probes, the system
did not provide a significant improvement compared to just sensor 13. Detected fluorescence
response was higher for 25 compared to 24. This may be due to the lower quantum yield of
naphthalene dye 24 (0.16) compared to pyrene dye 25 (0.69).!%° The lower difference between the

quantum yields of 13 and 25 was expected to bring a more visible change in the fluorescence
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response upon sugar binding. Moreover, both 24 and 13 are pyrene dye-based which could interact
with each other by collision and affect the fluorescence response due to self-quenching.
Considering the difference of quantum yield between the probes analysed (24 and 25) and the
sensor 13, it was hypothesised that a lower concentration of donors (< 0.2 uM) could promote the
interaction, enhancing the signal. Increasing the concentration of 13 was not considered as this
could increase the possibility of self-quenching occurring. It was expected that a higher fluorescent
intensity of acceptor 13 could be achieved by employing probes with an emission wavelength,

closer to 360 nm, the excitation wavelength of 13.

The role of sensor 13 as donor was also investigated. Sulfonated coumarin dye AF430 (26) was
selected as acceptor, due to its functionalized structure involving an acetylene group, and to its

reported excitation wavelength (at 450 nm) could be suitable for FRET application with 13.

KO;S

Figure 4.83. Chemical structure of sulfonated coumarin dye AF430 (26).
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The fluorescence intensity increases of sensor 13 following the binding with saccharides was

anticipated to enable the interaction with the acceptor probe. A consequent increase in fluorescence

emission of acceptor through the FRET process, as reported in Figure 4.84.
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Figure 4.84. Scheme to show the interaction between the sensor 13 acting as donor in FRET process.

Photophysical properties of 26 were investigated recording absorption (a) and fluorescence spectra

(b) at two concentrations of 10 uM and 25 uM (Figure 4.85).
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Figure 4.85. Absorption spectra (a) and fluorescence spectra (b) of 26 in water.

To enable 26 to act as the acceptor, an overlap between absorption spectra with the emission
spectra of the donor was required. Figure 4.86 reports the suitable overlapping of respective

spectra.
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Figure 4.86. Normalized absorption spectra of acceptor 26 and emission spectra of donor 13.

Overlapping (yellow) evidenced.
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In this case, mixing donor (sensor 13) and acceptor should not make a big change due to PET
quenching of the donor’s fluorescence emission, so not much FRET interaction was anticipated. It
was expected that donor 13 would interact more with acceptor 26 upon the sugar binding. Indeed,
the interaction with D-Fructose caused the suppression of PET process and the restoration of
fluorescence According to the FRET process, the fluorescence emission of acceptor was projected
to increase following the establishment of this interaction. Fluorescence spectra of 26 (1 uM)
together with donor 13 (10 uM), at excitation wavelength of latter (360 nm), and following
addition of D-Fructose (2;10;25 uM) were recorded in PB solution, pH 8 and reported in Figure
4.87. A fluorescence intensity increase was observed at the emission wavelength of 13 (Aem 460
nm) upon the addition of D-Fructose. However, a marked fluorescence change in emission by

acceptor 26 (Aem 540 nm) was not observed.
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Figure 4.87. Fluorescence spectra of acceptor 26 1 uM, acceptor 26 plus donor 13 (10 uM) and acceptor
plus donor plus D-Fructose (2;,10;25 uM) in PBS (pH 8). Fluorescence increase at A .n 460 nm and 540

nm evidenced with yellow arrows.
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The fluorescence response recorded at 540 nm, identified as maximum emission wavelength of
the acceptor, displayed only a slight increase (3.5%). Due to these results, fluorescence
experiments were repeated with acceptor 26 at high concentration (5 and 2 uM), without changing
the concentration of 13. Figure 4.88 and 4.89 summarize the relative fluorescence intensity at Aem
460 nm and 540 mm, respectively maximum emission wavelength of donor (460 nm) and acceptor
26 (540 nm). Analogue to the previous experiments. the data shown represent the average of three

measurements with standard deviation calculated.

The fluorescence intensity increase observed at 460 nm alongside the addition of acceptor and D-
Fructose, Aem of donor 13, established the successful interaction with sugars and the suppression
of PET involved. These results did not suggest the establishment of FRET mechanism (Figure
4.88). Investigation of the fluorescence intensity recorded at 540 nm (Figure 4.89), showed no
enhancement of fluorescence intensity of acceptor 26 following the addition of donor and D-
Fructose. It was therefore concluded that an interaction by FRET did not occur as predicted. The
fluorescence response of 13 was thought to be independent of addition of 26. It was proposed that
the fluorescence emission of 26 was not subjected to a marked change by interaction with 13,
probably due to its lower quantum yield of sensor 13 attributed to the PET involved. The binding
with D-Fructose restored the fluorescence of 13, as verified by enhancement of fluorescence
intensity at 460 nm. However, it was thought that the fluorescence re-established upon the sugar
binding by PET suppression did not permit the successful interaction with acceptor 26.

Consequently, an interaction between the probes was not verified.
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Figure 4.88.. Comparison fluorescence intensities by acceptor 26 (5, 2 and 1 uM), acceptor 26 plus

donor 13 (10 uM) and acceptor plus donor plus D-Fructose (2;10,25 uM) at Aem 460 nm.
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Figure 4.89. Comparison fluorescence intensities by acceptor 26 (5, 2 and 1 uM), acceptor 26 plus donor

13 (10 uM) and acceptor plus donor plus D-Fructose (2,10;25 uM) at Aem 540 nm.
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The results validate the interaction between 13 as acceptor and 24 or 25 donors through FRET. It
has not observed the establishment of an interaction between 13 acting and the acceptor 26. For
both systems investigated, with sensor 13 acting as the acceptor or donor, the fluorescence
response recorded upon the addition of 13 did not overcome the sole performance of the sensor.
One reason proposed was the small quantum yield of sensor 13. It was assumed that the
fluorescence restoration following PET suppression did not allow a significant interaction with the
probes investigated. The FRET efficiency depends on different factors such as spectral overlap
integral, distance by FRET pairs and dipole-dipole interactions. A suitable overlap between the
emission spectrum of donors 24 and 25 and the excitation spectra of 13 was verified (Figure 4.77).
Similarly, a spectral overlap between the emission spectrum of sensor 13, as donor, and the
absorption spectra of acceptor 26 was also observed (Figure 4.86). A deeper study to evaluate the
distance between probes investigated or the interaction between dipole-dipole has not been
performed. Consequently, it was predicted that these factors could also have affected the
fluorescence mechanism involved. However, it was expected that the incorporation of the probes
onto the surface would help to reduce the distance between the probes, since both would be
confined on the surface. Moreover, it was expected that the orientation of dipole and consequently

their interaction would be more controlled upon reduced matrix interference.
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4.5 Summary and outlook

The third sensing system involved a pyrene-based sensor with the boronic acid connected through
the piperazine ring. It acts both as a linker and a fluorescence quencher, ensuring a PET process is
involved. The sensor was also functionalized with an acetylene group to allow the future
immobilization on the surface of silica nanoparticles. Although the synthesis of sensor 13 was
achieved employing a few steps, gaining the desired product was challenging due to side product
formation such as 21 (Methyl ketone) or product oxidation (22). One issue was the presence of
two different protective groups, TMS for acetylene group and Boc for amino group. The
deprotection reaction of Boc required acidic conditions, which at same time brought an undesired
reaction from TMS groups. Thus, appropriate combination and sequence of reactions was required.
Moreover, the separation and purification of the target compound 13 needed to be performed in
suitable conditions, to avoid degradation of the product. The presence of the amino and boronic
acid groups made the separation by reverse phase chromatographic column difficult. Furthermore,
the high sensitivity of the compound to temperature did not allow the use of LC-MS technique
because temperature was involved to promote the separation. Heatless alternative purification
techniques, such as normal phase chromatographic column or HPLC technique, could be employed
to achieve the final sensor at high purity. Since the optimum purification condition was not
established the sensor was yielded with low purity (36 %). Alternative separation techniques as
well as the optimization of synthesis conditions will enable the product to be obtained with a higher

level of purity.

Experiments conducted both with sensor 13 and 13b showed how the presence of TMS group in
13b affected the fluorescence properties of the compound. Despite its low purity, the application

of sensor 13 in saccharide detection was demonstrated. An enhancement of fluorescence intensity
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upon the binding with saccharides at pH 8 was observed. It was evidenced that a PET process first
occurred and then was suppressed to restore fluorescence abilities of pyrene. Results obtained by
pH titration emission profile suggested that the sensor was able to work at physiological pH (~
7.4) as well. The higher selectivity of sensor 13 toward D-Fructose and D-Sorbitol compared to
D-Glucose was demonstrated. It was believed that the sensing potential of 13 was affected by its
low purity. The actual sensitivity and the efficiency of the sensor were therefore expected to be

improved when a higher purity compound could be achieved.

Fluorescence experiments performed with sensor 13 and the probes 24 and 25 demonstrated the
interaction between 13 as acceptor and 24 and 25 as donor probes. Any enhancements of
fluorescence emission by acceptor 26 was observed employing sensor 13 as donor. Consequently,
the interaction between 13 acting as the donor and the acceptor 26 was not verified. For both
systems investigated, with sensor 13 acting as acceptor or donor, the fluorescence response
recorded upon the addition of 13 did not overcome the performance of the sole sensor. The low
quantum yield of sensor 13 was identified as a possible explanation. It was assumed that the
fluorescence restoration following PET suppression did not allow a significant interaction with the

probes investigated.

However, it was expected that the FRET efficiency would be improved through the incorporation
of the probes onto a solid surface. Indeed, it was expected that the reduced distance between the
probes and the favourable orientation between their dipole would improve the performance of the
system. Furthermore, the investigation of alternative dyes to those tested has not been excluded.
Moreover, a selected ratio between probes employed in FRET process will allow regulation of

their interaction and so improve the performance of the sensing system.
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Performed studies with the third sensing system (sensor 13) showed a quenching behaviour of the
fluorophore, verifying the role of the length and rigidity of the linker to ensure the fluorescence
mechanism PET involved. The synthesized compound displayed fluorescence enhancement after
sugar addition in the millimolar range, confirming its application for saccharide detection. The
next immobilization of the sensor 13 into silica nanoparticles is expected to improve its
performance and sensitivity toward saccharides. Moreover, it has been proved that the
fluorescence intensity change produced by the saccharides binding by PET could be employed to
establish the interaction with an additional probe, attesting to a FRET process. The final aim will
be achieving the incorporation of the sensing system based on sensor 13 and dye as FRET probes
coupled onto the surface. This is expected to improve the interaction between the units involved
and reduce the matrix interferences. The effect will be promoting the fluorescence response upon

saccharides detection through the establishment of FRET process.

The sensor 13 has been functionalized with an acetylene group in the structure of the fluorophore.
The presence of azide group on the surface will allow the incorporation of the sensor through a
click chemistry reaction as shown in Figure 5.12. (Chapter 5). Moreover, the probes investigated
for FRET applications as 1-ethynylpyrene (24), 1-ethynylnaphathalene (25) and sulfonated
coumarin dye AF430 (26) involved an acetylene group. Therefore, there can be incorporated onto
the selected surface through the same strategy with click chemistry reaction. The final aim will be
achieving the incorporation of the sensing system into the surface. This is expected to improve the
interaction between the units involved and promote the fluorescence response by the establishment

of FRET process.
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CHAPTER 5: SURFACE SOLID SUPPORTS

Each system described in the previous chapter is planned to be immobilized onto a silica surface.
Indeed, it was predicted that incorporation of the system onto the surface would strengthen the
interaction between the units involved. Moreover, it was expected that the system would be less
affected by matrix environments. The final aim is to achieve an enhancement of the final
fluorescence response, improving the performance of the system. Silicon-based surfaces were
selected as solid support due to their transparent and photophysical inert properties, making them
suitable for fluorescent sensing application. Moreover, they can be functionalized with terminal
groups, allowing the incorporation of the system units onto silicon wafers and silica nanoparticles,
which were investigated as potential solid supports. SAM formation on silicon wafers was first
investigated, evaluating different deposition techniques through ellipsometry and contact angle
measurements. Silica nanoparticles were investigated regarding their size and functionalized
groups on the surface to achieve the desired dye-doped nanoparticles. Both silica-based surfaces
have been investigated as potential solid substrates for same application as sensing system

incorporation.

5.1 SAM formation on silicon wafer surfaces

Silicon oxide wafers (Si02) were selected since they allow for easy monolayer characterization by
ellipsometry and contact angle. Before performing the functionalisation reaction, an appropriate
cleaning procedure was needed to obtain high-quality films and high reproducibility because the
presence of contaminants on the substrate can affect the uniformity and homogeneity of the
SAM.?* Among different procedures,?*® piranha solution cleaning is the most suitable to remove

both organic and inorganic impurities. It also guarantees the activation of the surface, producing a
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thin hydrophilic oxide layer. The chips were carefully cleaned by immersion in piranha solution, >4

a mixture of sulfuric acid (H2SO4) and hydrogen peroxide (H>O»).

Following the cleaning procedure, the next step involved the functionalization of the silicon wafers
by SAM formation. For example, Amino functionalization is a known, versatile procedure and has
been verified by XPS studies.?*” The dry deposition technique for SAM formation was selected
over liquid deposition, because it helps to prevent the formation of multilayers onto the surface
due to the polymerization tendency of amine silane compounds.!'?> The method occurred in a
sublimation chamber to allow the vaporization of the selected silane held in one or more vials
positioned at the bottom of the chamber (Figure 5.1). Chips with an approximate area of 1 cm?
were placed in different locations (2) on higher support, facing upwards or upside down (1), as
shown in the Figure 5.1. After exposing the chamber to vacuum, the silane was evaporated and
began to deposit on the chips once the vacuum was stopped and maintained. Finally, the chip was
put inside an oven to enhance the crosslinking of the deposited silane to the silica surface (curing).
Vacuum, deposition and curing time, as well as chip number and position, were variables studied

during the experiments.
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Figure 5.1. Representation of sublimation chamber: vial with silane silicon chip on support, and vacuum

line. Different position up and down (1) and location (2) are shown.

Ellipsometry and contact angle were used to evaluate the thickness and wettability respectively, to

confirm surface functionalization.

Preliminary studies were performed with more hydrophobic thiol groups of (3-mercaptopropyl)
trimethoxysilane (MPTMS), which should provide higher contact angle values compared to amino

functionalization, due to the hydrophilicity of silicon chips.
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Figure 5.2. Structure of (3-mercaptopropyl) trimethoxysilane (MPTMS).
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Table 5.1 shows the first condition evaluated. For the first experiments, a different blank chip was
used as a reference. Si thermal oxide fitting model was selected as a fitting model for ellipsometry
measurements. The theoretical thickness for MPTMS molecule on the surface was calculated as

0.61 nm using ChemDraw 3D.

Table 5.1. Conditions A-B-C-D for SAM formation with MPTMS.

Dry deposition
Conditions | Orientation N chips ti\r]naem(lnlfilrlz) ]t)irerf)eo(s]i;i;r)l Cur(i;%nt)ime Silane
A Up 2 5 120 30 MPTMS
B Down 2 5 120 30 MPTMS
C Up 4 5 120 30 MPTMS
D Up 4 30 120 30 MPTMS

The first experiments A and B were conducted with 2 chips placed in the sublimation chamber.
Conversely, experiments C and D involved four chips distributed symmetrically in the sublimation
chamber. Experiment A did not show good homogeneity values by ellipsometry measurements,

where the relative errors are quite high (Figure 5.4).

An increase in both advancing contact angle (ADV) and receding contact angles (REC) compared
to the blank were observed. This change from a hydrophilic to a hydrophobic surface confirmed
the successful deposition of MPTMS (Figure 5.3). In experiment B, the chips were placed in the
downside orientation whilst maintaining the same other conditions as in experiment A. The
number of chips from two to four (C) was increased to achieve an improvement in homogeneity

between chips. To allow more exposure of the chips to MPTMS, in exp D the vacuum time was
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increased to 30 min and three vials containing the silane were used, rather than one as used in exp
A-C. By contact angle measurements, both the ADV and REC contact angles were enhanced,

comparing condition D with C.
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>
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Figure 5.3. Advancing (left) and receding contact angle of MPTMS SAMs on SiO; surface following

conditions A-D shown in Table 5.1. Reference values for bare surface (black bar).

However, the observed thickness values do not correlate with the theoretically calculated values
in any of the chips examined. Furthermore, there is a high degree of inter-chip variation within
each tested method, as shown in Figure 5.4. Condition A and C gave measured thicknesses
markedly lower than the theoretical thickness, whereas condition B and D gave sometimes higher
measured thicknesses than the theoretical thickness. The higher values found for B and D may be
attributed to the formation of multi-layers. Regardless, there was clearly issues with reproducibility
and heterogeneity across chips, mainly in method D. Despite producing lower than expected
thicknesses, method C had the best reproducibility therefore experiments were performed by

alternating vacuum and deposition time through cycles.
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Figure 5.4. Ellipsometry data for MPTMS SAMs on SiO; surface compared to the theoretical calculated

values, following conditions A-B-C-D shown in Table 5.1.

In next experiments, vacuum time and deposition time remained the same but 4 cycles of
vacuum/deposition were performed, aiming to increase the deposition rate and achieve
homogeneous thicknesses. Different time combinations of both cycles were investigated, as
reported in Table 5.2. The position of the chips was also evaluated in method G. In addition, the
same chips were used as blank reference and subjected to reaction, to achieve a truer representation

of the surface.
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Table 5.2. Conditions E-F-G-H for SAMs formation.

Dry deposition
Conditions Orientation Vacuum tme D_eposm.on Curlng time Compounds
(min) time (min) (min)
E Up 5x4 25x4 30 MPTMS
F Up 5x2 55x2 30 MPTMS
G Down 5x2 55x2 30 MPTMS
MPTMS in
H Up 5x2 55x2 30 Et,O

The measured thicknesses values achieved with first method (E) were more than double (1.593 +
0.075 nm) of the theoretical values (0.61 nm) as it possible to observe in Figure 5.5. Assuming the
possible formation of multilayers, the number of cycles of vacuum were reduced and the deposition
time (55 min) was increased for two cycles (exp F). These experimental conditions gave the most
comparable measured thickness to that of the theoretical value (0.65+ 0.15 nm). Furthermore, the
highest contact angles values were also reached, as it is visible in Figure 5.6, showing the formation
of a more hydrophobic surface. The experiments were repeated in the same conditions to evaluate
the reproducibility of the model (F*). Although two chips achieved the thickness value expected
(0.64 = 0.42 nm), the other two chips analysed showed different values which were both too small
(0.26 nm) and too high (1.24 nm). The issue of reproducibility therefore persisted, which was also
seen in the contact angle results (Figure 5.6). An inverted position of a chip on the support was
evaluated to improve this issue (exp G). To place the chips in a suitable position upside down,
only three chips were analysed. The majority of ellipsometry results, showed higher values (2.17-
2.78 nm) than expected, again suggesting that multilayers were being formed at the surface.

Moreover, the inverted position did not ensure the stability of the chip on the support, increasing
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the possibility of contamination. Returning to the original position, experiments (H) were carried
out using a solution of MPTMS and diethyl ether (Et20O) to promote the evaporation rate. Although
the measured thicknesses achieved were lower compared to the theoretical thickness (0.28 £+ 0.06
nm), there was more consistency across the chips which was also seen in the contact angle data

(Figure 5.6).

BE mF mF* 5 G 8 H &Theoretical values (nm)
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Figure 5.5. Ellipsometry data for MPTMS SAMs on SiO; surface compared to the theoretical calculated

values, following conditions E-F-G-H. shown in Table 5.2.
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Figure 5.6. Advancing (left) and receding contact angle of MPTMS SAMs on SiO2 surfaces following

conditions E-F-G-H shown in Table 5.2. Reference values for bare surface (black bar).

Method H achieved the best results however different silane were evaluated to achieve improved

accuracy. Method I was conducted using (3-aminopropyl) trimethoxysilane (APTMS) instead,

using the same conditions of F (Table 5.3).

Table 5.3. Conditions I-J for SAMs formation.

Dry deposition
Conditions Orientation Vacuum time gfnpeo(srifiir)l Cur(irrlllfignt)ime Compounds
I Up 55 %2 30 APTMS
J Down 55 %2 No APTMS

Measured thickness values were compared with the theoretical thickness of APTMS (0.58 nm). it

possible observe in Figure 5.7, the value measured following exp I was closer to the theoretical

value (0.63 + 0.18 nm). Whereas for method J, the chips were placed in downside position and
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vacuum and deposition were reduced respectively to 0.5 min and 30 min with no curing time,
resulting in measured thicknesses larger than the theoretical (2.08 + 0.68 nm). Contact angle results
were indicative of the presence of APTMS on the surface if they are compared with bare surface
(ADV~45° and REC~29°), as shown in Figure 5.8. Furthermore, the very high thicknesses

achieved with method J indicate the formation of multilayers.

HI(APTMS) ®J(APTMS) #Theoretical thickness = F (MPTMS)

Average thickness (nm)

0.5 4

Conditions

Figure 5.7. Comparison between ellipsometry data of APTMS and MPTMS SAMs on SiO; surface

following conditions I-J show in Table 5.3. Theoretical thickness for each silane is taken as reference.
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Figure 5.8. Advancing and receding contact angle of APTMS SAMs on SiO; surface following conditions

I-J shown in Table 5.3.

No significant difference in the quality of SAM formation was seen when APTMS was employed
instead of MPTMS, therefore a different method of SAM formation involving liquid deposition

was investigated.

For this method, MPTMS solution was prepared in toluene (1 mM). Markedly high thicknesses
(30.75 + 18.22 nm) were measured compared to the theoretical value of 0.58 nm, suggesting that
polymerization of silane onto the surface had occurred. Moreover, an unacceptable degree of inter-
chip variation was seen. The average advancing (79.4+ 10.01°) and receding contact angles
(56.47+ 5.83°) were higher than those for bare SiO2, confirming the presence of silane (Figure
5.9). Taken together, the contact angle and ellipsometry results support the theory that this method

promoted the polymerisation of silane onto the surface.
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Figure 5.9. Ellipsometry data (left) and advancing and receding contact angle values (right) for MPTMS
on SiO; surface by a liquid deposition method. The values are compared with theoretical thickness in

ellipsometry measurements. ADV- REC values of bare SiO: are used as blank reference.

To investigate the deposition of silane onto the surface, a different approach using vapor deposition
was attempted. Instead of a single measurement for each chip, a larger chip (3%3 cm) was examined
at 9 different points, improving deposition rate evaluation (Figure 5.10). Experiments with said
chip with MPTMS silane at the same condition as F and G, were conducted and characterized by

ellipsometry.

AVAWA
[T 7]
/77

Figure 5.10. Scheme of chip used during experiments: a physically larger dimension to allow

differentiating each position.
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Thickness values observed were smaller (0.24+ 0.06 nm) than the theoretical calculated thickness
of 0.61 nm in all the points examined (F2). An upside-down position of the chip may promote
multilayer formation, as seen in Figure 5.11 (G2), as all the measured thicknesses exceed the
theoretical. In both experiments, different thickness values across the points were observed,
suggesting that deposition rates in particularly with exp G2 did not occur homogeneously on the

surface (Figure 5.11). It is thought that the inverted position of chips aggravated the issue.

BF2 (Orientation up) % Theorical thickness B G2 (Orientation down) 7% Theorical Thickness
07 1 .
0.6
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Average thickness (nm)

NN\

Position Position

Figure 5.11. Ellipsometry data of different points (a-i) of one larger chip with orientation up (left) and
down (right) following the condition shown in Table 5.3. The values are compared with theoretical

calculated thickness TT (red bars).

The contact angle data verified the successful deposition of silane onto the surface, with method
F achieving the most satisfactory results. However, ellipsometry data indicated either the
formation of multilayers, due polymerisation of silane, or incomplete deposition. Across the
experiments, poor homogeneity and reproducibility was consistently seen. Further optimisation

was therefore needed to reduce the heterogeneity which could affect the fluorescence properties.
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5.2 SiO; NPs characterization

Si02 NPs was selected next as a potential solid support for the fluorescence sensing system due to
their excellent stability, recyclability, biocompatibility, and low toxicity. Dye doped silica
nanoparticles can provide an enhancement of fluorescence signal due to the possibility of
incorporating several fluorophores onto the surface. Followed by the attachment onto the surface,
fluorescence properties of the designed sensor are less influenced by the solvent environment. >*
Therefore, the sensor was predicted to have increased sensitivity, prolonged detection time and
better reproducibility if immobilised onto a solid support.® ¥ The surface of SiO2 NPs can be
readily functionalized with organic molecules through alkoxysilane chemistry, as observed on the
surface of silicon wafers (3.2). In contrast with silicon wafers, SiO,NPs were characterized by
techniques such as DLS, zeta potential, IR or transmission electron microscopy (TEM) to evaluate
successful functionalization.?*® A suitable spacer between the surface and the probes will guarantee
that the functionality of the probe is retained and will impede surface-induced effects such as
quenching. The strategy used here provided the functionalization of SiO2 NPs with azide groups,
enabling immobilisation of the designed boronic-based sensor with ethylene group, through

CuAAC chemistry with formation of triazole (Figure 5.12). 2%

N @
HO—B—_ Sensor _— N

NH \
1 N
2 | "OH

Figure 5.12. Incorporation of sensor into the SiNPs functionalized surface. CuAAC chemistry reaction

between ethylene (1) and azide group (2) with the formation of triazole (3).
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Two strategies (1 and 2) for azide functionalization of the surface were evaluated. Strategy 1
involved the direct reaction between SiO, NPs and (3-azidopropyl) trimethoxysilane 27. Strategy
2 provided the starting functionalization of the surface with amino groups following the

introduction of an azide group via coupling reaction with 4-azidobutanoic acid 28 (Figure 5.13).
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Figure 5.13. Schematic representation of strategies investigated for the functionalization of SiO: NPs,

through direct reaction with 27 (1) or 4-azidobutanoic acid 28, via coupling reaction (2).

For the preliminary test, SiO> NPs were purchased and further subjected to functionalization. In
both strategy 1 and 2, dried silica nanoparticles were selected rather than the solution-dispersed
formulation due to their longer-term stability and the possibility of resuspension in a wide variety

of solvents.
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5.3 Functionalization and characterization

Purchased SiO> NPs (100 nm, 250 mg) were characterised by DLS and IR to verify properties such
as size, charge and spectra. Among the different sizes available, 100 nm was selected due to its
suitability for the dye’s incorporation, leading to a higher fluorescence response compared to
smaller particles.*? Furthermore, NP with a higher diameter can be affected by agglomeration and

aggregation, 250 %!

The size of the nanoparticles and zeta potential were determined by DLS, as described in 2.3.3 and

2.3.4).
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Figure 5.14. DLS results: size distribution graphs and zeta potential of purchased SiO2 NPs.

The results reported in Figure 5.14 confirmed the size of NPs as 80-100 nm. The zeta potential ( -
33.7 mV) was in accordance with the zeta potential of SiO>NP reported in literature.?*? Figure 5.15
reports the infrared (IR) spectra of SiO> NPs, employed as reference for the next functionalization.
In the spectra graph the characteristic band of silica nanoparticles > as silanol (Si-OH) symmetric
stretching at 3300 cm™ (a) and bending vibrations at 1100 cm™ (b) can be seen. The peak at 900

cm’! was attributed to stretching vibration of Si-O (c).
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Figure 5.15. IR spectra of SiO> NPs. Si-O-H stretching peak (a), Si-O-Si bending (b) and stretching

vibrations of Si-O (c) evidenced.

Strategy 1

Dried SiO2 NPs were resuspended in EtOH (1 mL to each 10 mg) and subjected to bath sonification
until complete redissolution, according to the redispersing procedure provided by the
manufacturer. (3-azido propyl) trimethoxysilane 27 was added directly to the solution of SiNPs in
EtOH and left to stir overnight at room temperature (method a in Table 5.4). After the reaction,
the solution was subjected to centrifugation. The supernatant was removed, and the nanoparticles

were collected, washed with EtOH, and dried overnight at 50°C under vacuum (Figure 5.16).

257



Before After
centrifugation centrifugation

0o %o
4 : . |:> } Supernatant
(]

Figure 5.16. Schematic scheme before and after centrifugation

An IR spectrum was recorded to evaluate the reaction. There was no difference in the spectra of

the bare Si NPs and the NPs that underwent reaction. Furthermore the characteristic peak of the

1),254

azide group (2110 cm™ was absent from the spectra, and the zeta potential remained unchanged

at -33.5 mV. This data therefore indicate that the reaction had not been successful (Figure 5.17).
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Figure 5.17. IR spectra of reaction product following method a. Spectra region of azide group peak

(2110 cm ™) evidenced (red label).
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Due to these results, alternative methods were investigated, as summarized in Table 5.4. All the
methods provided an excess of silane 27. Unreacted reagent was removed through the removal of

supernatant as to not affect the next reaction.

Table 5.4. Method employed (a-i) for reaction between SiO:; NPs and (3-azidopropyl) trimethoxysilane 27

according to strategy 1.

Method Solvent Co-reagent Temperature (°C)

a Ethanol / 25
b Ethanol /water / 25
c Ethanol EtsN 25
d Water Solution 0.1 M NaOH 25
e Pyridine / 25
f Ethanol Solution 0.1 M HCl 25

Dry MeCN / 25
h Dry toluene / 25
i Dry toluene / 90

The reaction was conducted in a mixture of water/EtOH (method b), aiming to increase the
reactivity of SiO2 NPs. Analysis by IR did not reveal the desired product. The methods ¢, d and e
employed a basic reagent to enhance the reactivity. No change observed in the IR spectra suggested
that a successful reaction had occurred. Neither the use of different dry solvents, such as MeCN
(g) and toluene (h), or heating produced a successful functionalization. To ascertain the absence
of azide groups, thermogravimetric analysis (TGA) of bare SiO> NPs and reacted ones, following

the conditions of method g as reported in Table 5.4, was conducted.
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Figure 5.18. TGA of a) bare SiO> NPs b) Silica nanoparticles reaction product following condition of

method g, reported in Table 5.4.

As shown in the results in Figure 5.18, a very small difference between SiO, NPs before (a) and
after the reaction (b) was observed for method i. The weight loss difference calculated by TGA
was 0.46 %, smaller than that needed to indicate a successful reaction.>>® Furthermore, TGA
experiments conducted for reaction products, following methods h and i, had similar results,

validating the absence of the desired group.

The functionalization of SiO> NPs with 27 is widely reported in the literature.'°" 2> However, the
reason for the unsuccessful reaction occurring here was attributed to the source of 27. In contrast
with the literature, it was not synthesized in situ but purchased. It has been concluded that the
issues seen with the strategy 1 were attributable to the low reactivity of azide silane towards
SiO,NPs. Moreover, the azide group could be subjected to degradation or collateral reaction with
the surface. It was hypothesized that the group could interact with silicon atoms intramolecularly

by coordination or by the formation of a five-membered cyclical intermediate. The product would
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therefore be more susceptible to cleavage by hydrolysis, similar to the primary amine

functionalization mechanism proposed in literature '°’ (Section 1.6.1).
Strategy 2

Strategy 2 provided the first step of the functionalization of SiO2 NPs with 3-(trimethoxy silyl)

propan-1-amine APTMS (Figure 5.19).
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Figure 5.19. Schematic representation of SiO: NPs functionalization by 3-(trimethoxy silyl) propan-1-

amine APTMS.

In strategy 2, silica aminated nanoparticles were also tested. However, a robust way to quantify
the surface bound amines, required for the further coupling reaction, was not found.?’ The
functionalization of purchased Si NPs with amine silane was considered as an alternative strategy.
As shown in Figure 5.20, an absorption peak at about 3420 cm!, attributed to N-H stretching

vibration, was observed.
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Figure 5.20. IR spectra of 3-(trimethoxy silyl) propan-1-amine APTMS. Peak at 3420 cm™ evidenced

with yellow arrow.

The reaction between SiO2NPs and 29 was conducted following method g reported in Table 5.4.
The functionalization of SiO> NPs was verified by IR spectra, as reported in Figure 5.21 (a). The
characteristic absorption peak of amino group, at about 3420 cm™ was seen (1). Moreover, a
marked change at 1600 cm™' (2a) compared to the IR spectra of bare SiO> NPs (Figure 5.21 (2b)
was observed. The presence of these peaks (2a), in contrast with the previous experiments,

suggested the successful functionalization of the SiO, NP surface.

262



104-‘ » 1 2a

100 o \’\M'-".'w\‘\ - .,__‘_N—a.m!“'\»w"‘\ —7 A .“.«\_,A‘\& ’,.v"\“ - T~ '\

95 - /

904

85‘ | |

i 1600 cm ! |
s 3420 cm !

%T

7H

65 ; : ; ; ; : —
4000 3500 3000 2500 2000 1500 1000 500450
cm-1

103,

| o JR 1 — e A

90 |

851 bl

%T

80{ ,
754
704 |

65

61 : . : . : - -
4000 3500 3000 2500 2000 1500 1000 500450
cm-1

Figure 5.21. IR spectra of NH; SiO> NPs (a) and SiO> NPs (b). Peak at 3420 cm™ (red), 1600 cm™’

(vellow) evidenced.

The second step involved the reaction with 4-azidobutanoic acid 28 itself synthesized following

the scheme reported in

Figure 5.24. The synthesis of 28 involved the reaction of ethyl 4-bromobutanoate 29 with sodium
azide (NaN3) in DMSO to introduce the azide group (30), and the further hydrolysis of the ester in

a basic environment to gain the final product 28 (Figure 5.22).
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Figure 5.22. Synthesis scheme of 4-azidobutanoic acid 28.

The presence of carboxylic group in 28 was confirmed by TLC plate with Bromocresol Green
Stain. The appearance of the yellow spot on the background verified its presence. Since the
distinctive and known peak of azide group in IR spectra, this technique was selected to confirm
the formation of final product. The spectrum reported in Figure 5.23 shows the characteristic azide

group (2210 cm'), confirming the presence of the group.
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Figure 5.23. IR spectra of 28. Peak at 2210 cm™ evidenced with yellow arrow.

The final step provided a coupling reaction between amino SiO2NPs and the synthesised product
28. The crosslinking of carboxylic acid 28 was promoted by carboxyl-reactive crosslinker
groups.?®®  Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was a standard reagent,

employed due to its water solubility. It activates carboxyl groups for direct reaction with primary
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amines via amide bond formation. N-hydroxy succinimide (NHS) was employed in EDC coupling
to improve the efficiency of the reaction. EDC couples NHS to carboxyl’s forming an NHS ester,
a stable intermediate, that allows efficient conjugation to primary amines on the surface of SiO»

NPs (

Figure 5.24).

O
o) EDC o 0\
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Ho)l\/\/ 3 N\O)J\/\/N3 O—Si/\/ 2
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28 A\ /
6]
0 ° 28a

Q>

Figure 5.24. Schematic scheme of strategy 2 complete.

IR-Spectra of Si0, NPs achieved after the reaction (C), of bare SiO>NPs (A) and NH>-SiO,NPs
(B) were compared to evaluate the reaction, as reported in Figure 5.25. In the final product’s
spectra C, a new peak (x) at 2110 cm™ was seen, attributable to the azide group, suggesting

successful functionalization.
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Figure 5.25. IR spectra of bare SiO>NPs (A) NH>-SiO> NPs (B) and SiO> NPs product (C). Peak at 2110

cm '(x) evidenced.

5.4 Summary and outlook

Functionalization with MPTMS of silicon wafers was achieved successfully by SAM (self-
assembled monolayers) formation Following test of different method and conditions, the
successful formation of monolayer was achieved by dry deposition and confirmed through
ellipsometry and contact angle measurements. However, there was a poor homogeneity of
deposition across different chips tested and low reproducibility of results. Despite the formation
of SAM, it was concluded that is required a further evaluation to improve the homogeneity the

quality of monolayers.

Since the wide availability of techniques for SiO2 NPs characterization as DLS, zeta potential, IR
or TEM, SiO, NPs have been selected as an alternative solid support for the sensing system. The
functionalization with azide group enables the immobilisation of the system onto SiO2 NPs through
click chemistry. Bare dried SiO2 NPs were selected for the preliminary experiments rather than in

solution due to the higher control of functionalization afforded. Despite adopting different
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methods, the introduction of azide group on SiO» NP surface through direct reaction with 27
according to strategy 1 was unsuccessful. Instead, the azide group was incorporated through
reaction between amino-functionalised SiO2 NPs, previously functionalized with APTES, and 28

(Strategy 2). The reaction vas verified by IR spectra.

Azide functionalization of the surface will enable the next incorporation of the system though

CuAAC reaction with acetylene group of the sensor structure.
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CHAPTER 6: EXPERIMENTAL METHODS

6.1 Fluorescent sensing system
6.1.1 Material and methods

Reagents and solvents were purchased from commercial suppliers and used without further
purification. TLC analysis was performed on Merck silica gel 60 silica sheets. TLC plates were
stained with the following stains: permanganate, ninhydrin, coumarin and bromocresol green. 'H,
and '*C NMR spectra were obtained on Bruker AVIII300 or AVIII400 spectrometers. Chemical
shifts (0) are given in ppm and are relative to the residual solvent peak. Data was acquired using
Bruker Topspin v3.2 and analysed with Mesternova v12.0.2-20910. IR spectroscopy was
performed on dry samples with a Varian 660-IR FT-IR spectrometer. Silica gel column
chromatography was carried out using Sigma-Aldrich 60 A silica gel (35-70 um). Mass spectra
were obtained in Waters Xevo G2-XS using electrospray ionization mode. LC-MS chromatogram
were conducted with a Shimadzu LCMS-IT-TOF instrument using Phenomenex Kinetex 5 pm
XB-C18 100 A LC 250 x 4.6 mm column with a binary gradient water and AcCN or MeOH with
0.1 of TFA, according to methods previously discussed. Temperature of the column was fixed at
40 °C with a flow rate 0.9 mL/ min"!. The MS was recorded in positive and negative ion mode.
Preparative HPLC purification was performed on Agilent Technologies 1260 Infinity system using
a Phenomenex Kinetex 5 um EVC-C18 100 A LC 250 x 21.2 mm column. 5 ml of sample was
injected with a run time of 45 minutes for each sample, at a flow rate of 3 mL/min. The UV/vis
absorbance of each run was monitored at 290 nm and 350 nm. TFA was neutralized by basic resin,

as described above. Collected fraction were then evaporated to dryness.
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Resin preparation

Amberlite IRA-900 chloride form was purchased by sigma Aldrich and modified though ion basic
exchange as shown in Figure 6.1. Amberlite IRA-900 chloride was washed with DCM to eliminate
impurities. After washed with MeOH to remove DCM, and furtherly with water. A solution of 1M

NaOH (5 mL) was added and left for 20 min. The resin was dried and used for further applications.

NaOH
/\// a _— /\/ —
O NT o4 Nl

Figure 6.1. Preparation of basic resin from Amberlite IRA-900 chloride was purchased.

Synthesis of (3-((allyl(methyl)amino)methyl)phenyl)boronic acid 1

3-(Bromomethyl)phenylboronic acid 3 (500 mg, 2.33 mmol) was dissolved into 2.33 mL of DMSO
and then deoxygenated. The N-allylmethylamine 4 (0.446 ml, 4.65 mmol) and triethylamine
(EtsN) (0.97 mL, 6.99 mmol) were added, and the reaction was heated to 60 °C for 45 minutes
under agitation. After 45 min, TLC (Hex/EtOAc 1:1) was performed to monitor the reaction. The
reaction was then precipitated in water and extracted with diethyl ether. The organic layer was

dried with MgSO4 and concentrated under reduced pressure. The final product 1 (365 mg; 77%).
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was obtained after subjected under vacuum overnight. '"H NMR (300 MHz, DMSO-ds) 6 7.70 (s,
1H), 7.66 (dd, J = 6.8, 1.4 Hz, 1H), 7.41 — 7.18 (m, 2H), 5.87 (dd, J = 16.5, 10.2, 6.3 Hz, 1H), 5.26
—5.09 (m, 2H), 3.44 (s, 2H), 2.98 (d, ] = 6.3 Hz, 2H), 2.07 (s, 3H). '3C NMR (101 MHz, DMSO-
ds) 6 137.6, 136.0, 134.7, 132.7, 130.5, 127.2, 117.3, 61.1, 59.8, 41.5. MS (ES+) Calcd for
C11H17BNO; 206.13; Found 206.13 [M+H]"; Caled for Ci2H19BNO; 220.15; Found 220.15

[M+Me]"

Synthesis of (2-(((4,8-dihydropyren-2-yl) amino)methyl)phenyl)boronic acid 7 and (pyren-I-

vlazanediyl)bis(methylene)) bis(2, I-phenylene))diboronic acid 12

T

{0
Ooe Oo‘e

(2-(((4,8-dihydropyren-2-yl)amino)methyl)phenyl)boronic acid 7 was synthesised adapting a
reported procedure.’” To a solution of l-aminopyrene 11 (107 mg; 0.493 mmol) and 2-
bromomethyl)phenylboronic acid 3b (70.7 mg, 0.329 mmol) in 5 mL of MeCN was added K>COs
(102 mg, 0.740 mmol) in one portion. The resulting mixture was stirred overnight at room
temperature. The reaction was filtered through a plug of celite using EtOAc as eluent and the
filtrate was concentrated under reduced pressure. A product mixture of 7 and 12 was achieved. It

was used as mixture for further experiments.

270



Synthesis of tert-butyl 4-(6-bromopyren-1-yl) piperazine-1-carboxylate 16

Tert-butyl 4-(6-Bromopyren-1-yl) piperazine-1-carboxylate 16 was synthesised adapting a
reported procedure.?® 1,6-Dibromopyrene 15 (0.200 g, 0.556 mmol), NaOrBu (56.3 mg, 0.586
mmol), PA(OAc)> (6.58 mg, 29.3 pmol), BINAP (36.5 mg, 58.6 umol) and toluene (30 mL) were
placed in a 100-mL two-necked flask under nitrogen. After stirring for 15 minutes, the flask was
heated to 100 °C. 1-Boc-piperazine 14b (0.10914 g, 0.586 mmol) was then added to the solution
and the resulting mixture was stirred for 12 h. Subsequently, it was quenched with water and
extracted. The organic layer was washed with brine and was dried over MgSOs. The reaction was
verified by TLC and staining with ninhydrin. The crude product was purified by column
chromatography DCM: Hex 25 % to obtain the product 16 (0.099 g, 46 %). "H NMR (400 MHz,
Chloroform-d) 6 8.34 (dd, /=9, 9.2 Hz, 1H), 8.13 (dd, J = 14.4, 8.2 Hz, 2H), 8.00 (dd, /= 9.1,
9.2 Hz, 1H), 7.92 (d, J = 8.2 Hz, 2H), 7.70 (d, J = 8.1 Hz, 2H), 3.17 (s, 8H), 1.46 (s, 9H). 13C
NMR (101 MHz, Chloroform-d) & 154.92, 130.31, 130.02, 128.90, 126.01, 122.97, 117.76, 60.42,

53.47. MS (ES*) Calcd for C25H25BrN202 464.11; Found 465.11 [M+H] *
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Synthesis of tert-butyl 4-(6-((trimethylsilyl)ethynyl) pyren-1-yl) piperazine-1-carboxylate 18

18

4-(6-((trimethylsilyl)ethynyl)pyren-1-yl)piperazine-1-carboxylate 18 was synthesised adapting a
reported procedure.?®® To a degassed solution of 16 (98.6 mg, 0.270 mmol) in dry EtsN (10 mL),
Pd (PPh3)2Cl> (18.9 mg, 27.0 umol), Cul (5.14 mg, 27.0 umol) and ethynyl-trimethylsilane 17
(191 pL, 1.35 mmol) were added. The reaction mixture was stirred at 70 °C for 20 h. Afterwards,
the solvent was evaporated under reduced pressure and the crude material was purified through
silica gel column chromatography (DCM/Hex 7:1) to yield 18 (70.7 mg, 54 %). "H NMR (300
MHz, Chloroform-d) ¢ 8.46 (d, J=9.1 Hz, 1H), 8.08 (dd, /=8, 6.0 Hz, 1H), 8.32 — 7.90 (m, 2H),
8.18 — 7.86 (m, 2H), 7.73 (d, J = 8.2 Hz, 2H), 3.61 (s, 8H), 1.52 (s, 9H), 0.89 (s, 9H). MS (ES™)

Calcd for C30H34N20,Si 482.24; Found 483.25 [M+H]*
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Synthesis of tert-butyl 4-(6-ethynylpyren-1-yl)piperazine-1-carboxylate 19

Tert-butyl 4-(6-ethynylpyren-1-yl)piperazine-1-carboxylate 19 was synthesized adapting a
reported procedure.?® A mixture of 24 (70.7 mg, 0.147 mmol) and tetrabutylammonium fluoride
trihydrate (TBAF) (54.8 mg, 0.209 mmol) in 10 mL of THF. The mixture was stirred at room
temperature for 1h. Afterwards, the solvent was evaporated under reduced pressure and the crude
material was purified through silica gel column chromatography (DCM/Hex 5:1) to yield 25 (46.3
mg, 77 %). 'TH NMR (300 MHz, Chloroform-d) & 8.47 (dd, J = 9.1, 3.6 Hz, 1H), 8.30 — 8.13 (m,
2H), 8.10 (d, J = 14.4 Hz, 2H), 8.06 — 7.82 (m, 2H), 7.75 (d, J = 8.2 Hz, 1H), 3.37 (s, 1H), 3.25 (s,

4H), 2.90 (s, 4H), 1.52 (s, 9H). MS (ES+) Calcd for Co7H26N20, 410.20; Found 411.21 [M+H]"
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Synthesis of 1-(6-(piperazin-1-yl)pyren-1-yl)ethan-1-one 18b

18b

Deprotection of Boc group to achieve 18b was achieved adapting a reported procedure.?!* 9 mL
of Acetyl chloride solution (4M) in methanol was prepared in an ice bath, to generate hydrogen
chloride in situ. 19 (0.216 g, 0.447 mmol) was dissolved in 9 ml of prepared solution. The mixture
was stirred at room temperature. The reaction was monitored by TLC analysis until complete
consummation of 19. Afterwards the solvent was evaporated, and the crude product dissolved in
water. A solution of KoCOj3 was added until reach a pH 10-11 and extract with DCM. The solution
was washed with water and brine and reduced to dryness. The crude was purified by the HPLC
purification according to the condition described in section 4.3. Basic resins, prepared as described
above, was added to the solution to neutralize trifluoroacetic acid TFA. The solvent was
evaporated under reduce pressure to achieve 18b as yellow solid (0.1086 g, 64 %). "TH NMR (300
MHz, Chloroform-d) ¢ 8.61 —8.26 (dd, J=9.1, 3.6 Hz, 1H ), 8.25 — 8.15 (m, 2H), 8.10 — 7.99 (m,
2H), 7.76 (dd, J = 8.2, 2.6 Hz, 2H), 7.61 (d, J = 8.2 Hz, 1H), 3.25 (s, 2H), 2.90 (s, 2H), 1.26 (s,

1H), 0.39 (s, 9H). MS (ES™) Calcd for C25HasN2Si 382.20; Found 383.19 [M+H]*
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Synthesis of (2-((4-(6-((trimethylsilyl)ethynyl)pyren-1-yl)piperazin-1-yl)methyl)phenyl)boronic

acid 13b

HO—]IB

o

N

TMS

13b

Product 13b was synthesised adapting a reported procedure.'*® 18b (108.6 mg; 0.286 mmol) and
2-Bromomethyl) phenylboronic acid 3b (60.8 mg; 0.286 mmol) were dissolved in dry MeCN (5
mL). EisN (80 pL; 0.572 mmol) was added in one portion and the resulting mixture was stirred at
room temperature for 48h under argon. The reaction product was verified by TLC and visualized
by curcumin stain. The crude product was purified by HPLC according to the condition reported
in to achieve 13b (44.3 mg, 30 %). The purity was calculated by LC-UV spectra (85%). '"H NMR
(300 MHz, Chloroform-d) ¢ 8.82 (s, 1H), 9.03 — 8.20 (m, 2H), 8.95 (d, ] = 9.4 Hz, 2H), 8.14 (s,
1H), 8.14 - 7.98 (m, 2H), 7.77 — 7.49 (m, 2H), 7.26 (s, 2H), 4.60 (d, J = 57.5 Hz, 2H), 3.82 (s, 2H),
3.31 (s, 4H), 2.98 — 2.42 (m, 4H), 0.41 (d, J = 8.0 Hz, 9H). MS (ES") Calc for C3;H33BN,O;

516.52; Found 517.25 [M+H] *

275



Synthesis of 1-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)  benzyl)-4-(6-((trimethylsilyl)

ethynyl) pyren-1-yl) piperazine 23

Se

N

T™S

/

23

Product 23 was synthesised adapting a reported procedure.'#¢ 13b (61.3 mg, 0.160 mmol) and 2-
(2-(Bromomethyl) phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 3¢ (47.5 mg, 0.160 mmol)
were dissolved in dry MeCN (3 mL). K>CO3 (46.4 mg; 0.320 mmol) was added in one portion and
the resulting mixture was stirred at room temperature for 48h under argon. The solvent was
evaporated under reduce pressure and the crude material was used in next reaction, without

purification. MS (ES*) Calcd for C3sH43BN20,Si 598.32; Found 599.33 [M+H]"
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Synthesis of 1-(6-ethynylpyren-1-yl)-4-(2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl) benzyl)

piperazine 23b

X0

N

23b

23 (74.3 mg, 0.141 mmol) was dissolved in a solution of THF and MeOH (1:1).2! K,COs was
added in excess (0.1167 g, 0.8454 mmol) and the mixture stirred for 1 hour at room temperature.
The solvent was evaporated under reduce pressure and the crude material was used for the further

reaction, without purification. MS (ES*) Calcd for C3sH3sBN20; 526.28; Found 527.29 [M+H] "
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Synthesis of (2-((4-(6-ethynylpyren-1-yl)piperazin-1-yl)methyl)phenyl)boronic acid 13

HO—l|3

(2-((4-(6-ethynylpyren-1-yl)piperazin-1-yl)methyl)phenyl)boronic acid 13 was synthesised
adapting a reported procedure.??? 23b (8.26 mg, 15.5 umol) and methylboronic acid (9.32 mg,
0.156 mmol) were dissolved in 0.2 M HCI (0.5 mL) and acetone (0.5 mL). The mixture was stirred
overnight at room temperature. Afterwards, the solvent was evaporated under reduce pressure. The
crude residue was dissolved in MeCN and deionized water and freeze dried. The purity was

calculated by LC-UV (35%). MS (ES*) Calcd for C320H2sBN20O» 444.20; Found 445.21 [M+H]*

6.1.2 Optical Spectroscopy experiments

UV-Vis absorption measurements were performed using a Perkin-Elmer UV-Vis spectrometer
Lambda 20, with cuvettes of a 10 mm path length. The machine was operated using UV Win lab
software. Fluorescence experiments were conducted using Jasco FP-8500 Spectrofluorometer,
both excitation and emission mode. The experiments were performed at 25 °C using aerated

samples.
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Solubilisation methods

Due to insolubility in water, methods for solubilisation needs to be implemented for anthracene
and pyrene derivatives. It has been selected two solubilization methods (A and B). In method A
the product was dissolved in DMSO/DMF and then diluted in a solution to reach desired
concentration. In method B the product was dissolved in DCM, then concentrated under reduced
pressure. The product was left to dry under vacuum overnight, then suspended in specific amount

of a solution to reach desired concentration and gently stirred overnight.

First sensing system: (3-(allyl(methyl) amino) methyl) phenyl) boronic acid 1 and of 9-azide

anthracene 2

All the fluorescence spectra were recorded from 400-550 nm under the excitation wavelength at
350 nm. A solution of 9-azide anthracene 2 (4 pM) was prepared in water, EtOH or sodium dodecyl
sulphate (SDS) solution using method A (DMSO), then diluted to desired concentrations (between
0.02 to 2 uM). Fluorescence samples were prepared by mixing equal volumes of previous 2
solution (4 uM) and different aqueous solutions of (3-(allyl(methyl) amino) methyl)phenyl)

boronic acid 1 (from 0.02 to 200 uM).

A 20 pM ethanolic solution of 2 and a set of solution of pyridinium chloride 5 at different
concentration were prepared following literature.?®? Fluorescence samples were prepared by
mixing equal volumes of previous 2 solution with different concentrations of 5 to give final

concentrations of 50, 37.5; 25; 12.5; 2.5 mM

A solution of 2 uM of 2 in SDS (0.1 M) was prepared. Fluorescence samples were prepared by
mixing equal volumes of previous 2 solution and different solution of 1 in SDS solution to give

final concentrations of 12.5; 10; 7.5; 5; 2.5 mM.
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Second sensing system: pyrene-based sensor (sensor 6 and 7) with coumarin probe

Sensor 6

A solution of pyrene 1-boronic acid 6 (2 uM) in aqueous buffer (50 mM HEPES, 100 mM Na>SOs3,
20 mM NaCl, pH 7.4) 263 was prepared using method A (DMSO). The pH of the aqueous buffer
was further adjusted at pH 9 with NaOH aqueous solution. Stock solutions of D-Fructose 8 was
prepared in both of previous buffer. Fluorescence samples were prepared by mixing equal volumes
of 2 uM solution of 6 with different concentrations of D-Fructose 8 (2-20 mM), respectively for
each aqueous buffer. Experiments were repeated according to the same procedure but substituting

previous buffer with MeOH.

Solutions of dopamine 10 (2-20 mM) were prepared in same previous HEPES buffers. A set of
solutions was prepared by mixing equal volumes of previous 2 pM solution of 6 with dopamine

10 solutions and analysed by fluorescence.

A 100 pM aqueous solution of coumarin 9 was prepared, then diluted to selected concentration
(60; 90; 30 uM). A solution of 6 (3 uM) was prepared in water using method A. FRET experiments
were performed with a solution of 6 (1 pM), a solution prepared mixing equal volumes of 6 (2
uM) and 9 (60 pM), and a solution prepared mixing equal volume of 6 (3 uM), 9 (90 uM) and 8

(30 mM).

Compound 12

A solution of 12 (2 uM) was prepared in previous HEPES buffer at pH 7.4 and 9 using method B,

then diluted with respective buffer. Fluorescence samples were prepared by mixing equals volumes

280



of 12 (0.02 uM) solution with different concentrations of D-Fructose 8 (20 mM), respectively for

each aqueous buffer.

Final sensing system: fluorescent sensing system based on pet-pyrene boronic acid sensor

All the fluorescence spectra were recorded from 400-550 nm under selected excitation wavelength.
Phosphate buffer solution (PB) was prepared mixing 500 mL of K;HPO4 (50 mM) and 500 mL
NaH;PO4 (50 mM) adjusting pH with HCl or NaOH aqueous solution. A solution of pyrene 13
(0.1 uM) in phosphate buffer was prepared using method B. Fluorescence samples were prepared
by mixing equal volumes of previous 13 solution and different piperazine 14 aqueous solutions,

concentrations ranging from 0 to 100 mM. The excitation wavelength was fixed at 344 nm.

Fluorescence titration (pH and sugars)

A stock solution of 13 or 13b (5 mM) was prepared in DMF, then a diluted solution (10 uM) in
PB. Fluorescence spectra of 13 and 13b at different pHs in PB were recorded by adjusting the pH
by addition of NaOH aqueous solution. Same procedure was repeated for solutions with same
concentration of sensor plus D-Fructose (100 mM). Fluorescence spectra were conducted under

excitation wavelength at 360 nm and 390 nm.

Saccharides (D-fructose, D-Sorbitol and D-Glucose) were dissolved in PB solution (pH 8) to
obtain stock solutions (6.0 M). 0-200 pL of stock sugar solution were added into 2.8 mL of 13 (10
uM) buffer solution (50 mM, pH 8) to make final sugar concentrations 0-200 mM. Fluorescence

spectra were conducted under excitation wavelength at 360 nm.

All the fluorescence spectra were corrected with a dilution factor and subjected to blank

subtraction. Blanks were recorded for all PB solutions of different pHs used in pH titration and PB
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solutions at pH 8 with different concentration of sugars. Binding constants were calculated using

SigmaPlot software.

Calculation of quantum yield

A solution of 7-Diethylamino-4-methylcoumarin (5 mM) was prepared in DMF, then diluted in
water to 10 uM. A solution of 13 (100 uM) was prepared following the same method B. Adsorption
of 7-Diethylamino-4-methylcoumarin (10 uM) and 13 (100 pM) solution were recorded. Both
fluorescence spectra were recorded under the same excitation wavelength at 380 nm and at same

concentration (10 uM). Quantum yield of 13 was calculated according to equation 4-3.

FRET experiments

Solutions of 24, 25 and 26 in PB solution (pH 8) were prepared following method B at different
concentration. Fluorescence samples were prepared by mixing equal volumes of 24, 25 (2; 1; 0.4
uM) or 26 (10; 4; 2 uM) PB solutions with a pyrene sensor 13 (20 pM) PB solution. Fluorescence
samples involving D-Fructose were prepared by mixing equal volumes of 24, 25 (3; 1.5; 0.6 uM)
or 26 (15; 6; 3 uM) PB solutions, with same buffer solutions of 13 (30 uM) and D-Fructose (75;
30; 6 uM). Fluorescence spectra were recorded under excitation wavelength at 326 nm for

experiment involving 24, 296 nm for 25 and 360 nm for 26.

6.2 Silica solid substrate
6.2.1 Materials and methods

Reagents and solvents were purchased from commercial suppliers and used without further
purification. All silicon wafers are subjected to a thorough cleaning procedure with a piranha
solution. It was prepared by adding 3 ml of hydrogen peroxide (H20O2) onto 7 mL of ice-cooled

sulphuric acid (H2SO4) and leaving for 10 minutes. Silicon chips were immersed in the solution
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for 8 minutes, then washed with Milli-Q water, ethanol (EtOH), and finally dried. The SAMs on
silicon wafers have been formed with MPTMS and APTMS to have thiol and amino groups.?642%
SAM Contact angle were obtained using Attension Theta contact angle meter from Biolin
Scientific and images were analysed using the OneAttension software. SAM thickness was
obtained by ellipsometry using Alpha-SE ellipsometer from J.A. Woollam and data was processed
using CompleteEASE software. Dried silica nanospheres (250 mg, 80 nm) were purchased from
nanoComposix and subjected to subjected to redispersion according with the procedure reported
(10 mg for 1 mL).%%” Teflon vials (10 mL) and all the solvent were purchased from sigma Aldrich.
Acetylene was degassed by argon. Particles sizes were measured with a Zetasizer Nano (Nano-S)
particle-size analyser from Malvern Instruments Ltd (UK) for size and zeta potential measurement.
NPs were dispersed in EtOH (10 mg/mL) and sonicated for 20 min before being analysed by DLS
at 25 °C in a 3 mL disposable polystyrene cuvette. Attenuator position, measurement duration and
number of runs were automatically chosen by the instrument. The values are reported as an average
of 5 measurements. Zeta potentials measurements were performed by placing the sample in the
special capillary cell with two electrodes. Thermogravimetry analysis was performed by Netzch
TGA 209 F1, following a method reported in literature (Temperature 40 to 700 °C with a heat rate

10 K/min).»% IR spectroscopy was performed on dry samples with a Varian 660-IR FT-IR

spectrometer.

6.2.2 SAMs formation

Vapor deposition:'!! a vial with 0.2 mL of MPTMS or APTMS was put placed in the bottom of a
sublimation chamber. Silicon chips, with a dimension of 1x1 c¢m, previously cleaned with piranha
solution, were positioned in a support. The sublimation chamber was then subjected to reduced

pressure and maintained under these conditions. The time under vacuum, the deposition time, and
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the orientation of chips, up and down in the support, were changed during experiments. The silicon
chips were then subjected to annealing at 100 °C for 30 min and, after cooling down, were washed

with MilliQ water, EtOH, and dried with argon.

Liquid deposition: the silicon chips were immersed in a dry toluene solution of MPTMS or
APTMS (1 mM: 1.5 mL) under argon condition. They were left under agitation overnight, washed

with EtOH and milli-Q water, and placed in an oven for 2 hours.

6.2.3 Functionalization of silica nanoparticles

Synthesis of Amino-Grafted Silica Nanoparticles (NH>-SiO2 Np)

Amino-Grafted Silica Nanoparticles were prepared adapting a reported grafting procedure.?¢®
Silica nanoparticles (40 mg) were redispersed in 4 mL of dry MeCN in a Teflon vials. APTMS
(494 mg, 2.7 mmol) was added to the homogeneous dispersion. The reaction mixture was stirred
for 24 h at room temperature. Subsequently, the reaction mixture was centrifuged at 12 000 rpm
for 30 min. The clear supernatant liquid was decanted from the solid deposit. The solid mass
obtained was sonicated with ethanol for 20 min and then centrifuged three times. It was then dried

at 50 °C under high vacuum for 6 h. Recovered mass: 20mg NPs were analysed by IR spectra.
Synthesis of 4-azidobutanoate 30

/\OMN3

30

4-azidobutanoate 30 was synthesized according to a reported procedure.?®® Ethyl-4-bromobutyrate
(1 g, 5.13 mmol) was mixed with sodium azide (0.50 g, 7.69 mmol) in DMSO (10 mL) and stirred

overnight under argon at 55 °C. The reaction mixture was diluted with water (7 mL) and extracted
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in diethyl ether (3 x 7 mL), followed by washing with water and brine. The combined organic
phases were dried over magnesium sulfate (MgSQOs4), filtered, and concentrated by rotary
evaporation to yield 30 (0.8 g, 97%). 'H NMR (300 MHz, Chloroform-d) & 4.15 (q, J = 7.1 Hz,

2H), 3.35 (t, ] = 6.7 Hz, 2H), 2.40 (t, ] = 7.2 Hz, 2H), 1.98 — 1.82 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H).

Synthesis of 4-azidobutanoic acid 28

HO)J\/\/ N
28
4-azidobutanoic acid 28 was synthesized from 30 according to literature.’®® 30 (0.8 g) was
dissolved in a mixture of 1 N NaOH (5 mL) and MeOH (5 mL). The solution was stirred at room
temperature for 3 h, then reaction completion was checked by TLC, followed by removal of the
MeOH by evaporating under reduce pressure. The pH of the aqueous phase was adjusted to 0 using
1 N HCI solution. The product was extracted into ethyl ether (3 x 5 mL), dried over MgSOu,
filtered, and concentrated to yield 28 (0.5 g, 75%). '"H NMR (300 MHz, Chloroform-d) & 3.38 (t,
J=6.7 Hz, 2H), 2.47 (t,J = 7.2 Hz, 2H), 1.99 — 1.83 (m, 2H).

Synthesis of Azide-Grafted Silica Nanoparticles (N3-SiO>Np)

The synthesis of N3-SiO>Np was done though coupling reaction as reported in literature.’? 28
(2.13 mg, 0.166 mmol), NHS (0.72 mg, 6.3 umol), and EDC (3.85 mg, 20.0 pmol) were added to
NH2-Si02 Np (5 mg) in DMF (2 mL). The solution was stirred 24 hours under argon at 80 °C.
Particles were collected by centrifugation and washed with water and DMF. NPs were analysed

by IR spectra.
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CHAPTER 7: CONCLUSION AND FUTURE WORK

This work investigated the fluorescence capabilities of different boronic-acid-based sensing
systems. The aim was to identify the system which provided the optimum signal upon sugar
binding, and then immobilise this system onto a solid support. Boronic acids have been employed
as receptor units due to their known ability to bind polyhydroxy compounds, such as saccharides.
Fluorescence mechanisms including PET, ICT and FRET, or their combinations, were exploited
to provide a significant response for saccharide detection. Although this work was focused on the
research of simple saccharide molecular sensors, the ultimate aim of this research is to utilise this
developed technology for the effective and efficient detection of glycans and their derivatives.
Different strategies have been explored to achieve a working fluorescent system. The employment
of boronic acid derivatives with a higher affinity towards sugars, alongside a high quantum yield
probe, helped to enhance the final fluorescence signal. The two units constituting the molecular
sensor could be independent of each other and be attached directly or through a linker or spacer.
A suitable linker was demonstrated to strengthen the interaction of the units and the overall sensor
performance. Moreover, the employment of solid substrates to confine the system within a given

areas is believed to improve the performance further.

The first sensing system, described in chapter 3, involved phenylboronic acid as a receptor and an
anthracene dye as a fluorophore. Both structures were modified to enable immobilisation onto the
silicon surface. The fluorescence response upon saccharide binding was supposed to be modulated
by PET mechanism. Fluorescent experiments recorded between the two units involved did not
display a fluorescence decrease supposedly corresponding to the quenching of the fluorophore. It

was proved that the first system did not show a PET mechanism and was hence deemed unsuitable
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for the project’s purpose. It was concluded that the fluorescent system’s structure required changes

to improve the interaction between the two units.

In chapter 3 the study of a different sensing system is described, involving a boronic acid-based
pyrene and coumarin 9, and their interaction to allow a FRET process. Sensor 6 provided a direct
connection between boronic acid and pyrene. While sensor 7 employed an alkyl chain with an
amino group as a linker. Sensor 6 displayed a fluorescence intensity increase upon saccharide
binding. However, following the addition of coumarin 9 no change was observed in emission
spectra, suggesting that FRET mechanism did not occur. Sensor 7 was designed with the
expectation that a noticeable shift in the emission spectra following sugar-binding, caused by ICT
mechanism, would be seen. Since the desired compound was unable to be attained, fluorescence
experiments were performed with the di-substituted product 12. Despite efforts, no noticeable shift
in the emission spectra was observed. Yet, a higher fluorescence was observed in the latter sensor
compared to that of sensor 6, suggesting that the presence of a linker between the two units
improved the interaction with saccharides and consequently the fluorescence. Further investigation

regarding the structure of the linker to be employed in the sensing system was required.

The learnings afforded by the previous systems suggested that connection between units is needed
and amino group is required to confer affinity to saccharides and promote the fluorescence
mechanism. Thus, a modified system was developed. The final system described in chapter 4
involved a pyrene-based sensor with the boronic acid connected through the piperazine ring
(sensor 13). It acts both as a linker and a fluorescence quencher, ensuring a PET process is
involved. The sensor was also functionalized with an acetylene group to allow immobilization onto
the surface. Although few steps were necessary for the synthesis of sensor 13, obtaining the desired
product was challenging due to the formation of side products, such as methyl ketone 21 or phenol
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22. The main issue was the presence of two distinct protective groups with different reactivities.
Several iterations were needed to finally achieve an appropriate combination and sequence of
reactions required to obtain sensor 13. As a further complication, optimum purification conditions
were not met and sensor 13 was yielded with low purity (35 %). Despite the low purity, the
impurities were deemed unresponsive to saccharides, therefore the suitability of sensor 13 for
saccharide detection could still be demonstrated by performing fluorescence experiments with D-
Fructose. Previous experiments showed an enhancement of fluorescence intensity upon saccharide
binding at pH 8, supporting the occurrence of a PET process. Results obtained by pH titration
emission profile verified the binding abilities of the sensor at physiological pH (~ 7.4), translating
to biological applications. Sensor 13 also had a higher selectivity for D-Fructose and D-Sorbitol,

compared to D-Glucose.

Once the fluorescence intensity change produced by the saccharides binding was verified, the
interaction with an alternative probe, attesting to a FRET process, could be tested. Fluorescence
experiments performed with sensor 13 and the probes 1-ethynylpyrene (24) and 1-
ethynylnaphathalene (25) demonstrated an interaction between 13 acting as acceptor, and 24 and

25 as donor probes.

The role of 13 as donor in the FRET process has not been verified, due to the missing interaction
with a probe that acts as the acceptor, such as sulfonated coumarin dye (26). All the FRET systems
investigated displayed a fluorescence response upon D-Fructose comparable to or higher than
observed with sensor 13 on its own. It was therefore assumed that the fluorescence restoration
following PET suppression did not enable a significant interaction with the probes investigated,

due to the low quantum yield of sensor 13.
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The binding abilities of sensor 13 towards saccharides and its employment in sensing applications
was demonstrated. However, it was believed that the sensing potential of 13 was affected by its
low purity. Therefore, it was predicted that the actual sensitivity and the efficiency of the sensor
would be improved with a higher purity compound. Moreover, a resulted higher quantum yield of
the sensor was expected to enhance the FRET efficiency through a more successful interaction

with the selected probes.

As the final step of the project involves the immobilisation of the system onto a surface, chapter 6
describes the investigation into the chosen silica substrates. Functionalization with MPTMS of
silicon wafers was achieved successfully by SAM formation. However, ellipsometry and contact
angle measurements attested to a poor homogeneity of deposition across wafers which resulted in
poor reproducibility. Despite the formation of SAM, further evaluation to improve the
homogeneity and the quality of monolayers is required. SiO2 NP were selected as an alternative
solid support for the fluorescence sensing system. The introduction of azide groups on the surface
was achieved by a coupling reaction with amino functionalized SiO2 NP. Azide groups will enable
the next immobilisation of the system through click chemistry reaction with acetylene group of the

sensor structure.

Future work will involve a deeper investigation of boronic acid based fluorescent systems
described. In detail, the first analysed system, based on phenylboronic acid and anthracene units,
should be examined also upon the incorporation of single unit into surface. Even if unbounded
units showed not remarkable results, it would prove of interest evaluate the possible establishment
of fluorescence mechanism desired afterward the incorporation of the units onto the surface.

Moreover, a BA derivative with amino group in ortho position could be employed, to enhance the
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performance of the system. About the systems based on FRET fluorescent sensing system, future
work should continue researching an efficacious synthesis of sensor 6, and thus, conduct
experiments to evaluate the fluorescence performance of final system. Since promising results
were achieved with sensor 13, future work should continue optimising the synthesis and
purification strategies to achieve sensor 13 with higher purity. It is also required more careful
research about a probe with more suitable fluorescence properties, to be employed as acceptor or
donor in FRET couple. Regarding silicon wafer as solid substrate, alternative strategies to improve
homogeneity and the quality of monolayers must be considered. About silica nanoparticles, once
complete the functionalization of azide group, different nanoparticle sizes and lengths of linker
among the sensor should be evaluated to optimize the fluorescent platform. Designed sensor and
the probe selected for FRET mechanism should then be immobilised onto silica nanoparticles. The
incorporation of probes onto the surface through select linker will reduce the inter-probe distance
and favour the orientation between their dipole, enhancing FRET. The concentration of dyes
immobilised onto the surface will be investigated to identify the most suitable ratio between
acceptor and donor. FRET antenna or surplus effect can then be used to further enhance the final

performance of the system.

The work in this thesis and future work contributes to the research of high-sensitivity sensors for
saccharide detection, exploiting the advantages of surface-confined sensors and the combination

of the fluorescent mechanisms involved to modulate the signal.
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APPENDIX I: CHEMICAL STRUCTURES

HO. _OH

N
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(3-((allyl(methyl)amino)methyl)phenyl)boronic acid
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3
9-(azidomethyl)anthracene
B HO\B/OH O\B/O
3/3b /3¢
Br

3)3-(bromomethyl)phenyl)boronic acid
3b) 2-(bromomethyl)phenyl)boronic acid
3c) 2-(2-(bromomethyl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

N-methylprop-2-en-1-amine
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18) Tert-butyl 4-(6-((trimethylsilyl)ethynyl)pyren-1-yl)piperazine-1-carboxylate

18b) 1-(6-((trimethylsilyl)ethynyl)pyren-1-yl)piperazine
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25 I I

1-ethynylnaphthalene

26
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/\O)I\/\/ Br

ethyl 4-bromobutanoate

/\O)J\/\/ N3

ethyl 4-bromobutanoate
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APPENDIX II: ELLIPSOMETRY & CONTACT ANGLE DATA

Table 1. Ellipsometry results: thickness values of two or four chips analysed following conditions A-B-C-

D shown in Table 5.1

Thickness values (nm)

Theoretical values (nm)

Chip 1° 2° 3° 4°
A* 0.12 +0.06 0.37 +£0.031 / /
B* 0.436+0.353 | 0.977+0.106 / /
0.61 +0.07
C 0.16 +£0.04 0.10+0.025 0.16 £ 0.026 0.10+0.015
D 0.20+0.01 0.25+0.107 0.94 +0.144 0.01 £0.015

Table 2. Contact angle results: ADV and REC values of two or four chips analysed following conditions

B-C-D shown in Table 5.1

ADV values (°)
Chip 1° 2° 3° 4° Blank
A* 61.0+2.3 65.9+1.7 / / 42.1+1.7
B* 71.4+4.7 80.8+54 / / 48.25+4.8
C 57.1+1.58 56.7+£0.02 59.6 £2.26 549+ 1.56 43.8+10.5
D 64.6 +3.50 58.5+2.84 67.2+4.10 58.3+2.96 46.6 £4.54
REC values (°)
Chip 1° 2° 3° 4°
A* 49.1+0.8 51.1+1.0 / / 22.15+2.75
B* 59.7+28 61.7+10.8 / / 31.95+£2.35
C 35.6 £3.07 37.5+1.64 37.2+0.77 34.8 +£0.49 32+1.98
D 43.5+3.40 39.8+0.14 45.6 +5.56 38.5+0.18 31.25+4.09
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Table 3. Ellipsometry results: thickness values of four chips analysed following conditions E-F-G-H

shown in Table 5.2.

Theoretical values (nm)

Thickness values (nm)
Chip 1° 2° 3° 4°
E 1.68 £0.06 1.52 +0.03 1.63 +£0.07 1.54 +0.02
F 0.50 £0.006 0.54 +0.031 0.76 £0.023 | 0.79 £0.097
F* 0.26 0 1.24 £0.855 0.5240.263 | 0.53 +£0.050
2.17+0.15 2.78 +£0.83 0.45+0.03
0.26+0.11 0.23 +0.03 0.27 £0.01 0.38 +£0.06

0.61 £0.07

Table 4. Contact angle results: ADV and REC values analysed following conditions E-F-G-H shown in

Table 5.2.
ADV values (°)
Chip 1° 2° 3° 4° Blank
E 60.1 £2.07 55.4+1.48 58.3+0.54 56.6 +0.22 40.1 £0.02
F 78.8 £3.11 74.0 £ 1.69 68.4 +1.29 74.4+£0.79 40.6 £3.86
F* 57.8 £0.83 60.3 +4.74 80.8 £4.07 68.4 £1.08 39.1 £3.85
H 56.4 +0.80 60.4 £ 1.45 55.4+£2.57 55.1+£0.49 36.65 + 166
REC values (°)
Chip 1° 2° 3° 4°
E 40.6+1.13 37.4 £1.60 39.9+1.31 38.8+0.45 21.6£2.89
F 47.7£2.60 51.2+2.41 50.3+4.90 50.3+1.55 27.4+£3.50
F* 36.5+1.84 42.0+4.16 60.1 £4.85 44.8 £0.42 20.5+£1.59
H 36.0+1.13 34.0+1.99 345+041 34.7+0.22 18.8+1.14
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Table 5. Ellipsometry results: thickness values of four chips analysed following conditions I-J shown in

Table 5.3.

Thickness values (nm)

Theorical values (nm)

Chip 1° 2° 3° 4°
I 0.46 £ 0.25 0.57+0.5 0.9+0.11 0.6 +0.28
J 1.46 +0.06 1.64+0.26 | 2.98+0.023 2.24+£0.10

0.58 +£0.06

Table 6. Contact angle results: ADV and REC values analysed following conditions

Table 7. Ellipsometry results: thickness values of four chips analysed following liquid conditions.

conditions I-J shown in Table 5.3.

ADV values (°)
Chip 1° 2° 3° 4°
| 77.5+£5.0 91.2+3 71.3+£0.6 93.1+17.6
J 64.7+0.5 59.4+0.5 67.3£10.2 61.2+1.7
REC values (°)
Chip 1° 2° 3° 4°
| 53.4+16.2 69.5+8.2 55.5+4.2 70.8 £16.1
J 43.9+7.3 39.6+14 45+5.4 43.6 1

Thickness values (nm)

Theorical values (nm)

Chip 1° 2° 3° 4°
Liquid
N 47.6 6.7 14.1+2.1 33.1+£2.0 282 +3.8
deposition

0.61 £0.07
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Table 8. Ellipsometry results: thickness values of different points (a-i) of one larger chip following

conditions F-G shown in Table 5.2.

Position Experiment F2 Experiment G2
a 0.29 +0.21 0.98 £0.049
b 0.22 +0.002 0.73 £0.050
c 0.34+0.003 1.99+0.018
d 0.19 +0.003 1.02 £0.030
e 0.22 +0.003 5.93 £0.073
£ 0.21 +0.002 1.14 £0.070
g 0.24 +0.003 4.70 £0.047
h 0.15 +0.002 1.09 £0.029
; 0.24+0.006 0.52+0.029
Theorical values (nm) 0.61x0.07
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APPENDIX III: NMR, IR & MASS SPECTRA
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304



Xevo2018_March_37 89 (1.960)

1: TOF MS ES+

5.52e5
100 220.15
ES
206.13
149.08
1.1
Z24:15 234.17
205.14
O+t il I . SSSSEPUNS || FESSISSINS || A 10 | R ey S S O SRS FOUUCE S iz
120 140 160 180 200 220 240 260 280 300 320 340 360
Figure 3. Mass spectrum of 1.
I~ 280000
B R R >~ AN | 260000
I~ 240000
{-220000
H/‘// J 200000
e -

- 180000
- 160000
I~ 140000
120000
- 100000

i~ 80000

- 60000

- 40000

- 20000

i i
‘ . L,
&
g 2 a g a 2 f--20000
9‘.5 9‘.0 8‘.5 8‘.0 7‘.5 7‘ y é.O 5‘.5 5‘.0 4‘.5 4‘.0 3‘.5

) 6.5
f1 (ppm)

Figure 4'H NMR (DMSO-d6) of 12.

305



58.91

200000

— 146.11
— 142.46

190000

r 180000

170000

160000

150000

F 140000

130000

120000

110000

100000

90000

80000

70000

60000

50000

40000

30000

20000

10000

ro

- -10000

~-20000

T T T T T T T T T T T T T T T T T T T T T T T T
150 145 140 135 130 125 120 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35

f1 (ppm)

Figure 5."°C NMR (DMSO-d6) of 12.

100+ 44521

27514

41720

219.18

T T T T T T
1000 1200 1400 1600 1800 2000 2200

Figure 6. Mass spectra of 13.

306



5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

500

~-500

8€°0

1.85e6

miz

307

1400

508

ov'e ]

////// y /// (

96'8

f1 (ppm)

Figure 7. '"H NMR (CDCI;) of 13b.

]
&
]
=
]
@
g o AN
s § —
P——————
3 ]
=
8 3
© N
=
8 m FS
& F
& 3
e

Figure 8. Mass spectra of 13b.



20.25

1.0e+24
9.0e+14
B.0e+1: -
7.0e+1
6.0e+13
5.0e+14
4.0e+14
308413 LU
20e+1
] PRl
1.0e+14 K
B RX 248 1360
00 J'/]IIIIIIIIIIII ~ Time
5.00 10.00 15.00 20.00 25.00 30.00 35.00
Figure 9. Chromatogram of 13b.
i ﬂ; 28000
I-26000
24000
y 22000
/f / i /
-20000
-18000
|- 16000
14000
12000
{-10000
I-8000
- 6000
|-4000
m } 2000
mmmmm l I g °
S0 ds e ds  d0  ds  do is T de s 30 45 4o s i

5.0
f1 (ppm)

Figure 10. 'H NMR (CDCl;) of 16.

308



154.92

6000

— 60.42
— 53.47

5500

5000

4500

4000

3500

3000

2500

2000

1500

1000

I 500

T T T T T T T T T T T T T T T T T T T T T T T T T
230 220 210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 -10

f1 (ppm)

Figure 11. °C NMR (CDCl3) of 16.

$9I8INN888388%R 3 8588
66363 65 6 60 B WBDBDBR XD NN o Scso 9000
TV SN
8000
7000
6000
5000
4000
3000
2000
1000
\H\
S 0
d 7T 7 e T
] 5 b 8 N
& i 4 s S

T T T T T T T T T
4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5

T
6.5 6.0 5.5

w
o
©
5}
®
o
®
5}
~
n
~
o

5.0
f1 (ppm)

Figure 12.'H NMR (DMSO-d6) of 18.

309



1004

48325

%

{#84.25
42718

38320 [485.25
581.30

139.99

. 55346

185.98 : : : .
b 2 015 0 E‘” 3064846 98747 107123 415155 PR gz PUB ey M85 miz
Pt \ P r Y \

T T T LARAAA AL RARAR RSAR LRARA RSN RAAAS SRR RABAN LSS T
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700

T
1800 1900

Figure 13. Mass spectra of 18.

4 19000

91
90

89

88

87
—3.37
—3.02
138

18000
17000
16000
[ A 15000
g // P - [ 14000
13000
12000
F 11000
10000
9000
8000
k7000
{6000
5000
4000
- 3000
{2000

1000

A s z I -1000

T T T T T T T T T T T T T T T T T T T
70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.0 -05 -1.0 -1.5 -2.0

f1 (ppm)

Figure 14. 'H NMR (CDCl;s) of 18b.

T T T T T
11.5 11.0 10.5 10.0 9.5

310



AU

18.75
2.0e+14
1.8e+1
1.6e+1
1.4e+1
1.2e+14
1.0e+1
8.0
6.0
404
1
2.0 ‘ 313 20.22 “__’_____,_,.v—m—-—‘\—f’f
; 1_33\ L\M__WMM_W_J :
00 ""I{"'[""I"" VRS B AL BN NURLEL AL BLELL S FLALELELE LELRLSLN SLALELELE BRI B Time
5.00 10.00 15.00 20.00 25.00 30.00 35.00
Figure 15. Chromatogram of 18b.
m&juﬁde&oﬂ'n&uﬁa&e&oﬂ'n&&r\'d’ m\m\;&/m N&R;}‘ | 10000
-9000
8000
e J
{7000
6000
5000
-4000
{3000
2000
il L 1000
I ‘ ““\‘ m
! A}Nglé - ] T
85 8.0 75 70 65 60 55 50 45 40 35 30 25 20 15

f1 (ppm)

Figure 16. 'H NMR (CDCl;) of 19.

311



4.05e6

100+
= 355.15
509.26
-
AR A At LA LA LA L] LA WALS] A L) LA UARM] LA LR RSt ROARE LA ROARE A RUARE LS MARE L1 MAR) R4 MOAE L300 AAR] LS RAAR RSN LLALY LSS MOARY R0 RAARE LAALN KSR LBAR AR RAASA ROARE LBARA S miz
200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400
,
Figure 17. Mass spectra of 19.
100+ 318.26
ES
509.33
317263!9.26
00.33
21714 508.34
71544
749.51
s1725 |BO133) oo
2161 [320.27 1
18.14 l 714 .4 1316.73
Il |
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Figure 18. Mass spectra of 23.

312



%T

357.22

262203562 44720

62829

20.20

103

05

85

601
7.

600 800 1000 1200 1400 1600 1800

em-1

Figure 20. 3-Azidopropyltriethoxysilane 27.

500450

313



%T

1025
1001

951

904

851

804

751

10

651

604

T T T T T T T T T
6.5 6.0 55 5.0 4.5 4.0 35 3.0 25
1 (ppm)

Figure 21. 'H NMR (CDCI;) of 28.

210000

200000

I-190000

180000

I-170000

160000

150000

140000

130000

I-120000

110000

1100000

90000

80000

70000

60000

150000

40000

I-30000

20000

10000

Fo

F--10000

t--20000

67
4000

Figure 22. IR spectra of 28.

1000

500450

314



%w%T

N NN 180000

I-170000

413
411

e

4.18
4.16

I~ 160000
I~ 150000
|- 140000
I~ 130000
I-120000
I-110000
I~ 100000
|-90000
{~80000
|~ 70000
{-60000
s rorJ
{-40000
{-30000

{-20000

{10000
l it i
illl:

Fo

T T o T 10000

|

6]

T T T T T T T T T T T T T T T
7.5 7.0 6.5 6.0 55 5.0 45 4.0 35 3.0 25 2.0 15 1.0 05
1 (ppm)

Figure 23. 'H NMR (CDCI;) of 30.

o

o WP P e T VP ——
o \ ‘x’ﬂ\f_“/\/\\" N A v
T
'

/
/
J

[
' l
95' M ". .I " ’l " |. I
90‘ 'l"\' ' |
' | ‘i
85 ‘

801

70

85
63
4000

%00 3000 2500 2000 1500 1000 500450
cm-1

Figure 24. IR spectra of AMPTS.

315



%T

%wT

105

85

851

804

75

10

851

80

75

0

85

%00 3000 2500 2000
cm-1

Figure 25. IR spectra of SiO:Np.

,-WM\ A fn'v\.

500450

%0 000 2500 2000
cm-1

1500

Figure 26. IR spectra of NH>-SiO>Np.

316



%T

105

85

0 2500 20 1500
em-1

Figure 27. IR spectra of N3-SiO: Np.

500430

317



Fluorescence intensity (a.u)

Figure 28. Fluorescence intensity pH profiles of 13b (10 uM) in 50 mM PB solution A.. 390 nm.
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