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ABSTRACT

Supramolecular chemistry has had a great relevance in the development of new assays
in biological applications and in understanding the forces and mechanisms that drive the
complex biochemical processes in cells. This field hinges on the exploration of the non-
covalent interaction, prevalent in nature, and takes advantage of the reversibility of this
type of linkage to create stimuli-responsive, self-assembled synthetic systems. This can
take the form of binary discrete systems or reach high degrees of complexity with capacity
to mimic some biological functions. These can be used in applications that benefit from
the reversible nature of these systems, e.g. continuous monitoring of biological targets
and stimuli-responsive drug-delivery. Macrocycles are a class of molecules that is often
used in these applications due to their inherent affinity towards relevant biological targets
and, in some cases, their ease of functionalization to design novel specificity.

This dissertation explores supramolecular systems based on macrocyclic receptors,
going from simple host-guest interactions to biomimetic systems with actuators integrated
into more complex structures. The first receptors explored were p-sulfonatocalix[4]arene
(5C4) and Stoddart’s Blue-Box (BB) in order to evaluate their binding properties to dif-
ferent peptide families. These were then applied in different sensing systems: mono-
functionalized SC4 were applied in discrete and aggregation-based strategies for the
ratiometric sensing of biologically relevant targets; BB and cucurbit[7]uril (CB7) were
used in heteroternary host:dye:host complexes that successfully differentiate between
different pharmacological agents known to accumulate in aqueous environments. Finally,
different monofunctionalized SC4 were used in conjunction with synthetic and biological
membranes: a light-activated counterion activator for the transmembranar transport of
polycationic peptides was developed, based on a photoactive azobenzene moiety in its
tail, which enabled the transport of this highly hydrophilic cargo across synthetic and cell
membranes controlled with UV and green light; and a pyrene functionalized SC4 that
allowed membrane anchored sensing and elucidation of the types of structures that these
peptide-SC4 present in membrane.

Keywords: host-guest, biomimetic, sensing, transmembranar transport
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Resumo

A quimica supramolecular tem mostrado grande relevancia no desenvolvimento de ensaios
para aplicagOes bioldgicas e na elucidagao de diversos mecanismos por tras de processos
bioquimicos em células. Esta drea basea-se em explorar a interagdo ndo-covalente, preva-
lente na natureza, para criar sistemas sintéticos que apresentam a reversibilidade, resposta
a estimulos e capacidade de auto-montagem que este tipo de ligagdo providencia. Estes
sistemas podem ir desde sistemas binarios discretos até a alta especificidade que é capaz
de mimetizar algumas fung¢des biolégicas e vém aplicacdo em dreas que benificiam desta
reversibilidade, como a monitorizagdo de sistemas biolégicos e a entrega de farmacos
controlada por diferentes estimulos. Macrociclos sdo uma classe de moléculas que é fre-
quentemente usada para estas aplicagdes devido as suas afinidades inerentes para alvos
biolégicos e, em alguns casos, pela possibilidade de modular esta especificidade.

Esta dissertacdo explora sistemas supramoleculares baseados em receptores ma-
crociclicos, desde as mais simples interacdes hospedeiro-hdspede, até a sua integra-
¢do sistemas auto-organizados complexos. Os primeiros recetores testados foram o p-
sulfonatocalix[4]areno (SC4) e a “Blue-Box” de Stoddart (BB) de modo a avaliar a sua
capacidade de complexacdo de diferentes familias de péptidos. Estes foram posteriormente
aplicados em diferentes sistemas de dete¢do: SC4 monofuncionalizados foram aplicados
na detecdo de alvos biorelevantes usando estratégias com sistemas discretos e baseados
em agregacdo. A BB e o recetor cucurbit[7]urilo (CB7) foram usados em sistemas hoés-
pede:indicador:hdspede para a diferenciagdo de diferentes tipos de farmacos encontrados
como contaminantes em meios aquéticos. Finalmente, SC4 monofuncionalizados também
foram aplicados em sistemas com membranas sintéticas e bioldgicas: um transportador
controlado por luz para o transporte de péptidos policatiénicos, baseado em activacdao
por contraido, permitiu a passagem destes analitos hidrofilicos através de membranas sin-
téticas e celulares, controlado por luz UV e luz verde; um SC4 funcionalizado com pireno
para detecdo de analitos com um recetor ancorado numa membrana e para elucidacdo do
tipo de estrutura que estes complexos SC4-péptido apresentam em membrana.

Palavras-chave: hospedeiro-hdspede, biomimético, detecdo, transporte transmembranar
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INTRODUCTION

7

Supramolecular chemistry is the field of chemistry that goes “beyond molecular chemistry”
and studies the interactions molecules can establish and the associations and constructs

that can come from these interactions.?

Although the coining of the term “supramolecular chemistry” is attributed to 1987
Nobel Prize winner Jean-Marie Lehn and to the advances brought on by his and fellow
laureates Donald J. Cram and Charles J. Pedersen’s work, it could be said that the
fundaments for this field go back much further in time, to the discovery of intermolecular
forces.2™ These are the driving forces for the formation of different non-covalent bonds
and understanding them is essential for studying how molecules interact and assemble,
allowing for successful programming of their function from the first steps of molecular
design. Supramolecular chemistry often draws inspiration from the interactions found in
nature, which enable interconnectivity and cooperativity between molecules in biological
systems. These novel synthetic systems present ample application in the biomedical field,
as is the case with pharmacological applications, seeing as their biomimetic properties can
be used in aiding their interaction with biological systems, increasing the compatibility
and efficiency of the desired effect. Biological inspiration also has a significant role in
the creation of novel responsive materials and introducing alternative strategies in other

adjacent fields like supramolecular electronics.®™

While nature has had billions of years for the optimization of these highly-complex
supramolecular assemblies and is constantly evolving, chemists have had a relatively short
window of time to try to achieve a fraction of this functionality. Nonetheless, advances in
the development of responsive systems and materials have already greatly contributed to
our quality of life in this short interval. In the health sciences, it enabled the development
of sensors for different disease biomarkers and contaminants, the development of more

stable and biocompatible vaccines, responsive materials for medical use, etc.915

Despite these remarkable advances, challenges remain in the development of more
efficient systems - design of receptors for different guests is essential for targeted action,
not only in sensing, but also in the transport or pharmacological activity of drugs and
therapeutic agents. While arrays of different components can work in tandem for the
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CHAPTER 1. INTRODUCTION

differentiation of biomarkers, distinction between similar analytes remains difficult. This
is particularly true for the development of orthogonal receptors for peptides and proteins,
which, although made out of a limited number of monomers, exceed the several thousands
of variations across the human proteome. ¢!

Several macrocyclic receptors have shown high binding affinities and high selectivity
for different families of guests, including peptides and proteins, and their modular use aids
further distinction.?!8-20 This thesis explores the design of novel supramolecular systems
based on these preexisting receptors, such as calixarenes and cucurbiturils. It addresses
both discrete assemblies (of two or more molecules) and more complex structures that
incorporate multiple interacting elements, aiming to create platforms for fundamental and
applied research. The main two objectives are the deeper understanding of interactions
between several different macrocyclic molecules and respective guests, and their use
in carefully designed selective sensing and transport systems for peptides and other
biorelevant targets. These include applications in distinction between different length
polycationic peptides, through several sensing mechanisms, as well as the photocontrolled
transport of this same hydrophilic cargo across synthetic and cellular membranes.

1.1 The Supermolecule: molecular recognition in host:guest

chemistry

Supramolecular chemistry focuses on the interaction between different molecules and the
responsive dynamic systems that can be achieved by taking advantage of the non-covalent
bonds that these building blocks can establish. These assemblies can go from a few
molecules interacting, forming discrete complexes, as will be explored in this Section -
the supermolecules - to polymolecular associations that can self-assemble spontaneously
or under different stimuli, to form microscopic structures or larger materials, found in

Section 1.2 - the supramolecular assemblies (Figure 1.1).6
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Supramolecular
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Supramolecular Chemistry

Figure 1.1: Organic synthesis takes several building blocks and uses the covalent linkage
to produce new molecules, while supramolecular chemistry takes different molecules
and uses the non-covalent bond for the formation of discrete systems - supramolecules
- or to further the self-assembly process and form the larger supramolecular assemblies.
Adapted from Lehn (1995).6



1.1. THE SUPERMOLECULE: MOLECULAR RECOGNITION IN HOST:GUEST CHEMISTRY

1.1.1 Non-Covalent Interactions

The driving force behind any of these molecular assemblies, independent of complexity, is
the non-covalent bond. These interactions are driven by intermolecular forces originating
from the physical properties of a given molecule and the solvent effects which it is
submitted to, that allow the establishment of weak reversible bonds between molecules.?!
The forces behind intermolecular interactions that can be seen in nature, in enzyme-
substrate or receptor-neurotransmitter interactions, in the formation of the phospholipidic
membrane, are the same that allow the interactions between any molecules: hydrogen

bonds, ionic interactions, London dispersion forces, van der Waals interactions, rt-stacking,

cation-7t interactions, to name a few (see Figure 1.2).2122
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Figure 1.2: Schematization of main non-covalent interactions that can occur between
molecules: metal-ligand interactions, hydrogen bonds, the London dispersion forces,
ionic bond, ion-dipole bond, dipole-dipole bond, n-stacking and cation- bond.

When compared to covalent bonds, the non-covalent counterpart are remarkably
lower in energy. The hydrogen bond has a typical energy of 20 k] /mol while the C-H
covalent bond averages at = 430 kJ/mol. Although weaker than covalent interactions,
these can achieve high energies for a given intermolecular interface through a summation
effect, where several interactions and effects contribute in a cooperative manner for the
binding.?!-23 While this additive effect of these interactions allows the formation of strong
associations, these remain weak enough to provide the flexibility and reversibility neces-
sary for responsive systems. In biological systems, metabolic regulation, deoxyribonucleic
acid (DNA) accessability and consequent gene expression, protein folding, among many
other processes are dependent on both the formation and breaking of non-covalent bonds
for their correct operation. It also allows for molecules to be used several times for the same
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function, minimizing energetic expenses of the cell on synthesis of new molecules.??°

Moreover, two molecules that present complementary sites, as well as compatible size and
shape so as to allow their optimal approximation, should also present high selectivity when
compared to their binding to other molecules. The complementarity and cooperativity
effects work together to allow highly-specific interactions to occur, e.g. antibody-antigen

recognition.>?2242>

1.1.2 Host:Guest Chemistry

The weaker nature of non-covalent bonds make these more susceptible to the entropic
penalty of structural reorganization that might be needed for the binding process, as well
as the loss of degrees of freedom of both molecules after binding. A way to reduce this
penalty is the use of cyclic synthetic receptors that present a pre-organized binding site
that does not require additional rearranging.>%%2

The macrocyclic species can act as a receptor (or host) for specific molecules with com-
plementary size and arrangement of binding moieties (the guests). Host-guest chemistry
is the field of study that focuses on these interactions and the development of innovative
macrocyclic receptors to uncover novel selectivities and functionality, taking advantage of
the high binding affinities that come with having these preorganized pockets.>2

In polar solvents, particularly in water due to its ability to act both as hydrogen
bond donor and acceptor, solvation of the host and guest is often prevalent, reducing
considerably the binding strength of the host-guest complexes. Nonetheless, to achieve
successful biomimetic systems, the synthetic hosts need to be soluble in this medium and
be able to efficiently interact with their guests in water as well as having binding energies
high enough to overcome the penalty of desolvation of both molecules.?’?8

One way to achieve this is using the classical hydrophobic effect - hydrophobic
molecules are not able to establish interactions with water molecules, and there is a
need to leave a cavity within water structure for these to localize. The formation of one
cavity for several hydrophobic solutes is more advantageous entropically than leaving
several cavities in the solvent interaction network, leading hydrophobic molecules to asso-
ciate when in aqueous solution.?®?? Macrocyclic receptors are able to achieve binding in
water by presenting relatively hydrophobic cavities with polar or charged groups at their
portals, making use of the hydrophobic effect and adding the hydrosoluble moieties for
both additional binding sites for the guests and for macrocycle solubility. This structure
enables these water-soluble receptors to reach affinity constant values in the realm of
picomolar or below, comparable to the biotin-avidin affinity (10 - 10* M~1).2730-32
Some examples of water-soluble macrocyclic receptors are the cyclophanes - calixarenes,

).32 The next sections

pillararenes, cavitands -, cucurbiturils and cyclodextrins (Figure 1.3
go into the properties of some of these hosts, with a greater focus on biological target
recognition and for the receptors used during the course of this thesis. More complex

applications and structures achieved in recent years will be explored in Sections 1.2 and
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Figure 1.3: General chemical structure of some examples of water-soluble macrocyclic
hosts: calix[n]arene, pillar[n]arene, cucurbit[n]uril and cyclodextrin.

1.1.3 Cyclophanes

Cyclophanes are macrocycles composed of aromatic units connected together by bridge
moieties. These can take many shapes and, so, provide different properties in terms of
size, flexibility, functionality and guest recognition. Furthermore, these often present
portals that are easy to decorate with different substituents to fit the needed specificity for
the target guests in a multivalent manner. Their highly aromatic cavities present both a
hydrophobic pocket to drive binding through hydrophobic effect but also present distinct
electronic distributions that can provide adequate binding sites for both electron-rich and
electron-deficient guests, depending on the aromatic ring substituents added 2’3237

The most prominent examples of cyclophane hosts are calixarenes, cavitands, pil-
lararenes and the particular case of cyclobis(paraquat-p-phenylene), more commonly
known as Stoddart’s Blue-Box (BB).

1.1.3.1 Calixarenes

Calixarenes are cyclophanes bridged by methylene groups in the meta position, that present
a calix-like shape, with distinct lower and upper-rims, that result from the condensation of
phenols with formaldehyde.®® While the initially synthesized calixarenes were not water
soluble, para-substituted calixarenes with charged and hydrophilic moieties were quickly
obtained thereafter.?40

While these can be synthesized with 4 to 8 or more units (n=4-8, Figure 1.3), the smaller,
less flexible calix[4]arene and calix[5]arene are the ones that provide higher affinity and
specificity towards different guests.*! Larger calixarenes, due to their flexibility, resemble
more closely their acyclic counterparts. Due to the flatter conformations these adopt
in aqueous solutions, these calixarenes lack some of the advantages of a preorganized

binding cavity that the smaller hosts provide. Nonetheless, the increased flexibility allows
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them to have conformational adaptation, or "induced fit", necessary for binding to larger
or multiple guests and see application due to this differentiating factor.3>42

The smaller calixarenes, composed of 4 units, if functionalized with small substituents,
can adopt four distinct conformations: cone, partial cone and 1,2- and 1,3-alternate
conformations (Figure 1.4).4142 Cone conformation is often the more stable of the four, due
to stabilization by hydrogen bonding between the lower-rim hydroxyl groups, although
varying the substitutions on both rims can lead to different preferential conformations.
Cone conformation is usually the ideal one for obtaining higher affinity and specificity of
the binding process, due to overall binding site orientation. Substitution with different
functional groups in both upper and lower rim can help lock the calixarene into this
conformation, reducing the energetic loss if conformational rearrangement is needed.*43
Nonetheless, the remaining conformations also present characteristic selectivity and

affinity for specific guests.**

| /
OR OR OR RO

Cone Partial Cone 1,3-Alternate 1,2-Alternate

Figure 1.4: Calix[4]arene structure and possible conformations it can assume in aqueous
solution.

Water-soluble calixarenes can bind a variety of molecules from smaller ions like alkali-
metal cations, to larger biorelevant molecules like peptides and proteins. The substituents
added for increased solubility also uncover different binding specificities, with the use of
positively and negatively charged or neutral hydrophilic groups.

In the family of negatively charged calixarenes, p-Sulfonatocalix[4]arene (SC4) is of
particular interest due to its high affinity towards several cations, including environmen-
tal contaminants like heavy metals and herbicides, neurotransmitters, biogenic amines,
cationic amino acid residues and several dyes, with concomitant variation of the optical
properties of the latter.**>! Its portal remains negatively charged at physiological and
acidic pH, due to the low pK, of the sulfonate groups, making it a versatile platform
for different applications (pK, of benzenesulfonic acids usually falls below 0, while p-
hydroxybenzoic acid has a pK, of 4.6).%>°® This moiety added to the electron-rich aromatic
panels allow the establishment of several ionic and cation-7 interactions, as well as tak-
ing advantage of the hydrophobic effect for increased affinity for cationic guests with
additional hydrophobic regions.*2°4

SC4 binds alkali-metal and metal cations with relatively low affinities in the case of
mono-cationic species and reaches mM affinities for di-cationic species (Figure 1.5 A)S
Affinity and specificity for some guests can be increased by functionalization of SC4
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with moieties like crown-ethers. Locking of the host in 1,3-alternate conformation, with
addition of crown-6-ether substitutions, has shown to increase selectivity for ceasium
(Figure 1.5 B).44

Cs+
‘—_\
SOy N
O O
| /
i T OH OH QH HO
OH OH QH HO
e, oy
K=1.8x102M" K=5.6x103M" o o)

Kyy=1.3x 104 M
Ky = 6.6 x 103 M

Figure 1.5: A. SC4 binding to mono-cation Na* and di-cation Cu®* and respective affinity
constants and B. SC4-bis(crown-6-ether), synthesized by Valeur and coworkers, binding
to Cs* and respective affinities for binding of the first and second cesium cations.*#*° Ionic
radius of cations not to scale.

SC4 ability to bind biologically relevant molecules like acetylcholine, choline, as
well as the basic amino acids arginine and lysine was unveiled early on.**4” Further
investigation showed a particular specificity for neurotransmitters and methylated amino
acid counterparts, especially for lysine. This difference is caused both by the higher
energy necessary for desolvation of the unmethylated amino acids when compared to the
modified ones, as well as by the deeper insertion of methylated side-chains in the cavity
and additional contribution of CH-7t interactions between methyl and aromatic moieties
of the host for stabilization of the complex (Figure 1.6 A).#°>8 Preferential binding
to unmethylated arginine when compared to lysine is most likely due to the ability of
guanidinium moiety to establish both cation-n and 7t-7 interactions with SC4 aromatic
units (Figure 1.6 B).47:%5

Furthermore, the binding to these targets has a multivalent nature that is clearly
unveiled when investigating the affinity of SC4 towards cationic peptides. The affinity
towards both di and tripeptides with lysine and arginine residues leads to one and two
orders of magnitude of increase, respectively, when compared to the amino acid.>® Larger
polyarginines and polylysines reach affinities in the nM range or lower for this host,
although detection methods for differently charged peptides remain limited.®%!
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Figure 1.6: A. Proposed binding for lysine and trimethylated-lysine to SC4. B. Interactions
that the guanidinium moiety can make with the aromatic rings of SC4.

This can be further extended to protein recognition, where binding can be both
topological, at cationic regions of proteins, in specific residues or even in clefts or pockets in
proteins, where additional hydrogen bonds and hydrophobic effect aid in the stabilization
of such complexes (crystallographic structure of SC4 binding to cytochrome ¢ shown in
Figure 1.7 A). The use of calixarenes with larger molecules is possible and has a role in
protein modulation, camouflage, dimerization and sensing.*%263 A deeper look into the
application of these molecules with proteins can be found in Section 1.3.3.

Figure 1.7: Crystalographic structures of cytochrome c complex with A. p-
sulfonatocalix[4]arene, SC4, shown in blue, (PDB: 3TYI) and B. methylphosphonato-
calix[4]arene, shown in pink (PDB: 5NCV), with the residue each host is binding shown
in yellow.35

Other negatively charged calixarenes include those with phosphonate substituents in
the upper rim, which can achieve effective recognition of proteins with cationic regions
both for sensing and co-crystallization applications (Figure 1.7 B).3>6465

Calixarenes modified with cationic groups in the same position also represent an
important group of hosts for the detection of various relavant molecules, from phosphates

and polyphospates to environmental contaminants like perfluorinated alkyl substances
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(PFAS).%5%% The most studied of the cationic calixarenes are the ones presenting ammo-
nium, trimethylammonium and guanidinium substituents (Figure 1.8). p-Guanidinium-
calix[5]arene (GC5A) has shown particular recognition properties in water, with its ability
to selectively bind to important biomarkers (e.g. lysophosphatidic acid, adenosine triphos-

phate, phenylpyruvic acid) with almost nM affinities (Figure 1.8).67/68

bR o0 0

. 0 A
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HZN%K\( 6~ 0~ o oH OH
OH o o
N
N Ho o—;ID'—OH
&
Adenosine Triphosphate Lysophosphatidic acid Phenylpyruvic acid
K=4.7x108 M K=1.6x108 M K=6.1x108 M

Figure 1.8: Structures of the most relevant cationic calixarenes substituted in the upper
rim with A. and B. with ammonium, C. trimethylammonium and D. guanidinium groups,
with the example of GC5A and respective guests with the corresponding 1 to 1 binding
affinities below.5768

Substitution of calixarenes with zwitterionic and neutral hydrophilic moieties can be
effective as well. Some examples include the work by Casnati, Ungaro and coworkers,
where they modified calixarenes with zwitterionic amino acid residues or dendrimeric hy-
drophilic structures, uncovering new specificities and properties. Argininocalix[4]arenes,
similarly to p-guanidiniumcalixarenes, bind DNA and can lead to its condensation for
facilitation of its transport across phospholipidic membranes, while functionalization

with zwitterionic amino acids improves the recognition of Gram-negative bacteria.”%”!

Many complex structures can be obtained using calixarene as a platform and it would
take a comprehensive review to cover the extent of water-soluble hosts that can be obtained.
A final and recent example of calixarene modification for addition of both functionality
and more efficient binding to more hydrophobic guests is the azocalixarenes developed
by Guo’s Lab.”? This work is based on previously obtained azocalixarenes, however it
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presents charged groups that can modulate its affinity. Sulfonate substituted azocal-
ixarenes reach uM affinity towards drugs like doxorubicin while the azocalixarene with

trimethylammonium groups can reach nM affinities for hydrocortisone.”>7

1.1.3.2 Stoddart’s Blue-Box

Stoddart’s Blue-Box (BB), or cyclobis(paraquat-p-phenylene), is a cyclophane composed
of two paraquat units, bound together in a face-to-face structure by two phenylene units,
making it, in contrast with the other examples presented herein, a highly electron-deficient
but shallow cavity, optimal for binding of small electronegative guests (Figure 1.9 A). The
synthesis of BB as a PF, salt was first reported in 1988 by Williams ef al. for application as
a receptor for rotaxanes and catenanes.®* This receptor was shown to bind electron-rich
aromatic molecules, as its design first intended, with concurrent appearance of a red-
shifted absorption band, concordant with the formation of stabilized charge-transfer (CT)
states upon complexation and overlap of the molecular orbitals of both species (Figure 1.9
B).

Furthermore, the water-soluble tetrachloride salt species was also reported to bind to
several biomolecules, including the aromatic amino acids Tryptophan (Trp), Phenylalanine
(Phe) and Tyrosine (Tyr) in aqueous solutions, although its specificity showed to be limited,
showing mM affinities towards tryptophan and neurotransmitters like serotonin and
norepinephrine.”®”” Its affinity in water toward naphthalene units, however, is able to
reach the uM range as shown by the water-soluble naphthalene guest presented in Figure
19C"8

The affinity to the latter moiety and similar electron donors has become a way to control
the assembly of this molecule in more complex structures. Its affinity can be modulated
by reduction of the BB to its diradicalar species, which presents distinct binding affinity
towards these guests, or by displacement with other higher affinity receptors or addition
of other stimuli-responsive moieties in the guest.>”® This control is particularly relevant
for its application in rotaxanes, pseudorotaxanes and molecularly interlocked molecules,
that hinge on this controlled variation of host location for the oriented movement of its

molecular components.3378

1.1.3.3 Pillararenes and cavitands

Other two common types of cyclophanes used for molecular recognition in biological and
biomimetic applications are the pillararenes and cavitands. Both present similarities to
calixarenes, with methylene bridges connecting the aromatic units. However, pillararenes
are synthesized by connecting its 1,4-dimethoxybenzene units by methylene bridges
in positions 2 and 5, originating barrel-like receptors with identical upper and lower
rim 8981 Cavitands on the other hand are resorcinarene-based macrocycles and present
both methylene bridges in distinct positions in relation to the hydroxyl groups but can
also present additional linkages in the phenol moieties, often with added aromatic panels
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Figure 1.9: A. Chemical structure of the BB receptor. B. Diagram of the ground (GS) and
excited states (ES) of the different species envolved in the charge-transfer phenomenon.
The blue arrows represent the normal absorption for the receptor BB, represented as A,
and the electron donor guest, represented as D, and the green arrow the red-shifted
absorbance associated with the CT complex (CTC) and respective states that are created
by interaction of orbitals between donor and acceptor. C. Biological relevant guests and
synthetic naphthalene guest of the receptor BB and respective affinity constants of the 1
to 1 complexes.
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in the upper rim, creating a more elongated cavity (deep cavitands). Neither are capable
of inversion like calixarenes, although they can present other structural dynamics of note
(Figure 1.10).82784

Pillararenes, being a more recently obtained macrocycle, have been explored with
different functional groups and in most cases were found to present similar guests to those
of calixarenes, like choline, acetylcholine and basic amino acids for anionic variants and
phosphates and sulphonates for cationic ones.8>%”

Cavitands on the other hand, have been a known platform in supramolecular chemistry
for longer, leading to a great variety in structure and properties. These go from shallower
cavitands, as is the case of the tetraphosphonate cavitands which present high selectivity
towards methylated amino acids, to deep cavitands, that present an extended hydrophobic
binding cavity, with several sites for hydrogen bonding. These are able to bind a great vari-
ety of guests due to the great diversity of sites of interaction and type of bonds that they can
establish, e.g. hydrogen bonds, hydrophobic effect, t-n and cation-t interactions.33348889
Additional functional groups can be added both in the upper or lower rim of these hosts.
Substitutions in the upper rim can include charged moieties, like phosphonate, carboxylate
and ammonium substituents, which provide ionic interactions towards cavitand’s guests,
or addition of hydrogen bond donors/acceptors, like amide substituents.3%® Substitution
in the lower rim can also provide useful functionality including increased amphiphilicity
or even recognition sites for other guests, being even able to act in an allosteric manner
and control host conformation (Figure 1.10 B).”? All of these different functionalities make
these hosts capable of binding different drugs and pharmacological agents, pollutants like
PFAS and other fluorinated organic molecules, biomolecules from neurotransmitters and

other small molecules to proteins and DNA.!80-94
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Figure 1.10: Structures of macrocycles A. pillararene, with 5 and 6 units, and B. cavitands,
with the example of deep cavitands and its two distinct conformations.3384
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1.1.4 Cucurbiturils

Cucurbit[n]urils (CBn) are rigid macrocycles composed of glycouril units, that are unsolu-
ble in organic solvents and present relatively low solubility in water. CBn are named after
their shape, due to their close similarity to pumpkins, which belong to the Cucurbitaceae
family (Figure 1.11 A). This family of molecules presents remarkable properties without
further modification and have been extensively studied and employed in a myriad of appli-
cations. The synthesis of the first CBn was done in 1905 by Behrend et al. by condensation
of glycouril with formaldehyde in acidic conditions, although it was only identified as a

macrocyclic molecule of 6 units, cucurbit[6]uril (CB6), much later.%>%°
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Cucurbit[7]uril (CB7)

Figure 1.11: A. Shape comparison of CBn with pumpkins and general structure of these
hosts and B. top-down view of the host with 7 units, CB7, with “high energy” water
molecules in its cavity.

The size, rigidity and hydrophobic nature of the pocket, with its electronegative
portals are what provides cucurbiturils their particular characteristics. Inaqueous medium,
several water molecules can reside inside the CBn pocket, with the total number increasing
with the size of the cavity (Figure 1.11 B). These, however, do not present enough space
to efficiently establish the hydrogen bonds that are prevalent in bulk solvent, neither are
they able to establish these bonds with the hydrophobic cavity, which is enthalpically
unfavourable.?®? These, often called “high-energy”, water molecules create an additional
enthalpic driving force that, in addition to the ion-dipole interactions that these hosts can
establish, are responsible for some of the binding events reaching AH values close to -100
kJ /mol and affinities below the nM range.?%%”

Given these characteristics, these hosts form high affinity complexes with organic
molecules presenting ammonium groups, in particular diammonium organic molecules
that present size and volume compatibility with the CBn cavity, maximizing the previ-
ously mentioned effects. The enthalpic effect of the “high-energy” water molecules is
maximized for the hosts of 7 and 8 units, cucurbit[7]uril (CB7) and cucurbit[8]uril (CBS).
The former can bind its guests with affinities up to 107 M1, while the later reach 102 M1
affinities, presenting comparable or higher affinities than the ones observed in biological
systems.’~100

In terms of their biological targets, these hosts present naturally high affinities towards
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hydrophobic amino acids, in particular phenylalanine (Phe) when this residue is located
near or in the N-terminal, due to the added ammonium moiety. CB7 is a particularly
good match for this amino acid residue, presenting uM affinities towards small peptides
like Phe-Gly and Phe-Gly-Gly as well as for the N-terminal of Insulin, while CB8, with its
larger cavity, can bind two peptides with N-terminal Phe. The larger cavity of CB8 also
provides it with the ability of binding small peptide sequences in 1 to 1 binding ratios, in
particular ones with a N-terminal methionine residue (Figure 1.12), with inclusion of two
residues inside its cavity and a third one interacting in the outside and portal regions of
this host.10!
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Figure 1.12: A. i) Chemical structure of cucurbit[8]uril (CB8). ii) Schematization of the
complex of CB8 and the peptide YLA and iii) respective semiempirical model of the CB8-
YLA complex based on 2D-Nuclear Magnetic Resonance (NMR) data. iv) Peptide library
screened in the study by Hirani et al.. B. Fluorescence assay for the binding of CB8 to the
library of 144 peptides of sequence Varl-Var2-Ala. The density of each circle correlates to
the average degree of fluorescence enhancement observed upon adding 200 uM peptide
to 40 uM CB8 complex with the dye Tetramethyl Benzobis(imidazolium) (MBBI) at room
temperature in 10 mM sodium phosphate, pH 7.0. Reproduced with permission from
J. Am. Chem. Soc. 2018, 140, 38, 12263-12269. Copyright 2018 American Chemical
Society.101

Other notable selectivities of the unmodified CBn towards biological relevant guests
include CB6 affinity towards biogenic amines, in particular spermine (10'° M~!) and
spermidine (108 M~!), and CB7 and CBS8 presenting selective binding towards abuse
drugs and pharmacological agents, as is the case of steroidal drugs and hormones, with
the smaller host presenting selectivity towards nandrolone (10" M~!) and the larger one for
vecuronium, pancoronium and testosterone (> 107 M~1).1027105 The smaller cucurbituril,
CBS5, presents a small binding pocket and is only capable of complexing inorganic cations
at its carbonyl portals, reaching uM affinities towards Ba** and decreasing sharply for
larger cations.!%

Furthermore, the low toxicity of CBns and their affinities speak to their utility in drug
delivery and controlled drug release and other potential biological applications.!%%1%7
Cucurbit[n]urils, unlike previously mentioned hosts, are not easily functionalized

and are more often used in supramolecular strategies to add or modulate its recognition
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properties or responsivity to stimuli. Nonetheless, some strategies have been developed
for the functionalization of this host or further structural changes. Functionalization can
be done by hydroxylation of the glycouril unit in the CBn structure, or by modifying
the glycouril unit prior to host synthesis.!%®1% During the cyclization process it is also
possible to introduce more complex structural variability, including inverted glycouril
units and altogether different units, as can be seen in Figure 1.13, with these different
units providing a series of different properties to the CBn.''1%-112 Functionalization with
methyl groups appears to improve solubility of these hosts, while monofunctionalization
examples are often employed to obtain hosts with conjugated responsive units.!1>114
The CB6 receptor with the two aromatic panels and functionalized glycouril units both
improves solubility and changes the selectivity of this host towards nitroaromatics, amino

acids and neurotransmitters.!1!
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Figure 1.13: Structure of different CBn homologues: A. fully functionalized CB7 with
different R groups; B. inverted-CB7 (iCB7); C. CB6 with a functionalized benzene unit and
D. a CB6 host with two face-to-face aromatic panels and substituted glycouril units.!%-112

1.1.5 Cyclodextrins, Other Macrocycles and Acyclic Examples

A myriad of other examples can be found in the realm of supramolecular receptors. Some
of these, like cyclodextrins, follow the same principle of the macrocylic structure with an
hydrophobic pocket, while others use acyclic structures and provide them only enough
flexibility to still adapt to a wider variety of structures while maintaining the advantages
of a preorganized binding site.!1>-117

Cyclodextrins are macrocyclic oligosaccharides that present hydrophobic cavities of
variable size, with the most commonly used variants being a-cyclodextrin (a-CD), 8-

cyclodextrin (8-CD) and y-cyclodextrin (y-CD) with 6, 7 and 8 units, respectively. These
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present mM affinity towards a variety of neutral molecules, which include the amino acids
valine, alanine and glycine and small to medium size drugs like chlorpromazine.3>11>118,119
Further modifications to the structure can provide it with affinities falling below the yM
range (Figure 1.14 A). This is the case of suggamadex (Bridion™), a functionalized y-CD
which can bind steroidal drugs, like rocuronium, and is used as a sequestering agent to
reverse the guests’ anesthetic effects.!?’ Several other cyclodextrins have been applied in
pharmacological formulations as well due to their lack of toxicity and ability to solubilize

and increase the bioavailability of several drugs.'?!:122
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Figure 1.14: Structure of different supramolecular receptors: A. cyclodextrins (CD), with
examples of a,  and y-CD and the commercially available Sugammadex; B. Fujita’s
organometallic cages composed of Pt* and organic ligands, which, depending on the
size of the cage can include different target guests; and C. an acyclic cucurbituril and
molecular tweezer presenting semi-rigid binding pockets. B reproduced with permission

from J. Am. Chem. Soc. 2024, 146, 47, 32311-32316. Copyright 2024 American Chemical
Society,116117,120,123

Fujita’s organometallic cages take a different approach of creating a binding pocket and
preorganized structure from those seen so far. They take advantage of the metal-ligand
interaction to create different binding pockets by varying the coordination sites in the
ligand and using different metals, like paladium and platinum, and variable ligand to
metal ratios.!?>!2* Most of these establish - and CH-7 interactions with their guests
but selectivities also depend on the size of the cage, with smaller cages being able to
selectively bind small peptides with aromatic residues at specific sites and perfluorinated
contaminants, while larger ones (Figure 1.14 B) can bind to larger drugs like rifampicin,
which represents a broad scope of possible guests.!23125126

The prevalent preorganization concept observed here is what allows many of these
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interactions to happen. The hosthowever, can be preorganized, without the need fora cyclic
or completely enclosed structure. Both acyclic counterparts of some of these molecules or
other novel structures can have cleft-like binding sites which are preorganized but present
enough flexibility for certain induced-fit interactions to be able to happen. This is the
case of acyclic cucurbiturils which, due to the rigidity of the glycouril oligomer, present
a well defined hydrophobic pocket (Figure 1.14 C) which can equal the nM affinities
observed for CB7 and CBS8 for rocuronium and vecuronium, due to retained enthalpy-
driven binding that is typical of the cyclic hosts.!'® Additionally, these present a higher
affinity for a variety of amino acids, making them a broader spectrum host for these
biological targets.!?” Other acyclic examples are the molecular tweezers, open semi-rigid
torus-shaped molecules, often composed of different aromatic moieties, that can have
varied structures and functinalities, leading to highly distintc affinities. The example
presented in Figure 1.14 C is often functionalized with anionic groups, adding ionic
binding sites for the already electronegative aromatic cavity, leading to these presenting
high affinity and selectivity towards cationic amino acids and these same residues in

proteins.!17128

1.2 Supramolecular Assemblies: the role of self-assembly and

chemical programming

Molecular recognition is not only essential for discrete host-guest interactions but for
understanding how different combinations of molecules are going to assemble in solution
as well. This can take many forms and come from unintended side-effects when studying
molecules for other applications. However, this capacity, although sometimes difficult to
predict, can be introduced in the molecular design a priori. This approach where these
properties are pre-programmed into the molecule and uses them as building blocks for
constructing more complex systems, denominated as a “bottom-up” approach, is the
guiding principle for self-assembly and prevalent in this field.®!?

The transduction of the information built into molecules to structural micro- and
macroscopic effects and functional variation is a key element in biological systems, being
responsible for the correct folding of proteins, the compartmentalization provided by
phospholipidic membranes, the ability of DNA to code genetic information through the
different sequencing of 4 different monomers, among other key functions.!3

Although complex assemblies present in biological systems are still not completely
understood, supramolecular chemistry is continuously working to achieve similar levels of
complexity and chemical programming.®’1?? It aims at mimicking some of these concepts
both in synthetic and biological engineered systems, which can be achieved through
careful synthesis of molecules with sites of noncovalent interaction with other elements
in mind. This design can target the assembly of simpler structures like that of host

capsules and dimers, ternary and quaternary assemblies, rotaxanes and pseudorotaxanes,
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to the more complex supramolecular polymers, vesicles and nanoparticles.#131-134 [n this
section, examples of different levels of self-assembly in supramolecular chemistry will
be included, with a focus on the responsive systems and the diverse stimuli these can
respond to, as well as chemical programmed systems and how we can extract information

from these systems.

1.2.1 Introducing responsiveness

One of the great advantages of the approach of supramolecular chemistry is that the non-
covalent bonds that allow these assemblies to form are labile. This allows for variations
in the system and distinct stimuli of different natures to influence the assembly of these
systems, leading to detectable and programmable changes. This stimuli can be the sudden
increase in concentration of one of the species, redox reactions, temperature and pH
fluctuations or even light, which can influence the structure or binding properties of the
molecules in the supramolecular assembly. All of these offer different advantages and can
be used in several applications.!3>-141

In pharmaceutical applications, one of the goals of developing novel drugs and for-
mulations is improving their specificity and decreasing undesired and deleterious side
effects. Controlled drug release can be designed in order to take advantage of all of the
mentioned stimuli individually or even depend on the presence of several at the same
time, to achieve this goal. This is particularly important in cancer therapy, where differ-
ent types of cancer cells present elevated concentration of certain biomarkers, decreased
pH, decreased oxygen levels and consequent high reductive potential, etc, which can be
exploited for controlled drug release in such conditions.”>!42

The combination of different stimuli with light is particularly interesting due to the
properties of light as a stimulus, due to the capacity for remote control of the system with
little to no chemical waste production, with the added benefit of high spatiotemporal
precision.'*3 One way to employ this is the use of photoswitches in different conditions
as light-controlled competitors for a host-drug complex - photoconversion between two
competitor species can lead to the binding of the higher affinity form of the photoswitch
to the host cavity and consequent light-activated release of the desired cargo.!3"-1%

The work by Pischel and Basilio shows how light and pH can be simultaneously used
for controlled release of drugs, using a simple host-guest-competitor system. In this
example, a chalcone/flavylium photoswitch takes advantage of the differential affinity of
these two species towards CB7, where this host can be bound to the drug memantine (K
= 2.5 x10* M™!) in the presence of the chalcone (K = 4 x10> M~!) and releasing the drug
from the cavity of CB7 when pH is decreased below 4 and upon UV-light irradiation, due
to formation of the better competitor flavylium ion (K = 9 x10° M™!) (Figure 1.15 A).1%”

More recently, this has been applied with the larger CB8 and different photoswitches
(Figure 1.15 B), including diarylethene derivatives with the ability to switch with NIR and
visible light. Infrared photoswitches are ideal due to the improved tissue penetration of
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Figure 1.15: A. Coupling of a flavylium photoswitch with a memantine-CB7 host-guest
equilibrium for the phototriggered release of the drug (memantine). Reproduced with
permission from Chem. Eur. J. 2016, 22, 15208. Copyright 2016 Wiley-VCH GmbH. B.
Photocontrolled complexation and release of high-affinity guest molecules from CB8 using
near-infrared (NIR)-visible light responsive diarylethene derivatives. Reproduced with
permission from Chem. Eur. J. 2019, 25, 3477. Copyright 2019 Wiley-VCH GmbH. 137138

this range of light (Figure 1.15 B).1381%

Calixarenes or calixarene-guest complexes can be used in order to create stimuli-
responsive systems as well. This can be achieved through similar designs as those
described for CBn but it is also possible to use the self-assembly of amphiphilic hosts or
complexes into micelles and vesicles as a drug delivery mechanism.

Within the field of cancer targeted therapies, the work by Guo’s Lab showcases the
ability to target these high reductive potential environments by stimuli-responsive cal-
ixarenes. Azocalixarenes, previously addressed in Section 1.1.3.1, are an example of a
group of molecules that can act as a targeted transporter for release of drugs and sensors
in these environments through the reduction of the azo-linkage and formation of an

aminocalixarene that presents markedly different binding properties.”>”>

On the other hand, calixarene is often used in self-assembly based approaches for the
preparation of micelle and vesicle-like structures. This comes not only from its versatility
as a host but also from the optimal shape and flexibility that its cone conformation
presents, adapting easily to these curved surfaces. Furthermore, functionalization with
charged groups in one rim and hydrophobic chains in the other allow locking of the
smaller calixarene in this optimal conformation, with the polar region in contact with
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aqueous solution, while the hydrophobic tail is what composes the inner compartment
in micelles, or the interior of bilayers in vesicles. The variety of structures that can be
achieved by altering the calixarene and its guests can allow the encapsulation of drugs in
the hydrophobic inner compartment of micelles, or the encapsulation in aqueous milieu
in vesicles. Stimuli like light, pH and presence of specific biomarkers can act as triggers
for the dissassembly of these structures and induce drug release. 31140144

Chemical control over locomotion is another example of a process that is highly
dependent on the presence of different stimuli. This movement is achieved in biological
systems by using different molecular machines, as is the case of the actin-myosin complex,
which achieves unidirectional movement when adenosine triphosphate (ATP) is present to
initiate the dissociation/association and myosin conformational change cycle that enables
movement.14? Synthetic molecular machines work in a similar fashion, where different
stimuli are needed in order to have controlled and directional movement. One example of
this is the first iteration of Feringa’s molecular motor, which uses a combination of light
and thermal inputs in order for the rotation of the molecule to be unidirectional, upon
different isomerization steps.!4! Other structures introduce the self-assembly of different
macrocycles into an axle - rotaxanes and pseudorotaxanes - and different axles and hosts
can be used in order to take advantage of different stimuli to control the macrocycles’
movement across the axle.!36146

Other complex responsive materials can also be developed with this stimuli-responsive
behaviour. One other field where these concepts are often applied is in the development
of supramolecular responsive materials and hydrogels for biological applications. These
show the possibility to take changes on the molecular level and see their effects on
macroscopic properties of the materials, with controlled responses through different
types of stimuli, much like the previous examples.!#147/148
Some of these examples present increasingly biomimetic behaviour and some of the

more complex systems are addressed in further detail in Section 1.3.

1.2.2 The age of information: supramolecular sensing systems

Another facet of self-assembled systems is in the chemical programming but also in the
extraction of information from the molecular interplay resulting from their interaction
with biological systems. This information can be gathered from a supramolecular system
by coupling the recognition of a target molecule or an alteration of the interactions being
established with some type of readout mechanism. This can give feedback on the state of a
supramolecular assembly after a given stimulus, or can be used as a way to sense a variation
in the environment where the supramolecular system is inserted, be it concentration of a
biomarker, temperature, humidity, etc.l9 These mechanisms are often optical, due to the
accessibility of spectroscopic techniques and, in some cases, due to the ability to detect
changes with the naked eye. Because macrocyclic hosts and their guests are often optically
silent, it is necessary to combine them either with chromophores or fluorophores that
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bind their cavity with concurrent optical response or modify the macrocycles themselves
to present this responsive unit in their structure.!%14° A mixture of the two strategies can
have successful applications as well.

Several mechanisms can be used to provide this optical response. Receptors with
responsive units covalently linked to them often rely on intramolecular photophysical
mechanisms like Photoinduced Electron Transfer (PET) in order to have an optical varia-
tion upon binding. PET-based fluorescence indicators prensent a donor-linker-acceptor
structure where electron transfer from donor to acceptor leads to a deactivation of the
radiative relaxation mechanism (Figure 1.16 A). When there is binding in the donor
moiety, changes in molecular orbital stabilities will block the PET process and lead to a

turn-on fluorescence response.!>0/151
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Figure 1.16: Schematization of a covalent and non-covalent strategy for sensing. A. Pho-
toinduced Electron Transfer (PET) based indicators, presenting a donor-linker-acceptor
structure, often are not emissive due to the PET process. Binding of an analyte that
stabilizes the Highest Occupied Molecular Orbital (HOMO) of the Donor moiety leads
to inactivation of PET and allows the radiative relaxation to happen. B. Indicator Dis-
placement Assay (IDA) with different hosts, presenting different effects on the dye. i)
Schematization of an IDA where the dye becomes quenched when included in the cavity
and its displacement leads to a turn-on signal. ii) Schematization of an IDA where the dye
suffers an enhancement of its emission when enclosed in the cavity, leading to a turn-off

signal upon its displacement.!9152

Non-covalent strategies on the other hand regularly rely on the inclusion of an indicator
into a macrocyclic cavity. Fluorophores present high variability of optical properties
depending on the environment in which they are inserted. In aqueous solution, inclusion in
a cavity that is generally hydrophobic leads to significant change in the microenvironment
of the dye, leading to the necessary signal variation. Other factors like rigidification of the
indicator or charge-transfer with the host can also lead to changes in the optical properties
of the indicator.”® Once the host-indicator complexes are established, these can be used
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in competitive assays, where the consequent release of these indicators when the target
analyte binds to the cavity is the readout mechanism - this type of assay is also known as
Indicator Displacement Assay (IDA) (Figure 1.16 B). The simplicity of this type of assay
and the ability to have libraries of indicators that bind with different affinities towards the
studied host, has led to the IDA becoming one of the most used readout mechanisms in
host-guest chemistry.14%152

Readout mechanisms using both covalent and non-covalent strategies have specific
advantages and are employed in different applications. While receptors with covalently-
linked indicators see a greater application for cell imaging, due to the ability to maintain
optical variation to stimuli at lower concentration, in array-like applications it is often
advantageous to expend a higher synthetic effort in the development of different receptors
with novel selectivities and using the imense library of available dyes as possible reporters
with variable affinities.!1414%153

Several groups have developed different dye-conjugated cucurbiturils for live-cell
imaging of distinct organelles and biomolecules, all of them seemingly maintaining a low
cytotoxicity, while allowing detection at rather low concentrations of sensor.!14153

The IDA has seen application in a myriad of systems, with a variety of different
host-indicator combinations. This methodology has been applied for quantitative and
qualitative analysis of binding of hosts to varied guest families, from environmental
contaminants, biomarkers, food safety analysis, etc. 194899154155 Thege can also be used
to monitor enzymatic reactions, in label-free tandem assays, with different host-dye
complexes reporting distinct enzymatic reactions concomitantly, taking advantage of the
distinct affinities of the different hosts towards reagents and products of the enzymatic
reactions being studied.!®® IDA-based monitoring in live-cell imaging has also been
successfully applied for the monitoring of neurotransmitters in cellular environments,
however the concentration of host and indicator needed are often much higher than for
covalently-linked reporters, in order for the complexes to be assembled in physiological
conditions.'>’

Some examples use both of these strategies for creation of intramolecular IDA which
can both increase signal to noise ratio and decrease the concentration of dye needed for
application in live cells, while also improving selectivity.!*®!% Work by Jolliffe and cowork-
ers presented an example of an intramolecular IDA sensor based on a peptidic structure,
for phosphatidylserine detection in cells. The structure of the sensors presents two zinc(II)
dipicolylamine receptor moieties and a coumarin-based dye, all linked covalently to the
flexible peptidic backbone. The coumarin moiety remains quenched in the absence of the
analyte due to an intramolecular charge transfer complex it can establish with the zinc(II)
dipicolylamine receptor closest to it. When displaced by the guest phosphatidylserine,
which presents an extra binding site towards the remaining zinc(II) dipicolylamine moiety,
the dye regains its emission and this can be detected in a time-dependant manner in cell
imaging assays (Figure 1.17).1%

While these remain relatively simple in terms of number of elements contributing to
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Figure 1.17: A. Chemical structure of the intramolecular IDA (iIDA) probe developed by
Jolliffe and coworkers and proposed binding mechanism with phosphatidylserine (PS).
B. i) Time-lapse imaging of a single field of HCC-1806 cells simultaneously treated with
an apoptosis-inducing agent resulting in elevated levels of PS (40 uM) and stained with
the iIDA probe (15 uM) over the course of 6 h (5% CO, at 37 °C). ii) Quantification of the
change in the mean fluorescence intensity (MFI) over the total imaging time of 9 h. iii)
Change in MFI when untreated HCC-1806 cells were incubated with ilDA probe (15 uM)
for 9 h. Scale bar represents 30 um. Reproduced with permission from Angew. Chem. Int.
Ed. 2019, 58, 3087. Copyright 2019 Wiley-VCH GmbH.’

the system, further complexity and self-assembly of different interacting elements can be
helpful in order to extract a higher quantity of information from the analyte samples. This
is increasingly important in the analysis of complex samples, as is the case of biofluids,
contaminated samples with environmental pollutants or illicit drugs, which present a
great variety of analytes, from proteins, glycosaminoglycans, drugs, contaminants, among
others.!%? Some strategies use more than one dye in order to have a ratiometric response
while others use array-like strategies to extract analyte fingerprints for their detection.!61-165
Ratiometric probes use photophysical phenomena like Forster Ressonance Energy
Transfer (FRET) and formation of excimers and exciplexes to avoid interferance of envi-
ronmental factors and probe concentration variations, on the optical readout mechanism,
improving signal-to-noise ratios and, in the case of FRET, allowing distance measurement
between the two indicators used, providing important structural information.!61-163

Array strategies often use mixtures of different hosts and dyes in combinatorial libraries,
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creating differential sensing systems based on the simple yet efficient IDA, that aim at
imititating the detection strategy of the olfactory system. The non-covalent nature of the
interactions allows the adaptation of the library to different analyte inputs, with different
hosts yielding distinct molar fractions of complexes with the analytes and indicators
present in the samples and, consequently, different optical responses.'®419 This differential
sensing yields unique fingerprints depending on the analytes present in the samples, even
if some of its elements present unknown structures. Furthermore, with the advent of data
analysis methodologies and higher computational power, the capacity to rapidly analyze
large quantities of data has increased and become more acessible, going from linear
dimensionality reduction methodologies like Principal Component Analysis (PCA) and
Linear Discriminant Analysis (LDA) to complex artificial neural networks. This evolution
has allowed the concurrent development of differential sensing systems with increasing
amount of data being extracted and analyzed.!%*

Examples of these methodologies include the use of different hosts and indicators at
fixed concentrations for different competitive responses upon sample analysis. Several
groups have employed this methodology both for direct analysis of samples or for moni-
toring alterations in a given sample. Hof and coworkers have employed this strategy with
different calixarenes - p-sulfonatocalix[4]arene, SC4, p-Sulfonatocalix[6]arene (SC6) and
p-Sulfonatocalix[8]arene (SC8) - and two distinct indicators to distinguish different lysine
methylation patterns in peptides with great success.!®® More recent examples by the same
group use different strategies for differentiation of a higher amount of analytes. Such is
the case of the Dimer Dyes, where the detection hinges on the dimerization-dependant
optical response of modified calixarene reporters, that is applicable even in high salt
concentrations. These have been successfully applied both for protein differentiation, with
the use of three different calixarenes modified with indicator moieties, and for illicit drugs
and adulterants differentiation when used in arrays with the hosts CB7 and CB8 (Figure
1.18).9167

Hooley’s and Dalcanale’s group have also achieved successful distinction of different
post-translational modification patterns in peptides and proteins and monitorization of
the correspondant enzymatic reactions, differentiation of DNA G-quadruplex structures
and the detection of different PFAS, using various cavitands and indicators at fixed
concentrations.?091,168,169

Guo and coworkers employ a slightly different strategy, which uses the variation of
host fractions and pH in the arrays as if these were novel groups of receptors, seeing as
different starting conditions lead to different end points in terms of complex fractions
and, consequently, optical response, improving the differentiation capacity of a system
with a more limited number of receptors and indicators (Figure 1.19). This was applied
successfully both for differentiation of proteins in complex mixtures, but also for product
quality and composition distinction in honey sample analysis.!”"

The variety of systems that exist is fast-growing and increasingly more efficient in

the extraction of information from different samples. This has improved both disease
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Figure 1.18: A. i) DimerDye complexation with cucurbit[n]uril forms a mixed host
chemosensor. ii) DimerDye host chemosensors DD4, DD8, and DD13, and iii) cucur-
bit[n]uril hosts CB7 and CB8. B. PCA analysis of i) central nervous system depressants,
neutral benzodiazepines and cationic opiates using DD8-CB8, DD13-CB8 and DD13-CB?,
ii) of anesthetics, amphetamine and other common adulterants, using DD4-CB8, DD13-
CB8, and DD13-CB7, and iii) all tested drugs and adulterants, using all host combinations.
Sample set (n = 8) enclosed by 95% confidence ellipses. Samples contain DD, CBn and
drug at 10.5, 21 an 105 uM, respectively, in NaH>PO4/Na,HPOy4 (8.4 mM, pH 7.4) in H,O
with 2% MeOH. Reproduced with permission from Chem. Sci., 2024,15, 12388-12397.
Copyright 2024 Royal Society of Chemistry.!®”
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Figure 1.19: A. Formation of 50 sensor units utilizing two receptors and two dyes. B. i)
Schematic diagram of sensor array 3, SA3, used for recognition of a mixture of proteins
([dye] = 1 uM). ii) Fluorescence response patterns of SA3 with different host ratios,
relative to dye concentration, of amphiphilic guanidiniumcalix[4]arene and cyclodextrin,
against various proteins (23.8 pg/mL for each protein). iii) Canonical score plot for the
two factors of simplified fluorescence response patterns obtained from LDA with 95%
confidence ellipses (n = 6). Reproduced with permission from Nat Commun 13, 4293
(2022). Copyright 2022 Springer Nature.'”?
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diagnosis ability, detection of contaminants in environmental analysis, improving food
safety, detection of drugs and adulterants, among other advances, showing the importance

of the continuous improvement of such sensing strategies.

1.3 Biomimetic systems

From early on, it was clear that much of the inspiration for supramolecular systems is in
the complex interplay of molecular elements that is found in nature.>* Throughout the
years, the great distance between biological systems and supramolecular synthetic ones
has become marginally smaller, with the urge to imitate the former driving researchers
to clarify how these work and leading to small steps towards increasingly more complex

supramolecular assemblies.”?%171

Different strategies have been used for development of biomimetic systems, with a fo-
cus on different natural properties. One of these was the confinement or anchorage of these
synthetic molecules in compartments like micelles, liposomes and polymerosomes. The
application of lipid-based compartments has become an important step towards the devel-
opment of biomimetic systems because of the key role that compartmentalization plays in
nature. These allow the separation of cell/organism functions between markedly distinct
enclosed environments, which allow cell digestion, energetic metabolism, protection of
cellular components, etc.!”? Liposomes in particular are a clear synthetic counterpart to
the cellular membrane’s phospholipidic bilayer (example of a cell membrane in Figure
1.20) and have made a great impact in the development of more biocompatible and stable
therapeutic agents, especially in the development of vaccines, which often include cargo
that is particularly susceptible to degradation, like ribonucleic acid (RNA).13173174

The exploration of different energy regimes has also been a point of interest in supra-
molecular chemistry. The out-of-equilibrium nature of biological systems leads to the
necessity for consistent energy (and matter) inputs but also provides it with unique
properties. Most supramolecular biomimetic systems still work by reaching the thermody-
namically stable state and anything beyond that remains a challenge. Nonetheless, great
effort is being made to obtain more examples of systems that are kinetically trapped or in

these out-of-equilibrium states (Figure 1.21).717>-177

This section will dive into examples of how supramolecular synthetic systems can both
interplay with biomolecules, cells and cell-like structures to elucidate biological processes
but also to achieve novel synthetic therapeutic agents, bio-inspired catalysts and materials.
This includes a closer look into previously mentioned examples that have been used in
combination with different synthetic and biological elements, including confinement into
lipid compartments, showing works that explore in the same system many of the concepts

described herein.0156,157
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Figure 1.20: Schematization of a cell membrane with examples of the different molecular
elements that contribute to its physical properties and functionality. Adapted from Chem.

Rev. 2016,116,4, 2023-2078.7
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Figure 1.21: Thermodynamic regimes of a chemical system, from left to right: thermody-
namically stable state where the system evolves to the minimum of energy; kinetically
trapped state, where the system fall into a local minimum of energy, often in cases
where the activation energy to reach the thermodynamic minimum is high; and out-of-
equilibrium systems where an input of energy takes the system to a higher energy state
that eventually dissipates its energy and ends up in the thermodynamic minimum if no
further energy is inputed. Adapted with permission from Nature Nanotech. 2015, 10,

111-119. Copyright 2015 Springer Nature.1”
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CHAPTER 1. INTRODUCTION

1.3.1 Across the phospholipidic membrane: supramolecular transporters and

Sensors

Compartimentalization of biological processes, as mentioned above, is essential for the
maintenance of homeostasis and for the cellular environments to remain in their out-
of-equilibrium state. Compartments are necessary to establish and maintain chemical
gradients that allow important biochemical mechanisms, like oxidative phosphorylation
and photosynthesis. They also allow the separation of different biochemical pathways
while maintaining the communication between them, leading to the existance of different
tissues with distinct functions. This is only possible due to the presence of the complex
semipermeable phospholipidic membrane (see Figure 1.20). Transport across the phos-
pholipidic membrane is highly controlled through selective channels, transporter proteins

or endocytosis and often requires energetic input.!”?

Supramolecular chemistry has yielded a plethora of examples of novel systems that
are reliant on the concept of compartmentalization, either in facilitating the crossing of
these barriers to improve drug delivery or to use vesicles as vectors and platforms for the

creation of multifunctional systems.”17>

In some of the most simple examples, amphiphilic supramolecular receptors can be
anchored in membranes simply by exploiting the hydrophobic effect. The hydrophobic
moiety of these molecules tends to partition into the apolar membrane interior and the
charged moiety tends to remain in the aqueous interface, either in the interior or exterior
of the vesicles. The sensing system explored by Zhong, Hooley and coworkers (previously
mentioned in Section 1.2.2) uses this simple strategy for the anchoring of amphiphilic
cavitands in cellular membranes and the implementation of an IDA in live cells (Figure 1.22).
These small receptors show the capacity to retain two different styrylpyridinium indicators
in the periphery of the cellular membrane, that would accumulate in mithocondria and
nuclei in the absence of the amphiphilic host. Despite being much simpler than the
majority of biological receptors, the cavitands were used for successful detection of different
signalling molecules (Figure 1.22 shows the ability to selectively detect choline over betaine)
that were added to the cell cultures, with clear displacement of the membrane bound
indicators, resulting either in dye accumulation at the previous mentioned organelles or

even complete elimination from the cells.!”

Other examples that show the versatility of biomimetic supramolecular systems is in the
development of transporters, where strategies go from discrete supramolecular assemblies
to complex out-of-equilibrium systems. Counterion activation is one of the simpler
strategies for transport across membranes, consisting on the association of amphiphilic
molecules (the counterion activators) to the target hydrophilic cargo to create complexes
that become more membrane-permeable. These complexes are then able to directly
translocate through the membrane, avoiding energy-dependant pathways and eventual
entrapment of the cargo in endosomes.!”® Amphiphilic calixarenes have been found to
be remarkably efficient counterion activators, with some of these receptors presenting
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Figure 1.22: Schematization of the IDA assays in cell with the cavitand TCC and styrylpyri-
dinium dyes, DSMI and DTMI, system. A. Representations of the i) “turn-on” and ii)
“turn-off” IDA processes with the two different dyes tested. B. IDA sensing example with
TCC-DSMI. DSMI channel fluorescence images (A.x. = 488 nm and window of detection
between 570-632 nm) of live HeLa cells treated by i) 5 uM DSMI for 1 h, ii) TCC-DSMI
(pre-mix, 5 uM each) then phosphate buffer saline (PBS) for 1 h, iii) TCC-DSMI (pre-mix,
5 uM each) then 50 mM Choline for 1 h, and iv) TCC-DSMI (pre-mix, 5 uM each) then
50 mM betaine for 1 h. Adapted with permission from ACS Sens. 2023, 8, 8, 3195-3204.
Copyright 2015 American Chemical Society.'>’

Effective Concentration at 50% of maximum effect (ECsp) in the nM range.?”/179-182

Out-of-equilibrium transporter systems often rely on stimuli to serve as both an energy
input, driving the system towards a higher energy state, and provide dynamic control
over the structure/polarity of the transporters. The development of stimulus-responsive
membrane carriers commonly uses light as a stimulus to drive this transport, often
hinging on photoisomerization of moieties in the transporter as the driving force for
either activation or blocking of transport.!4¢ This has mainly been applied for the selective
transport of small ions across membranes through different structures of transporters,
including channels (Figure 1.23 A), mobile transporters (Figure 1.23 B) and anchored
transporters (Figure 1.23 C).146:183-185

Synthetic channels can control the flow of a select group of small molecules across
membranes through different strategies. The presented example achieves this with an
amphiphilic 3-CD gated pore, that presents a photoactive azobenzene moiety as the gate
(Figure 1.23 A). The system shows slightly higher rates of transport for small cations when
azobenzene is in its trans configuration and enclosed in the -CD cavity, without particular
selectivity between Li*, Na* and K*, and showed decreased rate of cation transport and
marked increase of anion transport when the azobenzene moiety is in its cis configuration

and outside the host cavity and the channel is effectively unblocked.!®®
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Figure 1.23: A. Reversible photocontrol of channel pore size controls ion channel selectivity.
Photoswitching of azobenzene moiety of f-cyclodextrin-based channel via pseudorotax-
ane formation controls its ion selectivity. Reproduced with permission from J. Am. Chem.
Soc. 2023, 145, 50, 27167-27184, original in Org. Lett. 2008, 10, 17, 3693-3696. Copy-
right 2023 American Chemical Society.!4¢183 B. Photoswitchable mobile carrier based on
bis-(thio)urea azobenzene. Adapted with permission from Chem. Commun., 2014,50,
15305-15308. Copyright 2014 Royal Society of Chemistry.!® C. Schematic representation
of tetrafluoroazobenzene thiourea photoswitchable relay transporter by Langton and
coworkers and its activity as a membrane anchored transporter. Adapted with permission
from J. Am. Chem. Soc. 2022, 144, 23, 10455-10461. Copyright 2022 American Chemical
Society.!#

The mobile photoresponsive shuttles are often membrane soluble species that present
binding sites towards the target cargo. The light-controlled transport can be done through
either distinct affinities of different isomers of the transporter towards its cargo or through
changes in structure/shape, flexibility and dipolar moment, that can influence membrane
permeability and mobility. The example shown in Figure 1.23 B uses the azobenzene
moiety as the photoactive unit of the molecule as well. The trans isomer of this species
presents a linear conformation and irradiation with UV-light originates the bent cis isomer,
which aligns the NH moieties in an ideal orientation for CI~ binding, resulting in 10
times superior binding affinities in comparison with the linear species. This change in
affinity is mirrorred by the transport capacity of this system with the cis species presenting
considerably higher efficiency than that of the trans.!%*

The final design strategy presented for photoactive transporters is the use of membrane
anchored molecules. Langton and coworkers have done extensive work in this field and
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have developed a relay tranporter based on a phospholipid with one of the hydrophobic
tails modified with the photoactive tetrafluoroazobenzene unit and an anion complexation
site.!8> Once again, the transport ability hinges on the structural changes induced by light
- when in the cis conformation the receptor unit does not reach far enough into the
interior of membrane to allow the passage of the anions into the inner leaflet, not allowing
release in the inner milleau, while when irradiated with green light, the elongated trans
conformation is obtained, with the ability to extend across the membrane and pass towards
the transporters in the inner leaflets of the vesicle (Figure 1.23 C). This mechanism requires
the presence of the transporter in both inner and outer leaflets and appears to be related
to the tail flexibility in the membrane, with little to no transport even for the trans isomer
when cholesterol is added and the membrane becomes less fluid.

For many of these approaches, however, the mechanisms of action behind these
transporters remain unclear and further work needs to be done in uncovering how these
constructs influence membrane structure, dynamics and permeability. Furthermore the
application of photocontrolled transporters for larger hydrophilic cargo remains limited.

Other systems aim atjoining several of these processes in the same biomimetic construct.
An example that joins membrane-bound transporters with a encapsulated sensing system
is exemplefied by the recent work of Jiang et al.!132 Label-free tandem enzymatic assays have
been explored by this group both in solution and encapsulated in liposomes, to monitor
both confined enzymatic reactions and transport across membranes by protein channels
and amphiphilic counterion activators.®%1% In their 2025 work they have developed a
cascade of processes that uses all of these concepts in a protocell design, that encloses the
label-free tandem enzymatic assays inside a vesicle and controls the input of the substrate
through different membrane transport mechanisms (example shown in Figure 1.24). The
system was explored with both different transport mechanisms and different host-indicator
complexes, SC4-Lucigenin and CB7-Berberine, allowing the monitoring of transport and
enzymatic conversion of distinct substrates. This not only increases the selectivity of the
system, through three distinct “selection” mechanisms - transport, enzymatic reaction and
host-guest complexation -, but also allows the study of encapsulated enzymatic processes
and their interaction and dependency on transport of substrate into the compartment
itself, by concomitant evaluation of the kinetics of the fast transport process and the slower
enzymatic reaction.!3?

Despite the progress brought forth by the work shown in this section and other more
complex systems, getting close to the complexity of biological systems still remains a
challenge and the obtention of synthetic cell-like systems is a goal that the scientific

community is continuously striving towards.

1.3.2 The synthetic enzymes: supramolecular systems as catalysts

Another area in which supramolecular assemblies can imitate biological processes is in

catalysis, with small macrocycles being able to mimic some of the functions of enzyme
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Figure 1.24: A. A substrate is translocated by the amphiphilic carrier, SC4-C5, into
liposomes containing co-encapsulated SC4-LCG reporter pair as well as the enzyme trypsin.
The substrate rapidly displaces the LCG from SC4 (switch-on fluorescence response) and
the slower enzymatic cleavage of the substrate to a low-affinity product occurs, reforming
the LCG-SC4 complex (switch-off fluorescence response). B. Experimental fluorescence
traces corresponding to transport of polylysine (0-0.15 uM) into SC4/LCG +trypsin-loaded
liposomes (SC4 at 550 uM, LCG at 500 uM, trypsin at 5.7 U/L, SC4-C5 at 1 uM) in 10
mM NaH,POj buffer, pH 7.0, 25°C. C. The initial membrane transport rate increases with
polylysine concentration. D. Resulting Hill plot for SC4-C5. E. Linear dependence of the
initial rates of the intravesicular enzymatic reaction on (calculated) internal polylysine
concentration. Adapted with permission from Angew. Chem. Int. Ed. 2025, 64,
€202425157. Copyright 2015 Wiley-VCH GmbH.!3

substrate binding sites.!8-191

This enzyme-mimic function relates to the properties of
these synthetic pockets. Several effects can come into play for these small receptors, in-
cluding the preorientation of substrates in an ideal manner inside the pocket, stabilization
of intermediate species or transition states (TS) allowing faster rates of reaction or even
co-location of reactants in the pocket effectivelly increasing the chances of these to come
into contact.!¥-19! Additionally, it is known that pK, shifts of ligands in protein binding
pockets is essential for reactivity modulation, allowing enzymatic activity to happen
accordingly.!¥?71% The same properties are often observed for these much simpler macro-
cyclic receptors, where the high shifts of pK, are driven by preferential stabilization of
one of the species of the acid-base equilibrium over the other, either by hydrophobic effect
or by electrostatic stabilization of the charged group (Figure 1.25).1931% These synthetic
pK,; modulators have proven to be valuable in improving the bioavailability of several
pharmacological agents, either by improved solubility, stabilization of the active form,
protection against deprotonation/protonation dependant degradation pathways, among
other effects.!%

Several hosts are used for catalysis of different reactions, however both cucurbiturils

and calixarenes see further application due to their advantageous properties.
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Figure 1.25: Schematization of pK, shift by stabilization of one of the species by a
supramolecular host, with examples of a carboxylate and primary amine functional
groups.

p-Sulfonatocalixarenes can lead to catalytic effect through the simultaneous complex-
ation of both reactant and metal ligands, through interactions with the negative portals.
The aromatic panels of the calixarene can also play an important role acting as weak
bases or nucleophiles. Basilio et al. have shown both these effects in the Ni*"-catalyzed
hydrolysis of 2,4-dinitrophenyl picolinate by SC4, SC6 and SC8, with the smaller two hosts
improving reaction rates through the complexation of both reactant and metal ion and SC8
showing the contribution of the phenolate as a weak base in reaction rate enhancement.!®
Calixarenes have also proven to be versatile platforms for construction of synthetic en-
zymes, through careful functionalization of the upper rim to add the necessary catalytic
and activating units. This is the case of the use of these hosts as synthetic RNases, through
functionalization with copper (II) and zinc (II) complexes and guanidinium moieties,
joining the catalytic effect of the former with stabilization/activating capacity of the latter.
Furthermore, different sites of functionalization can lead to distinct preferential RNA
cleavage sites, showing the ability to modulate the specificity of the catalysis process

through host design.187:1%

Cucurbiturils provide the sites for metal complexation, at their carbonyl portals,
much like calixarenes, but their rigid structure often leads to improved orientation of
enclosed reactants and, in some cases, selective stabilization of intermediates and tran-
sition states.!89-191196-199 Thig is the case of the ability of both CB6 and CBY to catalyze

click reactions in water.!%”

The reaction between azides and acetylenes in the vincity of
ammonium groups was the first reported to happen inside the cucurbituril cavity (Figure
1.26 A). This reaction appears to occur mainly due to the improved orientation of reagents
and their co-location near one another, leading to improved reaction rates up to 10 000
fold without the need to add metallic catalysts.!*”!%® More recently, this system has been

applied for the successful CB6-assisted click-cycloaddition of conjugates to proteins under
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mild, metal-free, conditions (Figure 1.26 B).1% A recent work by Colago et al. showed an
example of the capacity for transition state stabilization of cucurbiturils, for the studied
diazocine photoswitch (Figure 1.26 C i)). In this system the Z state is thermodynamically
favourable over the E state, and CB7 is capable of catalyze the thermal conversion from E

to Z species, through stabilization of the transition state (Figure 1.26 C ii)) with consequent

release of the product.!”!
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Figure 1.26: Examples of CB6 and CB7 as a catalysts, through reagent orientation and
transition state stabilization. A. Click reaction of azide (2) and alkyne (3) to form a [1,2,3]-
triazole (4) catalyzed by CB6. Adapted with permission from Chem. Soc. Rev., 2015,44,
394-418. Copyright 2015 Royal Society of Chemistry.!% B. A protein bioconjugation
strategy using CB6 click chemistry. An azidoethylpiperidine can be installed via n-
hydroxysuccinimide (NHS) ester chemistry, providing a functional handle for subsequent
modification via the CB6 click reaction. Adapted with permission from J. Am. Chem. Soc.
2017, 139, 28, 9691-9697. Copyright 2017 American Chemical Society.199 C. i) Proposed
catalytic cycle for the isomerization E — Z-diazocine by supramolecular catalysis inside
CB7. ii) Structures of the E isomer, the transition state (TS), and the Z isomer of the
diazocine bound inside CB7. Geometries are optimized at the pbe/def2-SVP, D4 level of
density functional theory. Slender structures of the E isomer and the TS fit well into the
cavity of CB7, the bent Z isomer does not. Adapted with permission from J. Am. Chem.
Soc. 2025, 147, 1, 734-745. Copyright 2025 American Chemical Socie‘cy.191

1.3.3 Protein-Supramolecular non-covalent bioconjugates

A final example for synthetic supramolecular systems that aim at mimetizing biological
systems is their application in combination with biomacrolecules. The marriage of biolog-
ical and synthetic elements can take advantage of the imense functionalities provided by
proteins, while modulation of its function can be achieved through small receptors and
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supramolecular scaffolds.?®

The interactions that result from these assemblies have helped to clarify the nature of
some protein-protein interactions (PPI) and can unveal novel targets for disease therapeu-
tics. Acyclic supramolecular receptors have been found to be efficient in the modulation
of biological interfaces, both by enhancement of the these interactions between biomacro-
molecules but also inhibiting the action of certain proteins by competing for their binding
sites. This is the case of the molecular tweezers introduced by Schrader, which were found
to stabilize an intrinsicly disordered protein-protein interface, between the protein 14-3-3
and the small peptide Cdc25CpS216, increasing the complex stability when compared to
other studied PPL.2°! More recently, the use of a conjugated molecular tweezer with a pep-
tidic guest for this same protein was employed as a PPl inhibitor and shows great potential
for the design of novel therapeutic agents based on supramolecular and bioengineering
solutions.?0?

Calixarenes have been used extensively as aids in co-crystallization of proteins, acting
as "supramolecular glues", and can lead to the formation of complex frameworks with both
biological and synthetic supramolecular components. The work by Peter B. Crowley and
coworkers shows the versitality of different calixarenes as glues, showing that while the
smaller calixarene of 4 units tends to encapsulate only one residue, the larger sulphonated
calix[6]arene and calix[8]arene (SC6 and SC8) are capable of adapting more fully to the
topology of proteins, and encapsulating different residues, even non-cationic ones (the
example of SC8 binding to a pentameric lectin can be observed in Figure 1.27). These
have successfully been used for encapsulation of proteins, formation of oligomers and
highly hydrated porous frameworks.?>2%3204 Additionally, the same group has shown that
non-covalent protein PEGylation can also be achieved through a functionalized SC4, with

potential to increase protein half-life in vivo for therapeutic .’:1pplications.205

A B Form | Form Il . Pent only

Figure 1.27: A. Crystalographic structure of SC8 binding pocket in pentameric lectin
(subunits A-E). B. Packing of the crystal for the different forms of lectin-SC8 complex
and lectin only, with the protein represented in grey and SC8 in yellow. C. Details of the
binding sites with the relevant side chains shown as sticks. Adapted with permission from
Biomacromolecules 2024, 25, 2, 1303-1309. Copyright 2024 American Chemical Society.?*®

Cucurbiturils have proven to be useful tools for the assembly of both natural occurring
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and engineered proteins into dimers, tetramers and other complex assemblies.?%02%7 Tt is

possible to add recognition moieties, e.g. N-terminal FGG-tags, to provide CBn anchoring
sites for the binding of two or more proteins into complex structures in a controlled
fashion. This can be used to modulate the function of different proteins, increasing
the stability of these assemblies and creating novel bio-inspired therapeutic agents.?%
More complex structures can also be obtained, both by addition of CBn binding sites
and by using naturally occurring binding sites. This includes the use of cucurbiturils
as "supramolecular glues" as well, which can lead to the creation of complex layered
crystalline structures, with variable flexibilities depending on the proteic elements with

which these are cocristalyzed 2?20

1.4 Outlook

Clear advances have been achieved throughout the last decades, with supramolecular
chemistry becoming a increasingly useful tool in biological applications. Nonetheless, in
several fields, it is still necessary to continue to uncover how different molecular elements
interplay and how we can effectively use them.

This thesis explores several of the fields presented in this introduction with a focus
on the interaction of macrocyclic molecules with peptides and other relevant biological
targets. The chapter structure follows the same structure as the introduction, going
from simple recognition between hosts and their targets and incrementally increasing the
complexity of the systems studied, for the development of sensors and transporters for
different peptidic targets, ending with examples of biomimetic systems.

The following chapter (Chapter 2) of this dissertation studies two different cyclophane
receptors, p-sulfonatocalix[4]arene (SC4) and Stoddart’s Blue Box (BB) and their properties
in terms of selectivity and affinity for different families of peptides. Chapter 3 applies
these hosts in more complex assemblies, in both binary and heteroternary assemblies,
using different macrocycles and dyes. A modified SC4 sensor is applied in the sensing of
small model molecules, using both a competitive PET sensing strategy and the structural
adaptability of SC4 in an IDA system. Additionally, a family of CB7-Dye-BB heteroternary
complexes is presented and the ability of this system is explored for sensing of different
drugs and peptides with orthogonal binding sites. Initial steps towards development of
ditopic receptors presenting two macrocyclic moieties are presented as well at the end of
this chapter. Chapter 4 explores systems that hinge on self-assembly (and disassembly) in
both ordered and disordered structures as distinct sensing mechanisms. These strategies
focus on the aggregation behaviour and changes of properties of the bound and unbound
receptors to provide a higher capacity to distinguish very similar peptide targets. The last
chapter (Chapter 5) explores the insertion of the more discrete systems in phospholipidic
membranes, studying the capacity of these designs both as light-responsive transporters
of hydrophilic peptides and as probes for the transport mechanism and for biomarker

sensing at the membrane surface.
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2

CHARACTERIZATION AND RECOGNITION

PROPERTIES OF CYCLOPHANE HOSTS

In order to reach well thought out, complex supramolecular assemblies, a fine under-
standing of all of its elements needs to be reached. While it is known that Stoddart’s
Blue-Box (BB) is a promiscuous receptor with mM affinities for some specific aromatic com-
pounds, its study for the binding of peptides with aromatic and anionic residues remains

lacking.”677

p-Sulfonatocalix[4]arene (SC4) has been found to reach nanomolar affinities
towards polycations, but there is a need for further enlightenment into the stoichiometry
of such complexes as well as if they present well-defined binding sites or of these are more
dynamic systems.®’ The aim of this section is to go into these host:guest interactions in
discrete systems with the aim to clarify their properties. With this characterization done,
it opens the way for the application of these cyclophanes in more complex systems, as

will be discussed in later chapters.

2.1 Blue-Box as a receptor for C-terminal aromatic residues

BB, as described in section 1.1.2, is not often used as a receptor outside its application in
rotaxanes and supramolecular responsive materials. Despite its higher affinity towards
Trp (K, = 1.1 x 103M ™!, in 50 mM phosphate buffer pH 7), this receptor does not appear
to have specificity towards this amino acid when compared to, for example, indole and
norepinephrine (K, = 7.1x10°M ! and K, = 1.5x10°M 1, respectively, in 0.3 M phosphate
buffer pH 7).”67” However, in the context of a peptide, the positioning at N and C-terminal,
or at other sites, can influence the binding properties of the guest. It is known that the
aromatic carbons at the bipyridinium unit present an acidic character that allows the
establishment of additional R-C-H- - - O-R interactions, which, added to ionic ones with
the C-terminal, need to be taken into account as well for the overall binding affinity.>?
Thus, the binding of BB tetrachloride salt species with different peptides, that present
these aromatic and negative residues, is presented in this section (Figure 2.1). To this
end a small library of amino acids and peptides with these residues was put together
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to evaluate the influence of positioning of residues in the affinity towards this receptor:
DL-Tryptophan (Trp), DL-Phenylalanine (Phe), L-Tyrosine (Tyr), L-Glutamate (Glu), L-
Aspartate (Asp), WGGGG, GGWGG, GGGGW, GGGGY and GGGGEF. The photophysical
and thermodynamic characterization of these complexes was done by UV-Visible (UV-vis)

spectroscopy and Isothermal Titration Calorimetry (ITC).
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Figure 2.1: Chemical structure of the Blue-Box receptor and schematization of some of the
target flexible peptides, presenting tryptophan residues at different sites.209.210

Initial studies were done by UV-vis spectroscopy in water at pH 7, by following
the appearance of the Charge Transfer (CT) band upon titration of BB with each given
analyte. For the aromatic amino acids, the characteristic CT bands were observed at
distinct wavelengths for each guest, at lower energy, a behaviour typical for these types
of complexes, with a increased red-shift the better the electron donor the guest (Acr is
415, 400 and below 400 nm for Trp, Tyr and Phe, respectively).”® The respective affinity
constants obtained from this data were concordant with previously reported values (Table
2.1 and Figure 2.2) and, while the appearance of the CT absorbance band cannot confirm
the inclusion of the guests in the cavity, seeing as association in the outside face is
also possible, it is a clear indication of a successful association.29%210 On the other hand,
negative, non-aromatic amino acids showed a general increase of baseline, without a
clear CT band appearing, concordant with the aggregation of the BB-amino acid complex
due to charge neutralization and no quantitative information could be obtained. ITC
studies of the binding of aromatic amino acid to BB yielded comparable affinity constants,
however, due to these being relatively low, the full thermodynamic parameters could not
be accurately obtained for these smaller guests, due to the lack of initial plateau in the ITC
isotherms (see Figure 2.3 A).

Titration of BB with the small peptide library also led to the appearance of CT bands
at the same wavelength as the correspondant aromatic amino acid residue present. The
appearance of this characteristic band indicates that the binding is occurring at the aromatic
residue. While the affinity for GGWGG remains in the same order of magnitude as that

of the aromatic amino acid, the peptide with this residue in both the N- and C-terminals,
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Figure 2.2: Direct titration of BB (0.2 mM) with A. DL-Trp and B. GGGGW, followed
by UV-vis spectroscopy. In both cases the appearance of a CT band can be observed at
A =415 nm.
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Figure 2.3: ITC isotherms of titration of A. BB (0.1 mM) with DL-Trp and B. GGGGW (0.1
mM) with BB, at 25°C. Number of sites obtained for the binding of BB to GGGGW was
1.07 £ 0.02, while number of sites was not obtained for DL-Trp due to lack of full isotherm

curve.
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Table 2.1: Affinity constants (K /M™!) and thermodynamic parameters (AG, AH and -TAS
/ kJmol™!) calculated by direct titration followed by UV-vis and ITC. All experiments were
carried out in water pH 7, at 25 °C.

Guest UV-vis ITC

K /M1 K/ M1 AG / kJmol™? AH / —TAS /

kJmol~! kJmol~!

L-Tyr -lal 3.6+0.1x10> -158+0.3 -[b] -]
DL-Phe 1.7 x 10? <1x10% lel lel lel
DL-Trp 20x10°  3.0+£05x10° -19.9+04 bl -Ibl
WGGGG 1.8 x10* 1.3+0.1x10* -23.6+0.1 -[b] -[b]
GGWGG 4.2x10° 57+04%x103 -21.5+0.2 -[b] -[b]
GGGGW  1.0x10° 71+04x10* -27.7+0.1 -25.4+0.4 -2.3+0.5
GGGGY 1.2x10* 6.6+0.1x10° -21.8+0.1 -[b] -[b]
GGGGF 1.9x10° 75+1.0x10° -22.1+0.3 -[b] -[b]

Values for this parameter were not obtained due to [a] poor solubility of guest stock solution, [b] lack of initial
plateau in ITC isotherms, due to low affinity constant and [c] low affinity of the guest towards BB.

WGGGG and GGGGW, present an increase in affinity for this host with a more significant
increase for GGGGW. While the differences are not high enough to form a solid conclusion,
it seems that the presence of the negative charge does contribute to a stronger binding,
both for the peptides with Trp residues in C-terminal and for the ones with Tyr and Phe
(Figure A.3), as well. The reason for the increased of affinity for WGGGG is not clear, yet
it could be due to the flexibility of the glycine residues, which could allow the nearing
of the anionic site to the receptor, where GGWGG would not have the glycine chain long
enough to allow it. Further studies with peptides with longer chains could clarify this,
e.g. GGGGWGGGG. Aditionally, structural studies by NMR could also help clarify if any
significant conformational changes are occurring upon binding to BB or if other effects
are at play.

Furthermore, much like what was observed for the amino acids, the study with the
peptides with different aromatic residues at the C-terminal shows that the affinity increases
with the increase of the electron donor capacity of each residue (with the AE between
Lowest Unoccupied Molecular Orbital (LUMO) and HOMO being ~ 5.2, 5.7 and 6.2 eV,
for Trp, Tyr and Phe, respectively).”6211.212

For the peptide with tryptophan in the C-terminal, the affinity was high enough
that the thermodynamic parameters could be obtained by ITC. These indicate that the
binding has a greater enthalpic contribution, when compared to that of entropic effects.
Considering the small size of BB’s cavity, leading to a small number of water molecules
present in the cavity, and the ready appearance of CT band, it indicates that the binding
is mostly driven by the m-m donor-acceptor interactions and ionic ones between host and
guest, much like previous studies with BB but, seemingly, with ionic interactions leading
to increased affinities towards this host.?!3?14 Unfortunately, the effect on thermodynamic

parameters of the added electrostatic interaction in the C-terminal when compared to the

40



2.2. SC4 AS A RECEPTOR FOR CATIONIC RESIDUES

increase observed for the peptide with Trp at the N-terminal could not be clarified due to
the low affinities and low solubility of some of these guests.

Despite the small differences and inconclusive thermodynamic characterization this
is valuable information for the effective design of novel and more complex systems, like

the one discussed in Chapter 3.

2.2 SC4 as a receptor for cationic residues

This subsection was done in collaboration with MSc. Kevin Droguett from Universidad
Pontificia de Santiago do Chile, who performed some of the competitive assays and ITC
assays, as well as in collaboration with Dr. Filipa Marcelo, Dr. Ana Sofia Ferreira and
Dr. Ana Sofia Grosso, from the Structural and Molecular Biology Research Group, at
UCIBIO, FCT NOVA, who helped in the development of the quantification assay and
further aquisition and interpretation of the NMR spectroscopy data.

SC4 derivatives offer an electron-rich aromatic binding pocket decorated by negatively
charged sulfonate groups, which is particularly selective towards a series of relevant
biological targets, including methylated Lysine (Lys) and Arginine (Arg) amino acids
over their parent unmethylated counterparts. The utility of these receptors has been
successfully demonstrated in various applications, as discussed in farther detail in the
previous chapter.#7>°>°659-61

Albeit their only moderate affinity towards unmethylated lysine and arginine residues,
SC4 derivatives and their larger cavity analogs selectively bind arginine- and lysine-rich
peptide sequences with affinity constants reaching values higher than 107 M~1.47:60.215

While it is known that binding of these receptors to its cationic guests is mostly driven
by cation-7t interactions, stoichiometry of the complexes and effect of multivalent binding
on guests’ structure is yet to be delved into. It is also unclear if there is any preferential
binding site in these larger targets.

In this section of the work, the complexation of SC4 with different oligoarginines was
evaluated by ITC, NMR and fluorescence spectroscopies. The library of oligoarginines
selected was RRGG-NH,, RRRG-NH;, RRRR-NH,, RRRRRR-NH; and RRRRRRRR-NH,
(R2G2, R3G, Ry, Rg and Rg, respectively), in order to compare guests presenting one or

more binding sites, as well as different affinities for the host.

2.21 Quantification of oligoarginines

Due to the hygroscopic nature of these peptides, difficulties in descerning stoichiometry
led to inaccurate or often only apparent quantitative analysis of the complexes. To avoid
this issue, the first objective of this work was to develop a simple and rapid quantification
protocol for these oligoarginines. For that effect, two methods were used in tandem:
'H-NMR and fluorescence spectroscopy. The initial quantification would be done by
quantitative NMR and the concentration value would then be used to calibrate an IDA,
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using SC4 and a known indicator, in order to use this technique for calibration of stock
concentrations in the future. The indicator chosen for the SC4 host was the dye Lucigenin
(LCG), due to its stability, well reported binding to this host and high variation of its
quantum yield between its free and bound states.

Quantification by 'H-NMR spectroscopy was done by comparative method, with an
internal reference added in a known concentration to a coaxial tube, as described in
Section 7.5.3. The chosen reference was maleic acid due to its alkene protons being located
in a region where no calixarene or peptide proton chemical shifts (0) are expected to
appear. Quantification was possible due to the consistently distinct chemical shift of one
of oligoarginines a protons (H,) from the remainder ones, which was attributed to the
N-terminal H,. 'H-NMR spectra used for quantitive analysis can be found in Figure 2.4
for R4 and in Figure A.5 for the remaining peptides. When accounting for the volume
ratio between inner and outer NMR tubes (see Section 7.5.3), integration of both reference
and H, signals allowed the obtention of the relative concentration of the peptides in D,O

solution.
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Figure 2.4: A. Cropped 'H-NMR spectrum used for the quantification of Ry, by referencial
method, using maleic acid as a reference (6 = 6.29 ppm, d; =25 s) and one of R4 H, (6 =
3.98 ppm). B. Comparison of binding curves for the LCG-SC4 for guests going from yM
to nM affinities. C. Indicator Displacement Assay of LCG (0.1 uM) from SC4 (3 uM) with
Ry, followed by fluorescence spectroscopy (Aexc = 369 nm).

The method chosen for routine quantification was the Indicator Displacement Assay
(IDA) with the well characterized, high affinity SC4-LCG host-guest pair (Kscs-r.cc =
8.1 x 10 M1, see Table 2.2). This competitive method allows the determination of non-
emissive guests’ concentration by a more accessible, less expensive technique. Due to
the high affinity of these complexes, if an excess of host is present in the initial host-dye
solution, the guest with an unknown concentration will first saturate this host, without
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displacement of the dye, not inducing an optical change (this is visually represented in
Figure 2.4 B using the LCG-SC4 affinity and different SC4-guest affinities as examples).
Once the free host is saturated, further addition of guest will displace the dye with a
concurrent change in emission, which would give an indication of when, approximately,
1 equivalent of analyte to host has been added to the mixture.

Having confirmed the concentration of the peptide stock solutions by NMR quantifi-
cation, these were used to obtain an accurate value of affinity and stoichiometry for the
binding (Figure 2.4 C, for the peptide R4 and Figure A.6 for the remaining peptides), with
the affinity values presented in Table 2.2. At micromolar concentrations, the only peptides
that appeared to present the 1:2 binding were the two with a higher amount of effective
charges, Rs and Rs.

With these factors now measured in a more accurate fashion, using quantified peptide
solutions, quantification can be done of other stock solutions using the IDA method, with
easily accessible equipment, by applying the values presented in Table 2.2 and fitting for
peptide concentration.

Table 2.2: Affinity constants (K /M™!) and thermodynamic parameters (AG, AH and -TAS
/ kJmol™!) calculated by direct titration followed by IDA and ITC. All experiments were
carried out in phosphate buffer 5 mM at pH 7.4, at 25°C.

Guest IDA ITC
Kii /M1 Kp/M1  K/M! AG / AH / —TAS /
kJmol™ kJmol~! kJmol~!
LCG 8.1x107 [al - [b] (1.2 + -46.1 —432+0.2 291
0.2) x 10®
R,G, 5.8x10° - [b] (1.8 + -35.7 -53.3+0.3 17.7
0.1) x 10°
R:G  5.3x107 - [b] (7.7 + -39.7 -50.3 + 0.9 10.5
1.4) x 106
Ry 1.8 x 108 - e (3.0 + -43.3 —45.6 + 0.6 2.32
0.6) x 107
Re 5.2 x 108 2.2x10° - - - -

Rg 4.4 %1010 4.7 x 107 - - - -
215 [

[a] Affinity value reported by our group in the same conditions.=*> [b] Appears to only present 1:1 binding.
[c] 1:2 petide:calixarene complexes observed in NMR but the value of Kj; is too low to be detected in the
range of concentrations used.

2.2.2 Characterization of SC4-oligoarginine complexes

Having established a system for quantification of peptide solutions, the complexes were
analysed by NMR spectroscopy and ITC.

To that effect, the binding of SC4 to two different peptides, RoG; and Ry, was evaluated
by titration of the peptides with SC4, followed by 'H-NMR, in phosphate buffer 5 mM pH
7.4 in a 90%:10% H>O:D>,O mixture.
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Full characterization of both the free peptides and the complexes at different peptide-
host ratios was done through the analysis of the 2D 'H-Total Correlation Spectroscopy
(TOCSY), 'H-Rotating Frame Nuclear Overhauser Effect Spectroscopy (ROESY) and 'H-
13C-Heteronuclear Single Quantum Correlation (HSQC) spectra, that can be found in
their entirety in the Supplementary Information (Figures A.7 to A.27). This allowed the
assignment of the peptide chemical shifts by analysing both the typical !*C and 'H shifts
for the different arginines (Figure A.28), as well as by analyzing the full spin system in the
TOCSY experiment and the through space interactions established between them in the
ROESY exl:)el'irnerlt.216'217 Performing the experiments in a 90%:10% H,O:D,0O mixture
allowed the confirmation of the N-terminal residues by the absence of Hyy chemical shift,
due to increased proton exchange for deuterium. For R,G,, a through space interaction
between an Arg and Glycine (Gly) residue allowed their identification and the distinction
of Gly3 from the C-terminal Gly. In regards to R4, Arg4 was identified by a Nuclear
Overhauser Effect (NOE) signal between the amide proton between Arg3 and 4 and the
amide at the C-terminal, while clarification between Arg2 and Arg3 was possible due to
the through space interaction between Arg4 H, shift and Arg3 NH proton.

When analysing the full titrations with SC4, it was observed that some of these arginine
H, and H; suffer a significant upfield shift with increasing concentrations of the host, in
both peptides. This is commonly observed upon guest inclusion into the calixarene cavity,
due to the shielding effect of the hosts” aromatic rings. The lower shift, and even downfield
shift of the remainder arginine protons suggests that these remain on the outside of the
cavity, while those closer to the guanidinium group, in the side chain, are bound in the
cavity. The guanidinium protons are only observable with excess calixarene so their
complexation-induced chemical shift could not be evaluated. On the other hand, most of
the nitrogen-bound protons suffer a sharpening of their signal when in the presence of
excess of SC4, which could be indicative of decreased solvent exposure of these moieties,
reducing the proton-deuterium exchange rates.

For both peptides, the predominant binding site seems to be Argl (Figure 2.5 C and
Annex A.30), due to the corresponding protons suffering the largest complexation-induced
chemical shift, concordant with encapsulation in the calixarene cavity. For both peptides,
the chemical shifts associated with this residue have an initial change that appears to
stabilize near the equivalence point. The remaining residues of RyG, reach saturation
with a small excess of calixarene, suggesting a 1 to 1 binding ratio for this complex. On the
other hand, some R4 proton chemical shifts continue to change after the equivalence point
and up to at least 10 equivalents of SC4, in particular for Arg4. This suggests that there is
a 2 to 1 binding ratio of receptor to peptide, with the initial binding of one calixarene to
Argl and the second one binding predominantly to Arg4, which suffers a marked upfield
shift only after the equivalence point. The binding sites in Argl and Arg4 are likely due
to the tendency of the system to reduce repulsion between the two highly anionic hosts,
leading to the two binding sites being at the terminal residues.

The binding curves obtained from the titration data discussed above, presented in
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Figure 2.5: Titration of peptide R4 (0.59 mM, quantified by LCG-SC4 IDA, Figure A.29)
with SC4 followed by 'H-NMR spectroscopy.

Figure 2.6, support this hypothesis. Because these chemical shifts are all dependent on the
same binding processes, simultaneous fitting of all the curves yielded identical affinities
for the same host:guest system (outliers were more prevalent in the case of the Ry titrations
due to the necessity to prepare solutions in batch above 1.5 equivalents, see methods in
Chapter 7). Due to the high affinities of these complexes and high concentrations at which
the NMR studies are done, the 1:1 affinities (K1) obtained by this method are innacurate,
reporting only that these values are above 1 X 10° M™! for both peptides. However the
binding of the second host unit to R4 is supported by the presence of a second binding
process which presents a lower affinity of Kjp = 7.4 x 10> M.

The source of the changes observed for Arg2, with its signals first presenting a marked
upfield shift, and a slight downfield shift when excess of SC4 is added, has not yet been
clarified. It is tentatively suggested either a distribution of two populations when the
1 to 1 peptide-SC4 complex is predominant, with SC4 binding either Argl or Arg?2 or,
alternatively, the initial upfield shift being caused by Arg2 association to the host on the
outside face of the calixarene, forming ionic and cation-nt interactions with the aromatic
panel. In both cases, the downfield shift at higher host concentration could be due to
structural rearragement of the peptide, both moving Arg2 away from the host.

Thermodynamic characterization by ITC is presented in Table 2.2. These studies
show that the binding is mostly enthalpy driven, with the smaller peptide presenting a
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Figure 2.6: Chemical shift variation of A. RyG; and B. Ry at different equivalents of host
SC4, followed by HI-NMR. Assignment of chemical shifts presented was done using the
2D experiments mentioned, at different SC4 equivalents.

considerable entropy penalty to the binding. The isotherms obtained for R and Rg seem to
indicate that the binding of two SC4 is occurring, by the equivalence point obtained for the
titration of host with guest (N = 0.6 and N = 0.5, for R and Rg, respectively). However, it
was observed that these solutions become turbid near the charge neutralization point, and
this aggregation process appears to be interfering with the ITC experiments, hindering
the obtention of the thermodynamic parameters (Figure A.31 and A.32).

It is necessary to evaluate the binding of SC4 to the remaining peptides by NMR spec-
troscopy, in order to ascertain if more than one calixarene unit binds to the three arginine
peptide, and if more than two units can bind to the larger peptides. However, the ones
that were studied by this technique aided in the understanding of the preferential binding
sites of the host in these polycationic molecules. Additionally, a quantification method
was established to determine the stoichiometry of the complexes at uM concentrations.
The next chapters will build on this new information and use the SC4 host to develop

more complex and applied supramolecular systems.
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BINARY AND HETEROTERNARY DISCRETE

SENSING SYSTEMS IN WATER

In the previous chapter, a higher complexity system was already employed in the compe-
titive assay used for characterization of SC4:peptide complexes. When it comes to sensing
of small molecules with either synthetic or biological hosts, IDA and other assays based
on competition are the gold standard for both qualitative and quantitative evaluation of
binding of spectroscopically silent guests. Furthermore, the notion of competitive systems
is already prevalent in both biological systems as well as pharmacological applications.
Competitive interactions between several different elements, be it biological components
or pharmacological agents, aid in the control of metabolic pathways and of key proteins
related to disease.?!® Competition goes hand-in-hand with cooperative interactions and
allosteric control, being the key mechanisms that modulate protein function. These
mechanisms also exist for synthetic, non-covalent systems and so, these can be tools in
the development of biomimetic supramolecular systems.?!%-221

The first section of this chapter will go into the development of a ratiometric IDA based
on the SC4-LCG system described in the previous chapter. The ratiometric component
is added by use of a dye covalently linked to calixarene. The second system, uses the
macrocycle cucurbit[7]uril (CB7) in conjunction with BB and a family of hemicyanine dyes,
that can form heteroternary complexes that can be used in receptor displacement assays,
with different photophysical responses depending on which of these receptors is being
displaced. Both of these systems aim at exploring the versatility of all these receptors but
also the potential of supramolecular strategies in sensing and differenciation of guests in
water, by approaching the concepts of competition and cooperativity and using them to
our advantage.

3.1 SC4-4Py-Lucigenin ratiometric indicator displacement assay

Indicator Displacement Assays (IDA), as exemplified in the previous chapter, see applica-
tion for the detection of a myriad of molecules. The possibility to mix and match different
hosts with different dyes to uncover novel specificities and optical responses provide the
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simple IDA with unexpected versatility.!94899149,152154155 Additionally the insertion of
the dyes in the calixarene structure can add to this versitility when applying these strate-
gies in array-like sensing platforms (see Figure 3.1 A and B).?” Despite being powerful
tools, akin to many other turn-off or turn-on strategies, these assays can be susceptible to
interferences by environmental factors and are dependent on probe concentration, which
can impede quantitative analysis or lead to misleading results in qualitative ones. One
way to circunvent this is to use a ratiometric readout system. It is expected that, for a
pair of dyes in the same system, the ratio of the two signals should be independent of
probe concentration and their emission should be altered in a comparable manner when
changes are introduced to the environment. This allows more accurate quantitative assays

and alleviates the need for extensive controls in qualitative assays.161-165

Previous work:

I Y Ly Lk

A ’ %‘ oq O
Weak PET Strong PET PET > Lucigenin PET > Pyrene

Figure 3.1: Schematization of sensing methods using calixarene hosts developed in
previous work and the work presented in this chapter: A. typical IDA assay with calixarene
and desired guest; B. Hof and coworkers DimerDye strategy using a calixarene modified
with a fluorescent dye; C. PET modulated by conformational adaptation of calixarene and
D. competitive PET strategy yielding a ratiometric signal, with the increase of lucigenin
emission and quenching of pyrene emission upon guest binding.

Herein, a novel ratiometric indicator displacement assay is presented that explores
both the modularity of IDAs and the ratiometric signal provided by the second reporter,
covalently linked to the host. This strategy is based on the same SC4 receptor explored
in Section 2.2, monosubstituted with an alkyl linker connecting it with a pyrene moiety
(SC4-4Py, Figure 3.2). Lucigenin (LCG) is regularly used with this receptor, due to its high
affinity towards SC4 and due to the almost complete quenching of its emission once bound,
by photoinduced electron transfer (PET).1>¢ Additionally, SC4 aromatic moieties are rather
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flexible, both when unsubstituted or when the lower-rim substituents are smaller than
propyl groups.*? The sulfonate group on the other hand, is not able to transverse the inside
of the cavity, which means this flexibility gives free rotation for the passage of the phenol
group on the inside of the host, being able to shift from cone to inverted cone conformation
in this manner.*!42 While the monosubstituted site does not present said flexibility, the
remainder of the molecule will have a dynamic structure of the receptor in the absence
of an analyte, which can overall increase the distance between quencher and indicator,
decreasing the expected quenching of the pyrene unit by PET from the phenolate at neutral
pH. Locking of the conformation by analyte binding should draw the phenolate nearer to
the pyrene unit and lead to increased quenching. This binary design should lead to two
distinct emission signals which vary in different manners. Firstly, when LCG binds to the
SC4-4Py receptor unit, the emission of LCG should decrease extensively while pyrene’s
emission, despite becoming locked in cone conformation, should not be overly affected,
due to the indicator LCG being a better electron acceptor than pyrene, competing for the
PET by the phenolate unit. When a competitor is added, LCG should be released from
the binding pocket, regaining its emission, while the competing effect for the PET process
should disappear, leading to the expected quenching of pyrene emission, as observed for
the quenching originating from conformational rearrangement of the calixarene moiety
(see Figure 3.1 C and D).

SC4-4Py was synthesized by direct monoalkylation of SC4 with 1-((4-bromobutoxy)-
methyl)pyrene in basic media and isolated by reverse-phase chromatography (see Chapter
7.2.1, Figure 7.1). Despite its similarities with the parent host SC4, characterization of this
novel sensor needed to be done, due to both its novel photophysical properties and to the
eventual influence the monofunctionalization might have in its binding properties.

SC4-4Py presents comparable absorption and emission to that of other water soluble
pyrenes. A quenching of the sensor emission was observed with increasing pH, which
should correspond to the deprotonation of one of the phenol groups of the SC4 unit,
with a pK; of 5.6 (Figure 3.3). This quenching at pH values above the phenolate pK; is a
strong evidence that the mechanism involves an electron transfer from the phenolate to
the excited pyrene. In the protonated form, phenol, either this mechanism is absent or is
much less important.

SC4-4Py 'H-NMR spectrum at neutral pH presents a broadening of the proton signals
of the SC4 methylene bridges and aliphatic tail protons (Figure 3.5). This phenomenon
is thought to be caused by decreased rate of conformational shift, due to stabilization of
the deprotonated phenolate by formation of intramolecular hydrogen bonds, which is
common for the calixarene unit.??> The marked decrease of pK, is also in line with the
aditional stabilization of the phenolate form by an intramolecular hydrogen bond when
compared to its monomer unit (phenolsulfonic acid, phenol moiety pK, = 9.1), which
corresponds to a high AG variation of 19.9 kJmol .22

A family of known SC4 guests with biological interest, found in Figure 3.2, was chosen
to evaluate the binding properties of SC4-4Py and to test this novel ratiometric IDA.

49



CHAPTER 3. BINARY AND HETEROTERNARY DISCRETE SENSING SYSTEMS IN
WATER

Lucigenin (LCG)

NH o)
O +/\/\/NH3 HJ\]JI\N/\/\H‘\O_
= HsN H
Ha
Putrescine (Put) L-Arginine (L-Arg)
| i | /\
N )J\ N = t
Ho/\/ A O/\/ ~ NuN
X . 1,4-d imethyl-1,4-
Choline (Ch) Acetylcholine (Ach)

diazabicyclo[2.2.2]octane-
1,4-diium (DM-DABCO)

Figure 3.2: Structure and schematization of SC4-4Py and dye Lucigenin (LCG) and SC4-
4Py and calixarene guests analyzed in this section.

Direct titration of SC4-4Py with Putrescine was done both at acidic and neutral pH
to evaluate the extent of quenching of this sensor in the presence of a guest. Little to no
quenching of pyrene emission was observed at acidic pH, below the phenolate pK,, while
at neutral pH, pyrene’s emission was reduced to almost 60% of the initial value (Figure
3.3 B and C), despite the host being in an already partially quenched state. Quenching
by the guest counterions was excluded by the lack of quenching of SC4-4Py emission
by the sodium salts of I" and C1~ (Figure B.1). Furthermore, a sharpening of calixarene
IH-NMR signals in the presence of both acetylcholine and the spherical, dicationic guest,
1,4-dimethyl-1,4-Diazabicyclo[2.2.2]octane (DM-DABCO), was also observed (Figure 3.5 B
and B.10). This process is more marked for DM-DABCO possibly due to both better shape
and size complementarity, but also due to its higher affinity for this host. The sharpening
of calixarene 'H-NMR signals could be related with the rigidification or locking of the
calixarene conformation upon guest binding.

'H-13C-HSQC experiments support that the calixarene in the presence of guest is in
its cone conformation, seeing as it presents the typical carbon chemical shifts observed
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Figure 3.3: A. Fluorescence spectra of SC4-4Py at different pH in phosphate buffer 5 mM
and respective pK, fitting of the data, yielding a pK, for deprotonation of one of the
SC4-4Py’s phenolate group. Direct titration of SC4-4Py (2 uM) by Putrescine at B. pH 7.4
and C. 3.4 in 5 mM phosphate buffer.

for this conformation, as well as the typical pattern of two sets of calixarene methylene-
bridge doublets, caused by the equatorial and axial protons being in distinct environments
(Figure 3.5 C, full HSQC spectra in Figure B.6). Due to signal broadening of SC4-4Py
chemical shifts at pH 7, no conclusion could be drawn for the conformation of this receptor
when free in solution. Nonetheless, it is suggested that the rigidity induced by guest
binding overall decreases the distance between the quencher and pyrene, leading to an
eficient through space electron transfer from the phenolate ion to pyrene, resulting in the

quenching of its fluorescence (Figure 3.4).

NMR studies were also done at pH 3 in the absence and presence of the guest DM-
DABCO (see Figures B.7, B.8 and B.9), in order to confirm the conformational changes.
Remarkably, sharpening of calixarene signals was observed for both samples. Decreasing
of pH for the free SC4-4Py should break the hydrogen bonds established at neutral pH and
lead to a rapid interconversion between conformations, which falls out of the regime of
intermediate exchange, leading to the sharpening observed.??* This is further supported
by slight sharpening of SC4-4Py signals when the temperature is decreased from 25 to
5 °C(Figure B.11). At pH 3, addition of DM-DABCO leads to shifts in calixarene signals,
including the splitting of SC4 methylene bridge protons into two doublets. Despite the 'H-
NMR spectrum suggesting the partial cone configuration of the free SC4-4Py sensor at pH
3, due to two of the methylene protons being in the same overall chemical environment, the
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H-1B3C-HSQC spectrum of this same sample presents the carbon chemical shifts usually
associated with the cone conformation (see Figure B.9). It is hypothesized that at pH
3 SC4-4Py is in a more open cone conformation, making the methylene bridge proton
environment more similar between axial and equatorial positions, however no conclusive

results were obtained in this regard.

SOy 05S -
058 O3|/,SH\ soy \ OHO ¢}
0 | |
N
o OH — o] 058

99 ¢
No PET Weak PET == —> Strong PET

Figure 3.4: A. Schematization of the change in conformation dynamics proposed for SC4-
4Py. i) Below phenolate pK,, the calixarene remains flexible and the phenolate remains
protonated, so little quenching is observed. It is expected that the calixarene changes
between the conformation represented in ii) and iii), due to the formation of hydrogen
bonds, where the phenolate is farther away from the pyrene unit and switches with a
position where it is closer, respectively. iv) Binding of a guest leads to conformational
blocking in the cone conformation, leading to the PET between phenolate and pyrene,
resulting in further quenching of its emission.

After establishing the mechanism of sensing for the SC4-4Py, titration of LCG was
done with the host, yielding almost complete quenching of LCG emission (Figure 3.6
A). The affinity obtained by fitting of the experimental data was of 1.7 x 107 M7}, in
the same order of magnitude as previously reported by our group for other mono-O-
substituted calixarenes, showing that the monofunctionalization does not significally
affect the binding.?!®

Competitive assays were then performed with >90% SC4-4Py-LCG complex, with
excitation at 340 nm and following both pyrene (360-400 nm) and lucigenin (450-600 nm)
emission. Despite aggregates being observable at high concentrations of SC4-4Py and ana-
lyte, the displacement assays were maintained below Critical Aggregation Concentration
(CAC) (Figure B.2). An initial quenching of SC4-4Py emission is observed, corresponding
to the guest binding to the excess of host in solutions. Following this, LCG starts being
displaced from the SC4 cavity and consequently suffers an enhancement of its emission.
LCG emission seems to reach a lower plateau than expected, which is most likely due to
the quenching by the counterions of the studied analytes (chloride, bromide and iodide
anions, see Figure B.3 and Table B.1). The affinity constants obtained by fitting the ratio
between LCG and SC4-4Py (I505,m /I3981m), while accounting for anion quenching of LCG
emission (see Figures 3.6 and B.4), were in the same order of magnitude as other assays
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Figure 3.5: A. 'H-NMR spectra of SC4-4Py at 0.5 mM, in the absence and presence of 0.6
and 1.2 equivalents of DM-DABCO at pD 7 and free SC4-4Py at pD 3. B. 'H-13C-HSQC of
the SC4-4Py (0.5 mM) with 1.2 eq. of DM-DABCO pD 7 (orange), SC4-4Py (0.2 mM) with
1 eq. of DM-DABCO pD 3 (blue) and free SC4-4Py (0.5 mM) pD 3 (green). 3C-NMR trace
corresponds to the SC4-4Py-DM-DABCO sample at pD 3.
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Figure 3.6: A. Direct titration of LCG, 0.19 uM, with SC4-4Py and B. displacement assay
of Putrescine, done with LCG at 0.5 uM and SC4-4Py at 3 uM, followed by fluorescence
spectroscopy. Fitting of the data found in inset was corrected for quenching of LCG
emission.

previously reported in the literature, as well as those obtained by direct titration of SC4-4Py
with the analytes (Table 3.1 and Figures B.5 and 3.6).

Table 3.1: Affinity constants (K / M) of the several analytes, obtained by ratiometric
IDA (rIDA), by fitting of the ratio between Lucigenin and SC4-4Py emission, by direct
titration of the SC4-4Py sensor with the analytes, following the resulting quenching of
pyrene emission, and full thermodynamic characterization by ITC, at 25°C.

rIDA Direct ITC
Guest e .
Titration
K/M1' K/M?1 K/M! AG / AH / —~TAS /
kJmol~! kJmol~! kJmol~!
L-Arginine  4.2x10° 5.8x10° 3.9+ -20.5 -lal -lal
1.0) x 10°
Choline 2.0x10* 3.9x10* (1.4 + -23.7 -la] -lal
0.3) x 10*
Acetylcholine 3.3x10* 6.8 x 10* (1.4 + -23.6 -lal -lal
0.3) x 10*
Putrescine 1.6 x10° 2.7 x10° 1.1+ -28.9 -13.9+1.4 -15.9
0.6) x 10°
DM-DABCO 59x10° 1.1x107 (2.9 + -36.9 -18.3+0.8 -18.6
0.7) x 10°

[a] Values for this parameter were not obtained due to lack of initial plateau in ITC isotherms.

Thermodynamic characterization of the SC4-4Py binding events was performed by
ITC and the fitting results can be found in Table 3.1, with respective isotherms in Figure
B.12. The affinities obtained by this technique are in good agreement with the ones
obtained by the competitive assays, with a higher degree of variation for those obtained
only by direct titration of SC4-4Py, further supporting the accuracy of the rIDA as a more

accurate quantitative technique. Due to aggregation of SC4-4Py, concentration could
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not be increased further, impeding the obtention of full isotherms for the lower affinity
guests, lacking the initial plateau necessary to obtain the empirical value of AH. Titrations
with putrescine and DM-DABCO seem to suggest however, that these binding events
are both enthalpy and entropy driven, with equal contributions from establishment of
non-covalent interactions but also from desolvation of both guest and host.??> Although it
is known that rigidification and loss of degrees of freedom in the calixarene happen, these
are also highly charged species and it is common that there are a great number of solvent
molecules present in the calixarene cavity. This appears to be enough of a contribution to
overcome the entropy penalization.

While lucigenin’s typical response to anions has shown to be a hindrance for this
new assay, cross-technique analysis seems to suggest that this ratiometric competitive
assay does present a higher accuracy than using solely turn-on or turn-off mechanisms.
Ideally, a substitute for this dye could be found in order to eliminate the need for extra
data correction, as was done in these examples. Nonetheless, despite not resolving
the issue with quenching of lucigenin by guests counterions, the added complexity in
calixarene conformations and consequent photophysical response to the aforementioned
change aided in the correction for other factors. This shows the potential to further
increase the robustness of the commonly used and ubiquitous IDA with carefully designed
supramolecular systems with higher complexity. Furthermore, the presence of a PET
mechanism dependant on host conformation opens new doors to the development of

similar sensors with dyes that emit further in the visible range than pyrene.

3.2 Heteroternary host:guest:host orthogonal sensing of

pharmacological agents and peptides

With competition-based sensing strategies still in mind, the exploration of other displace-
ment assays with different host and guest molecules was the natural next step.
Although BB as a host offers some specificity for C-terminal aromatic amino acids,
as discussed in Section 2.1, the interest for this macrocycle also comes from the types of
assemblies it can form in the presence of other hosts and specific guest molecules. It was
shown in the 2016 paper by Tootoonchi et al. that, when in the presence of CB7 and guests
presenting binding sites for both hosts, these three molecules can assemble cooperatively
into heteroternary and quaternary complexes (Figure 3.7). Despite the relatively low
affinities between both hosts, and each of the hosts and the model guest (mM or below),
the affinities of binding of CB7 to the preformed BB:guest complex, and vice-versa, fall
well below the uM range.'®* The formation of the quaternary complex, by binding of
a second CB7 unit, is also observed at uM affinities. This phenomenon is thought to
be due to the model guest allowing the alignment of both hosts in such a way where
several hydrogen bonds can form between CB7’s electronegative portals and BB’s charged

nitrogen atoms. 133226
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Figure 3.7: Structure of the model guest reported by Kaifer’s Lab and respective ternary
and quaternary complexes it can form with BB and CB7.

This work leverages these hosts’ capacity to self-assemble in heteroternary and qua-
ternary complexes in a cooperative manner in order to develop a two host displacement
system for different target analytes. This supramolecular assembly was explored with three
different reporter guests, a family of merocyanine dyes, DASPI dyes (Trans-4-[4-(dimethyl-
amino)styryl]-1-methylpyridinium iodide (Me-DASPI), Trans-4-[4-(diethylamino)styryl]-
1-methylpyridinium iodide (Et-DASPI) and Trans-4-[2-(2,3,6,7-Tetrahydro-1H,5H-benzo-
[ijlquinolizin-9-yl)-ethenyl]-1-methylpyridinium iodide (Jd-DASPI), Figure 3.8), known to
bind CB7 with uM affinities. Binding to CB7 induces an enhancement of the emission of
Me-DASP], and, while binding to BB is not reported for these fluorophores, the paraquat
moieties in BB are known electron acceptors, forming charge-transfer complexes with
electron-rich guests, leading to quenching of the guest’s emission.”®2%”228 These two dis-
tinct responses upon binding of each host should result in a distinct response depending
on which we are displacing, as later schematized in Figure 3.12.

3.21 The CB7-DASPI-BB system

The DASPI dyes were chosen due to their ease of synthesis and easy modification at the
aniline moiety, which should allow for modulation of host binding without too extensive
synthetic routes (see Section 7.2.3). For that the Me-DASPI, Et-DASPI and Jd-DASPI were
the chosen dyes, with, dimethyl, diethyl and julolidine moieties in the aniline group, to
afford an increase in size at this site and see what influence this may have in the binding
of both hosts..

In order to have a better understanding of the system and to know the optimal
conditions to achieve the sucessful distinction between analytes that displace the two
different hosts, the first objective was to obtain the affinity constants for the equilibriums
that describe the CB7-Dye-BB system, as schematized in Figure 3.8. For this effect,
characterization of the dye family, their 1 to 1 binding affinities towards each host and,
finally, assembly of the more complex structures were evaluated.

The pK, corresponding to the protonation of the nitrogen atom in the aniline moiety
was found to vary between 2.5 and 4.5 for the free dyes (Table B.2 and Figures 3.9, B.13
and B.14).%%°
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Figure 3.8: Structure of the family of DASPI dyes selected for this system and expected
equilibrium between them and the hosts CB7 and BB, with the respective association
constant for each binding event. The affinities identified will be used for characterization
of the system and the remaining, in red, can be inferred from the ones obtained experi-
mentally.

A B
= 8
— 0uM —_— 0.6 — 0pM - 8
064 — 279uM 8 € ; El
g | So0s = AN
S 0.4- | < 8 \ °
£ g 7\
<) 0.4 : 8 0 :
& 0 15 30 o \ 20 40
< 0.2 [CBT7] (uM) ° [CB7] (uM)
=]
i
0.0
400 600 800 500 600 700 800
Wavelength (nm) Wavelength (nm)

Figure 3.9: Titration of Et-DASPI with CB7 followed by A. and UV-vis and B. fluorescence
spectroscopies (A.x. =486 nm) with dye concentration fixed at 18 and 9.8 uM, respectively.
Fitting of the experimental data to each of the adequate models presented in Annex I can
be found in inset. All experiments were done at pH 8.
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Complexation of the dyes by both hosts was evaluated by UV-vis and fluorescence
spectroscopies, as well as Isothermal Titration Calorimetry (ITC), in water. The pH of the
samples was maintained above 8 in order to ensure that the main dye species in solution
was the monoprotonated one, but not surpassing 9 to avoid BB degradation, with the
exception of the titration of Me-DASPI with CB7. Affinity towards CB7 was higher than
previously reported values for Me-DASPI (Kl1i1t =1.4x10° M}, compared to Ky; = 3.0x10°
M1, both at pH 10).%%” Affinity towards Et-DASPI remains in the same order or magnitude
while Jd-DASPI decreases in one order of magnitude, when compared to the dye with
methylaniline substitution (Table 3.2). Furthermore, the complexation of CB7 shifts the
pK, of Me-DASPI by almost 4 units, while for Jd-DASPI little change is observed (Table
B.2 and Figures B.13 and B.14). This shift in pK, can be explained by a higher affinity of
CB7 towards the dicationic species, stabilizing it and consequently displacing its acid-base
equilibrium. The small shift for Jd-DASPI can speak to the incapacity of CB7 to bind at
the bulky julolidine moiety and lack of stabilization of the protonated species and/or to

the overall hindrance for its protonation due to structural reasons.?*

Table 3.2: Affinity constants (K / M) of the several binding events for the CB7-DASPI-BB
system, obtained by Fluorescence spectroscopy. The equilibriums described by each of
the mentioned affinity constants can be found in Figure 3.8.

Dye K K> Ki1 K>1q
Me-DASPI 3.0 x 10° - 2.5 x 107 -
Et-DASPI 1.0 x 10° - 9.5 x 10° -
Jd-DASPI 3.0x10° 1.5x 103 3.0x10% 1.0 x 10°

Thermodynamic analysis of the binding of CB7 to the dyes gave a lower value of affinity
for these binary complexes, however, these were not too distinct for Et and Jd-DASPI (Table
3.3 and Figure B.16). With the increase of the size of the group in the aniline, a decrease of
enthalpic contributions is noted in concurrence with an increase of entropy of the binding.
Considering the structures and properties of the dyes, it is thought that the binding of
both Et-DASPI and Jd-DASPI to the host cavity is driven by hydrophobic effect more than
the methyl substituted dye, which would be reflected as an entropic effect on the binding,
while decrease in enthalpic contribution could be due to poorer size compatibility and

less non-covalent interactions established.?3!

Fluorescence spectroscopy data of the Jd-DASPI titration with CB7 seems to indicate
that another process beyond the 1:1 complexation is occurring, due to the lack of plateau
after saturation of guest (Figure B.18). This is thought to correspond to the binding of a
second CB7 unit and, although low, the obtained K»; for Jd-DASPI was included in the
model for calculation purposes (Annex I).

Affinities of this family of dyes towards BB was analyzed by ITC, UV-vis and Flu-
orescence spectroscopies. Although ITC experiments seem to indicate that binding is
present for at least Me-DASPI and Et-DASPI (both K'1; ~ 1x10° M1, Figure B.16), the lack
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Table 3.3: Thermodynamic parameters, AG, AH and -TAS / kJmol~! obtained by ITC for
the binding of CB7 to the DASPI dyes, 11, measured in aqueous solution pH 8, at 25 °C.

Dye Ky /M1 No. sites AG/ AH/ -TAS/
kJmol ! kJmol ! kJmol !
Me-DASPT (4.8 +0.7) x  1.05+0.02 -32.4 -225+0.9 991
10°
Et-DASPI (3.3+0.9)x  1.14+0.04 315 -15.0+ 1.1 -16.5
10°
Jd-DASPI (3.5+0.7)x  0.97 +0.03 -31.7 -15.9+0.9 -15.7
10°

of significant photophysical changes in UV-vis and Fluorescence spectroscopies might
indicate that another exothermic process might be accounting for the variations observed
by ITC. The value of K’11 = 1 X 10° was used for following system characterization but it
is necessary to perform further control experiments to confirm such affinity.

Despite the low affinity of BB towards these dyes, ternary complex formation was
evaluated by UV-vis, Fluorescence and NMR spectroscopies as well as by ITC (Figures 3.10
and 3.11 and Table 3.4). A hypsochromic shift was observed in the UV-vis spectroscopy
assays, for all the Dye-CB7 complexes, but these did not regain the characteristic spectra
of the free dye upon addition of the second host, which is concordant with the formation
of a new species. Additionally, the addition of BB at uM concentrations leads to an almost
complete quenching of emission for both Me-DASPI and Et-DASPI and only a partial
quenching for Jd-DASPI. The latter however maintains the maximum wavelength of
emission that was observed for the Jd-DASPI:CB7 complex (A4x (complex) = 640 nm and
Amax(free dye) = 658 nm). Binding affinities of BB to the preformed host:guest complex
show an increase of at least 10 000 fold (Table 3.2 and Figures 3.10, B.19 and B.17), when
compared to the assays in the absence of CB7, showing the importance of this second host
being present for the formation of these high affinity, cooperative structures.

Table 3.4: Thermodynamic parameters, AG, AH and -TAS / kJmol~! obtained by ITC
for the binding of BB to the pre-formed CB7-DASPI complex, 111, measured in aqueous
solution pH 8, at 25 °C.

Dye Kip /M No. sites AG/ AH/ -TAS/
kJmol ! kJmol ! kJmol !
Me-DASPI (9.3 +0.8) x  1.130 + 0.004 -39.8 —-36.1+0.28 -3.76
100
Et-DASPI (7.2+1.2)x  1.23+0.02 -39.2 —-38.5+1.0 -0.70
10°
Jd-DASPI (1.3 +£0.2) X 1.00!2] -23.5 -192+2.1 -4.27
10*

[a] Value fixed at 1.00 for the fitting of the data to the experimental values obtained.
'H-NMR spectra of the free dye, Dye-CB7 and CB7-Dye-BB complex were obtained
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Figure 3.10: Titration of the Et-DASPI-CB7 complex with BB followed by A. UV-vis and B.
fluorescence spectroscopies. The concentration of dye and CB7 were fixed at, respectively,
16.7 uM and 19.5 uM, for UV-vis spectroscopy studies and at 10 uM and 20 uM for
fluorescence spectroscopy studies (Aexc = 432 nm). Fitting of the experimental data to
each of the adequate models presented in Annex I can be found in inset. All experiments

were done at pH 8.
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Figure 3.11: TH-NMR spectra of CB7, Et-DASPI, CB7-Et-DASPI and CB7-Et-DASPI-BB
complexes and BB in D,O pD 8 and respective expected structures based on the assigned Et-
DASPI proton chemical shifts. Arrow on the CB7-Et-DASPI suggested structure represents
the expected mobility of CB7 on the dye, due to the signal broadening at 1.5 and lower
equivalents of host. Assignment of free dye was done by comparative method with
previously reported 'H-NMR spectrum and the 1:1 and 1:1:1 complex assignement was
done by analysis of 2D experiments 'H-Correlated Spectroscopy (COSY) and 'H-ROESY,

presented in the appendix.
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and a structure is proposed based on the variations observed in the DASPI chemical shifts
(the example of Et-DASPI is shown in Figure 3.11 and the remainder are presented in the
Appendix Figures B.20 and B.21). Assignment of DASPI proton signals for all samples was
possible by aquisition and analysis of 2D experiments (\H-COSY and 'H-ROESY presented
in the Supplementary Information in Figures B.22 to B.33). Binding of CB7 to the dyes
leads to an upfield shift of the pyridium proton shifts, while the aniline protons suffer
a downfield shift or only a slight upfield one. The shifts observed and the broadening
of these signals indicate that this host is in a dynamic structure, mobile across the dyes
but with higher residence time on the charged pyridinium moieties, which become more
shielded inside the CB7 cavity. Addition of 1 equivalent of BB to this mixture, leads to
shifts of aniline protons in the order of 3 to 4 ppm, concordant with the localization of
these protons in BB cavity, the region most affected by the ring current anisotropic effect.
Furthermore, pyridinium proton signals are also shifted, suggesting a rearrangement of
CB7 on the dye upon BB binding, but remaining in the charged region of the molecule. In
the case of Jd-DASPI, due to the lower affinities, it is possible to see the slow exchange
between the dye in the CB7 complex and in the ternary complex, while in the remaining
cases 1 equivalent of BB is sufficient to fully saturate the previously formed complex.
Splitting of the signals of BB and CB7 also indicate the presence of a slow exchange
between the free species and complexes.

Beyond the confirmation of the presence of a ternary complex, formation of quaternary
complexes with two CB7 units was hypothesized as well. It is possible that quaternary
complexes can form, with some results seemingly accounting for the formation of more
complex structures, but assays performed with Jd-DASPI-BB, with addition of an excess of
CB7 led to aggregation of the final species so only tentative hypothesis can be extrapolated
from the results (Figure B.34). Formation of quaternary complexes were included in the
final fittings but did not alter the outcome for the Me and Et-DASPI systems. NMR studies
confirm the presence of the ternary complexes for the three dyes but no quaternary
complexes were observed (Figure 3.11). Crystallography studies of the complexes is

underway but the initial estimations report only on the 1:1:1 complex as well.

3.2.2 The CB7-DASPI-BB displacement system for detection of
pharmacological agents

With the widespread use of both prescription and over-the-counter drugs, questions about
their environmental endpoint and impact arose in the scientific community and public
discourse. Bioaccumulation of some drug classes has been recognized as a growing
problem, with their detection in both soil and water, although the presence of these drugs
has been more extensively studied in the latter.>*>?** One of the main classes of drugs
found in aquatic environments are Non-Steroidal Anti-Inflammatory Drugs (NSAIDs), like
Ibuprofen and Naproxen, due to their generalized use as over-the-counter medication.?®

Other classes of drugs found in aquatic environments are antidepressants, analgesics,
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antibiotics, steroids, among others.232

Due to the rising need to understand the impact of this environmental release of
pharmaceuticals, there is also a need for efficient sensing strategies for several different
types of drugs.

Cucurbit[n]urils (CBn), in particular CB7 and CB8, can bind drugs from hormones
to analgesics with varying affinities, reaching the nM range.!%>!% Stoddart’s Blue-Box
(BB), or cyclobis(paraquat-p-phenylene), while it is a more promiscuous receptor, can bind
aromatic moieties like naphthalene with micromolar affinities, so it is expected that this
receptor would have similar affinity towards naproxen.?*7® It is important to underline
that CB7 and BB can also be of interest for sensing of peptide or protein-based drugs due
to their orthogonal affinities towards N-terminal aromatic amino acids and C-terminal
tryptophan residues, respectively, which will be discussed in the following subsection.””®

After careful characterization of the ternary system with each of the three dyes, the
ternary complex was used for the detection of the chosen drugs, Nandrolone (Nan) and

Naproxen (Npx), as schematized below.
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Figure 3.12: Schematization of the Host displacement assay with two distinct analytes.
Competitors for the binding of CB7 will lead to a decrease in emission of the overall
sample due to either the quenching effect of BB on the dye or the full disassembly of the
complex and freeing of the dye (when working at uM concentrations). Competitors for BB
will displace the host from the ternary complex and an enhancement of emission should
be observed, correspondant to the 1:1 complex between CB7 and the dye.

Direct titration of the hosts with the chosen guests, as well as quantitative characteri-
zation by IDA (with the CB7-Jd-DASPI complex) showed selective binding of Npx by BB
and Nan by CB?7, as indicated by literature and each host binding properties (Figure 3.13
and B.36).

When applying the ternary complexes to the host displacement assays, an equilibrium
of the species in solution was chosen so as to have the possibility for further enhancement

of emission, when displacing BB from the complex, or quenching, when displacing CB7.
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Figure 3.13: A. Direct titration of BB (150 uM) with Naproxen, followed by UV-vis
spectroscopy and displacement of Me-DASPI (8 uM) from CB7 (15.5 uM) with the analyte
Nandrolone followed by B. UV-vis and C. fluorescence spectroscopies (A.x. = 468 nm), in
aqueous solution pH 8.

The concentrations chosen were 8.6, 25 and 8 uM for Et-DASPI, CB7 and BB, in order to
maximize the amount of ternary complex while still having this variation in emission, as

schematized in Figure B.35.

The fluorescence response for each binding event, when Npx and Nan were added
and BB and CB7 were respectively removed, occurred as expected (Figure 3.12), with the
tirst event yielding an enhancement and the latter a quenching of emission of the dye.
Quantitative analysis of the ternary systems with the different dyes in the presence of these
dyes generally yielded comparable results with those obtained through other techniques
and available in the literature. Both results with the Jd-DASPI ternary system and the
guest nandrolone and Me-DASPI ternary system and the guest naproxen showed a slight
decrease in the calculated CB7-Nan and BB-Npx affinities, respectively, when using the
emission data for the fitting. Nonetheless, these variations are slight and appear to be
within the error obtained when analyzing these binding events with other techniques.

Despite its complexity in terms of binding equilibria involved, this host displacement
assay system can be applied for quantitative analysis, but most importantly, it shows the
benifit of possible application in array-like detection methods, due to the presence of

very distinct responses with the same system for different guests. This design can also be
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Figure 3.14: Host Displacement Assay with CB7-Et-DASPI-BB complex with two the two
guests discussed in this section, A. and B. Naproxen and C. and D. Nandrolone, followed
by A. and C. UV-vis and B. and D. fluorescence spectroscopy (Aexc = 488 nm), with
respective fitting of the data using the ternary complex model in the inset. CB7, BB and
Et-DASPI concentration was fixed at 25, 8 and 8.6 uM for Naproxen displacements and at
20, 6 and 8.7 uM for Nandrolone displacements, respectively.

Table 3.5: Affinity constants (K / M) of the several host-guest complexes between the
two hosts, CB7 and BB, and the guests Nandrolone, Nan, and Naproxen, Npx, obtained

by different techniques.

Technique Knpx-BB Knpx-cB7 Knan-BB Knan-cB7

Direct titration > 5.0 x 10°[al - -

ITC 2.2 x 10°ldl - - -

IDA - <1 x 103[b] - 1.8 x 10711,
4.2 x 1071al

Host Displacement Assays:

Me-DASPI 6.5 x 10°b] < 1 x 103! < 1 x 103[b] 1.5 x 107[b]

Et-DASPI 1.0 x 100[b] - < 1 x 103[b] 1.0 x 1071b]

Jd-DASPI 1.0 x 106! - < 1x 103 4.3 x 10°[b],
1.5 x 107[al

Affinities calculated using the herein developed host displacement assay, using [a] UV-vis and [b] fluorescence

spectroscopy and [c] ITC data.
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explored in the future with different dyes, aiming at adding a shift in emission or another
novel response, with the aim to add the benefits of ratiometric measurements to a system

with two distinct receptors.

3.2.3 CB7-DASPI-BB displacement system for detection of peptides

Due to their complementarity in terms of amino acid side-chain affinities, with CB7 and
BB binding preferentially to the N-terminal and C-terminal aromatic residues respectively,
it was important to explore the potential of the system in distinguishing peptides with
binding sites for both hosts from those that present solely one of these binding sites.
However, because BB presents low affinity towards all of the DASPI dyes, it is likely
that both CB7 and BB are displaced once the first host is removed from the complex,
independently of the guest presenting the adequate binding sites, due to the loss of the
cooperative effect.

In order to evaluate if this ternary system presents the potential for orthogonal detection
of peptides with the binding sites for both hosts despite the remarked disadvantages, two
different peptides were selected to help distinguish these events: FGG, which should only
lead to CB7 displacement from the complex, and FGGW, which presents binding sites for
both hosts.

Binding to each of the hosts was evaluated for the chosen guests by direct titration and
binary indicator displacement assay (IDA), using the CB7-Me-DASPI, which can be found
in Figures B.37 and B.38, with respective affinities in Table 3.6. As expected, FGG binds
only with low affinity to BB, but binds with sub micromolar affinities to CB7, while FGGW
binds to both hosts with relatively high affinities. Of note is the fact that CB7 appears to be
able to bind FGGW at the two distinct sites. Given its affinity towards FGG, it is expected
that the higher affinity site, which is in the same order of magnitude, corresponds to the
N-terminal. At uM concentrations, it is expected that CB7 binds preferencially to the
N-terminal, leaving the C-terminal available for BB to bind to (Figure B.39). Nonetheless,
when analysing data from the host displacement model, this capacity of CB7 to bind at
both sites should be taken into account.

Capacity of the system to distinguish both of the selected guests was tested by UV-vis
and fluorescence spectroscopy, presented in Figure 3.15, with respective affinities obtained
presented in Table 3.6. Assays with FGG showed consistency to the results obtained with
each host individually, with Jd-DASPI assays with both techniques and Et-DASPI UV-
vis assays being the exceptions to this rule. Both assays yielded an affinity one order of
magnitude lower than the one found in literature and the one obtained by other techniques
in this work, speaking to other interferences in the optical response of the dyes.

When analysing the fluorescence assays done with FGGW, the results across dyes
are more inconsistent and are highly dependant on the starting concentrations of the
ternary complex species. Furthermore, the differences in signals between FGG and FGGW
when in the presence of the same host:dye:host assembly presents comparable variations,
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Table 3.6: Affinity constants (K / M™!) of the several host-guest complexes that can be
obtained with the CB7-dye-BB ternary system and the guests FGG and FGGW, obtained
by different techniques.

Technique KrcG-BB KrcG-cpr Krcow-BB Krcew-cB7
Direct titration 2.8 x 10?2 - 1.5 % 10° -
IDA - 8.8 x 107 - 5.0 x 1071,
8.0 x 10°lil
Host Displacement Assays:
Me-DASPI 1.0 x 103[altb] 2.6 x 107[al, - ld - ld
8.6 x 107Ib]
Et-DASPI 1.0 x 102l 4.0 x 107121, - [d - [d
1 x 103[P] 3.3 x 10°[b]
Jd-DASPI 1.0 x 1032 1.8 x 106l - [e] - [e]

Affinities calculated using the host displacement assay developed and presented herein, using both [a]
fluorescence and [b] UV-vis spectroscopy data. [c] Fitting of the data provided more than a single adequate
value of affinity constants and emission/absorbance of each species. For the hosts that bind at two different
sites [i] corresponds to the Kj; and [ii] to the Kp.
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Figure 3.15: Host Displacement Assay with CB7-Et-DASPI-BB complex with two the
two guests discussed in this section, FGG (followed by A. UV-vis and B. Fluorescence
spectroscopy, Aexc = 470 nm) and FGGW (followed by C. UV-vis and D. Fluorescence
spectroscopy, Aexc = 470 nm) and respective fitting of the data using the ternary complex
model, can be found in the inset. CB7, BB and Et-DASPI concentration was fixed at 20,
6 and 8 uM for FGG displacements and at 25, 6 and 8 uM for FGGW displacements,
respectively.
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not allowing qualitative distinction. Factors associated with the model and optimization
method are important to consider as well for quantitative analysis - parameters like the
initial guesses and limits in which the model will search for an answer (bounds) influence
the outcome in a large degree. When looking at the example presented in Figure 3.15,
tittings with differently defined bounds led to almost equally acceptable fittings (Figure
3.16). While the fitting 1 is the one which presents emission values of the species most
concordant with previous results, slight variations seem to have a high impact on the
result of BB-FGGW affinity. The model uses least squares method for minimazion of the
difference between experimental and calculated data - while a useful and efficient method,
the minimization process could fall erroneously into local minimums of the overall model
while overlooking the true minimum inside the restraints inputed. Additionally, when
fitting too many variables at once, these types of models tend to fall into overfitting of the
data in which some considered parameters are unecessary or might be overcompensating
for errors in other parameters, leading to misleading results.?*® For systems like that of
Jd-DASPI, where it is unclear if we do have quaternary complexes forming and where the
different species final emission and absorbance is not known to begin with, it is difficult
to get clear quantitative results. For those where both hosts bind, the addition of novel
variables and lack of new optical signal lead to loss of information, that would be crucial
to distinguish events.
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Figure 3.16: Example of two different fittings of the experimental data obtained from
Et-DASPIT host displacement assay with the peptide FGGW. Bounds for the fitting and
results obtained are presented in Table 3.7.

These various factors, added to the low affinity of BB to the dyes studied, leads to the
incapacity of the system to distinguish binding of FGG and FGGW to both hosts in an
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Table 3.7: Affinity constants (K / M™1) obtained for the same data set, presented in Figures
3.15 and 3.16 but obtained with different bounds for the model optimization, showing
the ability for acceptable fittings with affinities several orders of magnitude different and
small changes in the remaining parameters.

Parameters Fitting 1 Fitting 2

Result Bounds Result Bounds
Krcow-gg / M1 1.7 x 10° 1-1x10° 1.0 1-5x10°
Krcew-cr7 / M™1 5.2 x10° 1x10%-1x10° 1.3 x 107 1x10%-1x10°
FEi_DAspI 0.44 0-3 0.54 0-3
FCBy—Et—DASPI 3.50 1-10 2.44 1-10
Fep7-Et-DAsPI-BB 0.02 0-1 0.41 0-1
Y(Feate = Fexp)? 0.0037 0.0080

unequivocal manner.

In this section, itis possible to see that the increase of complexity does bring advantages,
but can also increase the number of variables and problems that need to be accounted
for. Increasing complexity without additional information (like the ratiometric signals
observed in section 3.1) leads to models and optimizations falling in the realm of overfitting
of data. Strategies to overcome the limitations observed here could fall both on the
photophysical response of the system but also in the design of the system in itself. Several
dyes were tested with these hosts, to test if they could form these ternary complexes
but with a shift in emission, however most of them were unsucessful. Covalently linked
receptors for orthogonal sensing were also explored and can be found in the following
section.

Nonetheless, the supramolecular assembly of CB7-Dye-BB shows great promise for
its applicability in qualitative array-like assays, with its ability to provide distinct signals
using one system only. This assay in addition with other qualitative assays with different
dyes and receptors could be sufficient to ensure speciation in cases like those of aqueous
media contaminated with different pharmacological agents and is an avenue that will be

explored in the future with this system.

3.3 Ditopic Receptors for Orthogonal Peptide Sensing

This section of the project was developed in the context of the project RATIOPEP -
2022.02538.PTDC, with some of the synthesis steps having been performed by MSc.
Beatriz Raimundo, MSc. Daniel Miranda and MSc. Hanieh Mahmoodi.

A strategy that could improve problems like the ones faced in the previous section is
the incorporation of single receptors in a covalently interconnected system, in the form of
a novel Ditopic Receptor (DR). These receptors allow for increased affinity and selectivity
of the separate elements, enabling selective detection of small sequences and hot-spots.
When allied with tandem indicator displacement assays, the characteristic ratiometric
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signal will arise, showing the spectral signature of the complexed analyte, while also
being self-corrected. These ditopic sensors could be able to distinguish between similar
sequences which, in ordinary tandem assays and systems like the ones presented in
Sections 3.1 and 3.2, would originate identical signals (Figure 3.17).

Figure 3.17: Ditopic Receptor indicator displacement assays schematization with A. a
analyte that binds to both receptors and B. and C. with two analytes that bind selectively
to one or the other receptor moieties

Ideally, more than one DR would be synthesized to evaluate how different specificities
and affinities of the hosts, as well as distance between them and flexibility of the linker
could influence both the photophysical response as well as quantitative measurements
of the system. However, due to time constraints and difficulty and low yields of some
of the synthesis steps, the focus of this section of the project started by tackling the
monofunctionalization of CB7. Not only is this receptor particularly interesting due
to its high affinities towards N-terminal aromatic amino acids and specific sequences,
but its monofunctionalization is particularly challenging due to low yields and limited
reactivity and solubility of CBn. Despite the potential shown by the CB7-dye-BB system,
the other macrocycle initially selected was SC4, due to easier monofunctionalization and
also considerably higher affinity constants for its targets.

The first step in the monofunctionalization of CB7 was the addition of a hydroxyl moiety
on one of the seven glycouril units of this macrocycle (Figure 3.18). This oxidation reaction
has previously been reported by two main strategies: the photolysis of hydrogen peroxide
as a source of hydroxyl radicals and direct oxidation with a chemical oxidant.!09237.238
The latter was chosen due to lack of adequate equipment for bulk photolysis of hydrogen
peroxide and due to the low improvement in relation to chemical homolysis. Chemical
oxidation was successful and separation of monohydroxyl-CB7 (CB7-OH, Figure 3.19) from
CB7 and dihydroxyl-CB7 (CB7-(OH);) was achieved by reverse phase chromatography
with the polymeric resin CHP20P. Monitorization of the presence of CB7 in each fraction
was done by enhancement of berberine emission, a know dye that binds CB7 with high
affinities.”! Despite the characteristic distinguishing chemical shifts of the monohydroxy
variant in relation to unsubstituted CB7 (Figure 3.19), it was previously reported that
1:1:1 proportions of CB7, CB7-OH and CB7-(OH), yielded an almost inestinguishable
'H-NMR spectrum from that of pure CB7-OH.?” Because of this, the fractions containing

detectable amounts of CB7 variants with berberine assay were analyzed by Electrospray
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Ionization-Mass Spectrometry (ESI-MS) in the presence of guest Cystamine (Cys), in order
to confirm the degree of hydroxylation of each fraction (m/z calculated for CB7-Cys was
of 657.7, CB7-OH-Cys of 665.7 and CB7-OH,-Cys of 673.7, see Chapter 7.2.4 Figures B.42
to B.45).
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Figure 3.18: Reaction scheme of CB7 monofunctionalization strategies and respective
conditions used.

After separation of CB7-OH from CB7 and CB7-(OH),, further functionalization was
done by two different methods. The first hinged on the formation of the propargyl alkoxide
and consequent substitution reaction on the C-OH of CB7, in order to add the alkyne
for future click-reaction.!”® Although the reaction appeared to be successful by ESI-MS
analysis (Figure B.46), it always originated a mixture of CB7-propargyl and CB7-OH that
could not be purified successfully by the reported methodology, due to the increased
solubility of both compounds in the presence of a high amount of salt, originated from
the reaction of NaH with trace water in the CB7 cavity.

The second strategy was based on the formation of a carbocation in highly acidic
conditions, as reported by Kim and coworkers.?* This functionalization was tested with
the list of substituents that can be found in Table B.3. Although different reactants were
tried in order to add the alkyne moiety to CB7, e.g. propargyl alcohol and 5-hexynenitrile,
these did not react in the conditions reported. It was hypothesized that these functional
groups might have some steric hindrance in approaching the host molecule due to their
bulkiness, limiting the type of substituents that could be used in this host. However, with
smaller, already reported substituents, the reactions were successful: 3-bromopropionitrile
and 2-cyanoacetic acid were used to obtain CB7 host with bromide (CB7-Br) and carboxylate
(CB7-COOH) functional groups, to test different reaction mechanisms for covalent linkage
to SC4 (Figure 3.18).

Consumption of CB7-OH and appearance of two triplet proton chemical shifts at 2.85
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Figure 3.19: 'H-NMR spectrum of a CB7-OH fraction with respective protons assigned,
based on the paper by Ayhan et al., as well as guest 1-adamantamine proton chemical
shifts for the bound (dark grey) and free (light gray) species.237 The proton chemical
shift marked in pink was used as a reference for the integration of monofunctionalization
protons for further reactions.

and 3.50 ppm, as reported in the literature, were the main evidences supporting the
successfull synthesis of CB7-Br, as seen in Figure 3.20.*° This compound was further
reacted with sodium azide in water so as to prepare this macrocycle for a click reaction.
This was done in an NMR tube in D,O and it is observable by IH-NMR that the triplet
signals that should correspond to the -CHj- groups of the substituent (Figure 3.20, full
spectra in Figure B.48) suffer a significant upfield shift after a few hours of reaction
time. This test indicates the possibility of reaching the necessary reactants for a click
reaction through this synthetic route could be a feasible option, by obtention of CB7-N3.
Isolation and ESI-MS analysis of these two products needs to be done, as well as 2D-NMR
experiments, to fully confirm the conversion to this species. In addition to that, strategies
for obtaining the calixarene derivative with the alkyne substitution are currently being
explored, but the necessary final reactant has yet to be obtained.

CB7-OH reaction with 2-cyanoacetic acid appears to also have been successful, with
the appearance of a singlet at 3.92 ppm, but trace amounts of CB7-OH were still detectable
in 'H-NMR spectrum of the reaction mixture after work-up (Figure B.49).

Simultaneously, MSc. Hanieh Mahmoodi, working under the project scope, obtained
the monofunctionalized SC4 shown in the Figure 3.21. Having the amine group in
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Figure 3.20: 'H-NMR spectra of the products CB7-OH, CB7-Br and CB7-Nj in DO in the
presence of 1-adamantamine for CB7-OH and p-Xylylenediamine for the remaining two.
Full spectra can be found in the Supplementary Information, Figure B.48.

SC4, it is possible to directly conjugate CB7-COOH with this group, by 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide (EDC) mediated conjugation, or further functionalize
SC4-NH2 with a alkyne moiety for final DR synthesis with click reaction.
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Figure 3.21: Reaction scheme of SC4 monofunctionalization and conditions used for each
reaction step.
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4

SELF-ASSEMBLY-BASED STRATEGIES FOR PEPTIDE

SENSING

Another property inherent to both supramolecular and biological systems is the capacity
of several different elements of a system to self-assemble into more complex structures.
While this self-assembly process can be driven by strong non-covalent interactions between
elements, the medium where this system is inserted is can be equally important. In the
case of aqueous solutions, the driving force related to the hydrophobic effect can be
as relevant for the overall binding of two molecules as other non-covalent interactions.
These properties are behind many self-assembled structures like the formation of micelles,
layers in interfaces and vesicles and respective membranes, formation of supramolecular

polymers, channels, among others.!#147.148

One of the greatest benefits of these self-
assembly based systems is their responsiveness to stimuli, leading to either dissassembly
or changes in the overall properties of the assembly in itself.

The concept of aggregation and aggregates is closely associated with the self-assembly
of molecules, but its definition is not completely consensual - while aggregates can
sometimes be referred as ordered assemblies, other sources use this term to refer to
amorphous assemblies and, as such, distinguish them from the previously referenced
ordered structures that can be achieved through self-assembly.?40?4! The word aggregation
will be used according to the latter definition, where it refers to agglomerates of molecules
without a clear or obvious structure.

In this section, seeing as SC4 has proven to be a versatile sensing platform, the host
was once again explored, this time using the self-assembly mechanisms mentioned. Firstly
the aggregation of the SC4-nPy family of sensors, based on the SC4-4Py sensor shown in
Section 3.1, was explored for the ratiometric detection of high affinity polycationic guests.
The second sensing mechanism explored was based on the self-assembly of O-substituted
SC4 surfactants on interfaces between bulk aqueous phase and organic droplets. Due to
their receptor functionality, their response in these emulsions was studied in the absence

and in the presence of their specific guests.
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4.1 SC4-nPy family as an aggregation-based ratiometric sensing

array for polycations

While SC4-4Py has proven to be a useful host and reporter for ratiometric IDA in water,
the presence of the pyrene moiety and the amphiphilic design led it to aggregate in the
presence of highly charged guests above a given concentration. This aggregation presented
the simultaneous appearance of an emission band consistent with the formation of pyrene
excimers, appearing as an unstructured band above 400 nm.

Despite presenting a hindrance for the applicability of the SC4-4Py-LCG system for
detection of highly charged guests, aggregation-based systems can have a great poten-
tial as an alternate detection mechanism. SC4 presents high affinities for polycations,
going below nM affinities, however, much like encountered in Section 2.2, the distinc-
tion between polycations comprising closely spaced positively charged residues can be
challenging. Different polycations displaying affinity constants below the uM range, in
physiological conditions, can equally saturate the macrocyclic receptor, leaving no window
of differentiation for these high affinity targets.

The SC4-nPy family of sensors was designed and synthesized with these challenges in
mind. These use the same monofunctionalization-based design that has been previously
used to exploit the photophysical properties of pyrene-based probes and the SC4 binding
selectivity towards cationic targets to create a versatile aggregation-based sensing platform.
Variation of the length of the alkylic linker (n = 4, 6 and 8) that connects the receptor to
the indicator grants this library of amphiphilic sensors different aggregation capacities
based on the substituent hydrophobicity. It is expected that, when free in aqueous
medium these sensors present pyrene’s monomer emission, A., < 400 nm, and, upon
charge neutralization at the SC4 moiety, if above Critical Aggregation Concentration
(CAC), the complex will aggregate and its emission shift to the expected excimer emission,
Aem > 400 nm, originating the desired ratiometric signal (Figure 4.1). This strategy
allies the benefits of dual-signal sensing systems with an aggregation-based detection -
modulation of aggregation capacity allows detection beyond the limits imposed by quick
saturation of the host, enabling the sensing high affinity guests at yM concentrations and
opening the door to the possible distinction of polycationic targets with different effective
charges.

The desired SC4-nPy chemosensors were synthesized by direct monoalkylation of
SC4 with the corresponding derivative in basic media, as described previously. The
products were isolated by reverse phase column chromatography and identified by NMR
spectroscopy and High Resolution-Mass Spectrometry (HR-MS).

The CAC of the SC4-nPy in the absence of target analytes was determined by front-
face fluorescence spectroscopy measurements of the chemosensors in aqueous, buffered
solutions (phosphate buffer (PB) ,5 mM pH 7.4). The three compounds present absorp-
tion and emission spectra concordant with that expected for the pyrene dye - in dilute
conditions (< 10 uM) all three SC4-nPy present a strong emission at 370-400 nm with
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Figure 4.1: A. Structure of the molecular sensors SC4-nPy (n =4, 6 and 8) and B. schema-
tization of the mechanism that originates the desired ratiometric measurement.

vibrational resolution, which is consistent with the monomeric form of pyrene being the
major species in solution; increasing the SC4-nPy concentration leads to appearance of
a wide, structureless, excimer-like emission band centred at 498 nm, that, according to
the excitation spectra monitored at 498 nm, can be assigned to the formation of emissive
ground-state aggregates (Figure 4.2 A). Plotting the relative emission intensity at 498 nm
against the concentration of SC4-nPy allows the determination of the CAC at the point
where this emission band suddenly appears, defining the aggregation onset. As expected,
the CAC decreases with the increase in the size of the alkyl chain linker, being 2, 1 and
0.05 mM for SC4-4Py, SC4-6Py and SC4-8Py (Figure 4.2 B, C and D), respectively.

After these initial studies, the same small library of oligoarginine peptides used in
Chapter 2 was used to test the ability of these chemosensors to differentiate between differ-
ently charged polycations: RRGG-NH;, RRRG-NH;, and the oligoarginines RRRR-NHy,
RRRRRR-NH; and RRRRRRRR-NH; (R2G2, R3G, Ry, R and Rg, respectively). The critical
aggregation concentration of all the receptor-peptide complexes was estimated by fluores-
cence spectroscopy to determine the aggregation onset for each complex. Then, the affinity
of the peptides towards the chemosensors was determined at sub-CAC concentrations by

competitive assays using the lucigenin (LCG) dye as probe.

To ascertain if the binding properties of the calixarene moiety were maintained despite
the monofunctionalization, the binding constants of the SC4-nPy chemosensors towards
the LCG dye were obtained by direct titration experiments (Figure 4.4 A). As observed for
other SCn derivatives, the addition of SC4-nPy to a LCG solution, leads to a considerable
quenching of its fluorescence emission due to the formation of a host:guest complex
with the SC4 receptor moiety. Fitting the titration data to 1:1 binding model allows
the determination of the binding constants (Table 4.1). The LCG affinity towards the
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Figure 4.2: A. Excitation spectra (full line) and absorbance spectra (dashed line) of SC4-6Py
at 20 uM (blue) and at 2 mM (orange) with the emission maximum fixed at 396 and 480
nm, respectively. Emission variation at 498 nm with increasing concentrations of SC4-nPy
sensors B. SC4-4Py, C. SC4-6Py, D. SC4-8Py. The critical aggregation concentration is
represented in each of the respective sensor plot.

monosubstituted SC4-nPy is relatively high (> 107 M™!), independent of the size of the
alkyl spacer, and, as observed for the monofunctionalized SC4 receptors reported in
previous work, only slightly lower than that observed for the parent receptor SC4 (Table
4.1).

It was necessary to determine the extent of aggregation of SC4-nPy family in the
presence of each element of the library in order to unveil the expected response of each
sensor in relation to number of charges but also to indicate the limits of concentration at
which displacement assays could be done. To this end the CAC of each receptor-peptide
complex was estimated for a 1:2 ratio, by fluorescence spectroscopy (see Figure C.5 and
Table C.1). Expectedly, the same trend found for the free sensors was observed for their
complexes with the oligoarginines, with a consistent decrease in CAC with the increase
of alkylic chain of the sensor. This is concordant with previous results, where increase
in alkyl chain length linearly relates to the decrease of the logarithm of Critical Micelle
Concentration (CMC) of both single chain amphiphiles and tetrameric species with the
4 unit calixarene, SC4, as the polar moiety (Figure 4.3 A).2#22%> This relation was also
observed with the increase of guest effective charge, as shown for the three sensors up
to the six residue oligoarginine (Figure 4.3 B). Although formation of micelles has been
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previously confirmed for fully substituted calixarenes, with alkyl chain susbtituents, it is
not clear that the monofunctionalized species form this type of structure. In the absence of
guest, some species can be detected below 10 nm but polydisperse large aggregates are the
most prevalentstructure. In the presence of peptide these appear to be polydisperse as well,
without a clear distribution detectable by Dynamic Light Scattering (DLS) experiments
(Figure C.6) and eventually precipitate out of solution. Despite precipitation occurring
for the sensor-peptide complexes, the sensors present the expected distinct aggregation

capacity and different responses with differently charged polycationic guests.
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Figure 4.3: Variation of the natural logarithm of CAC (M) with A. the number of carbons in
the alkyl chain of the sensors and B. the number of arginine residues in the oligoarginine
guests. This relation presents the expected linearity often found for different surfactants
when alkyl chain length is increased, leading to decreased CMC or CAC.

Once characterized, the receptor-lucigenin complexes were employed as reporter
binding pairs in indicator displacement assays (IDA) for the determination of the binding
constants of the SC4-nPy towards the selected library of peptides (Figure 4.4 B). Addition
of R4 to a solution containing the SC4-4Py-LCG complex leads to gradual recovery of the
fluorescence intensity due to the release of the LCG dye from the calixarene cavity through
competitive binding with R4. The titration data can be fitted to a competitive binding
model, allowing the determination of the binding affinity of the R4 peptide towards
the SC4-4Py chemosensor. These experiments were repeated for the other peptides and
SC4-nPy chemosensors (see Figure 4.4 B and supplementary information, Figures C.7 to
C.9), and the results (Table 4.1) show that the affinities of the arginine peptides toward
the new SC4-nPy receptors are only slightly affected when compared with those observed
with the parent SC4. The affinities of the different peptides for the SC4-nPy chemosensors
show a consistent increase as the overall charge of the polycation is increased. Noteworthy;,
for peptides with 6 or more arginine residues, the aggregation onset falls below 50
nM, which is below the limit of detection for the dye and equipment setup. Thus, the
affinities obtained were not under optimal displacement conditions and may still reflect
contributions from aggregation, preventing accurate determination of binding constant
values for the monofunctionalized chemosensors. Furthermore, the low concentrations

at which aggregation is observed also limits the use of NMR spectroscopy and ITC to
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characterize the complexes, due to the interferance that aggregation processes has on these
alternative techniques. Nonetheless, comparing these values with the ones obtained in
Chapter 2, the affinity constants up to R4 are consistent with the SC4 affinities towards the
same oligoarginines, which indicate that the trend could be the same for these receptors,

although not directly quantifiable.

A B
3
0uM 24
; ’:'; 2.35uM g
< < TE12
2 .
8 8 z
o S w
O (5]
o ] .0 T
5 g 1 0.0 1.5 3.0
I E [R,] (uM)
[ [T
= ‘ 0
450 500 550 600 650 700 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 4.4: A. Fluorescence titration of LCG with SC4-4Py and B. indicator displacement
assay with the SC4-4Py-LCG pair and the peptide Ry, followed by fluorescence spec-
troscopy (Aexc =369 nm). The concentration of the Lucigenin dye was fixed at 0.19 uM for
the first assay and the concentrations of dye and SC4-4Py were fixed at 0.1 and 0.4 uM,
respectively, for the competitive assay with Ry.

Table 4.1: Apparentaffinity constants (K /M) calculated by competitive dye displacement
assays using lucigenin (LCG) as a fluorescence probe for the SC4 receptor and the SC4-nPy
sensors, n = 4, 6, 8. All experiments were carried out in 5 mM phosphate buffer at pH 7.3.

Guest K/M™

SC4-4Py SC4-6Py SC4-8Py
LCGlal 1.2 x 107 1.6 x 107 1.1 x 107
R,Gy 9.1 x 10° 9.2 x 10° 9.5 x 10°
R;G 9.1 x 10° 4.4 % 10° 3.1 x 10°
Ry 4.3 x 107 3.2 x 107 3.7 x 107
Re >1 x 108[bl L] L]
Rg _lel _lel el

[a] Affinity constant obtained by direct titration of LCG with the given receptor. [b] Only the lower limit
of the K can be estimated because the titration curves display a sharp levelling-off at 1 equiv. of peptide,
which is characteristic of very high binding affinity, precluding the accurate determination of the K under
the experimental conditions. [c] No affinity constants were obtained due to the CAC being lower than the

lower detection limit for the technique used.

After establishing that the SC4-nPy chemosensors retain the general binding properties
of the parent SC4 receptor, direct fluorescence titrations were conducted by adding
increasing concentrations of peptide to SC4-nPy at a fixed concentration, in batch. These
experiments showed identical trends to those shown by the variations in CAC, with

different oligoarginines showing distinct ability to trigger the aggregation process for
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each sensor. As can be observed from Figure C.11 A, the addition of R,G; to a solution
SC4-6Py leads to a moderate quenching of the pyrene emission. However, the hexarginine
peptide R¢ clearly induces the aggregation of SC4-6Py as demonstrated by the decrease
in the intensity of monomer emission and the concomitant appearance of a new and
intense excimer-like emission band centered at, approximately, 480 nm. Considering that
the complexation-induced aggregation of the SC4-nPy chemosensors can be expected
to depend on their amphiphilic character (in line with CAC of the free compounds and
complexes) and on the overall charge of the target peptides, the induced aggregation of
the 3 chemosensors was screened for the different oligoarginines. As can be observed, the
most hydrophobic compounds present a higher tendency to aggregate in the presence of
a given peptide - for example, under the selected sensing assay conditions, SC4-4Py does
not aggregate in the presence of R3G, while SC4-6Py presents a small but measurable
aggregate emission increase and SC4-8Py shows considerable aggregation induced by this
peptide. Similarly, the aggregation of SC4-4Py is only observed for oligoarginines with 4
or more cationic residues, while SC4-6Py starts to aggregate with R3G and SC4-8Py with
the peptide with only two arginine residues. These observations indicate that a highly
positively charged peptides leads not only to higher affinities but also more efficient charge
neutralization of the SC4 moiety, which are thought to be the main mechanisms behind
this aggregation phenomenon. For the larger polycations, under the chosen concentrations
of sensor, it becomes challenging to distinguish the observed output, as both Rg and Rg
lead to equally efficient aggregation of the chemosensors.

Taking advantage of the clear differences of CAC for these complexes with different
peptides and sensors, the concentrations could be adjusted in order to allow the naked-eye
visualization of the change in emission color. Visually, it is possible to clearly distinguish
the presence of peptides with two arginines from the ones with more arginine residues.
When analysing these results at lower concentrations by fluorescence spectroscopy and
normalizing the values for the highest ratio for each sensor it is possible to further this
visual distinction up to Ry, for the assay at 50 uM, while the larger peptides can only be
distinguished by adjusting the sensor concentration to a lower value (1 uM).

A Principal Component Analysis (PCA) was conducted using both monomer and
aggregate emission (A = 376, 420 and 480 nm) and, taking advantage of the ratiometric
measurement that this system allows, the complete distinction up to Rg is possible at the
concentration of 10 uM of peptide and 5 uM of the sensors. Similar analysis using only
the quenching of monomer emission at different wavelengths yields less distinction for
both large and small oligoarginines, as well as presenting a higher error for the triplicates
of a given peptide (Figure C.16).

Although successful distinction was obtained in this proof of concept study, one of
the main limitations of this work falls on the variability introduced by concentration
variations. Ideally, a calibration curve should be performed for each of the guests with
different number of charges, as well as other calibration assays, in order to use this

array-like sensing assay in more complex samples as is the case of biological ones.
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Figure 4.5: A. Visual array under fluorescent light (A.y. = 366 nm) performed with the
sensor SC4-6Py at 5 uM, before and after the addition of 200 uM of each of the peptides,
with two negative controls, one with only phosphate buffer 5 mM and the other with
only the sensor molecule. Bar plots of the fluorescence ratio at 480 and 396 nm of the
SC4-nPy sensors (5 uM) are represented as well, with the values normalized for the highest
ratio for the three sensors at the corresponding concentration of peptide. The peptide
concentration used was B. 1 and C. 50 uM. D. Fluorescence titration of SC4-6Py (1 uM,
Aexe = 347 nm) with Re with the peptide concentration varying between 0 and 7 uM. E.
Principal component analysis (PCA) of the emission of the three SC4-nPy sensors (5 uM)
in the presence of 10 uM of each peptide. The data used consisted of emission at three
different wavelengths (A = 376, 420 and 480 nm) normalized at 396 nm, and using triplicate
samples of each of the peptides. The ellipses correspond to 95% confidence intervals for
each group of peptide samples, with RyG; and R3G not observable due to higher accuracy
in the classification.
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Despite its limitations, the use of the different CAC for the investigated chemosensor-
peptide pairs and the use of this stimuli-responsive self-assembly-based system allowed
detection beyond the limit of conventional affinity-based assays. This alternate strategy
makes this a powerful prospective system for the successful differentiation between
polycationic high affinity guests like this peptide family and, eventually, proteins with

polycationic sequences or cationic patches on their surface.

4.2 p-Sulfonatocalix[4]arene based surfactants in

coalescence-based sensing strategies

This section of work was developed in collaboration with Professor Timothy M. Swager
and Dr. Georgios Toupalas, during a three month stay at the Swager Lab, Massachussets
Institute for Technology, Cambridge, MA, in the scope of the European Horizon2020
project VIT (“Polymer engineering via molecular design: embedding electrical and optical
properties into VITrimers”, Grant agreement ID: 101008237).

Oil in Water (O/W) emulsions consist of an organic phase dispersed in an aqueous
phase, stabilized by the presence of a surfactant in the interface between the two phases.
These can be characterized as large supramolecular systems, seeing as they hinge on
non-covalent interactions between different elements and solvents to self-assemble into
spherical droplets, with the surfactant molecules at the interface between these (disperse
phase) and bulk solvent (continuous phase). Their formation and overall characteristics
are key in several fields, including surfactant chemistry, formulation development in
pharmacological and cosmetic industries, and fuel industry.246-248

While more complex emulsions have been successfully employed for sensing and
detection of both environmental and biological targets with great success, O/W emulsions,
despite their ease of preparation, have yet to be fully explored for such purposes.?4>2>
In this work, O/W emulsions were used as a platform for creating a sensing system. A
family of surfactants based on calixarenes of different sizes was selected for their dual
functionality, having the capacity to stabilize the interface and serve as receptors inserted
into a confined platform. The family of molecules chosen for this was based on the
previously characterized SCn moiety, but instead of the monofunctionalized species, fully
O-substituted calixarenes were used, with varying length alkyl chains and variable calix-
arene host size (SCn-mC, Figure 4.6). These oligomeric surfactants allow the stabilization
of O/W emulsions due to their amphiphilic and multivalent nature, can presenting low
CMCs, while also acting as receptors for cationic molecules.?*?? The sensing mechanism
is based on the expected alteration of the system properties caused by complexation: when
binding of cationic guests occurs, there will be a charge neutralization in the calixarene
polar head, leading to a dimished effect on the surface tension in comparison to the free
surfactant, and consequently affect the stability of the emulsion or alter the morphology
of the droplets.
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Figure 4.6: SCn-mC surfactant chemical structure and respective designation.

O/W emulsions were obtained by addition of a small aliquot of organic solvent to
a solution of the given surfactant and vortexed for 5 to 10 seconds or until a stable
dispersion was observed (see Chapter 7 for full methodology). While mixtures without
any surfactant quickly separated in two distinct phases, droplets could be observed either
on the top or in the bottom of the aqueous solution for surfactant samples, depending on
the organic phase and after letting the dispersion settle, confirming that emulsions were
successfully obtained. These initial studies with the polydisperse samples showed that
these surfactants were particularly promising for the stabilization of o-dichlorobenzene
(O-DCB) droplets in aqueous solution, when compared to results with diethylbenzene,
where little to no droplet formation was observed (Figure C.17). Surfactant concentrations
as low as 0.025 wt% successfully stabilized polydisperse emulsions of O-DCB in water,
confirmed under optical microscope, up to 24 hours after droplet preparation (Figure 4.7
and Figures C.18, C.19, C.20 and C.21).

In order to compare the full library of surfactants and relate it to the capacity to
stabilize droplet formation, surface tension, y / mN m~!, values were measured using the
Contact Angle Apparatus, with the pendant drop method, for O-DCB droplets in 0.025
wt% aqueous surfactant solution. The CMCs could not be obtained for the full SCn-mC
library due to time constraints, however, comparison at this fixed concentration, added to
literature CMC values for the water-air interface, gave an indication of the most efficient of
the surfactant molecules and the effect on surface tension. y decreases with the increase
of alkyl chain length at this concentration only up to the 7 carbon alkyl chain surfactants,
with SC4-8C showing similar y to those without surfactant. SC8, while it showed the
ability to stabilize the droplets visually, in the conditions of the pendant drop assay no
effect on solvent surface tension was observed, so no conclusions could be drawn. For
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Figure 4.7: A. Optical microscope images of polydisperse emulsions of O-DCB in aqueous

solution of SC4-4C surfactant at 0.1 and 0.025 wt%. B. O/W surface tension, y / mN

m~! variation with calixarene host size and alkyl chain length of O-DCB droplets of

the different surfactant solutions at 0.025 wt%. O-DCB value in water in the absence of
surfactant presented as a black line with respective error as dashed lines.

full, adequate analysis, the CMC of all the species should be obtained, while accounting
for the slow kinectics that these species present both for structural rearrangement and for
exchange between the micelles formed at higher concentrations and interface between
organic and aqueous phase.**?*? Due to these time limitations and constraints of the
system, SC4-4C was chosen to try to achieve a proof of concept for this O/W emulsion
stability-based sensing mechanism.

Monodisperse droplets were made by microfluidic fabrication, by mixing the two
phases in a microfluidic chip with 50 um channels.?**?*! The concentration selected was
0.037 wt%, which corresponds to the necessary amount to cover the spherical O/W in-
terface fully in a monolayer of the chosen calixarene surfactant, SC4-4C, calculated by
approximate area of calixarene receptor in solution.”?> Addition of previously reported
SC4 guests to these monodisperse emulsions, Arginine-o-methylesther (ArgOMe), and
oligoarginines R¢ and Rg, leads to coalescence of the droplets. In Figure 4.8 the concen-
trations at which coalescence starts to be consistently observed are shown, corresponding
to addition of 50, 5 and 1 uM for ArgOMe, R¢ and Rg, respectively, to a 0.037 wt% (= 350
uM) SC4-4C solution.

Repetition of surface tension measurements by pendant drop method in the presence
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Figure 4.8: A. O/W surface tension, y / mN m™! variation of O-DCB in SC4-4C 0.035 wt%
solution with increase of ArgOMe concentration, represented in equivalents to the surfac-
tant concentration. Complex fraction at the given ratio of SC4-4C and ArgOMe represented
as a dashed line with respective values in the secondary axis. Optical microscope images
of monodisperse droplets of O-DCB in 0.037 wt% in SC4-4C solution before and after ad-
dition of B. 80 uL PB5 mM pH 7.4, C. 50 uM ArgOMe, D. 5 uM R¢ and E. 1 uM Rg. Images
shown corresponds to the concentrations were coalescence started to occurr consistently
for triplicate analysis; for full array of concentrations tested, at different magnifications,
see Figures C.22 to C.25.

of ArgOMe shows a marked decrease in surface tension well below saturation of the
calixarene receptor. Additionally, an increased turbity of the calixarene-ArgOMe samples
was observed with the increase of ArgOMe concentration, up to the charge neutralization
point at 2 equivalents of this guest. Such effect seems to correlate with the interval of
concentration at which droplet coalescence starts to be observed more consistently, with
the drop in surface tension observed between 35 and 87.5 uM ArgOMe and the coalescence
onset visually detected to be equal to or below 50 uM. Due to both of these factors, it is
likely that the decrease in surface tension observed could be due to sedimentation during
the pedant drop tensiometry assay, which is a known limitation of the method, leading
to apparent surface tension decreases.?? Considering these results, it was not possible to
ascertain if the surface tension was influenced by the complexation, so the mechanism
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of coalescence could not be clarified, but alterations in the system appear to correlate
between different experiments.

Given this consistent response and despite the visual response provided by droplet
coalescence, a clearer and measureable readout mechanism was needed for a facile and
efficient detection system. Several strategies were attempted based on turn-on fluorescence
signals, all of them taking advantage of the capacity of droplets to act as microcontainers.
If different species, not capable of partitioning into the aqueous medium, are added to
distintc emulsion batches, we can have them separate, with mixing and, consequently,
reacting only upon this triggered coalescence.

Chemiluminescence (CL) was initially tested as a readout mechanism, due to the
high signal-to-noise ratios associated with the most common CL reactions. These are
often triggered by the oxidation of an initial reagent into an unstable peroxide that
will lead to a chemical excitation of a fluorescent aromatic hydrocarbon with low oxida-
tion potential. The reaction used in this study was the peroxyoxalate reaction, where
an oxalic phenylester reacts with hydrogen peroxide to originate 1,2-dioxetanedione,
which is able to excite the aromatic hydrocarbon dyes.?>#?> The reaction was done
with bis(2,4,6-trichlorophenyl)oxalate (TCPO) as the oxalate precursor and 9,10-(diphenyl-
ethynyl)anthracene as reporter. Even though CL was observed in organic phase both with
H,0O; and triethylsilane (TES) protected peroxide (with addition of a catalyst for the depro-
tection, see Figure 4.9 A), in O-DCB-Water emulsions, no emission was visually observed
or detected by fluorescence spectroscopy both before and after coalescence (Figure 4.9,
Table 4.2 and Figure C.26). The most efficient catalyst for deprotection of (TES),-peroxide,
tetrabutylammonium fluoride (TBAF), was likely binding to the calixarene moiety in the
surfactants and interfering with the stability of the droplets, not allowing the formation
of droplets in the first place. Other catalysts were used but their efficiency was limited
in organic solvent so it is possible that the extent of CL was too low to be detectable in
the droplets (see droplets obtained with different catalysts in Figure C.27). Additionally,
there’s the possibility that, in the O/W emulsion, the oxalate could partition to some
extent into the aqueous phase and degrade in contact with water before the droplets with
different contents were mixed and coalesced.?*®

With the poor success of CL-based turn-on fluorescence strategies, a turn-off mecha-
nism was attempted based on the epoxidation reaction presented in Figure 4.10 A. Epoxi-
dation of dyes like 1,6-diphenylhexatriene (DPH), with A,y = 350 nm and A, = 420 nm,
leads to interruption of the m-system and consequently, change in absorption and emission
properties of the fluorophore, leading to quenching or blue-shifted emission.?>72%

This reaction was first evaluated in O-DCB, with meta-chloroperoxybenzoic acid
(mCPBA), soluble in the organic medium, acting as oxidizer of DPH. DPH emission
was quenched to approximately 60% after 1 hour after addition of mCPBA (Figure C.28).
Monodisperse droplets were prepared at 0.037 wt% of SC4-4C, in two separate batches,
with 0.1 mM of DPH and 5 mM of mCPBA in the organic phase, respectively. Fluorescence

microscopy shows the presence of the dye in the DPH droplets and no emission in the
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Figure 4.9: A. Strategy for chemiluminescent peroxalate reaction using TES-protected
peroxide. Deprotection of the peroxide was used to generate H,O, in the organic
phase and catalysts tested for the deprotection reaction are presented on the right, from
top to bottom: TBAF, 2,3,4,6,7,8,9,10-octahydropyrimido[1,2-aJazepine (DBU), 1,4-Diaza-
bicyclo[2.2.2]octane (DABCO), Triphenylphosphine (PPh3), ZnF, ZnF:18-Crown-6 and
1-methylimidazole. B. CL visually detected in O-DCB phase with catalysts TBAF, DBU
and 1-Methylimidazole.
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Table 4.2: Results for the chemiluminescence assays with TES-protected peroxide and
respective catalyst used for deprotection reaction and respective concentration. TCPO and
fluorophore concentration were fixed at 1.7 mM and 0.11 mM, respectively.

Catalyst [Catalyst] CL in O-DCB CL in droplets

TBAF 10 mM v X

DBU 10 mM v X
DABCO 10 mM X X

PPh3 10 mM X X

ZnF Sat. X X
ZnF:18-Crown-6 Sat. X X
1-methylimidazole 10 mM v X
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Figure 4.10: A. Epoxidation reaction with DPH and meta-chloroperoxybenzoic acid

(mCPBA), with the site selected as example of where epoxidation can occurr. B. Emission
spectra (Aexc = 350 nm) of the mix of two different batches of polydisperse droplets in

SC4-4C 0.037 wt%, with mCPBA and DPH in the organic phase, before and after the
addition of ArgOMe, followed up to 180 minutes after addition of the guest. In C. the
zoom in of the area highlighted in yellow in B is presented, for better visualization of the

evolution of DPH emission after addition of an excess of guest.
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mCPBA batch. Small aliquots (5 uL) of each batch were added to the same glass plate and
checked for quenching of DPH emission without any guest present and in the presence
of increasing concentrations of the 8 residue oligoarginine, Rg. The emission showed a
sigmoidal dependence on the peptide concentration, with a marked decrease for samples
where coalescence occurred (confirmed by microscopy studies). Control experiments were
made to verify the source of this quenching - the same assay was performed only with
DPH droplets and a similar trend could be observed. This reveals that the coalescence
appears to be the main contributing factor for quenching of DPH emission, either by
physical phenomenon (dispersion of emited light in droplets) or by oxidation from mixing
with oxygen present in the aqueous phase.

A detection mechanism was successfully achieved, even though the mechanism of
quenching could not be clarified, due to the time constraints of this project. Ideally, O/W
emulsions with different organic solvents could still be tested with this family of surfactants,
in order to control the partioning of the different reactants between phases and, eventually,
lead to a successful turn-on detection method. Moreover, other chemiluminescence-based
sensing strategies could be explored as well.
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Figure 4.11: A. Fluorescence microscopy images of the two monodisperse batches of DPH
0.1 mM and mCPBA 5 mM in O-DCB droplets, prepared in SC4-4C 0.037 wt%. Top images
correspond to the brightfield image and the bottom images correspond to the fluorescence
microscopy ones, using the 4’,6-diamidino-2-phenylindole (DAPI) channel for excitation
and detection. Consistent emission is observed for the droplets with the dye DPH and
no emission is observed for mCPBA droplets, as expected. B. Variation of emission ratio
with the increase of peptide, Rg, concentration. The black circles represent the samples
where 5 uL of each droplet batch were mixed before analyte addition and in red using
only DPH droplets, which do not have triplicate measurements due to time limitations.
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5

MIXED BIOMIMETIC SYSTEMS BASED ON

HOST-GUEST CHEMISTRY AND SELF-ASSEMBLY

In biological environments, several factors contribute for the establishment of complex
functional structures, from environmental stimuli to the diverse interactions that can
be established between different biomolecules.>”"'”2 When we transpose this notion to
biomimetic supramolecular systems, the same factors need to be taken into consideration
when designing the system. When using a bottom-up approach, it is necessary to take
advantage of each building-block capacity to self-assemble into complex structures, which
can be aided by the incorporation of inclusion complexes, contributing to the stability of
such structures or for addition of functionality or stimulus-responsiveness to the system.”

Liposomes, as previously mentioned in the Introduction (see Section 1), offer not only
a way to compartimentalize function, much like observed for cellular membranes, but
also aid in the stabilization and biocompatibility of encapsulated compounds. These can
also serve as platforms for the study of different membrane-incorporated receptors, either
for transport or sensing of a variety of target molecules.”13173174

In this section, liposomes serve as a base not only for study of supramolecular receptors
in a cell-like environment, but also as a platform for the development of novel sensing
platforms and responsive transporters. In this chapter, a light-responsive transport system
will be presented, which was based on the calixarene receptor, SC4, and a photoactive
azobenzene moiety, studied in these artificial membranes and in cellular environment
with very positive results.?!> Additionally, a sensing system based on the same receptor,
but with the amphiphilic design described in Sections 3.1 and 4.1, was applied in the same

liposomal platform, for the detection of polycationic cargo in biomimetic environments.

5.1 Light-Activated Transport of Polycationic Peptides

This work has been developed in collaboration with CIQUS, at the Santiago de Compostela
University, Spain, and published in the Journal of the American Chemical Society in
2023.21 Coauthors on this paper contributed on the synthesis of peptides (Dr. Alicia
Rioboo) and SC4-Azo 2 (MSc. Beatriz Raimundo), as well as on the realization of some
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of the triplicates in the photophysical characterization and in the biological assays of cell
microscopy, flow cytometry and cytotoxicity assays (PhD Student Yeray Folgar-Camedn).
Most of this section corresponds to the reproduction of this publication with an added
final comment regarding relevant work that has been developed since the publication of
this work by other research groups.

Selective transport of ions, metabolites, and large biomolecules across lipid membranes
is a fundamental process for the maintenance of cellular function and homeostasis in

living organisms.?*

While small, moderately polar molecules can spontaneously cross
cell membranes by passive diffusion, the translocation of hydrophilic substances with
low permeability, including biologically relevant ions and large biomolecules, is generally
accomplished through a variety of transport mechanisms involving stimulus-responsive
membrane proteins. These biomolecular machines and active transporters are frequently
claimed as a source of inspiration for the development of artificial supramolecular channels
and carriers.!43260-264 Gynthetic transporters, usually designed as simplified prototypes of
their biological counterparts, are useful biomimetic tools, not only to investigate membrane
transport mechanisms and but for use as active pharmaceutical ingredients or drug-
delivery systems as well.134143,261-268

Stimulus-responsive artificial transporters displaying photomodulated activity are
particularly appealing due to the advantages of using light as a stimulus. Photoactive
systems allow remote application, a high degree of spatiotemporal precision, and, in most
cases, no production of chemical waste. 136143269 Theijr utility for biological and pharma-
ceutical applications has led to the successful development of a considerable number of
photoresponsive artificial channels and pores operating through different mechanisms.!43
However, independently of their functional mechanism, most photoresponsive transport-
ing systems are designed to target small ions, while those directed to larger biomolecules
remain unexplored.!8418>270-277

Among the different systems developed to transport large hydrophilic cargos across
membranes, amphiphilic counterion activators have proven to provide efficient synthetic
carriers using relatively simple and synthetically accessible molecules.?%>?”8 Counterion
activation phenomena result from the binding of polyionic species with oppositely charged
molecules, forming charge-neutralized complexes with higher membrane permeability.26®
Fundamental studies on counterion-activated membrane transport have been frequently
carried out using cationic peptides as cargo molecules.t179279-282 These investigations
have made important contributions to elucidate the intriguing high membrane permeabil-
ity of polycationic peptides, showing that their dynamic association with anionic molecules
present in cell membranes (e.g., anionic lipids or glycosaminoglycans) plays an important
role in their transport mechanism.?6°>283 Systematic screenings have identified pyrene
carboxylate amphiphiles as prime activators for the transport of poly- and oligoarginines
across phosphatidylcholine lipid bilayers.5?”” Amphiphilic sulfonatocalixarenes have
also been shown to be highly efficient counterion activators for the membrane transport

of cationic peptides.180-182
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The excellent translocation activity of these anionic macrocyclic receptors was cor-
related with their binding affinity toward positively charged peptides and their mem-
brane partitioning properties, with moderately amphiphilic receptors affording better
activators.!® Previous comprehensive structure-activity studies have reported that sub-
tle variations on the electronic and structural nature of activators can lead to dramatic
changes in their transport activity.61/179281.284 Consequently, the dynamic control of the
structure/polarity of counterion activators offers a promising conceptual strategy to
develop stimulus-responsive membrane carriers. We hypothesized that azobenzene
photoswitches, which are known to experience significant conformational and polarity
changes (Ap = 3 D) upon E-Z photoisomerization, would provide a rational design motif
for the potential construction of new light-responsive membrane transporters.?852%¢ In
this work, we report the first synthesis of such photoswitchable counterion activators
for the membrane translocation of hydrophilic peptide cargos. Our design relied on
p-sulfonatocalix[4]arene-azobenzene conjugates (Figure 5.1 A), as anionic receptors with
photomodulated amphiphilicity, which enables the light-triggered transport activation of
cationic peptides across artificial lipid bilayers and inside living cells (Figure 5.1 B).

The synthesis of the photoresponsive counterion activators 1 and 2 was accomplished
by direct monoalkylation of the SC4 macrocycle (the more organo-soluble lithium salt)
with the respective azobenzene precursor in dimethyl sulfoxide (DMSO) (see Chapter 7).287
The 'H-NMR results of both compounds in CD;OD (Figures 7.9 and 7.10) show two pairs
of doublets for the four methylene bridges indicating that, in this solvent, 1 and 2 adopt
the cone conformation.?®® In D,0O, the TH-NMR spectra of 1 and 2 (Figures 7.11 and 7.12)
are substantially different from those observed in CD30D, showing broader resonances,
which can be tentatively assigned to intermediate conformational and/or aggregation
exchange dynamics on the NMR chemical shift timescale.>®

The photochromic properties of 1 and 2 were investigated in diluted aqueous solution
by UV-vis absorption spectroscopy and in CD;OD by 'H-NMR. Photochemical irradiation
using a UV-light wavelength (A;,,) of 366 nm led to quantitative conversion of the E
isomers into the respective Z-forms, with the quantum yields (®) of photoconversion
being CDf_’Z =04 and CD;E_’Z = 0.4 (see Figure 5.2 and Figure D.1).

On the other hand, irradiation of the Z-forms at A;,, = 500 nm originates a Photosta-
tionary State (PSS) composed of 70 and 80% of E-1 (Cblz_>E = 0.6) and E-2 (<1)§_>E = 0.5),
respectively (Figure 5.2 and Figure D.1). As generally observed for other azobenzene
photoswitches, the E isomers can be quantitatively recovered in the dark through the
thermal Z — E isomerization, with 1 and 2 presenting activation energies of 215 and
93 kJ/mol, respectively (Figures D.2 and D.3).2% Despite the substantial difference in
activation energies, both Z-1 and Z-2 are metastable species, presenting minimal thermal
interconversion at room temperature during the time frame of our experiments, allowing
for their use in binding studies and counterion activation assays without interferences
from the thermal Z — E isomerization.

The binding affinity of the anionic calixarene activators toward cationic peptides was
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Figure 5.1: A. Molecular structure of the photoresponsive counterion activators investi-
gated in this work, with the relevant E-Z photoisomerization illustrated with activator 2.

Both compounds were synthesized as lithium salts. B. Schematic representation of the
phototriggered transport of cationic peptides across phospholipidic membranes.

Irradiation at

investigated using a small library of highly hydrophilic oligoarginines, from 3 to 8 residues.
These peptides are not able to spontaneously transverse zwitterionic artificial membranes
in vesicle assays, which allows the accurate evaluation of the calixarenes 1 and 2 as
counterion activators without interferences from the transport of the peptide alone.??*-292
First, the formation of host-guest complexes between 1/2 and the selected peptides
was verified by indicator displacement assays using LCG as the fluorescent indicator.!®
As previously reported for other sulfonatocalixarene derivatives, the formation of host-
guest binding pairs between calixarenes 1/2 in the E- and Z-forms and LCG results in
significant static fluorescence quenching (see Figure 5.3 A and Figure D.4).1% Quantitative
analysis of the fluorescence titration data using a 1:1 host:guest binding model allows
the determination of the respective binding constants (K, M™!) reported in Table 5.1.
As can be observed, both 1/2 display high affinity for the LCG dye, on the 107 M™!
range, which seems to be independent of the nature and conformation of the azobenzene

arm. Furthermore, the observed binding constants are only slightly smaller than the one
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Figure 5.2: A. Absorbance spectra of both E and Z isomers of 2 and the photostationary
state (PSS; 80:20 E:Z) obtained after irradiation at 500 nm. B. Partial 'H-NMR (in CD;0D)
spectra of the aromatic region of 2 at the dark-adapted state (E isomer), PSS upon irradiation
at500 nm (E:Z 80:20) and at 366 nm (Z isomer). C. Z — E and D. E — Z photoisomerization
of 2 followed by UV-vis spectroscopy upon irradiation at 500 and 366 nm.

observed for the parent SC4 receptor (K = 8.1 X107 M, see Figure D.4), suggesting that
these monofunctionalized receptors retain their recognition properties. The host:LCG
binding pairs were then employed in the above-mentioned indicator displacement assays
to investigate the binding affinity of oligoarginines toward 1 and 2 (see Figure 5.3 B and
Figures D.6-D.9). The obtained results (see Table 5.1) show that both 1 and 2 display high
affinity toward oligoarginines with binding constants that increase with the number of
arginine residues (at least up to Rg), reaching the nM range for larger, highly positively
charged peptides.

Having shown that 1 and 2 bind the target peptides with high affinities and that the
binding does not show significant dependence on the E/Z conformation (see Table 5.1, R3
and Ry), the next step was to evaluate their effectiveness as photoresponsive counterion
activators, using Egg Yolk Phosphatidylcholine (EYPC) Large Unilamellar Vesicles (LUV)
as model zwitterionic membranes. The slightly negative C-potential of EYPC-LUV shifts
to more negative values with the addition of increasing concentrations of the anionic
calixarene activators 1 and 2, suggesting that these amphiphilic species are embedded in the
lipid membrane (Figure D.10). DLS control experiments also confirmed liposome integrity
under the experimental conditions employed in the different membrane transport assays,
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Figure 5.3: A. Direct titration of the lucigenin dye (LCG, 1.5 uM) with increasing con-
centrations of E-2 in water (5 mM PB, pH 7.3), followed by fluorescence spectroscopy
(Aexe =369 nm). B. Indicator displacement titration of hexaarginine (R¢) using E-2:LCG as
the reporter pair (5 mM phosphate buffer, pH 7.3), followed by fluorescence spectroscopy
(Aexe = 369 nm). LCG and E-2 concentrations were fixed at 4 and 4.3 uM, respectively.
C. Schematization of the indicator displacement assay (IDA) illustrating the formation of

the dye:E-2 complex and subsequent removal of LCG by the addition of peptides to the
mixture, leading to the observed regaining of emission in B.

Table 5.1: Apparent affinity constants (K / M) calculated by competitive indicator
displacement assays using LCG as a fluorescence probe for the SC4 receptor and counterion
activators 1 and 2.

Guest SC4 E-1 Z-1 E-2 Z-2

LCG (8.1+0.9) x (2.5+0.7) x (2.3 +0.4) x (2.6 £0.7) x (3.4+0.8) x
107 107 107 107 107

Rs (5.5+0.3) x (2.6 £0.8) x (2.4 +0.6) x (4.1+0.2) x (3.6 £ 0.3) x
106 107 107 106 106

Ry (2.7 +£0.4) x (3.9+0.3) x (32+0.7) x (1.2 £ 0.6) x (7.8 £1.3) x
108 107 107 108 107

Re >1 x 10°[l >5 x 108l >5 x 10804l

Rg >1 x 107l >5 x 108lal >5 x 108[al

[a] Only the lower limit of the K can be estimated because the titration curves display a sharp levelling-off at 1
equiv. of peptide, which is characteristic of very high binding affinity, precluding the accurate determination

of the K under the experimental conditions.
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which ruled out potential membrane disruption interferences (Figure D.10). Established
dye efflux assays were performed using the 5,6-carboxyfluorescein (CF) dye encapsulated
atself-quenching concentrations in egg yolk phosphatidylcholine large unilamellar vesicles
(EYPC-LUVDCF).61179.279.292 Ty these experiments, the fractional release of trapped CF
(or fractional transport activity, Y), triggered by the addition of counterion activators and
peptides, is monitored by time-resolved fluorescence spectroscopy and calibrated by the
addition of Triton X-100 (Figure D.11).

The studies were performed with both 1 and 2 in the E and Z configurations in the
presence of fixed concentrations of liposome and cationic peptide. It should also be noted
that in the absence of peptides, the addition of counterion activators does not affect the
intensity of the fluorescence signal, discarding the leakage of the vesicle contents by 1 or
2 alone (Figure D.11). Likewise, the addition of peptides alone or nonbinding anionic
peptides in the presence of calixarene activators also results in unmodified fluorescence
signal, confirming that the formation of the calixarene-peptide complex is critical to
activate the transport process. Transport activity was observed in the presence of peptides
containing four, six, or eight arginine residues. Although complete sigmoidal dose-
response curves could not be obtained for 1 and 2 in the presence of R4 (see Figure D.12),
the results show a higher efficiency of E isomers to translocate this peptide across the lipid
membrane, supporting the hypothesis that these calixarene-based activators can be used
in light-activated transport assays. In contrast to R4, Rg (Figure 5.4) and Rg (Figure D.17)
allow quantitative analysis of the resulting concentration-dependent transport activity
plots by fitting these data to the Hill equation.®!1727922 This approach retrieves the Y ;qx
(i.e., maximal CF release relative to liposome lysis after the addition of Triton X-100) and
ECsp (i.e., the effective counterion activator concentration required to reach Y,y /2) as
the relevant parameters to measure the efficiency of the counterion activators. Because
counterion activators with low ECsp do not necessarily display high Y,,,,, Matile and co-
workers proposed an equation, TE = Y;,,x X pECs0/ f, to evaluate the Transport Efficiency
(TE) as a function of Y, and the negative logarithm of the ECsy (pECs), with f = 20.6

being a scaling factor.”?
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Figure 5.4: Concentration-dependent counterion transport activity obtained from CF
efflux assays for A. E-1/Z-1 and B. E-2/Z-2 at a constant R¢ concentration (4 uM). The
experimental data were fitted to the Hill equation (dotted and dashed lines).

99



CHAPTER 5. MIXED BIOMIMETIC SYSTEMS BASED ON HOST-GUEST CHEMISTRY
AND SELF-ASSEMBLY

The results summarized in Table 5.2 demonstrate that, in line with previous studies of
anionic amphiphilic calixarenes, the monofunctionalized calixarenes 1 and 2 are highly
efficient counterion activators. In all cases, the E isomers showed lower EC5 and generally
higher Y,,,,, values than their corresponding Z analogs.!818! This indicates that, although
both E and Z calixarenes counterions can activate the transport of cationic peptides,
the E isomer shows an enhanced membrane transport activation (by a factor of up to
5-fold in ECs, Figure 5.4 and Table 5.2). Here, the counterion selectivity combined with
the photoswitchable activation properties of 1 and 2 sets favorable conditions for the
development of light-activated transporters for cationic peptides across phospholipid
membranes.

Table 5.2: Counterion activation efficiency parameters of amphiphilic sulfonatocalixarenes

1 and 2 in the E and Z conformations for the R¢ and Rg transport across egg yolk phos-
phatidylcholine large unilamellar vesicles (EYPC-LUVDCF)

Peptide Activator ECs (nM)[2! Y ax (%)121 TE [Pl
E-1 72+5 9% +1 19.4+0.2
R /-1 291 + 32 63 +5 10.8+0.8
6 E-2 45+ 2 96 +1 20.2+0.2
Z-2 227 +17 94 +2 16.6 +0.3
E-1 24 +2 91 +2 20.3+04
R Z-1 99 +3 69 +2 13.3+04
8 E-2 11+1 93 +2 22.2+0.3
Z-2 30+4 94 +2 20.8+0.4

[a] Obtained from the fitting of the Hill equation to the experimental dose-response data (e.g., data
shown in Figure 5.4 and in the Supporting Information). [b] Calculated from TE = Y45 X pECso/f, with
PECsp = -logECsp (in mM) and f = 20.6. [c] All experiments were carried out in 5 mM phosphate buffer
at pH 7.3, with a fixed concentration of peptides and EYPC-LUVOCF at 4 and 15 uM, respectively, for all

experiments. Standard deviations were obtained from triplicate experiments (see the Appendix C).

CF-efflux assays, similar to those described above, were also performed to demonstrate
photoinduced peptide transport across phospholipid membranes using calixarene-based
counterion activators. To this aim, Z-1 and Z-2 were added to EYPC-LUVDCEF dispersions
at fixed concentrations to study the CF release upon in situ light stimulation. As illustrated
in Figure 5.5, the addition of the peptide in the presence of Z-2 leads to a small increase
in the CF fluorescence intensity, in agreement with the translocation of a residual fraction
of R across the lipid bilayer. Irradiation with 500 nm light promotes the conversion of
Z-2 into E-2, a stronger counterion activator, leading to ca. 50% of extra dye released as
a result of the light-triggered translocation of R into the liposome (Figure 5.5 iii). These
results were further confirmed by analogous experiments carried out with the 2-Rg, 1-Re,

and 1-Rg activator-peptide pairs (see Figures D.20 and D.21).!

IThe 2-Rg, 1-R¢, and 1-Rg pairs lead to lower fractions of light-induced dye efflux, providing controls
to rule other effects, such as light-induced vesicle rupture, that can be anticipated to be independent of the
nature of the activator-peptide pair. There is no corresponding record for this reference.
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Figure 5.5: A. Light-modulated dye efflux assays performed with 4 uM R¢, 60 nM Z-
2, and 15 uM EYPC-LUVDCF (50 mM CF inside the liposome, Ay, = 490 nm) and B.
schematization of each phase in the assay. (i) First, the activator Z-2 was added to a
liposome solution (ii) followed by the addition of the peptide. (iii) The same sample was
irradiated for 25 min at 500 nm, leading to a significant increase in CF release. (iv) Finally,
in order to normalize the measurement for the maximum emission possible, the vesicles
were lysed by addition of a small aliquot of Triton X-100.

Success in artificial vesicle assays encouraged us to conduct transport experiments
of fluorescently labeled peptides in living cells (Figure 5.6). We first employed confocal
fluorescence microscopy to evaluate counterion activator 2 for the intracellular transport of
a carboxytetramethylrhodamine-labeled Rg peptide (TAMRA-Rg) into the cytosol of HeLa
cells. Cationic peptides usually remain trapped inside the endosomes when incubated

283291 As expected, control experiments at a fixed

with cells at low uM concentrations.
TAMRA-Rg low concentration (3 uM) and in the absence of calixarene activators confirmed
an almost negligible cytosolic signal from the labeled peptide (Figure 5.6 B and Figure D.27).
However, in agreement with vesicle assays, the E isomer of the counterion activator exhib-
ited a significant increase of the intracellular delivery as compared to the less hydrophobic
Z configuration (Figure 5.6 B). Confocal micrographs of cells incubated with TAMRA-Rg,
in the presence of the E isomer of the calixarene activator 2, revealed a strong diffuse fluo-
rescence signal in the cytosol, nucleus, and nucleolus of the cells (Figure 5.6 B). To validate
and compare these results, flow cytometry quantification of peptide uptake was carried
out in the presence of both Z and E isomers of the calixarene 2. The cytometry experiments
validated the E isomer selective transport and indicated a four-fold intracellular delivery
enhancement (Figure5.6 C and Figure D.28). Although the trend of activity of the two
calixarene isomers was maintained in vesicles and cell assays, the observed variations on
the EC5g values can be due to the different experimental conditions, membrane composi-
tion, and competing energy-dependent internalization pathways.®1179284293 Additionally,
the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) viability assay
confirmed a low cellular toxicity for the counterion activators at the employed concentra-
tion regime (Figure D.29). The half maximal inhibitory concentration (ICsg) cytotoxicity
values, of 16.88 uM for E-2 and of 19.16 uM for Z-2 (after 24 h of incubation), appeared 2-3
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orders of magnitude higher than the nM activator concentrations, which were required for
an efficient peptide cytosolic delivery with the trans isomer of the calixarene counterion
activator (E-2). The anionic nature of the calixarene activator should prevent nondesired
interactions with other components of the cell (glycosaminoglycans, anionic lipids, ATP,
etc.). While parallel transport events of other charged biomolecules cannot be completely
ruled out, those processes do not cause any limitation to cellular viability and efficient

cargo transport (Figure D.29).
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Figure 5.6: A. Schematic representation of oligoarginine intracellular delivery by both
isomers of 2. B. Fluorescence intensity of HeLa cells incubated with 3 uM TAMRA-
Rg in the presence of different E-2/Z-2 concentrations, measured by flow cytometry. C.
Confocal fluorescence microscopy images of the cellular uptake of 3 uM TAMRA-Rg (in
red) facilitated by E-2/Z-2. Hoechst stained nuclei can be seen in blue and differential
interference contrast (DIC) images are presented as insets. Control experiments of TAMRA-
Rg in the absence of a calixarene activator are also included. Scale bars, 50 ym.

In conclusion, we introduce here the first photoswitchable amphiphilic counterion
activators for the transport of cationic peptides across lipid membranes and inside cells. We
have synthetized calixarene-based receptors monofunctionalized with an azobenzene unit

that can be applied as photoresponsive counterions to gain control over the transport of
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cationic peptides across artificial lipid membranes and into the cytosol of living cells. Our
design combines a high-affinity oligoarginine binding unit, based on a sulfonatocalixarene
macrocyclic host decorated with azobenzene pendants, whose lipophilicity can be remotely
controlled by light-induced interconversion between the more hydrophobic, extended E
and the more polar, bent Z configuration. The transport efficiency of these light-sensitive
counterion activators was significantly enhanced for the E azobenzene isomers, which
allows their application as photomodulated carriers for hydrophilic cargos.

Since the publication of this work, several groups have been developing different pho-
toactive transport systems, showing novel applications for such system, as well as trying to
shed light on the mechanism of these markedly distinct transport efficiencies.3”7>146:294-298
Wezenberg and coworkers have applied azobenzene photoactive units in the transport of
Cl™ across phospholipic membranes using neutral transporters. While presenting distinct
structures and showing a different trend than the 1 and 2 counterion activators, their work
remarks upon the influence that different mobilities and partitioning into the membrane
of E and Z isomers can also have on the transport mechanism, which could translate into

the mechanism of the systems presented herein.?*

5.2 Different sensing strategies anchored in phospholipic

membranes

This subsection was done in collaboration with PhD Student Kevin Droguett from Univer-
sidad Pontificia de Santiago do Chile, who contributted with the photophysical studies
of the SC4-nPy-LCG system in EYPC-LUVs. Microscopy studies were done in collabo-
ration with Professor Javier Montenegro and PhD student Lucia Méndez-Gémez at the
Montenegro Lab, CIQUS, Universidad de Santiago de Compostela, Spain.

SC4-nPy was shown to be a versatile sensing unit, with the application of SC4-4Py in
a ratiometric IDA being able to detect smaller, monocationic or dicationic guests, and the
full library of sensors, SC4-nPy, enabling the distinction of polycationic guests by their
capacity to induce aggregation in the system. Due to the amphiphilic nature of these
sensors, the alkyl pyrene moiety could act not only as reporter but also provide an anchor
to insert this sensing system in phospholipidic membranes. Additionally, the anchoring
of the pyrene moiety could act as a way to avoid aggregation when charge neutralization
occurs and allow the use of the SC4-4Py-LCG displacement system for larger, polycationic
guests (Figure 5.7).

The insertion of SC4-4Py in membranes was first evaluated by C-potential and fluo-
rescence spectroscopy. Much like the SC4-Azo family of actuators, 1 and 2, addition of
increasing SC4-4Py concentrations to an EYPC-LUV sample leads to the decrease of the
C-potential of the vesicles, with overall maintenance of membrane integrity as evaluated
by DLS (Figure 5.8 A). Additionally, pyrene is a known polarity probe, that presents
variations in its emission vibrational profile depending on the polarity of the environment
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Figure 5.7: A. Elements of the membrane sensing system with SC4-4Py and LCG and
the EYPC-LUVs. B. Schematization of the membrane anchored ratiometric indicator
displacement assay (rIDA) for the detection of larger polycationic guests.

in which it is inserted.?”” The addition of LUV sample to all SC4-nPy sensors showed a
decrease of the ratio between band I and band III emission (I; /I3), which is consistent with
a decrease of polarity in the vicinity of pyrene. This decrease of I; /I3 added to the increase
of emission intensity observed (Figure 5.8 B and Figures D.30 and D.31) and decrease of
C-potential at the surface of the vesicles is consistent with the insertion of the pyrene tail
in the more confined, less polar phospholipidic membrane of the EYPC-LUVs.

After evaluating the stability of SC4-nPy association to the liposomes (Figure D.31)
and finding that these maintain the emission and I; /I3 ratio values consistent up to 1 to 2
hours after preparation, these samples were used to perform the titration of the sensors
with LCG, to evaluate the affinity constant of this host-guest pair in these conditions
(Figure 5.9 A). The affinities decrease one order of magnitude for the three sensors in the
presence of EYPC-LUVs, showing that these might influence the binding of guests to the
cavity, but not to an extensive degree.

The same oligoarginine library explored in section 4.1 was once again evaluated, both
in the absence and, for those not displaying interferance from the aggregation process,
in the presence of LCG. For the smaller peptides R,G, and R3G, all sensors showed a
lack of aggregation in the presence of EYPC-LUV (Figures D.34 and D.35), unlike what is
observed for SC4-6Py and SC4-8Py in buffer only (see Section 4.1). For R4, no aggregation
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Figure 5.8: A. (-Potential of EYPC-LUVs (260 uM) before addition of SC4-4Py and at
increasing concentrations of the sensor. B. Titration of SC4-4Py (5.75 uM) with EYPC-
LUVs followed by fluorescence spectroscopy. The inset shows the variation of the ration
between pyrene’s emission band I (I, at 376 nm) and band III (I3, at 386 nm). All studies
were done in PB5 mM pH 7 4.

is observed for the smaller sensor, SC4-4Py (Figure 5.9 B), allowing the use of this peptide
in a membrane anchored IDA (Figure 5.9 C). The affinity constant values obtained with
this method are presented in Table 5.3 and consistently present values one order of
magnitude lower than those obtained in buffer only, much like what was observed for
LCG direct titrations in the presence of LUVs. Despite this difference, relations between
oligoarginine’s affinities still remain consistent, with affinities increasing with the number
of cationic residues and presenting identical values for the same guest across different

SEensors.

Table 5.3: Affinity constants (K / M) calculated by indicator displacement assays in EYPC-
LUV, using the dye LCG and SC4-nPy family of sensors in PB 5 mM pH 7.4, obtained by
fluorescence spectroscopy.

Guest SC4-4Py SC4-6Py SC4-8Py
LCG 3.1 x 10° 2.1 x 10° 1.4 x 10°
R,Gy 3.7 x 10° 3.0 x 10° n.d.
R;G 2.3 x 10° 2.3 x 10° n.d.
Ry 4.4 x 107 -lal n.d.
R -lal -lal n.d.
Rs -lal -lal n.d.

[a] Affinity constants obtained displayed interferance from the aggregation process, even in the presence of
EYPC-LUV.

Depite having avoided aggregation in rIDAs with the smaller oligoarginines, in the
presence of SC4-6Py and SC4-8Py or for the larger oligoarginines, this process can still be
observed by appearance of the pyrene excimer-like emission (Figure 5.10 A for R¢-SC4-6Py
and remaining assays in Figures D.34 and D.35) when guest is added.

While an unintended interference for LCG-SC4-nPy rIDA, the appearence of this
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Figure 5.9: A. Titration of LCG (0.5 uM) with SC4-4Py in the presence of EYPC-LUV
(200 uM) and B. titration of SC4-4Py (0.7 uM) incorporated into EYPC-LUV (7 uM) with
the peptide Ry, followed by fluorescence spectroscopy (Aexc = 340 nm). C. rIDA of the
LCG-SC4-4Py pair (0.2 and 0.7 uM, respectively) inserted in EYPC-LUV (7 uM) with the
guest Ry and respective fitting of the experimental data. All studies were done in PB 5
mM pH 7.4.

excimer-like emission presented an opportunity to study what type of associations are
present in mono-O-functionalized calixarene systems that could act as an emissive model
for the SC4-Azo compounds. Despite the SC4-Azo counterion activators being chro-
mophores, fluorescence provides a more robust signal in order to follow the mechanism
involved in the transport process. With this in mind, the polycation transport capacity
of SC4-4Py was studied in the presence of Rs and this sensor was incorporated in Giant
Unilamellar Vesicles (GUV) for observation by fluorescence microscopy.

Dye efflux assays with EYPC-LUVDCEF show that SC4-4Py presents higher ECsy than
that of any of the SC4-Azo activators (ECsp = 760 nM, see Figure 5.11 A). The reason for
the difference between monofunctionalized calixarenes efficiency as transporters is not
clear, but full study of the SC4-nPy library of sensors could help clarify these differences.

In order to confirm the location of the SC4-4Py sensor in vesicle solutions, as well
as the type and location of aggregates formed in the presence of guest, larger vesicles,
observable under microscope, needed to be obtained. EYPC-GUV were synthesized by
the organic phase evaporation method (see section 7) leading to polydisperse samples.
Fluorescence spectroscopy studies confirmed the enhancement of SC4-4Py emission and
decrease of I /I3 ratio when titrating the sensor with these larger vesicles (Figure 5.11
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Figure 5.10: A. Titration of SC4-6Py incorporated into EYPC-LUV with the peptide
R¢, in PB 5 mM pH 7.4, followed by fluorescence spectroscopy (Aex. = 347 nm), and
B. schematization of possible mechanisms involved with the aggregation process, with
addition of guest causing rafting-like behaviour in the anchored sensor molecules or
removing the sensor from the membrane leading to precipitates out of solution.

B). The aggregation phenomenon was observable as well in the presence of the guest R
(Figure 5.11 C).

Microscopy assays were initially done with the EYPC-GUYV stock solution at 300 uM
and direct addition of 30 uM SC4-4Py. Presence of the SC4-4Py sensor in the vesicle
membrane was confirmed by the presence of blue emission associated with this structures,
with little contribution of background fluorescence, as can be observed in Figure 5.12.

Addition of the guest peptide Rg at 1 uM led to the appearance of aggregate-like emis-
sive structures at the surface of the vesicles. Due to limitations related to the microscopy
equipment excitation wavelength (A.y. > 400 nm), no confocal images were obtained, so
it was not clear if the emission was only originating in the external leaflet or if some of the
calixarene partitions to the inside leaflet of the GUV phospholipidic membrane.

At 3 uM of Rg, more background precipitates start to be observed, concurrent with
aggregates at the surface of vesicles, as well as EYPC-GUYV agglutinated together by these
same associations (Figure 5.13). Although assays were done with R¢ at concentrations in
which aggregates could be observed by fluorescence spectroscopy, no such structures were
observed (Figures D.38). Although no systematic studies were done, an increase of the
size of the vesicles seems to occur with time (Figure D.40), however, this phenomenon and
the different structures that appear with the passage of time needs to be further evaluated
to establish a clear relation.

The SC4-nPy family of sensors showed to be a powerful tool not only as a sensor
for specific guests, but also as a reporter for enlightning the mechanism of transport of
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Figure 5.11: A. Concentration-dependent counterion transport activity obtained from CF
efflux assays for SC4-4Py in EYPC-LUVDCEF (21.8 uM), with the guest Rg (4 uM). Respective
ECsp and Y .4y are presented in the figure. B. Titration of SC4-4Py (3 uM) with EYPC-GUV
and C. titration of SC4-4Py (3 uM) in GUV membranes (30 uM) with the peptide R¢, both
followed by fluorescence spectroscopy (Aexc = 343 and 347 nm, respectively). All studies
were done in PB 5 mM pH 7.4.

hydrophilic cargo with amphiphilic calixarenes, by counterion activation.

Moreover, incorporation of the sensor into the membranes was clearly confirmed.
The preliminary microscopy results show as well that several different structures can be
observed and might be related to the transport capacity of these amphiphilic calixarenes.
It is possible that aggregation processes similar to the ones observed in this study, on
the outside of the vesicles, hinders the transport process at higher concentrations and
is the reason why a decrease of dye efflux is observed in certain assays, e.g. E-5C4-Azo
compounds and R4 above 1 uM. To confirm the relevance of these structures (Figure 5.13
B) concomitant dye efflux assays should be done at similar concentrations and conditions,
as well as relating the appearance of the excimer-like emission with the efficiency of
transport in the given concentrations. Understanding this mechanism can open up paths
to enhancing the design of counterion activators and adding novel stimuli-responsive

units without compromising on the efficiency of the transporter.
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Figure 5.12: Fluorescence microscopy images of EYPC-GUYV, in PB 5 mM pH 7.4, obtained
in the confocal microscope in epifluorescence mode in the presence of only SC4-4Py and
in the presence of the sensor and 1 and 3 uM of the peptide Rg, with the brighfield image
and respective SC4-4Py emission (A¢y. = 365 nm) detected in the DAPI channel.
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Figure 5.13: A. Zoom-in of the images presented in Figure 5.12, highlighting the different
structures that are believed to be present. B. Schematization of the structures thought to
be present in A: i) rafting-like behaviour, creating the irregular aggregate-like structure at
the surface of the vesicles; ii) precipitates that extract the sensors from the membrane and
iii) agglutination of vesicles driven by the host-guest multivalent complexes that form at
the surface of the GUV.
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GENERAL CONCLUSIONS AND FUTURE

PERSPECTIVES

Despite its proven importance in the study of the ubiquitous non-covalent interactions
in nature and their consequent application in a myriad of fields, supramolecular chem-
istry is still far from the hypercomplexity of biological systems and the ever elusive
synthetic cells.” 132187193 The work developed in this thesis has explored both applied and
fundamental questions within this field, aimed at understanding both discrete macrocycle-
biological target interactions, but also at inserting these systems in more complex, even
biomimetic, systems, as is the case of transport across phospholipidic membranes and the
membrane-anchored detection of analytes.

Firstly, discrete interactions of known macrocycles were studied with the aim of uncov-
ering more information from previously known interactions, as well as novel specificities

not previously considered for some known hosts.

Stoddart’s Blue-Box (BB) interaction with peptides presenting aromatic residues at
different sites was studied by spectroscopical techniques, unveiling 10 times increased
affinity for peptides with tryptophan residue at the C-terminal, most likely due to the
additional ionic interaction provided by the carboxylate group. The peptide with the
tryptophan residue at the N-terminal presented higher affinity towards this host than the
one with this residue in the middle of the peptide. Future structural analysis by NMR
spectroscopy of these complexes might help understand this behaviour. Furthermore,
influence of other types of residues and not just the positional dependency of the binding
could unveil novel specificities for this host. The application of this host in competitive
assays was also initially planned, in particular with the dye coumarin 343. Preliminary
results showed that, despite its mM affinity towards BB (K = 5.1 x10°> M}, Figure 6.1),
aggregation was observed even in IDA with aromatic amino acids, impeding the use of
this technique. The possibility remains open for the use of another dye for this application,
possibly based in the naphthalene moiety, which binds BB with uM affinities, allowing the

use of lower concentrations and decreasing the likelyhood of aggregation occurring.?!?

p-Sulfonatocalix[4]arene (5C4) presents high binding affinities towards oligoarginines
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Figure 6.1: A. Chemical structure of the dye Coumarin 343 (C343). B. Direct titration of
(C343 (10 uM) with BB, followed by fluorescent spectroscopy (A¢xc = 440 nm). C. Indicator
displacement assay (IDA) of C343 from BB (80 and 500 uM, respectively) with the analyte
DL-Phe, followed by fluorescence spectroscopy. D. Absorption spectra of C343 after the
addition of BB and after the addition of an excess of DL-Phe in the immediate and 24
hours after sample preparation.

despite its only moderate affinity towards the arginine and lysine amino acids. Analysis
of the binding of this host was done by spectroscopical, structural and thermodynamic
characterization techniques for two different oligoarginines with two and four arginine
residues, RyG; and Ry. SC4 showed a 1 to 1 binding ratio with the peptide RyG,, with
preferential binding at the N-terminal. The presence of a second cationic residue and
absence of the carboxylate moiety appears to contribute for the higher affinity for R,G,
when compared to the free amino acids. The binding of a second SC4 molecule can be
observed for the 4 residue peptide, R4, speaking to the capacity for multivalency of binding
for these types of complexes. Despite presenting a low affinity for K5, binding was found
to occurr preferentially on the terminal residues. Further studies with the larger peptides
need to be done to ascertain the number of hosts binding, however, the presented studies
already reveal the multivalency of these complexes, with different hosts binding the same
peptide, for those with four or more residues.

These receptors were then applied in the development of different sensing and transport
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systems. The first sensor was based on a ratiometric competitive assay, with binding-
induced conformational rearrangement of the SC4 receptor and consequent quenching
of the covalently bound dye. The evidence is strongly indicative of a competitive PET by
the indicator used in the competitive assay, Lucigenin (LCG). Unlike other ratiometric
strategies, this system allows for concomitant quenching of one dye’s emission while the
other becomes enhance, which is often difficult to achieve with FRET systems based on SC4
due to the quenching of indicator emission by this host, impeding efficient energy transfer
between the two chosen dyes. Despite its success, future work is planned on improving
the biological compatibility of this system, by both altering the covalently bound dye to
one that presents emission in the visible range and also to improve is hydrophilicity, in
order to improve receptor solubility and avoid interferance by aggregation with larger
polycationic guests.

The second application was focused on the host BB and its use in tandem with the host
cucurbit[7]uril, CB7. These hosts can self-assemble into ternary complexes in the presence
of adequate guests, like the family of DASPI dyes used in this work, in a highly cooperative
manner. The concentrations of the species can be adapted so as to, when a competitor for
the different hosts is added, a turn-on or turn-off emission signal is obtained depending
on the macrocycle displaced, making it able to distinguish between analytes with selective
binding to each host. The host displacement assay was successfully applied for the sensing
of two different pharmacological agents, naproxene and nandrolone, pharmacological
contaminants known to accumulate in aqueous environments. The next step with this
type of system, would be to obtain an heteroternary complex where the full dissassembly
of the ternary complex would not be caused by CB7 removal, eventually leading to distinct
optical signal between displacement of only one or both hosts. This would allow the
orthogonal sensing of guests with binding sites for both hosts or even be applied in
sensing of analytes in more complex samples. Section 3.3 explored this concept by the
design of ditopic receptors based on SC4 and CB7. While different monofunctionalized
variants of these hosts were obtained, the final ditopic receptors are yet to be synthesized
and remain under development at the moment.

More complex strategies were then explored using calixarene once again as a platform
for molecular recognition. The first strategy used an aggregation-based strategy for
detection and differentiation of a family of oligoarginines. The SC4 host, much like in
the first ratiometric assay, was covalently bound to a pyrene reporter, but the family of
molecules was extended to present three sensors with different length alkylic linkers. These
presented distinct aggregation capacities in the presence of differently charged guests,
allowing the successful categorization of the analyzed cationic peptides by Principal
Component Analysis (PCA). The successful distinction of peptides with differences only
in the number of cationic residues present is very promising and it speaks to the potential
of this system for application in different array-like sensing strategies for the differenciation
of relevant proteins and peptides with cationic patches in more complex samples.

The second sensing strategy developed was based on the changes in the properties of
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amphiphilic SC4 surfactants when bound to cationic guests. Oil-in-water (O/W) emulsions
were stabilized in the presence of these amphiphilic hosts and showed coalescence of the
droplets once sufficient concentration of a guest was added, both for smaller guests like
Arginine-o-methylester and the longer oligoarginines, Rg and Rg. This visual response to
the addition of a guest is a novel strategy for this types of systems and the possibility to add
another optical readout mechanism to the emulsion samples was explored. Several turn-on
strategies were tested, including pH probes and reactions with emissive products, among
others, with poor success.193%0 The main issues encountered were due to destabilization
of the droplets when some of the reagents were added to the organic phase, as well as
the partitioning of some of the species into the aqueous phase, inducing the emission
response before coalescence occurred. Nonetheless, different strategies are still thought to
have potential once successfully optimized: the use of a F~ releasing reaction to catalyze
the chemiluminescence reaction, e.g. Sulfur(VI) Fluoride Exchange (SuFEx) reactions,
could improve the CL yield in emulsions, or, alternatively, a similar reaction could be used
with the formation of an emissive product in the organic phase. The reaction presented
in Figure 6.2 was initially tested as a source of F~ ions for the CL reaction, however, the
formation of a fluorescent product proved to be a more efficient strategy. When applied
in droplets, however, this reaction was found to be inadequate due to interferance with
droplet stabilization by the reagent benzene-1,2-dithiol (BDT). Due to time constraints on
this project this path could not be yet optimized, nonentheless, the potential of emulsions
as microcontainers for coalescence-induced readout mechanism is still one that deserves
further exploration both with the SCn-mC family of surfactants as well as with other
amphiphilic hosts and their respective targets.

Lastly, these same concepts were applied in biomimetic systems, with a particular
focus on the light-responsive transport of large hydrophilic cargo across membranes and
the application of previously mentioned sensing systems anchored in membranes. The use
of SC4 monofunctionalized with an azobenzene photoactive unit provided a platform for
efficient oligoarginine transport across artificial and cell membranes, achieving more than
50% increase in transport upon photoisomerization from the Z to E species. This marked
difference in transport efficiency was also achieved in cells with effective concentrations
remaining well below the cytotoxicity limit for these compounds. The mechanism that
these counterion activators use to improve membrane transport remains unclear and
further research into such mechanisms could help in the future development of even more
efficient carriers for large hydrophilic cargo. Additionally, the modification of azobenzene
with Cl moieties in the ortho positions could help shift the light used for irradiation to the
red region, improving the applicability in biological systems. Furthermore, calixarenes
modified with cationic moieties are currently being explored for controlled transport of
DNA across membranes.

SC4-pyrene sensors were applied for ratiometric sensing of large cationic analytes, with
the SC4-nPy-LCG system anchored in membrane, avoiding aggregate emission for the
smaller peptides. For the larger peptides, aggregate emission was still present and analysis
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Figure 6.2: SuFEx reaction of 3,4,5,6-tetrafluorophthalonitrile (TFPN) and BDT and re-
spective emissive product (yellow emission in the second flask) and effect of fluorine as a
catalyst in the chemiluminescence reaction.

of these samples by fluorescence microscopy led to the clarification on the location of
such amphiphilic SC4-guest complexes in Giant Unilamellar Vesicles (GUV). Preliminary
studies showed a distribution of different structures at distinct concentrations and at
different incubation times, which speaks to the great complexity that these systems can
achieve and the need for further investigation into the dynamics of these complexes in
membrane.

Several projects based on supramolecular chemistry concepts were explored herein
with great success, both with application in sensing and transport of biologically relevant
analytes. This thesis shows not only the versatility of the macrocyclic receptors, even
without extended modification of their structure, but also opens the door for further
investigation into these systems integrated in biological and biomimetic environments.
Moreover, although not all of them were completely clarified, this research helped to

uncover some of the mechanisms and complexity behind these small but powerful tools.
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7

MATERIALS AND METHODS

7.1 Reagents, Materials and Equipment

All experiments were done at room temperature, 25 °C, unless stated otherwise in the

respective figure caption.

Commercially available reagents were used as received without further purification.
Peptides Ry, Rg and Rg were synthesized by collaborators for the paper published in 2023
and remaining peptides were acquired from GeneCust with a purity superior to 95%.2!°
All other compounds were synthesized and characterized as described below. Routine
NMR experiments were run on a Bruker Avance III operating at 400 MHz (*H) or 100 MHz
(**C), while quantification experiments, HSQC and peptide and respective calixarene
complexes characterization were run either on Bruker NEO 500 or on Bruker Avance III
600 operating at 500 MHz (H) or 126 MHz (13C) and 600 MHz ('H) or 151 MHz (13C),

respectively.

UV-vis absorption spectra were recorded using a Varian Cary 100 Bio or a Varian Cary
5000 spectrophotometer in quartz or disposable plastic cuvettes with 10 mm optical path.
Fluorescence spectra were recorded on a SPEX Fluorolog-3 Model FL3-22 or Varian Cary
Eclipse spectrofluorimeter. In the case of emission measured in the microscopy glass
supports, a HORIBA Jobin Yvon Fluorolog-3 spectrofluorometer (model FL-321) was used
with the F-3000 Fiber Optic Mount.

All buffered solutions were prepared in 5 mM phosphate buffer pH 7.4 as measured
with a Crison basic 20+ pH meter. For Sections 2.1 and 3.2 all solutions were prepared in

water, at pH 7 and pH 8, respectively, unless stated otherwise in the respective Figures.

Continuous irradiations experiments done in Section 5.1 were conducted in a Spex
Fluorolog-2 Model F111 spectrofluorometer equipped with a 150 W Xe lamp or in a
custom photochemical reactor equipped with a 200 W Hg-Xe lamp and using bandpass or
cut-off filters to isolate the desired wavelengths. The light flux (Iy) was determined using
as actinometers, ferrioxalate in water for A;,, = 365 nm (Iy = 3.2 x 10~ mol/s) and the
diarylethene derivative 1,2-bis(2,4-dimethyl-5-phenyl-3-thienyl)perfluorocyclopentene in
hexane for A;,, =500 nm (Ip = 9.1 x 10~ mol/s).
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Confocal fluorescence microscopy images, obtained in Section 5.1, were taken with
a Dragonfly spinning disc confocal microscope mounted on a Nikon Eclipse Ti-E and
equipped with an Andor Zyla 4.2 PLUS sCMOS digital camera, and in Section 5.2 the same
equipment was used in epifluorescence mode. Optical microscopy images, obtained in
Section 4.2 were obtained in an inverted microscope equipped with an AmScope camera
and fluorescence microscopy images were obtained on a Zeiss Axiovert 200 inverted
widefield fluorescence microscope equipped with a Zeiss AxioCam HRc camera. All
microscopy images were processed using Image]J software (v1.52b).

Isothermal Titration Calorimetry (ITC) experiments were done on a MicroCal PEAQ-
ITC by Malvern Panalytical, at 25 °C, and Dynamic Light Scattering (DLS) experiments
were done on a Horiba nanoPartica SZ-100 series Nanoparticle Analyzer, with disposable
plastic cells. C-potential measurements were done in the nanoparticle analyzer with

carbon coated electrode C-potential disposable cells.

7.2 Synthesis Protocols

7.2.1 SC4-nPy Sensors

1. H,SO, 97% \ 2. LIOH.H,0
80°C, 4 h

R o

. +
1. NaH, THF Li _ scl)_l
Reflux, 2-24 h 0,8 SO$80; 3-

3
DMSO, LiOH.H,0 OH OHon O
+ BI"{\}O 5 O‘?O 70-80°C, 24-72 h <I) o
(o)

J

Figure 7.1: Reactional scheme for the synthesis of the SCnPy sensors.

The synthesis of the precursors, SC4 and bromo-alkyl functionalized pyrene, were
performed according to previously reported protocols.287/301
1 eq of SC4, 0.75 eq of the respective bromoalkyl-oxymethylpyrene derivative and 3

eq. of LIOH.H,O were heated at 75 °C in dimethyl sulfoxide, under constant stirring, for
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24h for SC4-4Py and SC4-6Py and for 48h for SC4-8Py. After the reaction mixture cooled
to room temperature, it was neutralized with HCI and washed with diethyl ether and
ethyl acetate to give an oily residue. The oily mixture was dissolved in a small amount of
MeOH and precipitated with diethyl ether yielding a fine powder that was filtered and
dried under vacuum. The SC4-nPy were isolated by reverse phase chromatography using

a RP-18 stationary phase and a gradient of water-acetonitrile from 100:0 to 70:30 (v:v).

7.21.1 SC4-4Py

0.701 g (0.941 mmol) of SC4, 0.259 g (0.706 mmol) of 1-((4-bromobutyl)oxymethyl)pyrene
and 0.118 g (2.823 mmol) of LiOH.H,O were used. The desired product (160 mg, 21% yield)
was purified by reverse phase chromatography using a gradient of water:acetonitrile.

'H-NMR (400 MHz, Methanol-d4) 6 (ppm) 8.34 (d,] =9.3 Hz, 1H, Py), 8.12 (t,] = 7.3 Hz,
2H, Py), 8.06 (d, ] = 7.8 Hz, 1H, Py), 7.99 (s, 2H, Py), 7.97 (d, ] = 7.5 Hz, 1H, Py), 7.92 (t,
J=7.6 Hz, 1H, Py), 7.50 (d, ] = 1.9 Hz, 2H, Calix-Ar), 7.46 (d, ] = 1.8 Hz, 2H, Calix-Ar),
7.27 (s, 2H, Calix-Ar), 7.17 (s, 2H, Calix-Ar), 5.20 (s, 2H, O-CH,-Py), 4.45 (d, 2H, axial
Calix-bridge), 4.23 (d, ] = 12.8 Hz, 2H, axial Calix-bridge), 3.79 (t, 2H,), 3.73 (t, 2H), 3.25
(d, ] =13.2 Hz, equatorial Calix-bridge), 3.13 (d, ] = 12.3 Hz, 2H, equatorial Calix-bridge),
1.89 (m, 4H, CH; alkyl chain).

I3C-NMR (101 MHz, Methanol-d4) 6 (ppm) 161.08, 157.76, 156.93, 138.22, 134.68,
133.60, 133.12, 131.69, 131.35, 131.22, 130.85, 129.42, 129.24, 129.02, 127.94, 127.42, 127 12,
127.07,126.49, 126.03, 125.97, 125.79, 125.58, 125.15, 124.86, 124.65, 124.42,124.15, 123.32,
75.67,71.06,70.18, 33.27, 30.98, 26.52, 26.44.

HR-MS (ESI) m/z caled for C49H3gLirO17S4 [M?~]: 520.0661; found: 520.0671.
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Figure 7.2: 'H-NMR spectrum of SC4-4Py in methanol-d4. HDO peak observable at
4.79 ppm and methanol peak at 3.25 and 3.28 ppm.

7.21.2 SC4-6Py

1.49 g (2 mmol) of SC4, 0.49 g (1.5 mmol) of 1-((6-bromohexyl)oxymethyl)pyrene and
0.25 g (6 mmol) of LiOH.H,O were used. The desired product (189 mg, 11% yield) was

purified by reverse phase chromatography using a gradient of water:acetonitrile.
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Figure 7.3: 13 C-NMR spectrum of SC4-4Py in methanol-d4.

'H NMR (400 MHz, Methanol-d4) & (ppm) 8.43 (d, ] = 9.12 Hz, 1H, Py), 8.24 (t,
J=6.6 Hz, 2H, Py), 8.19 (dd, ] = 4.3, 5.8 Hz, 2H, Py), 8.11 (s, 2H, Py), 8.05 (2H, Py), 7.63 (s,
2H, Calix-Ar), 7.57 (s, 2H, Calix-Ar), 7.39 (s, 2H, Calix-Ar), 7.29 (s, 2H, Calix-Ar), 5.24 (s,
2H, O-CH»-Py), 4.54 (d, ] = 12.4 Hz, 2H, axial Calix-bridge), 4.36 (t, ] = 13.6 Hz, 2H, axial
Calix-bridge), 3.72 (t, ] = 6.2 Hz, 4H, O-CH»-alkyl), 3.36 (d, ] = 13.3 Hz, 2H, equatorial
Calix-bridge), 3.24 (d, ] = 12.5, 4H, equatorial Calix-bridge), 1.80 (J = 6.1 Hz, 2H, CH, alkyl
chain), 1.73 (J = 6.2 Hz, 2H, CH; alkyl chain), 1.51 (4H, CH> alkyl chain).

13C NMR (101 MHz, Methanol-d4) 6 (ppm) 160.91, 157.71, 156.84, 138.24, 133.66,
133.09, 131.65, 131.36, 131.26, 130.83, 129.36, 129.19, 129.01, 127.93, 127.26, 127.08, 127.04,
126.47, 126.03, 125.96, 125.79, 125.58, 125.00, 124.92, 124.66, 124.45, 124.16, 123.30, 75.77,
71.00, 69.83, 33.24, 30.95, 29.52, 29.28, 25.74, 25.46.

HRMS (ESI) m/z calcd for Cs1Hy3017S4 [M3~]: 351.7133; found: 351.7134.
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Figure 7.4: '"H-NMR spectrum of SC4-6Py in methanol-d4. HDO peak observable at 4.89
ppm and methanol peak at 3.33 ppm.

7.213 SC4-8Py

392 mg (0.5 mmol) of SC4, 126 mg (0.3 mmol) of 1-((8-bromoctyl)oxymethyl)pyrene and
87 mg (1.8 mmol) of LIOH.H,O were used. The desired product (97 mg, 17% yield) was

purified by reverse phase chromatography using a gradient of water:acetonitrile.
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Figure 7.5: 13 C-NMR spectrum of SC4-6Py in methanol-d4.

'H NMR (500 MHz, Methanol-d4) 6 (ppm) 8.46 (d, J = 9.3 Hz, 1H, Py), 8.28 - 7.97
(m, 8H, Py), 7.69 (d, ] = 2.2 Hz, 2H, Calix-Ar), 7.65 (d, ] = 2.3 Hz, 2H, Calix-Ar), 7.52
(s, 2H, Calix-Ar), 7.42 (s, 2H, Calix-Ar), 5.24 (s, 2H, O-CH-Py), 4.23 (d, ] = 19.1 Hz, 2H,
axial Calix-bridge), 4.20 (d, ] = 18.4 Hz, 2H, axial Calix-bridge), 3.82 (t, ] = 6.5 Hz, 2H,
O-CH;-alkyl), 3.68 (t, ] = 6.4 Hz, 2H, O-CH»-alkyl), 3.55 (d, ] = 13.7 Hz, 2H, equatorial
Calix-bridge), 3.49 (d, ] = 14.4 Hz, 2H, equatorial Calix-bridge), 1.79 (q, ] = 13.6, 2H, alkyl
chain CH3), 1.69 (q, ] = 13.4 Hz, 2H, alkyl chain CH>), 1.55 (q, ] = 15.9 Hz, 2H, alkyl chain
CHy), 1.36-1.26 (m, ] = 13.6, 16.7 Hz, 4H, alkyl chain CH).

13C NMR (101 MHz, Methanol-d4) & (ppm) 153.95, 153.27, 150.34, 141.64, 137.64,
136.35, 133.08, 131.61, 131.41, 131.26, 130.83, 129.48, 127.24, 127.17, 127.12, 127.06, 127.05,
127.01, 126.82, 126.79, 126.63, 126.59, 125.82, 125.00, 124.92, 124.69, 124.44, 124.14, 123.46,
76.89, 71.10, 69.53, 31.02, 30.90, 29.46, 29.26, 28.81, 28.48, 25.54, 25.46.

HR-MS (ESI) m/z calculated for Cs3Hs017S4 [M?~]: 520.0892; found: 542.0917.
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Figure 7.6: IH-NMR spectrum of SC4-8Py in methanol-d4. HDO peak observable at 4.89
ppm and methanol peak at 3.33 ppm.

7.2.2 SC4-Azo Counterion Activators

The synthesis of the precursors, SC4, 1.2, 2.1 and 2.2, were performed according to

previously reported protocols.287-302303
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Figure 7.7: 13C-NMR spectrum of SC4-8Py in methanol-d4.

7.2.2.1 SC4-Azo1

1.48 g (2mmol) of SC4, 0.54 g (1.5 mmol) of compound 1.2 and 0.25 g (6 mmol) of LiOH.H,O
were heated at 72 °C in DMSO, under constant stirring, for 72h. After the reaction mixture
cooled to room temperature, it was neutralized with HCl and precipitated two times, first
with diethyl ether and then with ethyl acetate, in both cases not forming a precipitate but
an oily mixture. The solvent was evaporated, the mixture was dissolved in methanol and
precipitated with diethyl ether once again, this time forming a yellow precipitate that was
filtered and dissolved in bi-distilled water. The different by-products were separated from
the compound 1 by RP-18 chromatography with 1:9 (v:v) acetonitrile:water. The fraction
with the final compound was evaporated and dried under vacuum, yielding a total of
95 mg of compound 1 (6% yield).

TH NMR (400 MHz, Methanol-d4) § (ppm) 7.88 (t, ] = 8.9 Hz, 4H, H3 and H4), 7.62
(d,]=2.2Hz,2H, H13),7.55 (d, ] = 2.3 Hz, 2H, H14), 7.52 (d, ] = 7.8 Hz, 2H, H2), 7.46 (t,
] =84, 6.0 Hz, 1H, H1), 7.38 (s, 2H, H15), 7.29 (s, 2H, H12), 7.07 (d, ] = 9.0 Hz, 2H, H5),
4.64 (d, ] =12.3 Hz, 2H, H16 axial), 4.36 (d, ] = 13.2 Hz, 2H, H17 axial), 4.13 (t,] = 6.5 Hz,
2H, H6), 3.90 (t, ] = 6.7 Hz, 2H, H11), 3.36 (d, ] = 13.3 Hz, 2H, H17 equatorial), 3.33 (d, ] =
12.4 Hz, 2H, H16 equatorial), 1.92 (dq, ] = 13.3, 6.6 Hz, 4H, H7 and H10), 1.68 (dq, ] = 17.3,
8.2 Hz, 4H, H8 and H9).

13C NMR (101 MHz, Methanol-d4) 6 (ppm) 162.06, 161.63, 158.03, 157.03, 152.77,
146.69, 138.12, 133.53, 133.21, 130.47, 130.09, 129.39, 129.21, 128.77, 128.04, 126.48, 126.02,
125.94,125.52, 124.38, 122.09, 114.51, 75.76, 68.12, 33.39, 31.00, 29.56, 28.97, 25.78, 25.70.

HR-MS (ESI) m/z calculated for C4Hi;pN»O17S4 [M*~ + 2H*]?~: 511.0688; found,
511.0691.

7222 SC4-Azo 2

1.48 g (2 mmol) of SC4, 0.563 g (1.5 mmol) of 2.2 and 0.25 g (6 mmol) of LiOH.H,O
were dissolved in 10 ml of DMSO and were heated to 75 “Cunder constant stirring for
48 h. The reaction mixture was then precipitated two times with diethyl ether and once

with ethyl acetate. The final precipitate was filtrated over vacuum, yielding a yellow

122



7.2. SYNTHESIS PROTOCOLS
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Figure 7.8: Reactional scheme for the synthesis of the SC4-Azo counterion activators, 1
and 2.
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Figure 7.9: 'H-NMR spectrum of SC4-Azo 1 in methanol-d4. DMSO peak observable at
2.5 ppm and methanol peak at 3.3 ppm.
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Figure 7.10: BBC-NMR spectrum of SC4-Azo 1 in methanol-d4.

powder. This was then dissolved in a small quantity of water and further purified by
RP-18 chromatography, with the product being eluted with 10% acetonitrile and 90% water.
After evaporation of the solvent, 277 mg of final product was obtained, corresponding to
a yield of 18%.

'H NMR (400 MHz, Methanol-d4) 6 (ppm) 7.88 (d, ] = 8.7 Hz, 2H, H7),7.79 (d,] = 8.0
Hz, 2H, H6), 7.62 (s, 2H, H15), 7.56 (d, ] = 2.2 Hz, 2H, H16/H17), 7.40 (s, 2H, H16/H17),
7.34 (d,J =8.1 Hz, 2H, H5), 7.33 (s, 2H, H14), 7.19 (d, ] = 8.6 Hz, 2H, H8), 4.63 (d,] = 12.4
Hz, 2H, H12 axial), 4.60 (t, ] = 14.3 Hz, 2H, H9), 4.38 (d, ] = 13.2 Hz, 2H, H13 axial), 4.06
(t,J=5.5Hz, 1H), 3.37 (d, ] = 15.0 Hz, 2H, H13 equatorial), 3.34 (d, ] = 31.1 Hz, 2H, H12
equatorial), 2.71 (t, ] = 7.7 Hz, 2H, H4), 2.45 (d, ] = 8.6 Hz, 2H, H10), 1.68 (p, ] = 7.5 Hz,
2H, H3), 1.42 (h, ] =7.5 Hz, 2H, H2), 0.99 (t, ] = 7.3 Hz, 3H, H1).

13C NMR (101 MHz, Methanol-d4) § (ppm) 161.78, 157.01, 151.02, 146.79, 145.65,
133.58, 133.26, 129.38, 129.09, 128.72, 128.09, 126.47, 126.02, 125.50, 124.19, 122.14, 114.69,
65.23, 35.08, 33.39, 30.92, 29.63, 21.98, 12.86.

HR-MS (ESI - negative mode) m/z: calculated for (C47H45N2017S4) [M* + 3H*]:
1037.1606; found, 1037.1591.
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Figure 7.11: 'H-NMR spectrum of SC4-Azo 2 in methanol-d4. HDO peak observable at
4.9 ppm and methanol peak at 3.3 ppm.
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Figure 7.12: BC-NMR spectrum of SC4-Azo 2 in methanol-d4.

7.2.3 DASPI Dyes

The general procedure for synthesis of Et-DASPI and Jd-DASPI was based in the protocol
by Wang et al. and was done with the addition of N-methylpyridinium with the respective
aldehyde, obtained commercially, in the presence of catalytic amounts of piperidine.3%
Me-DASPI was obtained commercially.

Et-DASPI: 'H-NMR (400 MHz, D,0) 6 8.32 (d, ] = 6.7 Hz, 2H), 7.80 (d, ] = 6.7 Hz, 2H),
7.66 (d,] = 16.1 Hz, 1H), 7.56 (d, ] = 8.9 Hz, 2H), 6.99 (d, ] = 16.1 Hz, 1H), 6.82 (d, ] = 8.8
Hz, 2H), 4.11 (s, 3H), 3.38 (J = 7.0 Hz, 4H), 1.09 (t, ] = 7.1 Hz, 6H).

Jd-DASPI: 'H-NMR (400 MHz, D,0) 6 8.29 (d, ] = 6.7 Hz, 2H), 7.76 (d, ] = 6.6 Hz, 2H),
7.56 (d, ] =16.0 Hz, 1H), 7.16 (s, 2H), 6.93 (d, ] = 16.0 Hz, 1H), 4.10 (s, 3H), 3.20 - 3.13 (4H),
2.69 (t,] = 6.4 Hz, 4H), 1.87 (p, ] = 6.1 Hz, 4H).

7.2.4 Ditopic Receptor

As schematized in Chapter 3, Figure 3.18, several attempts at functionalization of CB7 were
attempted, with variable success. The reactions reported in the corresponding section are
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Figure 7.13: 'H-NMR spectrum of Et-DASPI in D,0. HDO peak observable at 4.7 ppm
and acetone residual peak at 2.15 ppm.
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Figure 7.14: 'H-NMR spectrum of Jd-DASPI in D,O. HDO peak observable at 4.7 ppm
and acetone residual peak at 2.15 ppm..

described here in further detail.

7241 CB7-OH

The synthesis protocol of CB7-OH was done as reported by Dong et al. by chemical
oxidation of CB7 using (NH4)>5,0g and Na,S0,.2%8 Different batches of CB7-OH were
prepared but for each 1 g of CB7 (0.86 mmol) approximately 1.4 equivalents of each of
the other reactants were used (in this example 1.2 mmol). The different reagents were
dissolved in water and heated at 65 °C for 18 hours. The mixture was filtered to removed
excess insoluble (NH4)>S,0g and the remainder of the supernatant was evaporated and
separated using a polymeric CHP20P resin and water as eluent. Fractions were recovered
and analyzed for berberine emission enhancement - these fractions were then analyzed by
ESI-MS with the guest cystamine, to confirm the degree of hydroxylation of each fraction.
Fractions which presented the expected mass spectroscopy fragments were recovered and
solvent was evaporated and then the resulting powder was dried under vaccum. Yields
of reaction varied for each batch but remained between 7 and 11%. NMR spectrum of one
of the CB7-OH fractions can be found in Chapter 3, Section 3.3 in Figure 3.19.
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7.24.2 CB7-propargyl

Synthesis of CB7-propargyl was done according to the procedure used in the work by
Zhang et al.3% 20 mg of CB7-OH (0.17 mmol) were dissolved in 1.5 mL of dry DMSO and,
under N atmosphere, 25 eq. of NaH were added slowly over a course of 30 min. 700 uL
of propargyl bromide (6.2 mmol) were added at 0 °C and left with continuous stirring at
room temperature for 18 h. Due to the high salt concentration, purification procedures
were not successful with only a small fraction of CB7-propargyl detected by ESI-MS at
685.3 m/z (expected 684.7, Figure 7.15).
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Figure 7.15: ESI-MS spectrum of the CB7-propargyl reaction mixture in the presence of
cystamine. Structure of the CB7-propargyl:cystamine complex in inset.

7.2.4.3 Superacid Mediated Synthesis of CB7-COOH and CB7-Br

Superacid mediated synthesis of CB7-COOH and CB7-Br was done based on the previously
described protocol developed by Kim and coworkers.?*’

20 mg CB7-OH was dissolved in methanosulfonic acid (670 uL) and added to 300
equivalents of the correspondant reagent dissolved in the same acid (300 uL). The two
methanosulfonic acid samples were added together dropwise in an ice bath and 240 uL of
triflic acid was added dropwise over ice to the previous sample and this reaction mixture
was agitated at 50 °C for 5 hours. After the reaction, the mixture was mixed with 6 mL of

cold water and precipitated with excess acetone. The fine powder was centrifuged out
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Figure 7.16: 'H-NMR spectra of CB7 (top) and CB7-propargyl reaction mixture with an
excess of the guest cystamine (bottom) in D,0.

of solution and the recovered product was dried under vaccum overnight. All reactants
used and specific conditions for each reaction is presented in Appendix B.3. The 'H-
NMR spectrum of the product for the reaction with 3-bromopropionitrile can be found in
Chapter 3, Section 3.3, in Figure 3.20, and the product for the reaction with cyanoacetic

acid is presented below and appears to be consistent with the literature.?
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Figure 7.17: 'H-NMR spectra of CB7-COOH in D,O with integrals of protons associated
with CB7-OH at 5.32 ppm (< 0.14H) and the protons that are believed to correspond to the
equatorial bridge protons of the modified CB7 unit at 4.23 ppm (14H) and the CB7-COOH
functional group -CHj- group at 3.92 ppm (= 2H). This integration allows to estimate the
yield to be = 86%.

7244 CB7-N3

5 mg of CB7-Br (3.8 umol) and 2.5 mg of NaN3 (38 umol) were dissolved in D,O and added
to an NMR tube. This tube was heated at 80 °C for 48 hours and 'H-NMR spectra were

taken at different intervals to ascertain the progress of the reaction until equilibrium was
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reached. 'H-NMR spectrum of the final solution is presented in 3, Section 3.3, in Figure
3.20, however, to confirm the conversion to the CB7-Nj3 species further characterization
by NMR and HR-MS is still needed.

7.3 Liposome preparation and characterization

Liposomes were prepared by different methods according to the size of the vesicles.

For large unilamellar vesicles (LUV) the thin-film hydration method was used for
obtention of the vesicles and extrusion through differently sized membranes was done
in order to nanosize them. 1 mL of a 10 mg/ml solution of lipid, in this case L-a-
phosphatidylcholine (Egg, Chicken), EYPC, obtained from Avanti Polar Lipids (reference
no. 840051), was added to a round bottom flask and carefully rotated and evaporated
under N stream to obtain a thin film of lipid. This was dried under vacuum for a minimum
of 1 hour and 1 mL of the solution to encapsulate - either phosphate buffer (PB) 5 mM
pH 7.4 or 50 mM carboxyfluorescein (CF) in this same buffer - was added and mixed at
40 °C for 30 min. After mixing, 10 freeze-thaw cycles were done to improve encapsulation
and unilamellarity of the vesicles. Extrusion through 100 or 200 nm membrane was
done, 23 times for each sample, maintaining the temperature at 40 °C. For the liposomes
prepared only with buffer solution, the obtained turbid solution was ready to use and
was examined by DLS to determine the average size of the liposomes in solution. For
liposomes with encapsulated CF, the extrusion step was followed by a size-exclusion
column with Sephadex G-25 (V = 37 mL), eluted with PB 5 mM pH 7 4, originating two
fractions, one with high turbity, containing LUVDCEF, and a transparent, highly fluorescent
one containing the excess of non-encapsulated CF.

Giant unilamellar vesicles (GUV) were obtained through the solvent evaporation
method.>%® A solution of 1.5 mg/ml of EYPC in chloroform was prepared and 500 uL
of this solution was added to 100 uL of methanol and 3.5 mL of PB5 mM pH 7.4 in a
round-bottom flask. This immiscible mixture was then slowly evaporated over the course
of 30 min at 40 °C, on a rotary evaporator, with slow decreases of pressure to ensure
the slow evaporation of the organic phase. Once no evaporation was observed at 100
mbar, the sample was left to evaporate an additional 5 min. originating a high turbidity
solution with only one phase. This technique yielded mostly polydisperse samples with
several GUV observable under the microscope, with a variable size that appeared to range

between 1 to 100 um, as shown in Section 5.2.

7.4 Oil in Water (O/W) emulsion preparation

Polydisperse O/W emulsions were obtained by addition of a small aliquot of organic
solvent, either O-DCB or diethylbenzene, to a solution of the given surfactant at the
wanted concentration and vortexed for 5 to 10 seconds or until a stable dispersion was

observed.
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Monodisperse droplets were made by microfluidic fabrication, using a Dolomite
Microfluidics microfluidic system with two Mitos P pressure pumps to control continuous
phase and disperse phase flow (disperse phase injected at 500 mbar and continuous phase
at 2000 mbar) into a Telos 2 Reagent Chip (50 um).24%2°1307 The disperse phase varied
in contents but corresponded to the organic O-DCB phase with the necessary reagents
in each droplet stock and the continuous phase corresponded to the SC4-4C surfactant

solution at 0.37 wt%.

7.5 NMR spectroscopy experiments

7.5.1 Structural Characterization of Synthesized Molecules and
Supramolecular Complexes in D,O and other deuterated solvents

'H-NMR resonances of each compound were assigned at 298 K, unless stated otherwise,
using standard 'H-COSY, 'H-ROESY (300 ms mixing time) and, when necessary, 2D
1H,13C-HSQC experiments, with natural abuncancy 13C.

Complexation experiments were done in DO and 'H-NMR resonances of each com-
pound in solution were assigned using the same experiments mentioned above and the
assigned spectra of each free species. If necessary, different ratios of the different elements
of the complexes were used to clarify specific ressonances. Ratio used in each experiment

is indicated in the respective spectrum.

7.5.2 Structural Characterization of Peptide Supramolecular Complexes in
H,O/D,0

'H-NMR resonances of the peptides were assigned at 298 K using standard 'H-TOCSY
(80 ms mixing time), 'H-ROESY (150 ms mixing time) and 2D 'H,'C-HSQC experiments,
with natural abuncancy '3C. Spectra of peptides and the respective complexes were made
in HoO/D,0 90%/10% mixture, with PB 5 mM pH 7.4, with water supression, in order to
observe the chemical shifts of labile protons, like those of amide, guanidinium and amine
groups.

The titration assays presented in Chapter 2, that aided in both attribution of pep-
tide chemical shifts and in clarifying the stoichiometry of the complexes, were done by
preparation of two different samples, both with a fixed concentration of peptide, with
3 equivalents of the host SC4 added to one of them, to be used as titrant. The solution
with excess SC4 was used to obtain the NMR spectrum at 3 eq. of host and every other
concentration below that. For the high equivalent samples presented with Ry, those were
prepared in batch, or by direct addition of a concentrated SC4 solution. All solutions were
prepared with a H,O/D,0 90%/10% mixture, in PB 5 mM pH 7 4.
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7.5.3 Quantification by 'H-NMR spectroscopy

Both methods of quantification by 'H-NMR use an internal reference with a well defined
concentration in order to quantify the sample of unknown quantity by a comparative
method. The reference chosen for this effect was maleic acid, seeing as it presents a single

singlet at a 6.3 ppm chemical shift, corresponding to the alkene symmetric protons.

7.5.3.1 Quantification of Peptide Samples with Coaxial Tube

The method used for the quantification of oligoarginines was done in collaboration with

Dr. Ana Sofia Ferreira and based on the recent paper by Ogura and Wakayama.3%

In order to not add contaminants to peptide stocks that could interfere with future
experiments, the reference for this method is added in an inner tube, the coaxial tube,
which will contain the reference in the same solvent as the sample. The relation between
the concentration of this reference, Cg, and that of the peptide sample, Cs, is dependent
on the ratio between respective peak integrals, Iz and Is, and ratio of respective number
of protons that said peak corresponds to, Hg and Hs, and volume of analyzed sample
(Equation 7.1).

Csg=—=.-R.-R. Cr (7.1)

Unlike when working with an internal reference in the same sample as the compound
to quantify, where Vi = Vg (uL), the effective volume analyzed by the NMR equipment
in the coaxial and outer tubes are unknown, so it was necessary to obtain these values
experimentally. For this a reference of Potassium Hydrogen Phthalate of a known concen-
tration was used in the outer tube, yielding a Vr /Vs of 0.0977 for this coaxial and outer
tube pair, which were used for all quantifications. NMR spectra for quantification were
done with an increased relaxation delay (above 10 seconds) due to maleic acid’s higher Ty
value and the unknown values for the peptides.

7.5.3.2 Quantification of lipids in liposome samples

This method uses the protocol reported by Hennig and coworkers, where a small amount
(50-175 uL) of the aqueous LUV stock after gel filtration is mixed with a chloroform-
methanol mixture in order to completely solubilize the lipids in the LUV solution.?"”
Depending on the concentration of lipids and the volume added of stock LUV different
mixtures of chloroform and methanol were used, but in general 100 uL of MeOD and 430
uL of CDCl3 were used. In this case, a small volume of a concentrated maleic acid solution
was directly added to this mixture, vortexed, and H-NMR were obtained with a T; above

5 seconds. All solvents used were deuterated with the exception of the LUV stocks.
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7.6 Characterization Techniques and protocol

7.6.1 Direct titrations

Direct titrations were done by direct addition of small aliquots of a stock solution of the
titrant species to a solution of the titrated compound at a fixed concentration (specific
details are referenced in the figure of each direct titration). To avoid dilution effects, the
same concentration of titrated species was added to the titrant stock solution.

Assays with hosts that can lead to aggregation phenomena, i.e. SC4-nPy (Section 4.1),
the direct titrations followed by optical techniques were done in batch to avoid kinetic
effects of aggregation influencing quantitative data.

ITC experiments varied the presence of host or guest as titrant, depending on solubility
limitations or baseline issues, however, the elements present in the ITC cell and syringe are
indicated in each figure and experiment presented. Baselines were obtained for the higher
concentration titrations due to interferance by heat of dilution of the syringe sample in the
measurement. Baselines were obtained by titrating the same concentration of titrant in
the syringe with only the solvent or buffer in the cell. ITC experiments where aggregation
occured were not done due to the thermodynamic contribution of the aggregation process
to the heat variation of the binding. For hygroscopic peptides with aromatic amino acids,
the molar extinction coefficient (¢) of the amino acids were used to quantify the prepared
solutions (eggnm = 5580 M~lem™!, eggornm = 1490 M~ 'em™! and egélsenm =195M~lem™1).310

The model used for fitting of the experimental data was the equal binding sites model
present in the software provided by Malvern Panalytical, with calculation of the number

binding of sites (n) and full thermal characterization.

7.6.2 Binding assays of heteroternary complexes

Binding assays shown in Section 3.2 were done as explained above, with the distinction of
the heteroternary complex assembly, where both CB7 and dye concentrations were fixed
and BB was added directly to the preformed complex. Fitting of the data was done by
considering all affinity constants, previously obtained in other direct titration experiments.
The calculation of the ternary binding constant was based on the information present in
the Annex I, Section 1.2.1.1.

7.6.3 Competitive Assays

Competitive assays were done in the presence of the chosen dye and host at a fixed
concentration so that the complex exceeds a molar fraction of 0.9. Competitive assays
with species that lead to aggregation were done at lower concentration and lower complex
fractions, to avoid this phenomenon interfering with the binding event. Aliquots of the
competitor are then added sequentially until a plateau is reached in the experiment or,
for lower affinity pairs, until only low variations of signal can be observed. Correction for

dilution were done accordingly to the initial volume of the sample and aliquot volume.
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Dye-host pairs, affinities of these complexes and concentrations used are reported in the

respective sections and figures.

7.6.4 Competitive Assays with heteroternary complexes

Competitive assays done with the heteroternary dual-host system were done in a similar
fashion to the normal competitive assays, however, the molar fractions of the species
were optimized through prediction by the scripts present in Annex I, Section 1.2.2, in
order to be in a semiquenched state, where addition of CB7 competitor could lead to
further quenching and addition of BB competitor would lead to further enhancement. The
corresponding concentrations of the species are presented in the respective Figures with

the UV-vis and Fluorescence spectroscopy assays.

7.6.5 Principal Component Analysis

Samples for Principal Component Analysis (PCA) were prepared in batch in plastic
cuvettes and emission measurements were analyzed by fluorescence spectroscopy with
excitation at 347 nm. Triplicate samples were prepared for each peptide and for each of the
sensors and the data used for the calculation of the principal components is presented in
the caption of each figure. The calculation and figure preparation was done with Python
3.9 and the python libraries Pandas and Numpy for data wrangling, sklearn.decomposition
for the PCA, matplotlib for plotting. The script used is presented in the Annex 1.2.3.

7.6.6 Dye-Efflux Assays

For the measurement of both SC4-Azo 1 and 2 and SC4-4Py effectiveness as counterion
activators of polyarginine transport, dye efflux assays were executed at several counterion
activator concentrations, while maintaining the concentration of peptide and LUV fixed
as indicated in the respective figures. For the dye efflux assays, CF emission was followed
throughout the assay, with consecutive additions of the elements of the solution - the
initial solution presented only the vesicles at a fixed concentration. A counterion activator
aliquot is then added according to the concentration to be tested and the emission is
measured to confirm that CF remains encapsulated; some counterion activators can act
as detergents at sufficient concentrations. Finally, the peptide in question is added and
fluorescence spectra are measured until the emission stabilizes and a maximum of release
is reached. If the counterion activator has the capacity to activate the transport, CF should
be co-transported to the exterior of the liposome with the influx of the counterion-peptide
complex. Finally, Triton X-100 is added to the solution to dissolve the vesicles and obtain
the maximum amount of CF that could be released from the liposomes and emit in the
outside medium. ECsg and Y, values were calculated from the values of corrected

emission at the plateau that is reached, according to previously reported assays.
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The light-modulation offered by the novel counterion activators SC4-Azo 1 and 2 was
tested by performing dye efflux assays as previously described, with the addition of an

interval in the measurement where the solution was irradiated at 500 nm.

7.6.7 Critical Aggregation Concentration

Critical aggregation concentration (CAC) for SC4-nPy sensors both when free in solution
and in the presence of different analytes was calculated by the pyrene aggregate emission
onset. For all samples the measurements were determined by preparation of batch samples
at different concentrations, with the sensor-peptide complex CAC calculation being done

at a fixed ratio of sensor to guest, which is indicated in the respective figure.

7.6.8 Surface Tension Measurement

Surfactant samples were prepared at 0.025 wt% in a 4 mL quartz cuvette and surface
tension was measured in a Ramé-Hart Model 500 Advanced Goniometer / Tensiometer, by
measurement of the contact angle of a pendant drop of O-DCB after 10 min of stabilization
in the respective surfactant solution. Each experiment was repeated three times, for three
different O-DCB droplets, maintaining the volume of the droplet as consistent as possible

across triplicates.

7.6.9 Chemiluminescence assays

Chemiluminescence assays were done with bis(2,4,6-trichlorophenyl)oxalate (TCPO) (1.7
mM) and the dye 9,10-(diphenylethynyl)anthracene (0.11 mM) in the presence of the
triethylsilane protected peroxide, (TES),-peroxide (10 mM). These assays were first
tested in glass vials in O-DCB, by addition of the several necessary chemiluminescence
components, with the exception of the catalyst for peroxide deprotection. The mixture
was stirred continuously and the addition of 10 mM of the respective deprotection catalyst
(Table 4.2 in Section 4.2) was done while filming the flask with a phone camera for initial
fluorescence detection.

Assays in droplets were done by preparation of two distinct O/W emulsion batches:
the first was prepared with the chemiluminescence reaction mixture, at the same con-
centrations as referred above, without deprotection catalyst, in the organic phase and
0.037 wt% SC4-4C in the aqueous phase and a separate O/W emulsion was prepared only
with the deprotection catalyst in O-DCB and 0.037 wt% SC4-4C in the aqueous phase.

Detection of chemiluminescence was tested for the stable droplets in cell culture
chambers with a mounted glass coverslip, by adding 600 uL of bidistilled water and an
equal volume of each batch of emulsions to the bottom of the chamber. The droplet
coalescence was induced by addition of an excess amount of ArgOMe, and emission was
detected by fluorescence spectroscopy with an optical fiber mount, located directly above
the cell culture chamber with the emulsion mixture.
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7.6.10 Epoxidation induced by droplet coalescence assays

Epoxidation assays in droplets were done in a similar manner to those of the CL reaction,
with the initial tests done in O-DCB and then later the components mCPBA and DPH
being added to different monodisperse emulsion batches, at 5 and 0.1 mM, respectively,
both prepared in an aqueous 0.037 wt% SC4-4C solution. DPH epoxidation by mCPBA in
droplets was done by adding 5 uL of each droplet batch to 600 uL of bidistilled water in the
cell culture chambers with a mounted coverslip and emission was detected by fluorescence
spectroscopy with an optical fiber mount set-up. Spectra were obtained immediately after
addition of the mCPBA batch to the DPH droplets, when the peptide solution was added
and 1 hour after addition of the SC4-4C guest to evaluate the extent of epoxidation.

7.6.11 Microscopy and Biological Assays
7.6.11.1 Cell Microscopy

Cell microscopy assays were performed by PhD student Yeray Folgar-Cameédn, at Mon-
tenegro Lab, CIQUS, Santiago de Compostela University, Spain.

Hela (cervix adenocarcinoma cells) cell line was obtained from ATCC and cultured in
Dulbecco’s Modified Eagle’s Medium (Dulbecco’s Modified Eagle Medium (DMEM); 4500
mg/L glucose, L-glutamine, sodium pyruvate, and sodium bicarbonate) supplemented
with 10% fetal bovine serum (FBS) and 1% Penicillin-Streptomycin-Glutamine Mix (Fisher)
(complete DMEM). They were maintained at 37 °C, 5% CO,, and 95% humidity in an
INCO 108 incubator (Memmert).

HeLa cells were seeded the day before at 100,000 cells/mL (100 uL/well of a 96-well
plate). Calixarenes E-2 and Z-2 (10, 50, 100, and 250 nM) and TAMRA-Rg (3 uM) samples
were diluted in DMEM stock and added to the cells (50 uL/well) for 25 min at 37 °C, 5%
COa,. Before imaging, cells were treated with 1 uM Hoechst 33342 for 20 minutes to stain
nuclei. Afterwards, cell culture media was removed, cells were washed with PBS, and 50
uL of complete DMEM without phenol red were added. Cells were immediately imaged
using the 60x oil objective of a Dragonfly spinning disc confocal microscope mounted on
a Nikon Eclipse Ti-E and equipped with an Andor Zyla 4.2 PLUS sCMOS digital camera.
Fluorescence of Hoechst was excited with the 405 nm laser and the emission was detected
at 450/50 nm; for the TAMRA fluorescence, an excitation of 561 nm was used while
the emission was detected at 620/60 nm. Images were processed using Image] software
(v1.52b).

7.6.11.2 GUV Microscopy

Samples for miscroscopy of Giant Unilamellar Vesicles (GUV) were prepared with the
stock solution of EYPC-GUV at 300 uM, with addition of 30 uM of the sensor SC4-4Py.
Different concentrations of peptide were added as indicated in the presented figures with
microsocopy results. A small aliquot of each solution was deposited in glass slides equiped
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with SecureSeal™Imaging Spacers with 9 mm of diameter and 0.12 mm of depth in order
not to disturb the GUV structures, and covered with coverslips. Images were obtained
immediately after preparation of the slides and after several minutes to hours after to
analyze the kinetic stability of the SC4-4Py-peptide structures in the vesicle membrane.
Both 10x objective and 20x and 60x oil objectives were used for imaging, on a Dragonfly
spinning disc confocal microscope mounted on a Nikon Eclipse Ti-E and equipped with
an Andor Zyla 4.2 PLUS sCMOS digital camera, using the epifluorescence mode due to
limitation of confocal setup in terms of excitation wavelength (> 400 nm). The SC4-4Py
was excited with the DAPI longpass filter set with excitation at 365 nm and emission

detection from 413 nm. Images were processed using Image] software (v1.52b).

7.6.11.3 Double Emulsion Microscopy

Microscopy samples were prepared directly in cell culture chambers with a mounted glass
coverslip, by adding 600 uL of MilliQ water so as to cover the coverslip completely. The
double emulsion preparation is added slowly with a micropipette in order to create an even
distribution of droplets in the bottom of the chamber. Bright-field images were obtained
in an inverted microscope at different magnifications and fluorescence microscopy images
were obtained in a Zeiss Axiovert 200 inverted widefield fluorescence microscope equipped
with a Zeiss AxioCam HRc camera, by using the DAPI channel filter set for excitation and

emission detection.

7.6.12 Biological Assays

All biological assays were performed by PhD student Yeray Folgar-Carmean, at Montene-
gro Lab, CIQUS, Santiago de Compostela University, Spain.

Flow cytometry assays were done with HelLa cells, seeded the day before at 100,000
cells/mL (100 uL/well of a 96-well plate). Calixarenes E-2 and Z-2 (10, 50, 100, and 250
nM) and TAMRA-Rg (3 uM) samples were diluted in DMEM stock and added to the
cells (50 uL/well) for 25 min at 37 °C, 5% CO,. Immediately after incubation, cells were
detached by replacing samples with 100 uL of Trypsin-EDTA for 10 min at 37 °C, 5% CO,.
Once cells were in suspension, trypsin was neutralized by the addition of 100 uL PBS
containing 2% FBS and 5 mM EDTA. TAMRA fluorescence was excited at 532 nm (green
laser) and measured on a Guava easyCyte BG HT collecting the emission at 583 /26nm
(Yellow-G channel), using InCyte v3.2 (GuavaSoft, Millipore). Cells with typical FSC and
SSC parameters were selected and the mean fluorescence intensity was calculated for each
sample. Each condition was measured in quadruplicate. Data analysis was performed
with the InCyte software included in GuavaSoft 3.2 (Millipore).

Cell viability assays were done with HeLa cells as well, prepared in the same conditions
as the previous assay. Cells were then incubated with calixarene E-2 or Z-2 samples diluted
in DMEM stock (0.01, 0.05, 0.1, 0.15, 0.25, 0.5, 0.75, 1, 2.5, 5, 7.5, 10, 15, 20, 40, 60, 80 and 100
uM, 50 uL/well) for 24 hours. Afterwards, samples were removed and replaced with 100
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uL of fresh complete DMEM supplemented with 0.5 mg/mL MTT. Cells were incubated
for 2 hours before carefully removing the supernatant and dissolving the formazan
crystals with DMSO (100 uL/well). The absorbance at 570 nm was measured with a plate
reader (Tecan Infinite F200Pro) and the data normalized to the value of untreated cells
(100% viability), after blank subtraction (cells previously treated with Triton X-100). Each
condition was measured in triplicate. Curve fitting was performed with GraphPad Prism

6 software (v6.01) using a 4-parameters logistic model.
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8.1 Publications

Joana N. Martins, Beatriz Raimundo, Alicia Rioboo, Yeray Folgar-Camean, Javier Mon-
tenegro, and Nuno Basilio. “Photoswitchable Calixarene Activators for Controlled Peptide
Transport across Lipid Membranes” Journal of the American Chemical Society, 2023, 145 (24),
13126-13133, DOI: 10.1021/jacs.3c01829

8.2 Oral and Poster Communications

8.2.1 Oral Communications
8.2.1.1 National Conferences

¢ “Supramolecular Sensors for Biologically Relevant Analytes”, presented on the 29th
of March of 2021, at 14° Encontro Nacional de Quimica Fisica, 14ENQF (Online)

¢ “Detecting two distinct analytes with a single dye: A ternary host:guest complex
with orthogonal recognition units”, presented on the 4th of April of 2023, at 15°
Encontro Nacional de Quimica Fisica, 1I5ENQF (Online)

* “Novel Photo-Responsive Calixarenes for the Control of the Transport of Hydrophilic
Peptides Across Synthetic and Cellular Membranes”, presented on the 24th of July of
2023, at the XXVIII Encontro Nacional da Sociedade Portuguesa de Quimica, Aveiro,
Portugal

8.2.1.2 International Conferences

¢ “Light-Controlled Counterion Activation of the Transport of Arginine-Rich Peptides
Across Synthetic Phospholipidic Membranes”, presented on the 11th of July of 2022,
at RICI IX - Iberian Meeting on Colloids and Interfaces, Santiago de Compostela,
Spain
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* “A three-component self-assembled chemosensor for the detection of two distinct
analytes using a single dye”, presented on the 7th of June of 2023, at Affinity 2023,
Lisbon, Portugal

¢ “Dual-emission sensing systems in phospholipidic artificial membranes”, presented
on the 24th of June of 2024, at RICI X - Iberian Meeting on Colloids and Interfaces,
Coimbra, Portugal

* “Novel Photo-Responsive Calixarenes for the Control of the Transport of Hydrophilic
Peptides Across Synthetic and Cellular Membranes”, presented on the 10th of July
of 2024, at the 9th EuChemS Chemistry Congress (ECC9), Dublin, Ireland

¢ “p-Sulfonatocalix[4]arene-based ratiometric array for sensing of cationic peptides in
solution and different platforms”, presented on the 27th of February of 2025, at the
XIX Iberian Peptide Meeting (EPI 2025), Santiago de Compostela, Spain.

8.2.2 Poster communications

* “Supramolecular Ratiometric Sensors for Polycationic Peptides”, presented at the
24th PhotolUPAC, between the 17th and 22nd of July of 2022, Amsterdam, The
Netherlands
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Figure A.1: Direct titrations of BB (0.2 mM) with A. L-Tyr, B. DL-Phe, C. L-Glu and D.
L-Asp, followed by UV-vis spectroscopy, by the appearance of the respective CT band or
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Figure A.3: ITC isotherms of titration of A. BB (0.7 mM) with L-Tyr, B. GGGGY (0.25 mM)
with BB, C. BB (1 mM) with DL-Phe and D. GGGGF (0.25 mM) with BB, obtained at 25°C.
Number of sites obtained for the binding of BB to GGGGY was 0.78 + 0.04 and GGGGF
was 0.87 + 0.09, while number of sites for the amino acids binding to BB was not obtained
due to lack of full isotherm curve.
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Figure A.4: ITC isotherms of titration of A. GGWGG (0.1 mM) and B. WGGGG (0.1 mM)
with BB, obtained at 25°C. Number of sites obtained for the binding of BB to GGWGG was
1.14 + 0.12 and WGGGG was 1.29 + 0.08.
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Figure A.5: IH-NMR spectra of the peptides A. RyG,, B. R3G, C. R4, D. Rg and E. Rg, in
D;0, in the presence of maleic acid, 3.53 mM, in a coaxial tube. The integrals presented

are of the reference and peptides H, proton in each sample, which were used for sample
quantification.
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Figure A.6: Indicator displacement assays (IDA) done with the SC4-LCG pair for quantifi-
cation of the oligoarginines A. RoGo, B. R3G, C. Rg and D. Rg, followed by fluorescence
spectroscopy (Aexc = 369 nm). LCG and SC4 concentrations were fixed at 0.1 and 3.3 uM
for all peptides except Rg where the concentration of SC4 was fixed at 5 uM. Insets show
the fitting of the data with A and B using the 1:1 competitive model, with concentration
of peptide in logarithmic scale for better observation of emission enhancement onset and
C. and D. using the 2:1 host:guest competitive model.
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Figure A.8: 'H-TOCSY NMR spectrum of the peptide RyG, (0.22 mM), done in 10%
D,0:90% H,O.
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Figure A.9: IH-ROESY NMR spectrum of the peptide R,G, (0.22 mM), done in 10%
D,0:90% H,O.
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Figure A.10: 'H-'*C-HSQC NMR spectrum of the peptide RoG, (0.22 mM) with 1.5
equivalents of SC4, obtained with natural abundancy *C. The spectrum was done in 10%
D,0:90% H,O and the signals observed at 1.1 and 3.6 ppm in the proton chemical shifts
correspond to a contamination with ethanol.
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Figure A.11: 'H-TOCSY NMR spectrum of the peptide RyG, (0.22 mM) with 1.5 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O and the signals observed at 1.1 and
3.6 ppm correspond to a contamination with ethanol.

ppm

ppm

Figure A.12: 'H-ROESY NMR spectrum of the peptide R,G; (0.22 mM) with 1.5 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O and the signals observed at 1.1 and
3.6 ppm correspond to a contamination with ethanol.
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Figure A.13: 'H-13C-HSQC NMR spectrum of the peptide Ry (0.59 mM), obtained with
natural abundancy '2C. The spectrum was done in 10% D,0:90% H,O.
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Figure A.14: TH-TOCSY NMR spectrum of the peptide R4 (0.59 mM), done in 10% D>0:90%
HO.
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Figure A.15: 'H-ROESY NMR spectrum of the peptide R4 (0.59 mM), done in 10% D,0:90%
H,O.
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Figure A.16: 'H-3C-HSQC NMR spectrum of the peptide Ry (0.59 mM) with 0.35 equiv-
alents of SC4, obtained with natural abundancy *C. The spectrum was done in 10%
D,0:90% H,O.
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Figure A.17: 'H-TOCSY NMR spectrum of the peptide Ry (0.59 mM) with 0.35 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O.
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Figure A.18: 'H-ROESY NMR spectrum of the peptide Ry (0.59 mM) with 0.35 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O.
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Figure A.19: 'H-13C-HSQC NMR spectrum of the peptide Ry (0.59 mM) with 0.8 equiv-
alents of SC4, obtained with natural abundancy 13C. The spectrum was done in 10%
D,0:90% H,O.
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Figure A.20: 'H-TOCSY NMR spectrum of the peptide R4 (0.59 mM) with 0.8 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O.
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Figure A.21: 'H-ROESY NMR spectrum of the peptide R4 (0.59 mM) with 0.8 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O.

B~ Y =]
=y 30

e @ 40

r70

ppm

r80

r90

r100

110

r120

o

130

Figure A.22: 'H-13C-HSQC NMR spectrum of the peptide Ry (0.59 mM) with 1.5 equiv-
alents of SC4, obtained with natural abundancy *C. The spectrum was done in 10%
D,0:90% H,O.
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Figure A.23: 'H-TOCSY NMR spectrum of the peptide Ry (0.59 mM) with 1.5 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O.
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Figure A.24: 'H-ROESY NMR spectrum of the peptide R4 (0.59 mM) with 1.5 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O.
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Figure A.25: 'H-13C-HSQC NMR spectrum of the peptide R4 (0.59 mM) with 10 equivalents
of SC4, obtained with natural abundancy *C. The spectrum was done in 10% D>0:90%
H,O.

ppm

Figure A.26: 'H-TOCSY NMR spectrum of the peptide R4 (0.59 mM) with 10 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O. Baseline correction was not fully
successful due to interferance from broad free SC4 chemical shifts near the solvent peak.
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Figure A.27: 'H-ROESY NMR spectrum of the peptide R4 (0.59 mM) with 10 equivalents
of SC4. The spectrum was done in 10% D,0:90% H,O. Baseline correction was not fully
successful due to interferance from broad free SC4 chemical shifts near the solvent peak.
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Figure A.28: The distribution of observed carbon (A, left) and proton (B, right) chemical
shifts in proteins. The solid circles mark the average chemical shift. The solid lines indicate
+306; 95% of the observed chemical shifts fall within this range. The gray boxes indicate
nominal chemical shift ranges for a, , and methyl atoms. In the case of carbon shifts,
these ranges separate the atom types quite well. Note that there are a few exceptions, for
example, the f-carbons of serine and threonin fall in the a-region and the a-carbon of
Gly can fall in the f-carbon region. Data from the BioMagResBank database of chemical
shifts.31! Reproduced with permission from Rule, G. S., and Hitchens, T. K. (2003). NMR
Spectroscopy. In Fundamentals of Protein NMR Spectroscopy (pp. 1-27). Springer-Verlag.
Copyright 2003 Springer Nature.?”
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Figure A.29: Indicator displacement assays done with the SC4-LCG (3 and 0.1 uM, respec-
tively) pair, followed by fluorescence spectroscopy (A.xc = 369 nm) for quantification of the
oligoarginines A. R,G, and B. R4 samples, used for NMR spectroscopy studies, yielding
0.22 mM and 0.59 mM.
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Figure A.30: Titration of peptide RoG; (0.22 mM, quantified by LCG-SC4 IDA, Figure A.29)
with SC4 followed by 'H-NMR spectroscopy.
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Figure A.31: ITC isotherms of the titrations of host SC4 with the different oligoarginines,
at 25°C: A. RyG; (100 uM SC4 and 1.14 mM peptide), B. R3G (35 uM SC4 and 175 uM
peptide), C. R4 (20 uM SC4 and 200 uM peptide), D. Rq (20 uM SC4 and 200 uM peptide),
E. Rg (20 uM SC4 and 200 uM peptide).

184



APPENDIX A. SUPPLEMENTARY INFORMATION FOR CHAPTER 2

0—fannt ] )
Nt o] M
0.1 -1
— 24
w02 — A
3 2
= 3]
8 = 4
3 -03 = ]
o 5
SRy -5
6]
-0.5+ -
7
LI LA L L AL L L HLE L L | _'I‘I'\‘\'II'I'I'I'I
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (min) Time (min)
.
0+ ¢ *%ee ® e e o0 0
50
3 = 1 oo
S g 100 .
= ~
S 2 150
53 = 7]
I L]
L < 2004
g 200
.
-250—
.
B T 4 T : T i T : T v T T T v T T T T
0 05 1 15 2 25 0 05 1 15 2 25
Molar Ratio Molar Ratio

Figure A.32: ITC isotherms of the titrations of A. R4 (20 uM) and B. Rg (16 uM) with the
host SC4 (200 uM), at 25°C.
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Figure B.1: Direct titration of SC4-4Py with the sodium salts of the counterions of the
several analytes studied: A. Nal; B. NaCl, followed by fluorescence spectroscopy (Aexc =
340 nm). No significant quenching of pyrene emission was observed.

Table B.1: Stern-Volmer constants (Ksy / M™!) of Lucigenin (LCG) quenching by the
counterions of the several analytes studied.

Analyte Counterion Kgy /M1
L-Arginine ClI” 300
Choline Cl- 290
Acetylcholine CI” 350
Putrescine 2ClI 690
DM-DABCO 540
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Figure B.2: Fluorescence spectra (A¢x. = 340 nm) of SC4-4Py (2 uM) with an excess of the
different analytes studied: A. DM-DABCO; B. Putrescine; C. Choline; D. Acetylcholine
and E. L-Arginine. No aggregation was detected for any of the analytes in the concen-
tration used in the displacement assays, even though Putrescine does show potential
pre-aggregates near 500 equivalents, by the slight increase in emission at ~ 460 nm.
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Figure B.3: Direct titrations of LCG (0.5 uM) with the different analytes studied: A.
DM-DABCO; B. Putrescine; C. Choline; D. Acetylcholine and E. L-Arginine, followed by
fluorescence spectroscopy (Aex. = 340 nm). These analytes have the anionic counterions
of Iodine for DM-DABCO and Chloride for the remainder analytes and the concentration
of the quencher species was adjusted according to stoichiometry of counterions. All Stern-
Volmer (SV) linearizations are presented in the insets and the Ksy obtained by fitting of
the data to this linearization are presented in Table B.1.
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Figure B.4: Ratiometric IDA of A. DM-DABCO, B. L-Arginine, C. Choline and D. Acetyl-
choline with the system SC4-4Py-LCG. The fitting of the ratio between LCG emission, at
505 nm, and SC4-4Py emission, at 398 nm (A.yx, = 340 nm), can be found in the insets and
respective affinity constants obtained for each guest in Table 3.1
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Figure B.5: Direct titration of SC4-4Py (2 uM) with the analytes studied: A. DM-DABCO,
B. Putrescine, C. Choline, D. Acetylcholine and E. L-Arginine, followed by fluorescence
spectroscopy (Aexc = 340 nm).
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Figure B.6: 'H-3C-HSQC NMR spectrum of SC4-4Py (0.5 mM) and DM-DABCO (0.67
mM) in D,O pD 7.

SC4-4Py 0.2 mM + DM-DABCO 0.4 mM pH 3 /j L

SC4-4Py 0.5 MmMpH 3

. 20
! %6

r40

r60

ppm

180
190

1100
110

r120

TRy

" 1130

5 80 75 70 65 60 55 50 45 40 35 30 25 20 15
ppm

ia e

8 7 6 5 4 3 2
ppm

Figure B.7: 'H-NMR spectra of SC4-4Py (0.5 mM) and SC4-4Py-DM-DABCO complex (0.2
and 0.4 mM, respectively) in D,O pD 3.
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Figure B.8: 'H-13C-HSQC NMR spectrum of SC4-4Py (0.5 mM) in DO at pD 3.
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Figure B.9: TH-13C-HSQC NMR spectrum of SC4-4Py-DM-DABCO complex (0.2 and 0.4
mM, respectively) in D,O at pD 3.
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Figure B.10: 'H-NMR spectra of SC4-4Py (0.5 mM) in the absence of Acetylcholine (ACh)
and in the presence of 1 and 1.7 equivalents of this analyte in D,O at pD 7.
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Figure B.11: 'H-NMR spectra of SC4-4Py (0.5 mM) at 25 and 5°C in D,O at pD 7, with
slight sharpening of SC4 chemical shifts particularly noticeable between 0 and 4 ppm.
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Figure B.12: ITC isotherms of the titration of SC4-4Py with A. DM-DABCO, B. Putrescine,
C. Acetylcholine, D. Choline and E. L-Arginine. Concentration of SC4-4Py was fixed at
A. 30, B. 40, C. and D. 150 and E. 200 uM, obtained at 25°C. The number of sites obtained
for each titration was of A. 0.66, B. 1.52, C. 0.65 and D. 0.74. To be able to fit the Arg data
the number of sites needed to be fixed at 1. The deviations from 1:1 binding appear to
be caused by small errors in concentration of analyte stock solutions due to their highly
higroscopic nature. Only Putrescine showed a deviation to this trend, likely due to the
difficult manipulation of this compound, so errors in measuring mass are likely the cause
of this difference.
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Figure B.13: UV-Visible spectroscopy of the dyes at different pH, in the presence and
absence of CB7: A. Me-DASPI, B. Me-DASPI-CB7, C. Jd-DASPI, D. Jd-DASPI-CB7 and E.

Et-DASPI-CB7, with respective fitting to the Henderson-Hasselbalch equation using the
Amax of absorption for each dye and dye-CB7 pair, for the lowest energy absorption band

of the mono-cationic dye species.*
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Table B.2: pK, values of the different DASPI dyes and respective CB7-DASPI complexes.
The pK,; shift between bound and unbound dyes is also presented, with a maximum of

3.69 for the dye with dimethylamine and 0.79 with julolidine in the aniline moiety.

pPK,

Dye Free Dye CB7:Dye PK. shift
Me-DASPI 3.33 7.02 3.69
Et-DASPI 4.28%% 6.36 2.08
Jd-DASPI 2.56 3.35 0.79
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Figure B.14: pK, comparison between the free dyes, A. Me-DASPI, B. Et-DASPI and C.

Jd-DASPI and respective complex with CB7.
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Figure B.15: ITC isotherms for the binding of the dyes (50 uM) A. Me-DASPI, B. Et-DASPI
and C. Jd-DASPI with the host CB7 (in syringe, 500 uM), at 25°C.
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Figure B.16: ITC isotherms for the binding of the dyes A. Me-DASPI, B. Et-DASPI and C.
Jd-DASPI with the host BB, at 25°C. For Me and Jd-DASPI the concentration was fixed
at 100 uM for the dyes and 2 mM for BB while for Et-DASPI the dye was added, in the
syringe, at 2 mM, to BB in the cell at 100 M.
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Figure B.17: ITC isotherms for the binding of BB to the 1:1 CB7 complexes with the dyes A.
Me-DASPI (25 uM of CB7 and dye), B. Et-DASPI (15 uM of CB7 and dye) and C. Jd-DASPI
(50 uM of CB7 and dye) with the host BB, at 25°C. This host was added in the syring with
concentrations of A. 500 uM, B. 60 uM and C. 2 mM.
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Figure B.18: A. Titration of the Me-DASPI with CB7 followed by UV-vis (left) and flu-
orescence spectroscopies (right, Aexc = 517 nm). The concentration of dye was fixed at
9 uM for both techniques. B. Titration of Jd-DASPI with CB7 followed by UV-vis (left)
and fluorescence spectroscopies (right, Aexc = 505 nm). The concentration of dye was
fixed at 7.6 uM, for both UV-vis and fluorescence spectroscopy studies. Fitting of the
experimental data was done using the 1 to 1 model for Me-DASPI and using the 2 to 1

model for Jd-DASPI (see Annex I) and can be found in inset.
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Figure B.19: Titration of the Me-DASPI-CB7 complex with BB followed by A. UV-vis and
B. fluorescence spectroscopies (A.x. = 468 nm). The concentration of dye and CB7 were
fixed at, respectively, 8.3 uM and 15 uM, for both techniques. Titration of Jd-DASPI-CB7
complex with BB followed by C. UV-vis and D. fluorescence spectroscopies (A¢xc = 530
nm). The concentration of dye and CB7 were fixed at, respectively, 7.6 and 45.6 uM, for
UV-vis studies and at 8 and 48 uM for fluorescence assays. Fitting of the experimental
data to each of the ternary complex model presented in Annex I can be found in inset.

200



APPENDIX B. SUPPLEMENTARY INFORMATION FOR CHAPTER 3

ol
Ly Iy

Il

\ C f‘<\:/\”” +1.5eqCB7

/ (' o M\’JUWJ Uk NJ ww«-
5 =

e /_/'-8 Me-DASPI

’\Ja 67 0.5mM

1 23

Iﬁ
>

IJ | 1 e

7 6 53 4 2 8 1

1 |

95 90 85 80 75 70 65 60 55 45 40 35 30 25 20
ppm

Figure B.20: IH-NMR spectra of CB7, Me-DASPI, of the CB7-Me-DASPI and CB7-Me-
DASPI-BB complexes and BB in D,O pD 8 and respective expected structures based on
the assigned Me-DASPI proton chemical shifts. Arrow on the CB7-Me-DASPI suggested
structure represents the mobility of CB7 on the dye, due to the signal broadening at
1.5 and lower equivalents of the host, which os a common behaviour for these types
of complexes. Assignment of free dye was done comparatively, with aid of previously
reported 'H-NMR spectrum, while the 1:1 and 1:1:1 complex assignment was done by
analysis of 2D experiments COSY and ROESY, presented in the appendixes B.22 through
B.25.
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Figure B.21: 'H-NMR spectra of CB7, Jd-DASPI, CB7-Jd-DASPI and CB7-Jd-DASPI-BB
complexes and BB in D,O pD 8 and respective expected structures based on the assigned Jd-
DASPI proton chemical shifts. Arrow on the CB7-Jd-DASPI suggested structure represents
the mobility of CB7 on the dye, due to the signal broadening at 1.5 and lower equivalents of
the host. Addition of excess BB (2 eq.) leads to an equilibrium between ternary and binary
complex, with the unaffected binary complex - CB7-Jd-DASPI - chemical shifts represented
by dashed lines and labels in grey. Assignment of free dye was done comparatively, with
aid of previously reported 'H-NMR spectrum, while the 1:1 and 1:1:1 complex assignment
was done by analysis of 2D experiments COSY and ROESY, presented in the appendixes
B.30 through B.33.
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Figure B.22: TH-COSY NMR spectrum of Me-DASPI-CB7 complex with 0.5 mM of dye
and 1.5 equivalents of CB7, in D,0.
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Figure B.23: 'H-ROESY NMR spectrum of Me-DASPI-CB7 complex with 0.5 mM of dye
and 1.5 equivalents of CB7, in D,0.
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Figure B.24: 'H-COSY NMR spectrum of Me-DASPI-CB7-BB complex with 0.5 mM of dye
and 1.5 and 1 equivalents of CB7 and BB, respectively, in D,O.
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Figure B.25: 'H-ROESY NMR spectrum of Me-DASPI-CB7-BB complex with 0.5 mM of
dye and 1.5 and 1 equivalents of CB7 and BB, respectively, in D,0O.

204



APPENDIX B. SUPPLEMENTARY INFORMATION FOR CHAPTER 3

ppm

ppm

Figure B.26: 'H-COSY NMR spectrum of Et-DASPI-CB7 complex with 0.5 mM of dye and
1.5 equivalents of CB7, in D,O
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Figure B.27: 'H-ROESY NMR spectrum of Et-DASPI-CB7 complex with 0.5 mM of dye
and 1.5 equivalents of CB7, in D,0.
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Figure B.28: 'H-COSY NMR spectrum of Et-DASPI-CB7-BB complex with 0.5 mM of dye
and 1.5 and 1 equivalents of CB7 and BB, respectively, in D,O.
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Figure B.29: 'H-ROESY NMR spectrum of Et-DASPI-CB7-BB complex with 0.5 mM of dye
and 1.5 and 1 equivalents of CB7 and BB, respectively, in D,O.
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Figure B.30: 'H-COSY NMR spectrum of Jd-DASPI-CB7 complex with 0.4 mM of dye and
1.5 equivalents of CB7, in D,O
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Figure B.31: 'H-ROESY NMR spectrum of Jd-DASPI-CB7 complex with 0.4 mM of dye
and 1.5 equivalents of CB7, in D,O
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Figure B.32: 'H-COSY NMR spectrum of Jd-DASPI-CB7-BB complex with 0.4 mM of dye
and 1.5 and 2 equivalents of CB7 and BB, respectively, in D,O.
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Figure B.33: TH-ROESY NMR spectrum of Jd-DASPI-CB7-BB complex with 0.4 mM of dye
and 1.5 and 2 equivalents of CB7 and BB, respectively, in D,O.
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Figure B.34: Titration of a Jd-DASPI-BB mixture (100 uM BB and 10 uM Jd-DASPI) with
CB7 up to an excess of this host, followed by A. UV-vis and B. fluorescence spectroscopies
(Aexc = 530 nm). Variation at a fixed wavelength can be found in inset. Fitting of this data
to the 2:1:1 model was not possible, likely due to other processes occurring simultaneously
that shift the species distribution or their photophysical properties, e.g. aggregation or
precipitation.
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Figure B.35: A. Molar fractions of the species Et-DASPI (8.6 uM), CB7 (25 uM) and BB
in solution at varying initial BB concentrations. B. Estimated emission based on the
molar fractions presented in A. The dotted line in both graphs represents the chosen
concentration of BB in order to obtain the maximum of CB7:Et-DASPI:BB fraction while
allow for both quenching and enhancement if either of the hosts is displaced.

A B
0.20 1= Jd-DASPI
0uM - omM
429 uM 5 417 mM .
o 0157 s y —
o 2
c Q
S o
2 010 2
2 3
2 5 '
0.05- E
3 [
\,
0.00 +rrrrrrrrr T T 0 =
300 350 400 450 550 600 650 700 750
Wavelength (nm) Wavelength (nm)

Figure B.36: A. Direct titration of BB with Nandrolone, followed by UV-vis spectroscopy
and B. displacement of Jd-DASPI (8.6 uM) from CB7 (25 uM) with the analyte Naproxen
followed by fluorescence spectroscopy (Aexc = 530 nm).
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Figure B.37: Displacement of Me-DASPI from CB7 with FGG, followed by A. UV-vis and
B. fluorescence spectroscopies (A¢xc =468 nm). Concentration of Me-DASPI and CB7 was
fixed at 15 uM for UV-Vis assays and 6 and 7.5 uM, respectively, for the fluorescence assays.
C. Direct titration of BB (150 uM) with FGG, followed by UV-vis spectroscopy.
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Figure B.38: A. Displacement of Me-DASPI (4.7 uM) from CB7 (9.5 uM) with FGGW,
followed by fluorescence spectroscopies (A.x. =468 nm). C. Direct titration of BB (150 uM)
with FGGW, followed by UV-vis spectroscopy. Appearance of CT band centered at 415
nm confirms binding at the C-terminal Trp.
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Figure B.39: Molar fractions of species in a predicted ternary displacement with Et-DASPI
and the two hosts and competitor FGGW, using concentrations used in the assay shown
in Figure 3.15. Dashed line shows concentration at which there is a sharp decrease in the
molar fraction of (CB7),:Peptide complex, which indicates that at concentrations above =
20 uM, BB should be free to bind to the peptide C-terminal.
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Figure B.40: Ternary complex displacement with Me-DASPI, with the peptide FGG,
followed by A. UV-vis and B. fluorescence spectroscopies (1., = 468 nm). Concentration
of the hosts, BB and CB7, and Me-DASPI were fixed at 6, 10 and 7.8 uM for both assays.
Ternary complex displacement with Jd-DASPI, with the same peptide, followed by C. UV-
vis and D. fluorescence spectroscopies (A.xc =470 nm). For these assays, the concentrations
of BB, CB7 and Jd-DASPI were fixed at 50, 60 and 7.5 uM, respectively. Insets in A., B. and
D. show fitting of the spectroscopical data at a fixed wavelength with the ternary complex

competitive model presented in Annex I.
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Figure B.41: Ternary complex displacement with Me-DASPI, with the peptide FGGW,
followed by A. UV-vis and B. fluorescence spectroscopies (1., = 468 nm). Concentration
of the hosts, BB and CB7, and Me-DASPI were fixed at 8, 8.2 and 7 uM for both assays.
Ternary complex displacement with Jd-DASPI, with the same peptide, followed by C. UV-
vis and D. fluorescence spectroscopies (A.xc =470 nm). For these assays, the concentrations
of BB, CB7 and Jd-DASPI were fixed at 50, 60 and 8 uM, respectively. Insets in B., C. and
D. show fitting of the spectroscopical data at a fixed wavelength with the ternary complex
competitive model presented in Annex L.
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Figure B.42: ESI-MS spectrum of fraction 6 of CB7 chemical oxidation reaction, corre-
sponding to the fraction with a majority of CB7, in the presence of Cys, found at 658.3
m/z. Structure of the Cys and CB7 complex can be found in inset.
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Figure B.43: ESI-MS spectrum of fraction 13 of CB7 chemical oxidation reaction, corre-
sponding to the fraction with a majority of CB7-OH, in the presence of Cys, found at 666.3
m/z. Structure of the Cys and CB7-OH complex can be found in inset.
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Figure B.44: ESI-MS spectrum of fraction 17 of CB7 chemical oxidation reaction, corre-
sponding to the fraction with a mixture of CB7-OH and CB7-OHpy, in the presence of Cys,
found at 666.3 and 674.3 m/z.
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Figure B.45: ESI-MS spectrum of fraction 24 of CB7 chemical oxidation reaction, corre-
sponding to the fraction with a majority of CB7-OHy, in the presence of Cys, found at
6743 m/z.
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Figure B.46: ESI-MS spectrum of the reaction mixture after work-up of the reaction of
CB7-OH with propargyl alcohol in the presence of NaH, in the presence of Cys. It appears
to present a majority of CB7-propargyl (m/z expected at 684.7 and found at 685.3).

Table B.3: List of substitution reactions done by the superacid carbocation formation
method, reagents used and respective quantities used, in relation to CB7-OH quantity,
and final yield obtained.

Reaction Reagent Equivalents ]
Code Structure qadded Yield

cB7-C'4 | NZ T N 100 eq. i

CB7-C*.2 . 100 eq. -

CB7-C*.3 HO/\\\ 300 eq. -
CB7-C*.4 > Br 300 eq. Quantitative
. __~_OH
CB7-C*5 N7 300 eq. ~ 86%
0
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Figure B.47: '"H-NMR spectra of the reaction mixtures of reactions CB7-C*.1 and 2 after
work-up procedure, done in D,O in the presence of 1-adamantamine, for solubilization
purposes. These test assays were done with CB7:CB7-OH mixture was used in this reaction,
so it is expected that CB7 proton integration should be higher. Consumption of CB7-OH
is shown by reduction of the integration from 0.78 to 0.34 of the characteristic proton
signal presented by this reagent (5.26 ppm) when compared to the CB7 signal at 4.19 ppm,
which was normalized to 20. On the other hand, the lack of appearance of the aliphatic
protons added by the monofunctionalization indicate that it is unlikely that the reaction
has occurred.
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Figure B.48: Full TH-NMR spectra of the products CB7-OH (bottom), CB7-Br (mid-
dle) and CB7-N3 (top) in DO in the presence of 1-adamantamine for CB7-OH and
p-Xylylenediamine for the remaining two.
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Figure B.49: 'H-NMR spectra of the product of the superacid substitution reaction of
CB7-OH with 4-cyanoacetic acid (CB7-C*.5) in D,O pD 10.
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Figure C.1: Emission spectra of the SC4-nPy sensors, A. SC4-4Py, B. SC4-6Py, C. SC4-8Py,
at increasing concentrations. Emission normalized at A. 376 nm and B., C. at 396 nm (A,

= 347 nm).

Table C.1: Critical Aggregation concentration (CAC / uM) of the sensors in the presence
of 2 equivalents of peptide. For larger peptides the CAC falls below the limit of detection
for these molecules, using fluorescence spectroscopy.

Peptide  [SC4-4Py]/ uM [SC4-6Py] / uM [SC4-8Py]/ uM
RyGy - - 11.80
R3G 8.25 2.79 0.87
Ry 1.72 0.51 0.16
Re 0.19 <0.02 <0.01
Rs <0.01 <0.01 <0.01
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Figure C.2: Direct titrations of the indicator, LCG, for the IDA with A. SC4-4Py, B. SC4-6Py
and C. SC4-8Py, followed by fluorescence spectroscopy (Aexc =369 nm). LCG concentration
was fixed at 0.17 and 0.2 uM, respectively.
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Figure C.3: Excitation spectra (full line) and absorbance spectra (dashed line) of SC4-6Py
in the absence (blue) and in the presence of R4 (orange) with the emission maximum fixed
at 395 and 475 nm, respectively. SC4-6Py concentration for the monomer absorption and
excitation spectra was 6 uM and 0.5 equivalents of peptide were added to the solution to

obtain the aggregate spectra.
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Figure C.4: Fluorescence spectra (A.x, = 347 nm), normalized for the fluorescence at
366 nm, of the SC4-nPy:peptide complexes at different concentrations, maintaining a
ratio of 1:2 of sensor to peptide. The concentration presented corresponds to the sensor
concentration. Complexes of A., B., C. R3G, D., E., F. R4, G., H,, I. Rg and J., K., L. Rg, with
SC4-4Py, SC4-6Py and SC4-8Py, respectively.
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Figure C.5: Fluorescence at 480 nm, normalized for the fluorescence at 366 nm, of the SC4-
nPy:peptide complexes at different concentrations, maintaining a ratio of 1:2 of sensor to
peptide. The concentration presented corresponds to the sensor concentration, presented
in a logarithmic scale. Complexes of A., B., C. R3G, D., E., F. Ry, G., H., 1. Rg and J., K., L.
Rg, with SC4-4Py, SC4-6Py and SC4-8Py, respectively.
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Figure C.6: Dynamic Light Scattering experiments of SC4-4Py in PB 5 mM pH 7.4 A.
below CAC, at 25 uM and above CAC B. before and C. after filtration, at 4.5 mM. Filtration
was done with 0.45 um polypropylene syringe filter. Average of Z-average obtained
from the triplicates presented is indicated below the respective graph with the average
polydispersitivity index. D. Z-average of SC4-4Py (1 uM) in the presence of different
concentration of guest, Rg.
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Figure C.7: Fluorescence spectra of the displacement assays done with LCG and the
receptor SC4-4Py (A.x. = 369 nm). Concentration of Lucigenin was fixed at 0.1 uM and
SC4-4Py concentration at A. 0.46, B. 0.50, C. 0.40 and D. 0.10 uM for RyG,, R3G, R4 and
Re displacement assays, respectively.
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Figure C.8: Fluorescence spectra of the displacement assays done with LCG and the
receptor SC4-6Py (A¢xc = 369 nm). Concentration of Lucigenin was fixed at 0.1 uM and
SC4-6Py concentration at A. 0.31, B. 0.32 and C. 0.20 uM for RyG,, R3G and R4 displacement
assays, respectively.
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Figure C.9: Fluorescence spectra of the displacement assays done with LCG and the
receptor SC4-8Py (A¢xc = 369 nm). Concentration of Lucigenin was fixed at 0.1 uM and
SC4-8Py concentration at A. 0.46, B.0.20 and C. 0.10 uM for RyG,, R3G and R4 displacement
assays, respectively.
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Figure C.10: Direct titrations, followed by fluorescence spectroscopy (Aexc = 347 nm), of
the selected oligoarginines, A. RyG;, B. R3G, C. R4, D. R¢ and E. Rg, with pyrene sensor,
SC4-4Py (1 uM).
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Figure C.11: Direct titrations, followed by fluorescence spectroscopy (Aexc = 347 nm), of
the selected oligoarginines, A. RyGy, B. R3G, C. Ry, D. R¢ and E. Rg, with pyrene sensor,
SC4-6Py (1 uM).
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Figure C.12: Direct titrations, followed by fluorescence spectroscopy (Aexc = 347 nm), of
the selected oligoarginines, A. RoGy, B. R3G, C. Ry, D. R¢ and E. Rg, with pyrene sensor,
SC4-8Py (1 uM).
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Figure C.13: Emission variation of SC4-4Py in the presence of increasing concentration of
A. RyG; and B. R3G at 396 nm and ratio of monomer (396 nm) and aggregate emission
(486 nm) in the presence of C. Ry, D. R and E. Rs.
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Figure C.14: Emission variation of SC4-6Py in the presence of increasing concentration of
A. RyG; at 397 nm and ratio of monomer (397 nm) and aggregate emission (486 nm) in
the presence of B. R3G, C. R4, D. R¢ and E. Rg.
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Figure C.15: Emission variation of SC4-8Py in the presence of increasing concentration of
A. RyG; at 397 nm and ratio of monomer (397 nm) and aggregate emission (486 nm) in
the presence of B. R3G, C. R4, D. R¢ and E. Rg.

0.3

0.2 -

X Ra

g 0.1

0
] @

o 0.0 RsG 133
R:G.®

-0.1{ ¢

—0.2 1

—-0.50 —0.25 0.00 0.25 0.50

F1 (96.54 %)
Figure C.16: Principal component analysis (PCA) of of the emission of the three SC4-nPy
sensors (5 uM) in the presence of 10 uM of each peptide, following only the quenching
of monomer emission. The data used consisted of the data at three different wavelengths
(A =366, 376 and 384 nm), and using triplicate samples of each of the peptides. The
ellipses correspond to 95% confidence intervals for each group of peptide samples. While
distinction of some of the peptides is possible, for larger oligoarginines differentiation is
quickly lost when the ratiometric signal is not used.
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SC4-6C 0.1 wt% SC4-6C 0.1 wt%
0O-DCB DEB

Figure C.17: Comparison of obtained O/W emulsions in SC4-6C 0.1 wt% with the two
organic solvents, o-dichlorobenzene (O-DCB) and diethylbenzene (DEB), captured by
optical microscopy.

Figure C.18: Optical microscope images of obtained polydispersed droplets in 0.1 wt%
solution of the surfactants, SCn-mC, with the hosts A. SC4, B. SC6 and C. SC8. SC6-7C,
due to solubility limitations (< 1 mg/mL), droplets were obtained in a saturated solution.
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Figure C.19: Optical microscope images of obtained polydispersed droplets in 0.05 wt%
solution of the surfactants, SCn-mC, with the hosts A. SC4, B. SC6 and C. SC8.
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Figure C.20: Optical microscope images of obtained polydispersed droplets in 0.025 wt%
solution of the surfactants, SCn-mC, with the hosts A. SC4, B. SC6 and C. SC8.
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SC4-6C

Figure C.21: Optical microscope images of obtained polydispersed droplets in 0.0125 wt%
solution of the surfactants, SCn-mC, with the hosts A. SC4, B. SC6 and C. SC8.

Before +70puLH,0 Before +10 uM ArgOMe

Figure C.22: Optical microscopy images of O/W O-DCB monodisperse droplets prepared
in SC4-4C 0.037 wt% before and after addition of A. 70 uL of H,O, B. 10 uM, C. 50 uM
and D. 100 uM of ArgOMe.
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Figure C.23: Optical microscopy images of triplicates of O/W O-DCB monodisperse
droplets prepared in SC4-4C 0.037 wt% before and after addition of PB 5 mM pH 7.4.
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Figure C.24: Optical microscopy images of triplicates of O/W O-DCB monodisperse
droplets prepared in SC4-4C 0.037 wt% before and after addition of A. 0.1 uM, B. 0.5 uM,
C.1 uM and D. 5 uM of peptide Re.
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Before +0.1uMRg Before +0.5 UM R,

Figure C.25: Optical microscopy images of triplicates of O/W O-DCB monodisperse
droplets prepared in SC4-4C 0.037 wt% before and after addition of A. 0.1 uM, B. 0.5 uM,
C.1 uM and D. 5 uM of peptide Rg.
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Figure C.26: Variation of emission of chemiluminescence reactants droplet samples with
time and with addition of guest ArgOMe, leading to coalescence, (A.x. = 350 nm) followed
at420 nm. A mix of polydisperse droplet batches with chemiluminescence reactants in one
batch and the catalyst for deprotection of the TES-protected peroxide, DBU, in a distinct
batch. The decrease in emission intensity for the ArgOMe addition was most likely caused
by initial stray light from the experimental setup as well as disturbance of droplets upon
aliquot addition.

B (o
DBU in O-DCB 1-methylimidazole in O-DCB 1 mMTCPO, 10 mM (TES),-Peroxide
emulsion in emulsion in and 0.11 mM Dye in O-DCB
SC4-4C 0.037 wt% emulsion in SC4-4C 0.037 wt%

Figure C.27: Optical microscopy images of O/W polydisperse droplets of A. 10 mM DBU,
B. 10 mM 1-methylimidazole and C. CL reagents, 1 mM TCPO, 10 mM protect peroxide
and 0.11 mM of dye in O-DCB prepared in SC4-4C 0.037 wt% aqueous solution.
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Figure C.28: Fluorescence spectroscopy (Aex. = 350 nm) control experiments for epoxida-
tion reaction in organic phase and in polydisperse droplets. A. DPH emission quenching
in O-DCB in the presence of excess of mCPBA, imediately after addition and 30 and
60 min after addition. B. Fluorescence spectra over time of a mix of two polydisperse
droplet batches with DPH and mCPBA in the organic phase. C. Fluorescence spectra of
DPH polydisperse droplets before and at different times after addition of ArgOMe. D.
Fluorescence spectra over time of a mix of two polydisperse droplet batches with DPH
and mCPBA in the organic phase with addition of water, in the same volume that was

added of the guest in C.
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Figure C.29: Variation of emission ratio with the increase of peptide, Rg, concentration.
5 uL of each droplet batch were mixed before analyte addition. The black circles correspond
to the emission normalization using the emission before addition of guest as Iy and the
inverted lined triangles correspond to the emission normalization using the emission
immediately after addition of guest as Iy. The trend appears to be consistent, however the
second method of normalization has a much higher error associated with it, most likely
due to the slight time variations on how long after guest addition that emission spectrum
was obtained.
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Figure D.1: A. Absorbance spectra of both E and Z isomers of 1 and the photostationary
state (PSS; 70:30 E:Z) obtained after irradiation at 500 nm. B. Partial 'H-NMR (in CD;0D)
spectra of the aromatic region of 1 at the dark-adapted state (E isomer) and at 366 nm
(Z isomer). C. Z — E and D. E — Z photoisomerization of 1 followed by UV-vis spec-
troscopy upon irradiation at 500 and 366 nm, respectively.

241



SUPPLEMENTARY INFORMATION FOR CHAPTER 5

APPENDIX D.
A
0
= 5
1
= -10-
£ .15
-20 T
0.0028 0.0032 0.0036
1T (K1)
B
0.20 W = >
g o019 g o4 8 il
e c c &
8 o018 § o3 5 &
g 047 g 02 9
Qo 2 o]
< 016 25°C < 041 40 °C < 60 °C
0-15 0.0| T T T T
0 500 1000 1500 0 1000 2000 3000 100 200 300
Time (min) Time (min)

Time (min)

Figure D.2: A. Linearization of the rate constant of Z-1 thermal conversion to the E isomer,
in function of the temperature. B. Thermal conversion of Z-1 to E-1 at different tem-
peratures, used for the calculation of the activation energy of the thermal isomerization.
The rate constants calculated for the conversion at 25, 40 and 60 °C were of 1.03 x 107°,

1.87 x 107> and 8.68 x 1072 s, respectively.
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Figure D.3: A. Linearization of the rate constant of Z-2 thermal conversion to the E isomer,
in function of the temperature. B. Thermal conversion of Z-2 to E-2 at different tem-
peratures, used for the calculation of the activation energy of the thermal isomerization.
The rate constants calculated for the conversion at 25, 40 and 60 °C were of 4.55 x 107°,

3.24 x 107 and 2.37 X 107* s7!, respectively.
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Figure D.4: Fluorescence titration of the lucigenin dye with increasing concentrations of A.
SC4, B. E-1, C. Z-1, D. E-2 and E. Z-2 in water (5 mM phosphate buffer pH 7.3, A, = 369
nm). LCG concentration was fixed 0.2 uM in all experiments, except for the first E-1 and
E-2 titrations where [LCG] = 4.8 and 1.5 uM, respectively. All titrations were performed
three times.
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Figure D.5: Indicator displacement assay of the several oligoarginines A. R3 B. Ry C. Rg
and D. Rg, using SC4:LCG as the reporter pair (5 mM phosphate buffer pH 7.3, Aoy =
369 nm). LCG and SC4 concentrations were fixed at A. 0.22 and 0.50 uM, for all three
replicates, B. 0.22 and 4.7 uM for the first titration and 0.22 and 4.3 uM for the remaining
two replicates, C. 0.22 and 0.45 uM and 1.1 and 0.85 uM and D. 0.28 and 0.43 uM and 1.1

and 0.85 uM, respectively, from left to right.
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Figure D.6: Indicator displacement assay of the several oligoarginines A. R3 B. R4 C. Rg
and D. Rg, using E-1:LCG as the reporter pair (5 mM phosphate buffer pH 7.3, Ao = 369
nm). LCG and E-1 concentrations were fixed at A. 0.11 and 0.25 uM, for all three replicates,
B. 0.22 and 0.5 uM, for the first two titrations and 0.22 and 0.23 uM for the remaining
replicate, C. 4.0 and 3.8 uM and 0.22 and 0.5 uM, D. 4 and 3 uM and 0.22 and 0.5 uM,
respectively, from left to right.
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Figure D.7: Indicator displacement assay of the several oligoarginines A. R3 B. R4, using
Z-1:LCG as the reporter pair (5 mM phosphate buffer pH 7.3, A,x. = 369 nm). LCG and
Z-1 concentrations were fixed at 0.22 and 0.5 uM, respectively, for all experiments.
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Figure D.8: Indicator displacement assay of the several oligoarginines A. R3 B. R4 C. Rg
and D. Rg, using E-2:LCG as the reporter pair (5 mM phosphate buffer pH 7.3, A,y =
369 nm). LCG and E-2 concentrations were fixed at A. 0.2 and 0.6 uM, for the first two
experiments and 0.22 and 0.6 uM, for the remaining replicate, B. 0.22 and 0.5 uM, 0.22
and 0.58 uM and 0.22 and 0.55 uM, C. 4.0 and 4.3 uM and 0.22 and 0.5 uM, D. 3.6 and 4.3
pM and 0.22 and 0.6 uM, respectively, from left to right.
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Figure D.9: Indicator displacement assay of the several oligoarginines A. R3 B. R4, using
Z-2:LCG as the reporter pair (5 mM phosphate buffer pH 7.3, A,x. = 369 nm). LCG and
Z-2 concentrations were fixed at A. 0.22 and 0.5 uM for all three replicates and B. 0.22 and
0.66 uM, 0.22 and 0.72 uM and 0.22 and 0.77 uM, respectively, from left to right.
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Figure D.10: A. to F. correspond to the average size distribution of the EYPC-LUV with
CF, synthesized for dye-efflux and lightactivated release assays and respective Z-Average
diameter: A. in the absence of peptide and counterion activator, in the presence of B. Rg,
C.E-2,D.Z-2,E.R¢ - E-2 and F. R¢ - Z-2. These assays were done in the same conditions as
in the following fluorescence assays, with 15 uM of EYPC-LUV>CF, 200 nM of counterion
activator 2 and 4 uM of peptide. C-potential of the EYPC-LUV, at 260 uM, in the presence
of increasing concentrations of both E and Z isomers of G. 1 and H. 2. The decrease in
C-potential indicates that upon addition of 1 and 2 to a LUV mixture, these incorporate
into the liposome membrane.
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Figure D.11: Example of release assay kinetics with addition of each element marked
in the graph. The EYPC-LUVDCF concentration was maintained at 15 yM throughout
these assays, with 50 mM concentration of CF inside the liposomes. The addition of the
peptide initiates the transport activation and in the end of the assay, the measurement is
normalized by the addition of Triton X-100, which destroys the vesicles and leads to the
maximum of CF emission (A¢;; = 520 nm, A,y =490 nm).
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Figure D.12: Dose-response curves of the activation of release of Carboxyfluorescein by
the two calix-azo activators, A. 1 and B. 2, in the presence of the peptide R4 (5 uM). The
EYPC-LUVOCF concentration was maintained at 15 uM throughout these assays, with 50
mM concentration of CF inside the liposomes. The efficient concentration at 50% release
(ECsp) and maximum release of each of the activators” isomers (E and Z represented by
black squares and red circles, respectively) is presented, as well as the respective fitted
curves for the trans isomer; no considerable activation was observed for the Z isomers of
both 1 and 2.
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Figure D.13: Release assay kinetics for each A. E and B. Z-1 concentration represented
in the dose response curves in Figure D.12, in the presence of 5 uM of the peptide Ry
(Aem =520 nm, Aoy =490 nm). At approximately 80 s, the counterion activator is added,
while the peptide is added at 140 s, which corresponds to the marked increase in emission,
observed in A. For Z-1, no activation was observed in the presence of this peptide. The
measurement is normalized with the addition of a small aliquot of Triton X-100 after
stabilization of release of CF by the 1-R4 complex, to obtain the maximum emission of CF
possible.
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Figure D.14: Release assay kinetics for each A. E and B. Z-2 concentration represented
in the dose response curves in Figure D.12, in the presence of 5 uM of the peptide Ry
(Aem =520 nm, Aexe =490 nm). At approximately 80 s, the counterion activator is added,
while the peptide is added at 140 s, which corresponds to the marked increase in emission,
observed in A. For Z-2, no activation was observed in the presence of this peptide. The
measurement is normalized with the addition of a small aliquot of Triton X-100 after
stabilization of release of CF by the 2-R4 complex, to obtain the maximum emission of CF
possible.
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Figure D.15: Release assay kinetics for each A. E and B. Z-1 concentration represented in
the dose response curves in Figure 5.4, in the presence of 4 uM of the peptide R¢ (Aey =
520 nm, A¢xc =490 nm). At approximately 80 s, the counterion activator is added, while
the peptide is added at 140 s, which corresponds to the marked increase in emission,
observed in both A and B. The measurement is normalized with the addition of a small
aliquot of Triton X-100 after stabilization of release of CF by the 1-Rs complex, to obtain
the maximum emission of CF possible.
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Figure D.16: Release assay kinetics for each A. E and B. Z-2 concentration represented in
the dose response curves in Figure 5.4, in the presence of 4 uM of the peptide Rg (Aey, =
520 nm, A¢xc =490 nm). At approximately 80 s, the counterion activator is added, while
the peptide is added at 140 s, which corresponds to the marked increase in emission,
observed in both A and B. The measurement is normalized with the addition of a small
aliquot of Triton X-100 after stabilization of release of CF by the 2-Rs complex, to obtain
the maximum emission of CF possible.
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Figure D.17: Dose-response curves of the activation of release of Carboxyfluorescein by
the two calix-azo activators, A. 1 and B. 2, in the presence of the peptide Rg (4 uM). The
EYPC-LUVDOCF concentration was maintained at 15 uM throughout these assays, with
50 mM concentration of CF inside the liposomes. The efficient concentration at 50% release
(ECsp) and maximum release of each of the activators” isomers (E and Z represented by
black squares and red circles, respectively) is presented, as well as the respective fitted
curves.
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Figure D.18: Release assay kinetics for each A. E and B. Z-1 concentration represented
in the dose response curves in Figure D.17, in the presence of 4 uM of the peptide Rg
(Aem =520 nm, Aexc =490 nm). At approximately 80 s, the counterion activator is added,
while the peptide is added at 140 s, which corresponds to the marked increase in emission,
observed in both A and B. The measurement is normalized with the addition of a small
aliquot of Triton X-100 after stabilization of release of CF by the 1-Rg complex, to obtain
the maximum emission of CF possible.
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Figure D.19: Release assay kinetics for each A. E and B. Z-2 concentration represented
in the dose response curves in Figure D.17, in the presence of 4 uM of the peptide Rg
(Aem =520 nm, Aexe =490 nm). At approximately 80 s, the counterion activator is added,
while the peptide is added at 140 s, which corresponds to the marked increase in emission,
observed in both A and B. The measurement is normalized with the addition of a small
aliquot of Triton X-100 after stabilization of release of CF by the 2-Rg complex, to obtain
the maximum emission of CF possible.
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Figure D.20: Light-modulated dye efflux assays done with the peptide A. R¢, 4 uM , and
B. Rg, 5 uM , with a fixed concentration of Z-1 of 0.20 uM for both assays. 40 uM of
EYPC-LUV and 20 uM EYPC-LUVDCF (50 mM of CF) were used in the first assay and
30 uM of EYPC-LUV and 7 uM EYPC-LUVDCEF (50 mM of CF) were used in the latter. The
assay was performed in the same way as the dye release assays (addition of the peptide
marked with a red dashed arrow) with an additional irradiation step for an interval of 30
to 40 min (marked with a black arrow), leading to an increase in release of 15% for the
peptide Rg and only 7% for the peptide Rs.
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Figure D.21: Light-modulated dye efflux assay done with the peptide Rg, 4 uM, with a fixed
concentration of Z-2 of 16 nM (A, = 520 nm, Ay =490 nm). 15 uM of EYPC-LUVOCF
(50 mM of CF) were used and the light activation step was done with a single 25 min
irradiation cycle at 500 nm (marked with a black arrow). The increase of release obtained
was of 14%.
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Figure D.22: Absorption spectra of Z and E- A. 1 and B. 2 in the presence of EYPC-
LUVDCEF (lipid concentration at 12 yM and CF concentration of 50 mM inside the LUV),
after irradiation in the fluorimeter, used for previous experiments — excitation slits fixed at
0.5 nm, window of measurement of 100 nm and integration time of 0.1 s. Black spectrum
corresponds to the initial absorption spectrum and light grey to the spectrum after 25
spectra done in the fluorimeter in the acquisition settings described.
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Figure D.23: Triplicates of the dose-response curves for the peptides A. Rs and B. Rg, with
both isomers of the activator 1. LUV concentration was fixed at 15 yM with 50 mM of CF
encapsulated and peptide concentration was fixed at 4 uM.

A

12 E

3 1 E E

< o038 3

g 06 E

< 04 E

£ 02 3

2 0 - £ - E ] E

0.1 10 1000 0.1 10 1000 0.1 10 1000 1 100 10000 1 100 10000 1 100 10000
[E-2] (nM) [E-2] (nM) [E-2] (nM) [2-2] (nM) [2-2] (nm) [2-2] (nm)
B

—~ 12 E E| E|

3 3 = E =

s 1 E 3 3 3

5 08 %

= 06 1 | E E 3

“ 04 3 3 E E 3

£ 02

Z o ol n Zod— A N . .

01 10 1000 01 10 1000 0.1 10 1000 0.1 10 1000 0.1 10 1000 0.1 10 1000
[E-2] (nM) [E-2] (nM) [E-2] (nM) [2-2] (nm) [2-2] (nm) [2-2] (nm)

Figure D.24: Triplicates of the dose-response curves for the peptides A. R¢ and B. Rg, with
both isomers of the activator 2. LUV concentration was fixed at 15 M with 50 mM of CF
encapsulated and peptide concentration was fixed at 4 uM.
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Figure D.25: Dye release assay control experiments (A, = 520 nm, Aexc = 490 nm). A.
Addition of both R¢ (black circles) and Rg (red squares) at 4 uM to LUV solutions (15 uM
of lipid, with 50 mM CF encapsulated) did not activate the transport of CF to the outside
of the liposomes. B. and C. show the addition of anionic peptides that do not interact
with the calixarene unit (E¢ and Eg, respectively) to a LUV (15 uM of lipid, with 50 mM
CF encapsulated) and calixarene activator solution (E-2 from 10 nM to 100 uM, from light
to dark, respectively).
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Figure D.26: Dose response curves of the activation of release of CF by the calixarene
activator 2 in the presence of A. different concentrations of peptide, Rg, and B. different
LUV stocks at 15 uM lipid concentration in each stock.
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Control TAMRA-Rg

E-2 Z-2

Figure D.27: Confocal microscopy images of TAMRA-Rg (in red) cellular uptake enhanced
by E-2 and Z-2. HelLa cells were incubated with TAMRA-Rg (3 uM) in the absence (top row,
right panel) or presence of several E-2 and Z-2 concentrations (10, 50, 100 and 250 nM) in
DMEM stock for 25 min. Afterwards, nuclei were counterstained with Hoechst (in blue).
Hoechst has been adjusted to similar intensities. Differential interference contrast (DIC)
images in insets. Three representative images are presented for each condition. Scale bars,
50 yum.
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Figure D.28: Flow cytometry results of TAMRA-Rg cellular uptake enhanced by E-2 and
Z-2. HeLa cells were incubated with TAMRA-Rg (3 uM) in the absence or presence of
several E-2 and Z-2 concentrations (10, 50, 100 and 250 nM) in DMEM stock for 25 min.
Afterwards, cells were trypsinized and analyzed by flow cytometry. Left, normalized
histograms showing TAMRA fluorescence from four replicates (curves in different colour

tones) per sample. Right, TAMRA mean fluorescence intensity values for each sample
and replicate (R1-R4).
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Figure D.29: MTT viability assay at increasing concentrations of E-2 and Z-2. HelLa
cells were incubated with the samples in DMEM stock for 24 hours before the MTT
addition. Curve fitting was performed with GraphPad Prism 6 software (v6.01) using a
4-parameters logistic model (right table). In yellow, region of concentrations employed
in the delivery assays. Half Maximal Inhibitory Concentrations (ICs0): IC;? = 16.88uM;
ICZ72 =19.16uM.
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Figure D.30: Dependence of the fluorescent intensity of A. SC4-6Py (3.27 uM) and B. SC4-
8Py (3.25 uM) upon the addition of egg yolk phosphatidylcholine liposome (A = 343
nm), EYPC-LUV (0 - 50 uM). The inset shows the ratio between the intensity of the first
band (at 376 nm) and the third band (at 386 nm) at different LUV concentrations.
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Figure D.31: Ratio of I and I3 bands of A. SC4-4Py (5.75 uM), B. SC4-6Py (3.27 uM) and
C. SC4-8Py (3.25 uM) upon the addition of liposome (0 — 50 uM). The red point shows the
change of the ratio after 1 hour at 50 uM of liposome.
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Figure D.32: Average size distribution of the EYPC-LUV, synthesized for C-potential
studies with SC4-4Py A. in the absence of SC4-4Py and B. in the presence of excess of this
sensor (70 uM). Respective Z-Average diameter and polydispersivity index with standard
deviations are presented above the respective sample.
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Figure D.33: Titration of LCG (0.5 uM) with A. SC4-6Py and B. SC4-8Py in the presence
of EYPC-LUVs (200 uM), followed by fluorescence spectroscopy (Aex. = 340 nm). Fitting
of emission data at 503 nm can be found in the inset.
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Figure D.34: Direct titration of SC4-4Py (0.7 uM) incorporated into EYPC-LUVs (7 uM)
with the peptides A. RoG,, B. R3G, C. Rg and D. Rg, followed by fluorescence spectroscopy
(Aexc = 347 nm). Respective fitting can be found in inset for A and B and variation at 397
and 477 nm can be found in ii) for C and D.
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Figure D.35: Direct titration of SC4-6Py (0.7 uM) incorporated into EYPC-LUVs (7 uM)
with the peptides A. RyG,, B. R3G, C. R4 and D. Rg, followed by fluorescence spectroscopy
(Aexc = 347 nm). Respective fitting can be found in inset for A, B and C and variation at
397 and 477 nm can be found in E. for Rg and F. for Rg.
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Figure D.36: IDA of the LCG-SC4-4Py pair (0.2 and 0.7 uM, respectively) inserted in EYPC-
LUV (7 uM) with the guests A. RyG; and B. R3G and respective fitting of the experimental
data in ii). All studies were done in PB5 mM pH 7.4 (A¢x. = 340 nm).
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Figure D.37: IDA of the LCG-SC4-6Py pair (0.2 and 0.7 uM, respectively) inserted in
EYPC-LUV (7 uM) with the guests A. RyG,, B. R3G and C. R4 and respective fitting of the
experimental data in ii). All studies were done in PB 5 mM pH 7.4 (A¢yc = 340 nm).
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300 uM GUVs
+ 30 pM SC4-4Py + 3 uM Ry

Brightfield

Mgy =365 nm
DAPI channel

Figure D.38: Fluorescence microscopy images of EYPC-GUVs, in PB5mM pH 7.4, obtained
in the confocal microscope in epifluorescence mode in the presence of only SC4-4Py and
in the presence of the sensor and 3 uM of the peptide R, with the brighfield image and
respective SC4-4Py emission (A¢yx. = 365 nm) detected in the DAPI channel.
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Figure D.39: Additional fluorescence microscopy images of EYPC-GUVs, in PB 5 mM pH
7.4, obtained in the confocal microscope in epifluorescence mode in the presence of only
SC4-4Py and in the presence of the sensor and 1, 2 and 3 uM of the peptide Rg, with the

brighfield image and respective SC4-4Py emission (A, = 365 nm) detected in the DAPI
channel.
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300 pM GUVs + 30 pM SC4-4Py + 3 uM Ry after 2 hours

Brightfield

365 nm

exc
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A

Figure D.40: Fluorescence microscopy images of EYPC-GUVs obtained in the confocal
microscope in epifluorescence mode in the presence of only SC4-4Py and 3 uM of Rg after
2 hours of incubation and respective z-stacks at different heights, for both brightfield and
DAPI channel (A.x. = 365 nm). While not clear in the emission images, in the brightfield
different irregular structures can be found following the curvature of the membrane of
the vesicle.
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Figure E.1: 'H-COSY NMR spectrum of SC4-4Py in methanol-d4.
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Figure E.2: TH-ROESY NMR spectrum of SC4-4Py in methanol-d4.
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Figure E.3: 'H,'3C-Heteronuclear Multiple Bond Correlation (HMBC) NMR spectrum of
SC4-4Py in methanol-d4.
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Figure E.4: 'H,'3C-HSQC NMR spectrum of SC4-4Py in methanol-d4.
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Figure E.5: 'H-COSY NMR spectrum of SC4-6Py in methanol-d4.
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Figure E.6: 'H-ROESY NMR spectrum of SC4-6Py in methanol-d4.
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Figure E.7: 1H,'3C-HMBC NMR spectrum of SC4-6Py in methanol-d4.
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Figure E.9: 'H-COSY NMR spectrum of SC4-8Py in methanol-d4.

271

r10
20
r30
40
r50
r60
r70
80
r90
r100
r110
r120
130
r140
r150

5.0
5.5
6.0
6.5
F7.0
r7.5
8.0

r8.5

1 (ppm)

1 (ppm)



APPENDIX E. SUPPLEMENTARY INFORMATION FOR CHAPTER 7

0

T T T T T T T T T T T T T T T T
8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 2.0 15 1.

12 (ppm)

Figure E.10: 'H-ROESY NMR spectrum of SC4-8Py in methanol-d4.
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Figure E.11: 'H-COSY NMR spectrum of SC4-Azo 1 in methanol-d4.
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Figure E.12: 'H-ROESY NMR spectrum of SC4-Azo 1 in methanol-d4.
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Figure E.13: 'H-COSY NMR spectrum of SC4-Azo 2 in methanol-d4.
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Figure E.14: IH-ROESY NMR spectrum of SC4-Azo 2 in methanol-d4.
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BinDING AFFINITY MODELS FOR AFFINITY

CALCULATION AND PREDICTIONS

I.1 Formulas and Deductions

The calculation of binding affinities between different species can be done through the
relation between affinity constants and mass equilibria of the species if the kinetics of
the process are fast enough. This Annex describes the formulas and deductions used for
fitting of data obtained through physical characterization of the supramolecular systems
studied, which allowed the obtention of the molar fractions of species in solution. Both for
emission and absorption data, the total intensity can be obtained through the weighted
sum of all of the individual species emission, using the values of molar fractions. In the
NMR spectroscopy experiments, the systems studied presented fast exchange between
species, which allowed the use of a similar relation, in this case with the observed chemical
shift corresponding to the weighted average between the initial and final species, e.g. the
free and bound guest, like shown in Chapter 2.

Quenching of Lucigenin (LCG) emission in Chapter 2 was accounted into the fitting
of the data and is described in Section 1.1.7.

I.1.1 1to1Binding Model
Considering the two species, host (H) and guest (G), we have the following binding

equilibrium:

H+G<=HG
,described by the affinity constant K, (M™1):
[HG]

" [HIIG]
Rearranging the mass equilibrium equation, itis possible to express guest concentration

(L1)

at equilibrium, [G], using the initial concentration of both species, [G]p and [H]o, host
concentration at equilibrium, [H], and K, of this binding event:
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[Hlo = [H]+[HG]  _ ][H]=[H]+[HG]

[G]o = [G] + [HG] [G] = 1+[1<Gﬂ]FH]

, originating a quadratic equation, presented below, that can be easily solved using
common data treatment tools and the least squares optimization method:

al[HP> +b[H] +c =0 1.2)
a=K,
b=1+K,[GJo—Ka[H]o
c=-[H]o

I.1.2 2to1Binding Model

In this model, it is assumed that two guests bind to one host, but for 2 to 1 binding events
where two hosts bind two different sites in a guest, the same expressions can be used, by
only switching the host for the guest in the expressions. With this in mind the equilibriums
in this situation are the following;:

H+G <= HG
HG+G=HG

, described by the affinity constants K1; (M™1), identical to K, in equation I.1, and Ky
(M) for the second binding event, which can also be expressed in function of Kj:

[HG2] _ [HG]
EelGl < = Rumer

When looking to the mass equilibrium equations, it is necessary to account for concen-

Ko = (1.3)

tration of all the species involved in the second binding process as well:

[Hlo = [H]+[HGI + [HG2] _ [IH] = rieiimarer
[Glo = [G] + [HG] + 2[HG,] [Glo = [G] + [HG] + 2[HG]

, originating a cubic equation, presented below, that can be solved using Newton’s
iterative method:3!3

a[G? +b[G> + c[G] +d =0 (1.4)

a = K11Kz

b =2K11Kn[H]o — K11K21[Go + K11
¢ = Ku[H]o - K1[G]o + 1
d=—[Glo
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I.1.3 1to1 Competitive Model

For competitive assays, as is the case of Indicator Displacement Assays (IDA), the model
needs to take into account both affinity of host towards the indicator (I) and the guest
that is competing for the same binding site (G). The binding events between the different

species can be expressed by the following equilibria:

H+G=HG
H+I<=HI
, described by the affinity constants K¢ and Ky (M‘l) which described the binding
of the guest, G, and of the indicator, I, to the host, H, respectively. These can be expressed

in the following expressions:

3 [HG]
Kie = e (1.3)
_ HI] (16)

[H][I]
, where [H], [G], [1], [HG] and [HI] (M) are the concentrations of host, guest, indicator
and host-guest and host-indicator complexes in equilibrium, respectively. The mass

equilibrium of all the species can be described through these equations:

[H1o = [H] + [HG] + [HI] [Hlo = [H] + Kuc[HI[G] + K [H][I]
[Glo = [G] + [HG] & 1[6] = s
[Ilo = [1] + [HI] 1] =

, where [H]o, [G]o and [I]o (M) are the total concentration of each species in solution.
Replacing both I and G concentrations in equilibrium, [I] and [G] (M), with the expressions
based on the affinity constants a cubic expression is reached, that can be solved using the
Newton’s iterative method, as well:313

a[H]? + b[HP? + c[H]+d =0 (L7)

a = KycKhr
b = Kur + Krg — KuiKuc[Hlo + KuiKuglGlo + KniKuclIo
¢ =1-Kui[H]o - Kuc[Hlo + KuclGlo + Kni[Glo
d =—[H]o
For hosts which can bind to several identical binding sites in one larger guest but bind

solely to one indicator molecule, this expression can be easily adapted by adaptation of
the general association constant for the guest:

277



ANNEX 1. BINDING AFFINITY MODELS FOR AFFINITY CALCULATION AND
PREDICTIONS

nH+G = H,G
_ [H4G] (1.8)
K6 = TH1eG]

, where n represents the number of binding sites for the host, and alters the final cubic
expression slightly to:

a = Kn,cKHr

b = Kur + Ku,¢ — KuiKn,6[Hlo + KniKn,c[Glo + nKuiKn, 6o
¢ =1-Kui[Hlo = Kn,c[H]o + Kn,,c[Glo + nKui[Clo

d=—[H]o

I.1.4 2to1 Competitive Model

If the two binding sites for a host on a given guest are not equal, which is often the case
due to various interfering factors, like steric hindrance and electrostatic repulsion between
host molecules, the expression presented above needs to be changed slightly and the
binding of the first and second host need to be considered separately. Most of the system

is identical to the 1 to 1 competitive model but we have the added 2 to 1 process:

H+G<=HG
HG+ H = HyG
H+I+=HI

, with the affinity of the binding of the second host molecule and H,G complex
formation being expressed by Ky,c (M™}):

Kinc = [HoG] _ _ [HG]
** [HGIH] KuclGI[H]?

Transposing this to the mass equilibrium, this originate the following system of three

(L.9)

equations:

[Hlo = [H] + [HG] + [HI] + 2[H,G]
[Glo = [G] + [HG] + [H2G]
[[]o = 1]+ [HI]

Due to the added complexity of the system, the equations were all equaled to 0, as
presented below:

[H] + Kuc[GI[H] + Kt [HII] + 2Kp,6 K GIH]* ~ [H]o = 0
[G] + KuclGI[H] + K, Kuc[GI[H = [Glo = 0 (L10)
U]+ Kp[I[H] = [I]o = 0
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, and the roots of the equations were obtained through root finding algorithms for
non-linear functions, based on matricial calculation. The methodology and Python 3
scripts used for optimization of the roots of more complex equation systems can be found

in Section I.2.

I.1.5 Ternary Binding Model

The heteroternary system presented in Section 3.2 is a complex system that can be described
by the equilibria presented in Figure 3.8. Using the same nomenclature for clarity, this
system presents two different hosts, BB and CB7, and a dye, D, and is described as:

CB7+D = CB7:D
CB7:D +CB7 = (CB7),: D
BB+D = BB:D

BB + CB7 = CB7: BB

CB7:D +BB=CB7:D : BB
CB7:D:BB+CB7 = (CB7),:D : BB

The affinities (M™!) of this system can be described as:

_[CB7:D]

K = [CB7][D]

(L.11)

_ [(CB7)2:D] _ [(CB7),:D]
Ko = [CB7:D][CB7]  Kn1[CB7]2[D] (L12)

Ki; = % (1.13)

Kcpr:p = % (1.14)

K = [é?;ig{[g - KES[I?ZZ;][EL;]B[gL] (115

K, = L(CB7):D :BB] _ _[(CB7)>:D:BE] 0.16)

[CB7:D :BBJ[CB7] Ki1K111[CB7]?[D][BB]

Expressing the mass equilibrium equations considering the previous affinity constants
and equaling them to 0, the system of equations presented in Equation 1.19 can be obtained.
Much like the 2 to 1 competitive model, the solution to this non-linear system of equations
can be obtained through optimization algorithms that are used in the scripts presented in
Section 1.2.
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I.1.6 Ternary Competitive Model

The ternary competitive model is very similar to the previous one but adds the equilibriums
of both hosts with the competitor that is added, the guest, G, and the respective affinity
constants of binding to both CB7 and BB:

CB7+G=CB7:G
BB+G=BB:G

[CB7: G]

Keprg = m (1.17)
_[BB:G]
Kpp.c = m (1.18)

Adding these equilibria to the system of equations obtained for the previous system,
the system of 4 equations presented in Equation 1.20 is obtained:
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Mass equilibrium equations for the ternary system:

[CB7]o = [CB7] + [CB7 : D] + 2[(CB7), : D] + [CB7 : BB] + [CB7 : D : BB] + 2[(CB7), : D : BB]
[BBJo = [BB] + [BB : D] + [CB7 : BB] + [CB7: D : BB] + [(CB7), : D : BB] &
[D]o = [D] + [CB7: D] + [(CB7), : D] + [BB : D] + [CB7 : D : BB] + [(CBY7), : D : BB]

[CB7] + Kni[CB7][D] + 2Kx[CB7]*[D] + Kcpy:3s[CB7][BB] + K11K111[CB7][D1[BB] + 2K11K111 K211 [CB7]*[D][BB] - [CB7]o = 0
[BB] + K/, [BB][D] + Kcp7:33[CB7][BB] + K11K111[CB7][D][BB] + K11K111K211[CB7]*[D][BB] - [BB]o = 0 (1.19)
[D]+ K11[CB7][D] + Kn[CB71*[D] + K,[BB][D] + K11K111[CB7][D][BB] + K11K111K211[CB7]*[D][BB] — [D]o = 0

Mass equilibrium equations for the ternary competitive system:

[CB7]o = [CB7] + [CB7 : D] +2[(CB7), : D] + [CB7 : BB] + [CB7 : D : BB] + 2[(CB7), : D : BB] + [CB7 : G]
[BB]o = [BB] + [BB : D] + [CB7 : BB] + [CB7 : D : BB] +[(CB7), : D : BB] +[BB : G]

[D]o = [D] + [CB7 : D] + [(CB7), : D] + [BB : D] + [CB7 : D : BB] + [(CBY7), : D : BB]

[Glo = [G] +[CB7 : G] +[BB : G|

[CB7] + Kn[CB7][D] + 2Kx1[CB7]*[D] + Kcpz.ps[CB7][BB] + K11K111[CB7][D][BB] + 2K11K111 K211 [CB7]*[D][BB]+

+Kcp7.G[CB7][G] - [CB7]o =0

[BB] + K/, [BB][D] + Kcp7:38[CB7][BB] + K11K111[CB7][D][BB] + K11K111K211[CB7]*[D][BB] + Kpp.c[BB][G] — [BB]o = 0 (1.20)
[D]+ K11[CB7][D] + Ku1[CB71*[D] + K,[BB][D] + K11K111[CB7][D][BB] + K11K111K211[CB7]*[D][BB] — [D]o = 0

[G] + Kcp7.6[CB7][G] + Kpp:g[BB][G] = [G]o = 0
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I.1.7 Lucigenin quenching

The total intensity of fluorescence of a sample is given by:

Fr = Z X, Fn (1.21)

, where 1 corresponds to a given emissive species in solution, F,, and X, to the intensity
of emission at a given wavelength and molar fraction of the species n and Fr to the total
emission of the sample at the same wavelength. In the case of LCG samples, it was
assumed that the anion did not have any further effect on the quenching of the complexed
LCG, seeing as this species is in an already quenched state. For a given quencher, Q, we

have the Stern-Volmer equation:

Fo_ _L
?_1+K5V[Q]‘:’F_ 1+ Ksy[Q]

, where F corresponds to the final fluorescence after quenching, Fy the emission in

(1.22)

the absence of quencher, [Q] to the quencher concentration in the sample, in M, and Kgy
to the Stern-Volmer constant (M_1). The value of calculated F;cg was corrected for the
expected emission in the presence of the correspondent quencher concentration for each
point of the fitting and this was the value considered in the final fitting.
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1.2 Python 3 Script for Affinity Constant Calculation, Species
Molar Fractions and Principal Component Analysis (PCA)

Although root obtention can be done through matricial calculation as well in Microsoft
Excel, with the “Solver” tool, the ternary complex formation and displacement of hosts
from this complex by different guests, was also done with the functionalities from Python
and the libraries SciPy, Pandas and NumPy.

These Python 3 scripts were developed both for the fitting of spectroscopical data for
the CB7:dye:BB system presented in Chapter 3, Section 3.2, applicable for both UV-vis
and Fluorescence spectroscopy data, for prediction of the species distribution in solution
if we vary the concentration of one of the species and fix all others. The first allowed the
determination of the affinity constants of the guests for both CB7 and BB, showing the
quantitative analysis possible with such a host displacement assay, while the latter helped
determine the ideal concentration of CB7, BB and dye at which to do said displacements.

Additionally, it is also presented the script written for principal component analysis
(PCA) of the results for the library of oligoarginines studied in Chapter 4, Section 4.1, with
the family of sensors SC4-nPy.

I.2.1 Scripts for fitting of spectroscopical data

These scripts were developed in 2022 and 2023 with Python version 3.9.6. All files with
the exception of data files which are exemplified herein can be found in the repository
present in the GitHub page in the following link:

https:/ /github.com/JoanaNMartins/BindingAssays.

1.2.1.1 Script1- CB7_Dye_addBB-_fit.py

The first script for fitting of spectroscopical data refers to the titration of a previously
formed CB7-Dye complex with increasing concentrations of BB. The affinity constants
designation is associated with the respective equilibrium in the script. Concentrations
of the species in the assay, as well as initial guesses for the affinity towards both hosts
and fluorescence values of all the species, should be changed, in the header section of the
script to the conditions used in the assay. The minimum and maximum values can be
found at the end of the script, under min_values and max_values and numerical values
should be inserted as bounds for the optimization. Each value corresponds to the same
list position as in the guesses list above them.

Having inputed these values, the script should be ran in the desired python Integrated
Development Environment (IDE) software used and a window will open requesting a file
to be opened. This file should be a .csv file with only two columns, the firts should only
have the numerical values of BB concentration added, in M, and the second should be the
corrected fluorescence values at the chosen wavelength, for eventual dilution correction,

as presented in Figure L.1.
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Figure I.1: Example .csv file for the input of concentration and emission values for fitting.

The output will include a Microsoft Excel file with values of concentrations and molar
ratio of the species in equilibrium as well as the calculated emission value, while the
results of affinity values and emission value for each species will be given in the terminal.

The .csv file with concentrations should be separated with “;”, otherwise change the
separator in line 266 to the corresponding separator in your .csv file. If the optimization
is taking too long it is advised that the error associated with the fitting be lowered from
1 x 107 or another value that can be considered acceptable for your set of data. This
script in particular takes a few minutes to present a solution; future scripts will aim at
improving the time the calculation takes to run by use of different root finding algorithms.

Listing I.1: Script 1 - Ternary complex fitting

from scipy import optimize
import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

from tkinter import Tk
from tkinter.filedialog import askopenfilename

IR

This file applies to a system with 4 species, with the following

behaviour:
G + CB7 -> CB7:G (K11)
CB7:G + CB7 - > (CB7)2:G (K21)
G + BB -> BB:G (KBB_G)
CB7 + BB -> CB7:BB (KBB_CB7)
CB7:G + BB -> CB7:G:BB (K111)
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FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

CB7:G:BB + CB7 -> (CB7)2:G:BB (K211)

Instead of the calculation, this file aims to do the fitting to a set of

experimental data

# Concentrations of the species in the assay
CB7_0 = np.float64(5e-5)
G_0 = np.float64(4.2e-6)

# Known Affinity constants in M-1
K11 = np.float64(9e5)

K21 = np.float64(le4d)

KBB_G = np.float64(le3)

KBB_CB7 = np.float64(le3)

# Affinity guesses:
K111_guess = np.float64(le5)

K211_guess = np.float64(led)

# Fluorescence guesses:

FD = 0.3
F11 = 4

F21 =

F111 = 0.05
F211 = 0.1

def eq(vars, bb_0, k):
# Can change name, but the vars and a_0 must be maintained
# and consistent with jac
k11, k21, kbb_g, kbb_cb7, k111, k211 = k
bb, cb7, g = vars

cb7_g = k11 * cb7 * ¢

cb7_2_g = k21 * k11 * cb7 ** 2 * g

bb_g = kbb_g * g * bb

cb7_bb = kbb_cb7 * bb * cb7

cb7_g_bb = k111 * k11 * cb7 * g * bb

cb7_2_g_bb = k211 * k111 * k11 * cb7 **2 * g * bb

f_bb = bb + bb_g + cb7_bb + cb7_g_bb + cb7_2_g_bb - bb_0

f_cb7 = cb7 + cb7_g + cb7_bb + 2 * cb7_2_g + cb7_g_bb + 2 * cb7_2_g_bb -
CB7_0

f g =9+ cb7_g + cb7_2_g + bb_g + cb7_g_bb + cb7_2_g_bb - G_0

return [f_bb,

f_cb7,
f_g]
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def jac(vars, bb_0, k):
k11, k21, kbb_g, kbb_cb7, k111, k211 = k
bb, cb7, g = vars
cb7_g = k11 * cb7 * ¢
cb7_2_g = k21 * k11 * cb7 ** 2 * g
bb_g = kbb_g * g * bb
cb7_bb = kbb_cb7 * bb * cb7
cb7_g_bb = k111 * k11 * cb7 * g * bb
cb7_2_g_bb = k211 * k111 * k11 * ch7 **2 * g * bb

# 1st line for the jacobian - derivates of the BB function (in function of

BB, CB7, G and A, respectively)
fp_bb_bb = 1 + kbb_g * g + kbb_cb7 * cb7 + k111 * k11 * cb7 * g + k211 *
k111 * k11 * cb7 **2 *g
fp_bb_cb7 = bb + bb_g + kbb_cb7 * bb + k111 * k11 * bb * g + 2 * k211 *
k111 * k11 * cb7 * bb * g
fp_bb_g = bb + kbb_g * bb + cb7_bb + k111 * k11 * cb7 * bb + k211 * k111 *
k11l * cb7 **2 * bb
# 2nd line for the jacobian - derivates of the CB7 function
fp_cb7_bb = cb7 + cb7_g + kbb_cb7 * cb7 + 2 * cb7_2_g + k111 * k11 * cbh7 *
g + 2 * k211 * k111 * k11 * cb7 **2 *g
fp_cb7_cb7 =1 + k11 * g + kbb_cb7 * bb + 4 * k21 * k11 * cb7 * g + k111 *

k1l * bb * g + 4 * k211 * k111 * k11 * cb7 * bb *g

cb7 + k11 *
cb7 + 2 * k211 *

fp_cb7_g

k11 * bb * k111 * k11

cb7 + cb7_bb + 2

*

¥ kzl *
cb7 **2

k11 =
* bb

cb7

# 3rd line for the jacobian - derivatives of the G function

fp_g_bb
k111 * k11 * cb7 **2 * ¢

fp_g_cb7 g + k11 * g + 2* k21 *
* k211 * k111 * k11 * cb?
1 + k11
k211 * k111

k11
* bb

g + 2

fp_g_g
* cb7

+
return np.array ([[fp_bb_bb,
[fp_cb7_bb,
[fp_g_bb, fp_g_cb7,

fp_bb_chb7,
fp_cb7_cb7

def try_solution(bb_max, k, trials,

for i in range(trials):

initial_guess [np.random.uniform(0®

np.random.uniform(0,

286

g + cb7_g + cb7_2_g + kbb_g * g + k111 *

*

error,

CB7_0),

g * cb7 + bb_g + k111 * k11 *

9

fp_bb_g],

fp_cb7_g1,

fp_g_g11)

eq, jac):

bb_max),
np.random.uniform(0,

**%2 + k111

* cb7 + k21 * k11 * cb7%*2 + kbb_g * bb + k111 * k11
* k11 * cb7 **2 * bb

*

k11 * cb7 * g + k211

bb

*

¥*

*

bb

G_0)1]
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sol = optimize.root(eq, jac=jac, args=(bb_max, k), x0=initial_guess)

if 0 <= s0l.x[0] <= bb_max and ® <= sol.x[1] <= CB7_0 and ® <= sol.x[2] <=
G_0:

zero = eq(vars=sol.x, bb_0=bb_max, k=k)

if -error <= zero[0] <= error and -error <= zero[l] <= error and -error
<= zero[2] <= error:
return sol.x
break

def calc_solution_list(x, trials, k, error, eq, jac):

k11, k21, kbb_g, kbb_cb7, k111, k211 = k

values = [[],
[1,
[11

for bb_max in x:
sol = try_solution(bb_max, k, trials=trials, error=error, eq=eq,
jac=jac)
values[0] . append(sol[0])
values[1].append(sol[1])
values[2].append(sol[2])

return values

def add_concentrations_list(k, values):

k11, k21, kbb_g, kbb_cb7, k111, k211 = k

c_11 = 1listQ
c_21 = 1listQ
c_111 = 1list(Q)
c_211 listQ

for i in range(len(values[0])):

c_11.append(kll * values[1][i] * wvalues[2][i])

c_21.append(kll * k21 * values[1][i] ** 2 * values[2][i])

c_111.append(kll * k111 * values[1][i] * values[2][i] * values[0][i])

c_211.append(kll * k111 * k211 * values[1][i] **2 * wvalues[2][i] *
values[0][i])

values.append(c_11)
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152 values.append(c_21)

153 values.append(c_111)

154 values.append(c_211)

155

156 return values

157

158

159 def add_fractions_list(values):

160

161 x_dye = list(Q)

162 x_11 = 1ist(Q)

163 x_21 = 1list(Q)

164 x_111 = 1list(Q)

165 x_211 = 1ist(Q)

166

167 for i in range(len(values[0])):
168 x_dye.append(values[2][i] / G_O)
169 x_11.append(values[3][i] / G_O)
170 x_21.append(values[4][i] / G_0)
171 x_111.append(values[5][i] / G_O)
172 x_211.append(values[6][i] / G_O)
173

174 values.append(x_dye)

175 values.append(x_11)

176 values.append(x_21)

177 values.append(x_111)

178 values.append(x_211)

179

180 return values

181

182

183 def add_values_to_df(df, values):
184 df["BB"] = values[0]

185 df["CB7"] = values[1]

186 df["G"] = values[2]

187 df["CB7:G"] = values[3]

188 df["CB7_2:G"] = values[4]

189 df["CB7:G:BB"] = values[5]

190 df["CB7_2:G:BB"] = values[6]

191 df["X_dye"] = values[7]

192 df["X_CB7:G"] = values[8]

193 df["X_CB7_2:G"] = values[9]

194 df["X_CB7:G:BB"] = values[10]

195 df["X_CB7_2:G:BB"] = values[11]
196

197

198 def calc_fluor_df(df, f_optimized):
199 fdye, f11, f21, £f111, f211 = f_optimized
200
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df["F_calc"] = fdye * df["X_dye"] + £f11 * df["X_CB7:G"] + £f21 * df["
X_CB7_2:G"] + f111 * df["X_CB7:G:BB"] + £f211 * df["X_CB7_2:G:BB"]

def show_graph_fractions(df, concentrations=False):

if concentrations == True:
plt.plot(df["BBO"], df["G"], "-", label = "G")
plt.plot(df["BBO®"], df["[CB7:G]"], ’'-', label = "[CB7:G]")
plt.plot(df["BBO"], df["[CB7_2:G]"], ’-’, label= "[CB7_2:G]")
plt.plot(df["BBO"], df["[CB7:G:BB]"], ’-’, label = "[CB7:G:BB]")
plt.plot(df["BBO"], df["[CB7_2:G:BB]"], ’-’, label = "[CB7_2:G:BB]")
plt.legend ()
plt.show()

else:
plt.plot(df["BBO"], df["X_dye"], ’-’, label = "Free Dye (G)")
plt.plot(df["BBO"], df["X_CB7:G"], ’'-’, label = "CB7:G")
plt.plot(df["BBO"], df["X_CB7_2:G"], ’'-’, label = "CB7_2:G")
plt.plot(df["BBO"], df["X_CB7:G:BB"], ’-’, label = "CB7:G:BB")
plt.plot(df["BB®"], df["X_CB7_2:G:BB"], ’'-’, label = "CB7_2:G:BB")
plt.legend ()
plt.show()

def show_graph_fluor(df):
plt.plot(df["BBO"], df["F"], ’.’, label = "Exp")
plt.plot(df["BBO"], df["F_calc"], ’-’, label = "Calc")
plt.xscale(’log’)
plt.legend ()
plt.show()

def fluor_calc(x, k111, k211,
fg, f11, £21, f111, £211):

k = (K11, K21, KBB_G, KBB_CB7, k111, k211)

values = calc_solution_list(x, trials=int(le6), k=k, error=1e-17, eqg=eq,
jac=jac)

if len(values[-1]) != len(x):
print ("The optimization was not successful")
else:
add_concentrations_list(k, values)
add_fractions_list(values)
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248 return fg * np.array(values[7]) + fl11 * np.array(values[8]) + f21 * np.
array(values[9]) + f111 * np.array(values[10]) + f211 * np.array(values
[111)

249

250

251

252 if __name__ == "__main__":

253

254 # A file with two columns needs to be entered,

255 # only with the values, with concentration in the first

256 # and experimental values of fluorescence in the second

257

258 guesses = [K11l1l_guess, K211 _guess, FD, F1l1, F21, F111, F211]

259 min_values = [le3, 1e3, 0, 1, 5, 0, 0]

260 max_values = [le7, le6, 3, 10, 20, 1, 1]

261

262 Tk () .withdraw()

263 fileName = askopenfilename ()

264 dataTable = pd.read_csv(fileName, header=None, sep=";")

265 dataTable.rename(columns = {0 : "BBO®", 1: "F"}, inplace=True)

266 dataTable.dropna(inplace=True)

267

268 parameters, covariance = optimize.curve_fit(fluor_calc, dataTable["BBO"],

269 dataTable["F"], pO®=guesses,

270 bounds=(min_values, max_values))

271

272 k = [K11, K21, KBB_G, KBB_CB7]

273 k.append(parameters[0])

274 k.append(parameters[1])

275

276 f_optimized = parameters[2::1]

277

278 values = calc_solution_list(dataTable["BBO®"], trials=int(le5), k=k,

279 error=1e-17, eq=eq, jac=jac)

280

281 if len(values[-1]) !'= len(dataTable["BBO0"]):

282 print ("The optimization was not successful')

283 else:

284 add_concentrations_list(k, values)

285 add_fractions_list(values)

286 add_values_to_df(dataTable, values)

287 calc_fluor_df(dataTable, f_optimized=f_optimized)

288 show_graph_fluor (dataTable)

289 print (£"Values of k:{k}\n Values of fluor:{f_optimized}")

1.2.1.2 Script2 - CB7_Dye_BB_A_fit KA.py

This script needs the same type of file but with the data of the competitive assay with
concentration of guest and spectroscopical data in columns 1 and 2, respectively. The
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same limitations and way of operating apply as with Script 1. Separator chnage can be
done in line 291.

Listing I.2: Script 2 - Competitive Assay with ternary complex fitting

from scipy import optimize
import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

from tkinter import Tk
from tkinter.filedialog import askopenfilename

This file applies to a system with 4 species, with the following

behaviour:

G + CB7 -> (CB7:G (K11)
CB7:G + CB7 - > (CB7)2:G (K21)

G + BB -> BB:G (KBB_G)
CB7 + BB -> CB7:BB (KBB_CB7)
CB7:G + BB -> CB7:G:BB (K111)
CB7:G:BB + CB7 -> (CB7)2:G:BB (K211)
CB7 + A -> CB7:A (KA)

BB + A -> BB:A (KBB_A)

Instead of the calculation, this file aims to do the fitting to a set of

experimental data

# Concentrations of the species in the assay
CB7_0 = np.float64(2.5e-5)

G_0 = np.float64(8e-6)

BB_0® = np.float64(6e-6)

# Known Affinity constants in M-1
K111 = np.float64(9.5e6)
K211 = np.float64 (1)

K11 = np.float64(leb)

K21 = np.float64(1)

KBB_G = np.float64(le3)
KBB_CB7 = np.float64(le3)

# Affinity guesses:
KA_guess = np.float64(le7)

KBB_A_guess = np.float64(le5)

# Fluorescence guesses:
FD = 0.5
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F11 = 2
F21 =5
F111 = 0.35
F211 = 0.01

k):
# Can change name,

def eq(vars, a_®,

# and consistent with jac

k11, k21, k111, k211, kbb_g,

bb, cb7, g, a = vars

cb7_g = k11 * cb7 * ¢

cb7_2_g = k21 * k11 * cb7 ** 2 *
bb_g = kbb_g * g * bb

cb7_bb = kbb_cb7 * bb * cb7
cb7_g_bb = k111 * k11 * cb7 * g *
cb7_2_g_bb = k211 * k111 * k11 *
cb7_a = ka * cb7 * a

bb_a = kbb_a * bb * a

f_bb =

f_cb7 =

cb7_a - CB7_0

f g =

f_a = a + cb7_a + bb_a - a_0

return [f_bb,
f_cb7,
f g,
f_a]

def jac(vars, a_®, k):

ki1, k21, k111, k211, kbb_g,

bb, cb7, g, a = vars
cb7_g = k11 * cb7 * ¢
cb7_2_g = k21 * k11 *
bb_g = kbb_g * g * bb
cb7_bb = kbb_cb7 * bb *
cb7_a = ka * cb7 * a
bb_a = kbb_a * bb * a
cb7_g_bb = k111 * k11 *
cb7_2_g_bb = k211

Cb7 S 2 *

cb7

* k111 * k11

# 1st line for the jacobian - derivates of the BB function (in function of

BB, CB7, G and A, respectively)

kbb_cb7,

kbb_cb7,

cb7 * g *
* cb7

kbb_a,

xED % g

kbb_a,

:‘cs’:z * g

ka

ka

*

bb

bb

but the vars and a_0 must be maintained

k

k

bb + bb_g + cb7_bb + cb7_g_bb + cb7_2_g_bb + bb_a - BB_0
cb7 + cb7_g + cb7_bb + 2 * cb7_2_g + cb7_g_bb + 2

cb7_2_g_bb +

g + cb7_g + cb7_2_g + bb_g + cb7_g_bb + cb7_2_g_bb - G_0
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fp_bb_bb = 1 + kbb_g * g + kbb_cb7 * cb7 + k111 * k11 * cb7 * g + k211 *

k111 * k11 * cb7 **2 *g + kbb_a * a

fp_bb_cb7 = bb + bb_g + kbb_cb7 * bb + k111 * k11 * bb * g + 2 * k211 *

k111 * k11 * cb7 * bb * g + bb_a

fp_bb_g = bb + kbb_g * bb + cb7_bb + k111 * k11 * cb7 * bb + k211 * k111 *
k11 * cb7 **2 * bb + bb_a
fp_bb_a = bb + bb_g + cb7_bb + cb7_g_bb + cb7_2_g_bb + kbb_a * bb

# 2nd line for the jacobian - derivates of the CB7 function

fp_cb7_bb = cb7 + cb7_g + kbb_cb7 * cb7 + 2 * cb7_2_g + k111 * k11 * cbh7 *
g + 2 * k211 * k111 * k11 * cb7 **2 *g + cb7_a

fp_cb7_cb7 =1 + k11 * g + kbb_cb7 * bb + 4 * k21 * k11 * cb7 * g + k111 *
kil * bb * g + 4 * k211 * k111 * k1l * cb7 * bb *g + ka * a

fp_cb7_g = <c¢b7 + k11 * cb7 + cb7_bb + 2 * k21 * k11 * cb7 **2 + k111 *

ki1 * bb * cb7 + 2 * k211 * k111 * k1l * cb7 **2 * bb + cb7_a

fp_cb7_a = cb7 + cb7_g + 2 * cb7_2_g + cb7_bb + cb7_g_bb + 2 * cb7_2_g_bb

+ ka * cb7

# 3rd line for the jacobian - derivatives of the G function
fp_g_bb = g + cb7_g + cb7_2_g + kbb_g * g + k111 * k11 * cb7 * g + k211 *

k111 * k11 * cb7 **2 * g

fp_g_cb7 = g + k11 * g + 2* k21 * k11 * g * cb7 + bb_g + k111 * k11 * bb *
g + 2 * k211 * k111 * k11 * cb7 * bb * g

fp_g_.g =1 + k11 * cb7 + k21 * k11 * cb7**2 + kbb_g * bb + k111 * k11 * bb
* cb7 + k211 * k111 * k11 * cb7 **2 * bb

fp_g_a = g + cb7_g + cb7_2_g + bb_g + cb7_g_bb + cb7_2_g_bb

# 4th line for the jacobian - derivatives of the A function
fp_a_bb = a + cb7_a + kbb_a * a

fp_a_cbh7 = a + ka * a + bb_a

fp_a_g = a + cb7_a + bb_a

fp_a_a =1 + ka * cb7 + kbb_a * bb

return np.array([[fp_bb_bb, fp_bb_cb7, fp_bb_g, fp_bb_a],
[fp_cb7_bb, fp_cb7_cb7, fp_cb7_g, fp_cb7_a],
[fp_g_bb, fp_g cb7, fp_g g, fp_g al,
[fp_a_bb, fp_a_cb7, fp_a_g, fp_a_all)

def try_solution(a_max, k, trials, error, eq, jac):

for i in range(trials):
initial_guess = [np.random.uniform(®, BB_0),
np.random.uniform(®, CB7_0),
np.random.uniform(®, G_0),
np.random.uniform(®, a_max)]

sol = optimize.root(eq, jac=jac, args=(a_max, k), xO0=initial_guess)
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132 if 0 <= s0l.x[0] <= BB_O® and ® <= sol.x[1] <= CB7_0 and 0 <= sol.x[2] <=
G_0® and ® <= so0l.x[3] <= a_max:

133

134 zero = eq(vars=sol.x, a_0®=a_max, k=k)

135

136 if -error <= zero[0] <= error and -error <= zero[l] <= error and -error
<= zero[2] <= error and -error <= zero[3] <= error:

137 return sol.x

138 break

139

140

141 def calc_solution_list(x, trials, k, error, eq, jac):

142

143 k11, k21, k111, k211, kbb_g, kbb_cb7, kbb_a, ka = k
144

145 values = [[],

146 [1,

147 [1,

148 [11

149

150 for a_max in x:

151 sol = try_solution(a_max, k, trials=trials, error=error, eq=eq, jac=jac)
152 values[0].append(sol[0])

153 values[1].append(sol[1])

154 values[2].append(sol[2])

155 values[3].append(sol[3])

156

157 return values

158

159

160 def add_concentrations_list(k, values):

161

162 k11, k21, k111, k211, kbb_g, kbb_cb7, kbb_a, ka =k

163

164 c_11 = 1ist(Q)

165 c_21 = 1list(Q)

166 c_111 = 1list(Q)

167 c_211 = 1listQ)

168

169 for i in range(len(values[0])):

170

171 c_11.append(kll * values[1][i] * wvalues[2][i])

172 c_21.append(k1ll * k21 * values[1][i] ** 2 * wvalues[2][i])

173 c_111.append(kll * k111 * values[1][i] * values[2][i] * values[O0][i])

174 c_211.append(kl11l * k111 * k211 * values[1][i] **2 * values[2][i] *
values[0][i])

175

176 values.append(c_11)

177 values.append(c_21)

178 values.append(c_111)
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179 values.append(c_211)
180

181 return values

182

183

184 def add_fractions_list(values):

185

186 x_dye = 1list(Q)

187 x_11 = 1list(Q)

188 x_21 = 1list(Q)

189 x_111 = listQ

190 x_211 = 1list(Q)

191

192 for i in range(len(values[0])):

193 x_dye.append(values[2][i] / G_0®)
194 x_11.append(values[4][i] / G_0)
195 x_21.append(values[5][i] / G_O)
196 x_111.append(values[6][i] / G_0)
197 x_211.append(values[7][i] / G_O)
198

199 values.append(x_dye)

200 values.append(x_11)

201 values.append(x_21)

202 values.append(x_111)

203 values.append(x_211)

204

205 return values

206

207

208 def add_values_to_df(df, values):

209 df["BB"] = values[0]

210 df["CB7"] = values[1]

211 df["G"] = values[2]

212 df["A"] = values[3]

213 df["CB7:G"] = values[4]

214 df["CB7_2:G"] = values[5]

215 df["CB7:G:BB"] = values[6]

216 df["CB7_2:G:BB"] = values[7]

217 df["X_dye"] = values[8]

218 df["X_CB7:G"] = values[9]

219 df["X_CB7_2:G"] = values[10]

220 df["X_CB7:G:BB"] = values[11]

221 df["X_CB7_2:G:BB"] = values[12]

222

223

224 def calc_fluor_df(df, f_optimized):
225 fdye, f11, f21, £f111, f211 = f_optimized
226

227 df["F_calc"] = fdye * df["X_dye"] + £f11 * df["X_CB7:G"] + f21 * df["

X_CB7_2:G"] + f111 * df["X_CB7:G:BB"] + £f211 * df["X_CB7_2:G:BB"]
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228
229
230 def show_graph_fractions(df, concentrations=False):

231

232 if concentrations == True:

233

234 plt.plot(df["A0"], df["G"], "-", label = "G")

235 plt.plot(df["A®"], df["[CB7:G]"], '-’, label = "[CB7:G]")

236 plt.plot(df["A®"], df["[CB7_2:G]"], ’'-’, label= "[CB7_2:G]")
237 plt.plot(df["A0"], df["[CB7:G:BB]"], ’'-’, label = "[CB7:G:BB]")
238 plt.plot(df["A®"], df["[CB7_2:G:BB]"], '-’, label = "[CB7_2:G:BB]")
239 plt.legend ()

240 plt.show()

241

242 else:

243

244 plt.plot(df["A0"], df["X_dye"], ’-’, label = "Free Dye (G)")
245 plt.plot(df["A®"], df["X_CB7:G"], '-’, label = "CB7:G")

246 plt.plot(df["A®"], df["X_CB7_2:G"], '-’, label = "CB7_2:G")
247 plt.plot(df["A®"], df["X_CB7:G:BB"], ’-’, label = "CB7:G:BB")
248 plt.plot(df["A®"], df["X_CB7_2:G:BB"], ’'-’, label = "CB7_2:G:BB")
249 plt.legend ()

250 plt.show()

251

252

253 def show_graph_fluor(df):

254 plt.plot(df["A®"], df["F"], ’'.’, label = "Exp")

255 plt.plot(df["A0"], df["F_calc"], '-’, label = "Calc")

256 "plt.xscale(’log’)"

257 plt.legend ()

258 plt.show()

259

260

261 def fluor_calc(x, kbb_a, ka,

262 fg, f11, f21, f111, £211):

263

264 k = (K11, K21, K111, K211, KBB_G, KBB_CB7, kbb_a, ka)

265

266 values = calc_solution_list(x, trials=int(le6), k=k, error=1le-19,
267 eq=eq, jac=jac)

268

269 if len(values[-1]) != len(x):

270 print("The optimization was not successful™)

271 else:

272 add_concentrations_list(k, values)

273 add_fractions_list(values)

274

275
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276 return fg * np.array(values[8]) + fl1 * np.array(values[9]) + f21 * np.
array(values[10]) + f111 * np.array(values[11]) + £f211 * np.array(values
[121)

277

278

279

280 if __name__ == "__main__":

281

282 # A file with two columns needs to be entered,

283 # only with the values, with concentration in the first

284 # and experimental values of fluorescence in the second

285

286 guesses = [KBB_A_guess, KA_guess, FD, Fl11, F21, F111, F211]

287 min_values = [1, 1le3, 0, 1, 1, 0, 0]

288 max_values = [le6, 1e9, 3, 10, 20, 1, 1]

289

290 Tk () .withdraw()

291 fileName = askopenfilename ()

292 dataTable = pd.read_csv(fileName, header=None, sep=";")

293 print (dataTable)

294 dataTable.rename(columns = {® : "AO®", 1: "F"}, inplace=True)

295 dataTable.dropna(inplace=True)

296

297 parameters, covariance = optimize.curve_fit(fluor_calc, dataTable["A0"],

298 dataTable["F"], p®=guesses,

299 bounds=(min_values, max_values))

300

301 k = [K11, K21, K111, K211, KBB_G, KBB_CB7]

302 k.append(parameters[0])

303 k.append(parameters[1])

304

305 f_optimized = parameters[2::1]

306

307 values = calc_solution_list(dataTable["A0"], trials=int(le6), k=k,

308 error=1le-19, eqg=eq, jac=jac)

309

310 if len(values[-1]) != len(dataTable["A0"]):

311 print("The optimization was not successful™)

312 else:

313 add_concentrations_list(k, values)

314 add_fractions_list(values)

315 add_values_to_df(dataTable, values)

316 calc_fluor_df(dataTable, f_optimized=f_optimized)

317 show_graph_fluor (dataTable)

318 print(£f"Values of k:{k}\n Values of fluor:{f_optimized}")

319 dataTable.to_excel (r"prediction_data.xlsx",

320 sheet_name="Dye_name")
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I.2.2  Scripts for prediction of species distribution in ternary systems

These scripts were done to predict the species distribution in the ternary systems with
CB7-Dye-BB and to predict the conditions at which to do competitive assays with this

system.

1.2.2.1 Script 3 - CB7_Dye_BB_root_rngGuess.py

This script allows the prediction of ternary species distribution for a given set of initial
CB7 and dye concentration, and variable BB concentrations. This could be easily adapted
to predict that same variation but for addition of one of the other elements. If the
concentrations will be given in an interval, these limits can be set in the script and no
file needs to be inputed, as it is in the script below. Alternatively, if there is the need
to known the molar fractions at more specific BB concentrations, then a file like the one
presented in Figure 1.2 should be inputed, with the concentrations in M, by commenting
out line 51 of the code and reinserting the lines 6-8 and 42-47 by removing the comment

s

marker ”” that enclose them. The prediction data will be generated in a plot with the molar
fractions in relation to the BB concentrations and the numeric values will be saved in the

“prediction_data.xlsx” file.

5.00E07
3| 0000001
150E-06
5 0.000002

1
2
4
6| 250606
7| 0000003
8
9

3.50E-06
0.000004

10 450E08
11 0.000005
12 550E08
13 0.000008
14 650E-06
15 0.000007
16 7.50E08
17| 0.000008
18 B50E-06
19 0.000009
20 950606
21 0.00001
22 1.10E05
23 0000012
24 1.30E05
25 0.000014
26 150E05
27 0000016
28 170E05
29 0.000018
30 1.90E05
31 0.00002
32 210605
33| 0.000022
blueb

lusbox initial_cone. M
teady 37 Accessibilty: Unavallab

Figure 1.2: Example .csv file for the input of concentration values for fitting.

Listing 1.3: Script 3 - Ternary complex molar fraction prediction

from scipy import optimize
import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

777 #uncomment to use the file as input for concentration
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16
17
18
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28

29
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31
32
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34
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36
37
38
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41
42

43
44
45
46
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48
49
50
51

1.2. PYTHON 3 SCRIPT FOR AFFINITY CONSTANT CALCULATION, SPECIES MOLAR
FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

from tkinter import Tk
from tkinter.filedialog import askopenfilename

This file applies to a system with 3 species, with the following

behaviour:
G + CB7 -> CB7:G (K11)
CB7:G + CB7 - > (CB7)2:G (K21)
G + BB -> BB:G (KBB_G)
CB7 + BB -> CB7:BB (KBB_CB7)
CB7:G + BB -> CB7:G:BB (K111)

CB7:G:BB + CB7 -> (CB7)2:G:BB (K211)

BB initial concentration is what varies and the species distribution will be
expressed in relation to that
BB concentrations will be given in .csv file and the initial concentrations
of CB7 and G in the system
will be used as initial guesses for the equilibrium concentrations

CB7_0 = np.float64(25e-5) # Concentrations in M, in caps because they’re
constants

G_® = np.float64(8.6e-6)

BB = np.float64(15e-6)

K111 = np.float64(9.5e6)
K211 = np.float64(0)

K11 = np.float64(le6) # Affinity constants in M-1
K21 = np.float64(le3)

KBB_G = np.float64(le3)

KBB_CB7 = np.float64(le3)

# To take the [BB] out of a faile comment this in and comment line 51
out

Tk () .withdraw()

fileName = askopenfilename ()
dataTable = pd.read_csv(fileName, header=None, sep=";")
dataTable.rename(columns = {® : "[BB]0"}, inplace=True)

dataTable = pd.DataFrame(np.linspace(®, BB, 60), columns=["[BB]0"])
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53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

88

89

90

91

92

93

94

ANNEX 1. BINDING AFFINITY MODELS FOR AFFINITY CALCULATION AND

PREDICTIONS

list Q)
list(Q)
list ()

values_bb

values_ch7

values_g

def equations(vars,

bb, cb7, vars

9

cb7_g
cb7_2_g
bb_g
cb7_bb
cb7_g_bb
cb7_2_g_bb

9
K11 *

% bb

K11 * cb7 *
= K21 *
KBB_G *

9
KBB_CB7
K111 * K11
K211 *

f_bb
f_cb7
CB7_0
f_g

return [f_bb,
f_cb7,
f_g]

* pp *

K111 *

bb_0):

Cb7 LD 2 ¥* g
cb7

* Cb7 * g *
K11 *

bb

Cb7 7‘::‘:2 * g * bb

bb + bb_g + cb7_bb + cb7_g_bb + cb7_2_g_bb - bb_0
cb7 + cb7_g + cb7_bb + 2

* cb7_2_g + cb7_g_bb + 2 *

def jac(vars, bb_0):
bb, cb7, g = vars
cb7_g = K11 * cb7 * ¢
cb7_2_g = K21 * K11 * cb7 ** 2 * g
bb_g = KBB_G * g * bb
cb7_bb = KBB_CB7 * bb * cb7

# 1st line for the jacobian - derivates in function of BB

fp_bb_bb = 1 + KBB_G * g + KBB_CB7 * cb7 + K111 * K11 * cb7 * g + K211 *

K111 * K11 * cb7 *¥*2 *g

fp_bb_cb7 = bb + bb_g + KBB_CB7 * bb + K111 * K11 * bb * g + 2 * K211 *

K111 * K11 * cb7 * bb * g

fp_bb_g = bb + KBB_G * bb + cb7_bb + K111 * K11 * cb7 * bb + K211 * K111
K11 * cb7 **2 * bb

# 2nd line for the jacobian - derivates in function of CB7

fp_cb7_bb = cb7 + cb7_g + KBB_CB7 * cb7 + 2 * cb7_2_g + K111 * K11 * cb7
g + 2 * K211 * K111 * K11 * cbh7 **2 *g

fp_cb7_cb7 = 1 + K11 * g + KBB_CB7 * bb + 4 * K21 * K11 * cb7 * g + K111 *
K11 * bb * g + 4 * K211 * K111 * K11 * cb7 * bb *g

fp_cb7_g = «c¢b7 + K11 * cb7 + cb7_bb + 2 * K21 * K11 * cb7 **2 + K111 *

K11 * bb * cb7 + 2 * K211 * K111 * K11 * cb7 **2 * bb
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95
96

98

99

100
101
102
103
104
105
106
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108
109
110
111
112
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114
115
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118
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124
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126
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131
132
133
134
135
136
137

1.2. PYTHON 3 SCRIPT FOR AFFINITY CONSTANT CALCULATION, SPECIES MOLAR
FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

# 3rd line for the jacobian - derivatives in function of G

fp_g_bb = g + cb7_g + cb7_2_g + KBB_G * g + K111 * K11 * cb7 * g + K211 *

K111 * K11 * cb7 **2 * g

fp_g_cb7 = g + K11 * g + 2* K21 * K11 * g * cb7 + bb_g + K111 * K11 * bb *
g + 2 * K211 * K111 * K11 * cb7 * bb * g

fp_g_g = 1 + K11 * cb7 + K21 * K11 * cbh7%*2 + KBB_G * bb + K111 * K11 * bb
* cb7 + K211 * K111 * K11 * cb7 **2 * bb

return np.array([[fp_bb_bb, fp_bb_cb7, fp_bb_g],
[fp_cb7_bb, fp_cb7_cb7, fp_cb7_g],
[fp_g_bb, fp_g_cb7, fp_g_glD)

num_trials = int(le6)
error = le-15

for bb_max in dataTable["[BB]0"]:
for i in range(num_trials):
initial_guess = [np.random.uniform(®, bb_max),
np.random.uniform(®, CB7_0),
np.random.uniform(0®, G_0)]

sol = optimize.root(equations, jac=jac, args=bb_max, x0=initial_guess)

if 0 <= so0l.x[0] <= bb_max and 0 <= sol.x[1] <= CB7_0 and 0 <= sol.x[2] <=
G_0:

zero = equations(vars=sol.x, bb_0=bb_max)

if -error <= zero[0] <= error and -error <= zero[l] <= error and -error <=
zero[2] <= error:
values_bb.append(np. float64(sol.x[0]))
values_cb7.append(np. float64(sol.x[1]))
values_g.append(np.float64(sol.x[2]))
break

if len(values_bb) != len(dataTable["[BB]0"]):
print ("The optimization was not successful'")
else:
dataTable["BB"] = values_bb
dataTable["CB7"] = values_cb7
dataTable["G"] = values_g

dataTable["[CB7:G]"] = K11 * dataTable["CB7"] * dataTable["G"]

dataTable["[CB7_2:G]"] = K21 * K11 * dataTable["CB7"] ** 2 * dataTable["G"]

dataTable["[CB7:G:BB]"] = K11 * K111 * dataTable["CB7"] * dataTable["G"] *
dataTable["BB"]
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ANNEX 1. BINDING AFFINITY MODELS FOR AFFINITY CALCULATION AND

PREDICTIONS

dataTable["[CB7_2:G:BB]"] = K11
* dataTable["BB"]
dataTable["[BB:G]"] = KBB_G * dataTable["BB"]

dataTable["G"]

dataTable["X_G"] = dataTable["G"] / G_O

* K111

* K211 *

dataTable["CB7"] *%*2 *

* dataTable["G"]

dataTable["X_CB7:G"] = dataTable["[CB7:G]"] / G_O
dataTable["X_CB7_2:G"] = dataTable["[CB7_2:G]"] / G_O
dataTable["X_CB7:G:BB"] = dataTable["[CB7:G:BB]"] / G_O
dataTable["X_CB7_2:G:BB"] = dataTable["[CB7_2:G:BB]"] / G_O
dataTable["X_BB_G"] = dataTable["[BB:G]"] / G_O

plt.plot(dataTable["[BB]0"],
plt.plot(dataTable["[BB]0O"],

dataTable["X_G"], "-",
dataTable["X_CB7:G"], -,

label = "G")
label = "CB7:G")

plt.plot(dataTable["[BB]0"], dataTable["X_CB7_2:G"], ’-’, label = "(CB7)2:G"
)

plt.plot(dataTable["[BB]0®"], dataTable["X_CB7:G:BB"], ’-’, label = "CB7:G:BB
")

plt.plot(dataTable["[BB]0®"], dataTable["X_CB7_2:G:BB"], ’-’, label = "(CB7)
2:G:BB")

plt.plot(dataTable["[BB]0"],
plt.xlabel ("[BB] (M)")
plt.ylabel ("Molar Fraction")
plt.legend ()

plt.show()

dataTable["X_BB_G"]1, ’'-’,

label = "BB:G")

dataTable.to_excel(r"prediction_data.xlsx",

sheet_name="Dye_Name")

1.2.2.2 Script 4 - CB7_Dye_BB_A2binding_sites.py

For prediction of species in solution for the host displacement system in the presence of

a guest that presents binding sites for both CB7 and BB, the following script was written.

The script considers the binding of CB7 to two sites on the guest peptide and BB to one

of these binding sites and, while the predictions made did not consider the binding of

BB to the CB7:peptide complex because no binding affinity is know at this point, this

can be considered by simply changing this value from 0 to the calculated value in M.

Otherwise, this script functions in the same manner as the previous script.

Listing 1.4: Script 4 - Host displacement assay with binding sites for both hosts prediction

from scipy import optimize
import pandas as pd

import numpy as np

import matplotlib.pyplot as plt

777 #uncomment to use the file as input for concentration

from tkinter import Tk

from tkinter.filedialog import askopenfilename
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1.2. PYTHON 3 SCRIPT FOR AFFINITY CONSTANT CALCULATION, SPECIES MOLAR
FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

This file applies to a system with 4 species,

behaviour:
D + CB7 -> CB7:D (KD11)
CB7:D + CB7 - > (CB7)2:D (KD21)
D + BB -> BB:D (KBB_D)
CB7 + BB -> CB7:BB (KBB_CB7)
CB7:D + BB -> CB7:D:BB (KD111)

CB7:D:BB + CB7 -> (CB7)2:D:BB (KD211)

CB7 + P -> CB7:P (KP11)
BB + P -> BB:P (KBB_P)
CB7:P + CB7 -> (CB7)2:P (KP21)
CB7:P + BB -> CB7:P:BB (KP111)

CB7:P:BB + CB7 -> (CB7)2:P:BB (KP211)

.float64(25e-6) # Concentrations in M, in caps because they’re

CB7_0 = np

constants
D_® = np.float64(8e-6)
BB_® = np.float64(6e-6)
P = np.float64(20e-5)
KD11 = np.float64(3e6)
KD21 = np.float64(0)
KBB_D = np.float64(le3)
KBB_CB7 = np.float64(le3)
KD111 = np.float64(2.5e7) # Affinity constants in M-1
KD211 = np.float64(0)
KP111 = np.float64(0)
KP211 = np.float64(0)
KP11 = np.float64(5e7)
KP21 = np.float64(8e5)
KBB_P = np.float64(1.5e5)

# Para tirar valores de [BB] ou [A] dum ficheiro

7Tk () .withdraw ()
fileName =
dataTable

rows,

askopenfilename ()

= pd.read_csv(fileName, header=None, sep=";")

columns = dataTable.shape
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58 T

59 dataTable = pd.DataFrame(np.linspace(®, P, 400), columns=["P0"])
60 rows, columns = dataTable.shape

61

62 T

63

64 if columns ==

65 dataTable.rename (columns = {® : "PO", 1: "Fd"}, inplace=True)
66

67 dataTable["BB_0"] = np.float64(BB_0® / dataTable["Fd"])
68 dataTable["CB7_0"] = np.float64(CB7_0 / dataTable["Fd"])
69 dataTable["D_0"] = np.float64(D_0 / dataTable["Fd"])

70

71 elif columns == 1:

72 dataTable.rename(columns = {0 : "P0"}, inplace=True)

73

74 dataTable["BB_0"] = np.float64(BB_0)

75 dataTable["CB7_0"] = np.float64(CB7_0)

76 dataTable["D_0"] = np.float64(D_0)

77

78 T

79

80 dataTable["BB_0"] = np.float64(BB_0)
81 dataTable["CB7_0"] = np.float64(CB7_0)
82 dataTable["D_0"] = np.float64(D_0)

83

84 values_bb = list()

85 values_cbh7 = list()

86 values_d = 1list()

87 values_p = list(Q)

88

89 def equations(vars, p_0®, bb_0, cb7_0, d_0):

90

91 bb, cb7, d, p = vars

92

93 cb7_d = KD11 * cb7 * d

94 cb7_2_d = KD21 * KD11 * cb7 ** 2 * d

95 bb_d = KBB_D * d * bb

96 cb7_bb = KBB_CB7 * bb * cb7

97 cb7_d_bb = KD111 * KD11 * cb7 * d * bb

98 cb7_2_d_bb = KD211 * KD111 * KD11 * cb7 **2 * d * bb
99 cb7_p = KP11 * cb7 * p

100 bb_p = KBB_P * bb * p

101 cb7_p_cb7 = KP21 * KP1l * cbh7%%*2 * p

102 cb7_p_bb = KP111 * KP11 * cb7 * bb * p

103 cb7_2_p_bb = KP211 * KP111 * KP11 * cb7**2 * p * bb
104

105

106 f_bb = bb + bb_d + cb7_bb + cb7_d_bb + cb7_2_d_bb + bb_p + cb7_p_bb +

cb7_2_p_bb - bb_0
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1.2. PYTHON 3 SCRIPT FOR AFFINITY CONSTANT CALCULATION, SPECIES MOLAR
FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

f_cbh7 cb7 + cb7_d + cb7_bb + 2 * cb7_2_d + cb7_d_bb + 2 * cb7_2_d_bb +
cb7_p + cb7_p_bb + cb7_2_p_bb + cb7_p_cb7 - cb7_0
fd=4d+ cb7_d + cb7_2_d + bb_d + cb7_d_bb + cb7_2_d_bb - d_0

p

fp= + cb7_p + bb_p + cb7_p_cb7 + cb7_p_bb + cb7_2_p_bb - p_0
return [f_bb,

f_cb7,

f d,

f_p]

def jac(vars, p_0, bb_0, cb7_0, d_0):

bb, cb7, d, p = vars

cb7_d = KD11 * cb7 * d

cb7_2_d = KD21 * KD11 * cb7 ** 2 * d

bb_d = KBB_D * d * bb

cb7_bb = KBB_CB7 * bb * cb7

cb7_p = KP11 * cb7 * p

cb7_p_cb7 = KP21 * KP1l * cbh7%%*2 * p

bb_p = KBB_P * bb * p

cb7_d_bb = KD111 * KD11 * cb7 * d * bb

cb7_2_d_bb = KD211 * KD111 * KD11 * cb7 **2 * d * bb
cb7_p_bb = KP111 * KP11 * cb7 * bb * p

cb7_2_p_bb = KP211 * KP111 * KP11l * cb7**2 * p * bb

# 1st line for the jacobian - derivates of the BB function (in function of
BB, CB7, G and A, respectively)

fp_bb_bb = 1 + KBB_D * d + KBB_CB7 * cb7 + KD111 * KD11 * cb7 * d + KD211
* KD111 * KD11 * cb7 **2 *d + KBB_P * p + KP111 * KP11l * cb7 * p + KP21l1 *

KP111 * KP11 * cb7**2 * p

fp_bb_cb7 = bb + bb_d + KBB_CB7 * bb + KD111 * KD11 * bb * d + 2 * KD211 *
KD111 * KD11 * cb7 * bb * d + bb_p + KP111 * KP11 * bb * p + 2 * KP211 *

KP111 * KP11 * cb7 * bb * p

fp_bb_d = bb + KBB_D * bb + cb7_bb + KD111 * KD11 * cb7 * bb + KD211 *

KD111 * KD11 * cb7 **2 * bb + bb_p + cb7_p_bb + cb7_2_p_bb

fp_bb_p = bb + bb_d + cb7_bb + cb7_d_bb + cb7_2_d_bb + KBB_P * bb + KP111
* KP11 * bb * cb7 + KP211 * KP111 * KP11l * cb7**2 * bb

# 2nd line for the jacobian - derivates of the CB7 function

fp_cb7_bb = cb7 + cb7_d + KBB_CB7 * cb7 + 2 * cb7_2_d + KD111 * KD11 * cb7
*d+ 2 * KD211 * KD111 * KD11 * cb7 **2 *d + cb7_p + KP111 * KP1l1 * cb7 *
p + 2 * KP211 * KP11l1l * KP1ll * cb7**2 * p + cb7_p_ch7

fp_cb7_cb7 = 1 + KD11 * d + KBB_CB7 * bb + 4 * KD21 * KD11 * cb7 * d +

KD111 * KD11 * bb * d + 4 * KD211 * KD111 * KD11 * cb7 * bb *d + KP1l * p +
KP111 * KP11 * bb * p + 4 * KP211 * KP111 * KP11 * cb7* p * bb + 4 * KP21

* KP11 * cb7 * p
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142 fp_cb7_d = cb7 + KD11 * cb7 + cb7_bb + 2 * KD21 * KD11 * cb7 **2 + KD111
* KD11 * bb * cb7 + 2 * KD211 * KD111 * KD11 * cb7 **2 * bb + cb7_p +
cb7_p_bb + cb7_p_cb7 + cb7_2_p_bb

143 fp_cb7_p = cb7 + cb7_d + 2 * cb7_2_d + cb7_bb + cb7_d_bb + 2 * cb7_2_d_bb
+ KP11 * cb7 + KP111 * KP11 * bb * cb7 + 2 * KP21 * KP1l1l * cb7%*2 + 2 *
KP211 * KP111 * KP11 * cb7**2 * bb

144
145 # 3rd line for the jacobian - derivatives of the G function
146 fp_d_bb = d + cb7_d + cb7_2_d + KBB_LD * d + KD111 * KD11 * cb7 * d + KD211
* KD111 * KD11 * cb7 **2 * d
147 fp_d_cb7 = d + KD11 * d + 2* KD21 * KD11 * d * cb7 + bb_d + KD111 * KD11 *
bb * d + 2 * KD211 * KD111 * KD11 * cb7 * bb * d
148 fp_d_d = 1 + KD11 * cb7 + KD21 * KD11 * cb7**2 + KBB_D * bb + KD111 * KDI11
* bb * cb7 + KD211 * KD111 * KD11 * cbh7 **2 * bb
149 fp_d_p = d + cb7_d + cb7_2_d + bb_d + cb7_d_bb + cb7_2_d_bb
150
151 # 4th line for the jacobian - derivatives of the A function
152 fp_p_bb = p + cb7_p + KBB_P * p + KP111 * KP11l * cb7 * p + cb7_p_ch7 +
KP211 * KP111 * KP11l * cb7**2 * p
153 fp_p_cb7 = p + KP11 * p + bb_p + KP111 * KP11 * bb * p + 2 * KP21 * KP11 *
cb7 * p + 2 * KP211 * KP111 * KP11l * cb7 * p * bb
154 fp_p_.d = p + cb7_p + bb_p + cb7_p_bb + cb7_p_cb7 + cb7_2_p_bb
155 fp_p_p = 1 + KP11 * cb7 + KBB_P * bb + KP111 * KP11 * bb * cb7 + KP21
KP11 * cb7**2 + KP211 * KP111 * KP1l1 * cb7**2 * bb
156
157 return np.array([[fp_bb_bb, fp_bb_cb7, fp_bb_d, fp_bb_p],
158 [fp_cb7_bb, fp_cb7_cb7, fp_cb7_d, fp_cb7_p],
159 [fp_d_bb, fp_d_cb7, fp_d_d, fp_d_p],
160 [fp_p_bb, fp_p_cb7, fp_p_d, fp_p_pll)
161
162

163 num_trials = int(le6)

164 error = le-17

165

166 for tuple in dataTable.itertuples(index=False):

167 if columns ==

168 p_max, fd, bb_0, cb7_0, d_0 = tuple
169 elif columns == 1:

170 p_max, bb_0, cb7_0, d_0 = tuple

171

172 for i in range(num_trials):
173 initial_guess = [np.random.uniform(®, bb_0), np.random.uniform(®, cb7_0),
174 np.random.uniform(®, d_0), np.random.uniform(®, p_max)]

175

176 sol = optimize.root(equations, jac=jac, args=(p_max, bb_0, cb7_0, d_0), x0
=initial_guess)

177

178 if 0 <= s0l.x[0] <= bb_0 and ® <= sol.x[1] <= cb7_0 and 0 <= sol.x[2] <=
d_0 and 0 <= sol.x[3] <= p_max:

179
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1.2. PYTHON 3 SCRIPT FOR AFFINITY CONSTANT CALCULATION, SPECIES MOLAR
FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

zero = equations(vars=sol.x, p_0=p_max, cb7_0 = cb7_0, bb_0 = bb_0, d_0=
d_e)

if -error <= zero[0®] <= error and -error <= zero[l] <= error and -error <=
zero[2] <= error and -error <= zero[3] <= error:
values_bb.append(np. float64(sol.x[0]))
values_cb7.append(np. float64(sol.x[1]))
values_d.append(np.float64(sol.x[2]))
values_p.append(np.float64(sol.x[3]))
break

if len(values_p) != len(dataTable["P0"]):
print ("The optimization was not successful")
else:
dataTable["BB"] = values_bb
dataTable["CB7"] = values_cb7
dataTable["D"] = values_d
dataTable["P"] = values_p

dataTable["[CB7:P]"] KP11 * dataTable["CB7"] * dataTable["P"]

dataTable["[CB7:D]"] = KD11 * dataTable["CB7"] * dataTable["D"]

dataTable["[CB7_2:D]"] = KD11 * KD21 * dataTable["CB7"] ** 2 * dataTable["D"
]

dataTable["[CB7:D:BB]"] = KD11 * KD111 * dataTable["CB7"] * dataTable["D"] *

dataTable["BB"]

dataTable["[CB7_2:D:BB]"] = KD11 * KD111 * KD211 * dataTable["CB7"] *%*2 *
dataTable["D"] * dataTable["BB"]

dataTable["[CB7:P_2]"] = KP21 * KP11 * dataTable["CB7"] ** 2 * dataTable["P"
]

dataTable["[BB:P]"] = KBB_P * dataTable["BB"] * dataTable["P"]

dataTable["X_D"] = dataTable["D"] / dataTable["D_0"]
dataTable["X_CB7:D"] = dataTable["[CB7:D]"] / dataTable["D_0"]
dataTable["X_CB7:D:BB"] = dataTable["[CB7:D:BB]"] / dataTable["D_0"]
dataTable["X_P"] = dataTable["P"] / dataTable["P0"]
dataTable["X_CB7:P"] = dataTable["[CB7:P]"] / dataTable["PO"]
dataTable["X_CB7:P2"] = dataTable["[CB7:P_2]"] / dataTable["P0"]
dataTable["X_BB:P"] = dataTable["[BB:P]"] / dataTable["P0"]

D
D

plt.plot(dataTable["P0®"], dataTable["X_D"], "-", label = "D")
plt.plot(dataTable["P0"], dataTable["X_P"], "-", label = "P")
plt.plot(dataTable["P0®"], dataTable["X_CB7:D"], ’'-’, label = "CB7:D")
plt.plot(dataTable["P0"], dataTable["X_CB7:P"], ’'-’, label = "CB7:P")
plt.plot(dataTable["P0"], dataTable["X_CB7:D:BB"], ’'-’, label = "CB7:D:BB")
plt.plot(dataTable["P0"], dataTable["X_CB7:P2"], ’-’, label = "(CB7)2:P")
plt.plot(dataTable["P0"], dataTable["X_BB:P"], ’'-’, label = "BB:P")

plt.xlabel ("[Peptide] (M)")
plt.ylabel ("Molar Fraction")
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plt.legend()
plt.show ()

dataTable.to_excel (r"C:\\Users\\joana\\Documents\\Programming\\BindingAssays
\\BindingAssays\\Dev\\ExampleData\\prediction_data.xlsx",
sheet_name="Dye")

1.2.3 Scripts for Principal Component Analysis of Array Data

For data treatment for PCA, the data should be organized with the label for the different
groups of guests to categorize and discriminate in the first column, with the triplicate
done separate in three groups with all guests, and the different data sets at the emission
wavelengths to analyze for the different sensors should be presented in each new column
following that, with each line being the data for one measurement of one peptide for a
given sensor and wavelength combination. The example of the data used for obtention of
the PCA presented in Chapter 4, Section 4.1, can be found in Figure 1.3. The output will be
generated in a plot which will be shown in a matplotlib window and should be adjusted and
saved as desired. No additional files were used for this calculation but these can be found
in the repository in this link: https://github.com/JoanaNMartins/PCA /tree/main. The
following script refers to the contents of the “PCA_test.py” file.

aissee @ () B B 210 M riplcates ~

Fe b Aotos Narrow (Bod.. « |12« A" A v ap Toxt v General
I cony

3t B I U« Ev 4vAv | = == Ewemscmas $% 9 W H O Adsens | Anai
© Possible Data Loss Some features might be ot f you save this workbook In (esv) format. Topr Save s
A E| | 202

A 8 ® ) 3 F G H | ) K L M N o P Q R s T u

1 [R2G2 11128163 03265547 003056 11358057 04294776 00638992 1.1190062 03386823 0.0273689
2 R3G " 11167566 0.3230775 0.0463538 11237776 04485042 0755576 07715145 1.1032373 35279919
3 R 07415932 12186978 35593926 0.4399394 18464924 65413804 0.3589227 17560839 66158614
P 06154698 1605691 53118299 034932 20515901 7.6550452 0.3840805 15802741 54305671
5 R8 05439039 17200843 57943703 0.3551046 19572332 7.1886883 0.4346596 14680267 4.8442372
6 R2G2 11196904 0329154 0021008 11343253 03538976 0026517 1.1275358 03417352 0.0318393
7 R3G 1131393 03241046 0041567 11272485 04633115 07665089 07752061 1046054 3.428948
8 R 06894125 14366922 46162855 0.4401574 18757750 67262097 0.3675365 17913147 67476925
9 e 05571316 16892044 6.1332192 0.3372603 2.0083982 7.5575177 0.3839027 15875038 54116472
10 R8 05395221 1805571 67331163 03547751 19644116 7.1911474 0429285 14638978 47840581
11 R262 11141801 03244184 00206625 11281821 03596724 00256812 1.1230997 03412742 0.0277691
12 R3G 11240617 03173586 0.0404141 1.1374046 04594601 07262527 07758694 10457723 3.4015039
13 R4 06899021 14668952 47338694 0.4453756 1868788 6698731 0.3634817 17800964 66185104
14 RS 05662791 17284487 63627226 0.3383708 2.0065966 7.5901213 0.3822104 16002516 55170578
15 A8 05540487 17776295 6.3481836 0.3504838 19813176 7.292703 0.4327349 14549713 47062562
16
17
18
19
20
2
2
23
24
25
2
27
28
2
30
31

B @ - —+ 0%

Figure 1.3: Example .csv file for the input of values of emission at different wavelengths
and for triplicate samples of peptides at a fixed concentration. First column presents
the name of the category for PCA to group together, while B through D corresponds
for the emission values for SC4-4Py at 376, 420 and 480 nm, E to G corresponds for the
emission values for SC4-6Py for the same wavelengths, and H to J corresponds to SC4-8Py
emissions.
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1.2. PYTHON 3 SCRIPT FOR AFFINITY CONSTANT CALCULATION, SPECIES MOLAR
FRACTIONS AND PRINCIPAL COMPONENT ANALYSIS (PCA)

Listing 1.5: Script 5 - Principal Component Assay

O X N N G o= W N =

B o e e e e R e R e W W W W W W W W W W NN NNNN R = e = = s e
O 0 N N Uk W N =, O O 00N Ul R W N =R, O O 00N Ul R W=, O 0 00N Ul kW= O

import matplotlib.pyplot as plt
import matplotlib

import numpy as np

from sklearn.decomposition import PCA
from tkinter import Tk

from tkinter.filedialog import askopenfilename

import pandas as pd
from matplotlib.patches import Ellipse

Tk () .withdraw()

fileName = askopenfilename ()

df = pd.read_csv(fileName, header=None,
df.dropna(inplace=True)

labels = df[0]

df = df.drop(labels=0, axis=1)

pca = PCA(n_components=2)
number_of_reps = 3

X_pca = pd.DataFrame(pca.fit(df).transform(df), columns
X_pca["labels"] = labels

unique_labels = X_pca["labels"].unique()

plt.figure()

colors = ["navy", "turquoise", "purple", "darkorange",
lw = 2

matplotlib.rcParams.update({’ font.size’:

sep=";")

163)

for name, color in zip(unique_labels, colors):

category_data = X_pca[X_pca["labels"]

plt.scatter(category_data["PCl1"], category_data["PC2"],

s=80, alpha=0.8, lw=lw,
label=name, color=color)

# Plot 95% confidence ellipses

== name]

for label, color in zip(unique_labels, colors):
group_data = X_pca[X_pca["labels"] == label]
cov_matrix = np.cov(group_data[["PC1", "PC2"]1].T)

lambda_, v = np.linalg.eig(cov_matrix)

lambda_ = np.sqrt(lambda_)

ell = Ellipse(xy=(np.mean(group_data["PC1"]),

np.mean(group_data["PC2"])),

width=lambda_[0] * 2 *
angle=np.rad2deg(np.arccos(v[0,

2, height=lambda_[1]
01)),

alpha=0.5, color=color, lw=1lw)

ell.set_facecolor(’none’)
plt.gca().add_patch(ell)
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# Annotate ellipse with label

plt.annotate(label, xy=(np.mean(group_data["PC1"]),
np.mean(group_data["PC2"])), xytext=(-10,
textcoords="offset points’, ha=’right’,
va="top’, fontsize=14, color="black’)

plt.xlabel (£"F1 ({round(pca.explained_variance_ratio_[0], 4)

*

plt.ylabel (£f"F2 ({round(pca.explained_variance_ratio_[1], 4)

plt.show()
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