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The aim of my thesis is to design and study the ability of amphiphilic
calixarenes to self-assemble as nanoparticles able to interact with DNA for

therapeutic purposes.

The present doctoral thesis focused on the synthesis of amphiphilic
calix[4]arenes, the study of their self-assembly properties at the air-water
interface as Langmuir monolayers or in solution as nanoparticles and on
the DNA-binding properties of the resulting self-assembled structures.
The objective is to improve the understanding of the interaction of
amphiphilic calixarene-based nanoparticles with DNA molecules, and to
improve the comprehension of the effect of the calixarene structure: on
the self-assembly of the amphiphilic calixarene as nanoparticles and on the

interaction of the calixarene-based nanoparticles with DNA.



Aim

My PhD work can be divided in three distinct parts:

First, my work aimed at the synthesis of amphiphilic calix[4]arenes
locked in the cone conformation. A water-insoluble 5,11,17,23-
tetra(guanidinium)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene, named
GC12, bearing at the upper rim four guanidino recognition moieties and at
the lower rim hydrophobic functions (four dodecyloxy chains), has been
synthetized. To study the influence of the number of recognition moieties
on the self-assembly and on the interaction with DNA, mono-, di-, tri- and
tetraamino calix[4]arene derivatives bearing four dodecyloxy chains at the
lower rim have been synthetized: The 5-mono(amino)-25,26,27,28-
tetra(dodecyloxy)-calix[4]arene (1NH,4C,,), the 5,11-di(amino)-
25,26,27,28-tetra(dodecyloxy)-calix[4]arene  (1,2NH,4C,,), the 5,17-
di(amino)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene (1,3NH,4C;,), the
5,11,17-tri(amino)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene (3NH,4C;,)
and the 5,11,17,23-tetra(amino)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene (ANH,4C4,).

The second part presents the study of the synthesized cationic
calix[4]arenes self-assembled as Langmuir monolayers at the air-water
interface. The DNA-binding ability at this interface has been investigated
with three model 30-mer oligonucleotides, two homooligonucleotides
AT (dA;—dT;), GC (dG3—dCsg) and one heterooligonucleotide ATGC
containing 50 % AT and 50 % GC. The Langmuir monolayer experiments
indicated that the interaction with DNA is dependent on the DNA

sequence.



Aim

The third part of my PhD work concerns the study of the
self-assembly of the amphiphilic calixarene in solution as nanoparticle and
the binding mechanism of the calixarene-based nanoparticles to the
double helix of the DNA molecules. The binding mechanism has been
studied by fluorescence spectroscopy, circular dichroism (CD) and
isothermal titration calorimetry (ITC). The results indicate that GC12 and
the 4NH,4C,,-based nanoparticles interact with the DNA double helix not
only via electrostatic interaction but also via a groove-binding mechanism.
While the fluorescence displacement assay performed with 1NH,4Cy,,
1,2NH,4C,,, 1,3NH,4C,, and 3NH,4C,, derivatives indicates most likely an
electrostatic interaction mechanism between the calixarene-based

nanoparticles and the DNA molecules.

The results reported in my PhD dissertation highlight the influence of
the calixarene structure, on their self-assembly as Langmuir monolayer at
the air-water interface and as nanoparticles in water. Moreover the
binding mechanism between the DNA phosphodiester backbone and the
self-assembled calix[4]arene is dependent of the number of recognition
moieties but is also governed by a sequence dependent interaction

mechanism.






1 Introduction

1.1 Supramolecular Chemistry

Background

At the interface between physics, chemistry and biology,
supramolecular chemistry has become a major scientific field over the past
25 years. The concept of “supramolecular chemistry” was coined by
Jean-Marie Lehn who, with Donald J. Cram and Charles J. Pedersen,
received the 1987 Nobel Prize in Chemistry for their achievements in the
field of supramolecular chemistry.l'3 Lehn defined supramolecular

chemistry as “the chemistry beyond the molecule”.?



Introduction

Beyond molecular chemistry, based on the covalent bond,
supramolecular chemistry relies on molecular interactions and
intermolecular bonding. Molecular self-assembly is the spontaneous
organization of molecules into two or three-dimensional structures,*”
governed by non-covalent forces such as hydrogen bonding, van der Waals
forces, m-m interactions or electrostatic effects. Those non-covalent
interactions can form well-defined structure in a reversible and accurate
fashion. Self-assemblies are processes that require the reversibility of all
the stages of the self-assembly, in order to achieve the most stable energy
state: the formation of self-assembled structures is thermodynamically
driven. Self-assembly is ubiquitous in chemistry and biology. For example,
it generates much of the functionality of living cells: DNA, protein, cells or
viruses are biological structures with a precise organization at a level below

the nanometer formed by self-assembly.

Biological Self-Assembly: Functions and Informations

Natural self-assemblies such as the folding of polypeptide chains into
proteins, the self-assembly of DNA strands into a double helix, and the
bilayer membranes of cells formed by the self-assembly of lipids, have
been extensively studied.

DNA is well known as the molecule bearing genetic information.
All living organisms are composed of cells, whether prokaryotic or
eukaryotic cells and each cell possess all the genetic information that

determines the development and functioning of an organism.


http://en.wikipedia.org/wiki/Hydrogen_bond
http://en.wikipedia.org/wiki/Van_der_Waals_force
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DNA is composed of two complementary strands bound together via
hydrogen bonding and n—m stacking to form a supramolecular structure: a
stable, flexible double helix that can adapt rapidly to the effects of the
environment (for example, pH, temperature, ions). DNA’s ability to store
information lies in a code made from four nucleobases: A (adenine),
T (thymine), G (guanine) and C (cytosine). DNA can store large amounts of
information. This information depends on the sequence of the four bases.
Modifications of the DNA: change in the sequence of the base pairs or
chemical modification to the DNA that affects the way the molecule is
shaped such as methylation can modify the information transmitted by the
DNA.

For example, in nature, DNA methylation defines honeybee behavior.
Herb et al. reported on the relationship between the function of the bees
in the hive and reversible DNA modification.® Different types of worker
bees exist. Herb et al. studied the nurses, nursing and feeding the queen
and larvae, and the foragers that travel to collect nectar or pollen.
It is known that these two types of worker bees (nurses and foragers)
differ in their bodies, mental abilities, and behavior. Herb et al. removed all
the nurses from a hive and found that half of the forager bees could
become nurses to compensate this loss. This role change is due to a
chemical modification involving epigenetic modifications by DNA
methyltransferases. A methyl group is added to specific cytosine bases of
the DNA. This enzymatic process, called DNA methylation, is a modification
of the DNA structure that affects the way the DNA molecule is shaped and,

consequently, affects the regulation of genetic activity.
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DNA methylation induces a change of information transmitted by the DNA
sequence; this process is reversible.

A second example of natural self-assembly is the folding of proteins.
Proteins are chains of amino acids that fold into a three-dimensional
shape. There are four levels of protein structure. The primary structure is a
linear sequence of amino acids in the polypeptide chain. The secondary
structure corresponds to the arrangement of the polypeptide chain via
hydrogen bonding between the amino acids into a-helices or B-sheets.
The tertiary structure corresponds to the three-dimensional structure of
the protein, and the quaternary structure is the arrangement of two or
more polypeptide chains by non-covalent bonds. Protein folding is a
precise self-assembly which defines proteins’ shapes and functionalities.
In some neurodegenerative diseases such as Alzheimer’s and Parkinson’s,
the cause of the disease is believed to be proteins misfolding. In a normal
protein, hydrophobic amino acids bury themselves inside the protein.
However, if the protein fails to self-assemble properly these hydrophobic
amino acids are exposed and they rapidly seek out and bind to
hydrophobic groups on other protein molecules, forming insoluble
aggregates or plaques that are found in the brain of patients with
neurodegenerative diseases.’

Another example of the transmission of information by self-
assembled structure is the contraction-extension of muscles. Muscle
movement is controlled and coordinated by thousands of proteins that

function individually over distances of the order of a nanometer.
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Skeleton, smooth and cardiac muscles are composed of two major
proteins (myosin and actin) organized into filaments forming a repeating
structure. Myosin filaments are thick filaments in which the myosin
proteins are arranged in a cylinder and actin filaments are thin filaments
arranged in a double helix. When muscles contract, the actin filaments
slide over the myosin filaments. In the presence of calcium the active sites
of the actin proteins are accessible and the actin recognition sites of the
myosin proteins bind spontaneously. Once the proteins are bound, the
myosin undergoes a conformational change: the movement of the myosin
causes the thin film to move. Muscle contraction occurs when the
thousands of proteins composing the filaments slide over one another in a

series of repetitive and perfectly coordinated events.®

Bio-Inspired Self-Assembly

Over time, evolution has led to some incredible developments, from
the photosynthetic machinery in plants to the human eye. Scientists have
developed technologies that seek to mimic some of life's unique
innovations. A few examples of natural self-assemblies that inspired
researchers will be discussed in this paragraph.

The structure of the shark’s skin is composed of tiny scales called
“dermal denticles” (skin teeth) aligned in the direction of the water flow
(Figure 1a). These tiny denticles reduce friction between the shark skin and
the water surrounding it, thereby diminishing surface resistance when
moving at high speed. Drag reduction in fluid flow is of interest in various

commercial applications. Nanomaterial-based paint mimicking shark skins

11
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have been studied for their ability to reduce drag in pipelinesg’ 1% and limit
drag in aircraft™’ to decrease fuel consumption.

Moreover, bacterial colonies cannot develop because the spacing between
these dermal denticles is such that microscopic organisms have difficulty

adhering.”

ll\‘ll‘l\\\
\,\ {
\

Figure 1. a) Galapagos sharkskin and b) Sharklet micropattern. [Reprinted
with permission from ref. 8. Copyright (2009) American Chemical Society].

A shark skin-like material called “Sharklet”, developed by Brennan and
co-workers, prevents bacterial contaminations.””*®  Brennan and
co-workers compared two types of infection-causing bacteria, methicillin-
resistant and susceptible Staphylococcus aureus (MRSA and MSSA) on
three surfaces, the Sharklet micropattern (Figure 1b), a commonly used
copper alloy, and a smooth control surface.” They discovered that the
Sharklet micropattern reduced transmission of MSSA by 97 % compared to
the smooth control surface. The Sharklet surface had 94 % less MRSA

bacteria than the control surface, while the copper had 80 % less. Sharklet

material could be used in hospitals to prevent bacteria growth.

12



Introduction

A second example of bio-inspired material is based on a gecko’s toes.
Geckos’ toes are covered by arrays of hair-like structures called setae,
which increase the effective surface area between the foot and the surface
on which it rests, thus increasing adhesive force. Irschick and Crosby
developed an adhesive pad called “Geckskin”, composed of polyurethane
or polydimethylsiloxane (Figure 2a).

The gecko-like adhesive exhibits a high shear adhesive force capacity
of 300 kg per 100 cm” and the adhesive can be removed easily (<1 kg in
peel) without leaving residues. Furthermore, the adhesive can be applied
and reapplied on a variety of surfaces without losing its stickiness.™™
Geckskin technology can be used in a range of applications as it can easily

attach and detach everyday life objects such as televisions and computers

to walls, as well as medical and industrial equipment (Figure 2b).

Figure 2. a) Geckskin holding a 42-inch television™ and b) "Grippy Pad" based
on Geckskin technology. [Adapted from ref. 9. Copyright (2012), John Wiley
and Sons].

13
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Last example, the scyllarus shrimp, also called the mantis shrimp, is
the only species of shrimp able to break the shells of its prey with a club
that accelerates underwater at around 10 400 g (102 000 m s'z). The club is
a highly complex structure: it has several regions, including layers of chitin
fibers each layer of chitin fibers is rotated by a small angle with respect to
the layer below, forming a helicoidal composite that act as shock absorbers

(Figure 3).

Figure 3. Mantis shrimp and the helicoidal structure of the club. [from
http://www.engr.ucr.edu/ Copyright (2013)].

The mantis shrimp moves its club so quickly that the club produces
destructive bubbles that collapse quickly and therefore release energy; this
process is called cavitation. Cavitation can cause serious damage; it is

known to destroy ship propellers, pumps and turbines.

14
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The strength of the club lies in its helicoidal structure that propagates the
crack between the fiber rather than breaking them. Nevertheless, the
shrimps regularly molt to replace the worn out appendages.

Kisailus and co-workers designed carbon fiber-epoxy composites
mimicking the helical structure of the mantis club. The carbon fiber-epoxy
composites was produced with different fibers layers rotation
angles (7.8°, 16.3°, and 25.7°) and the composites were compared to
conventional composites used in aerospace industry in which all the fibers
are aligned in parallel (unidirectional) or have fiber layers oriented at 0°,
+ 45°, and * 90° directions angles (quasi-isotropic structures) (Figure 3).16
They found that the carbon fiber-epoxy composites helicoids structure is
more resistant to external damage than the structures commonly used in
the aerospace industry. The dent depth damage to the helicoidal samples
was 20 to 50 percent less than the quasi-isotropic samples. In compression
tests, helicoidal samples displayed a 15 to 20 percent increase in residual
strength after impact compared to the quasi-isotropic samples. Potential
applications for such a material could include aircraft and automotive

panels, athletic helmets and military body armor.

Supramolecular Self-Assembly of Macrocycles

Many examples of self-assembly can be found in nature: it often
displays a great sophistication in structure and in function. Since Lehn,
Pederson and Cram’s Nobel Prize in 1987 the use of supramolecules to
form self-assembled structures has gained much attention and allowed a

better understanding of natural self-assembly processes.

15
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Among the various molecular platforms that can be used for the
construction of self-assembled structures, macrocycles such as crown-
ethers, cryptands,17 resorcinarenes, cyclodextrins,18 cryptophanes19 and
calixarenes have largely been developed during the last decades.
A few examples of the self-assembly of macrocycles will be discussed in
this paragraph.

Crown-ethers are among the simplest macrocycles: they are cyclic
polyethers discovered by Charles Pedersen in 1967 (Figure 4).%°
The important complexation ability of crown-ethers toward alkali and
alkaline earth metal ions has been applied to sensors,”! ion channel model

22 . 21
systems,” and membrane formation.

Yy, oD
[o oj (0] 0) (0] H O
— o/ LN
12-crown-4 Dibenzo-18-crown-6 Diaza-18-crown-6

Figure 4. Examples of crown-ethers.

The intrinsic affinity of crown-ethers for cations has been used by
Clark et aI.,23 to design a daisy chain molecule with an ammonium binding
site and crown-ether recognition moieties, separated by a rigid biphenyl
linker. Clark et al. studied the recognition between an ammonium cation

and an aromatic crown-ether (Figure 5).

16
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° 0’\ ./‘)\ J\E;(O‘H‘m _ ’6? Ii@‘

= PW;
QO o J m 1-H-PFg 0.01M DCM
reflux
S raredbya
|_j igid Linker G EST OH
OH
Hy, PIO, M
—_—
. MeOH Ho
+2PF,
4-H.»
{TTszle!c?) {90?5%:&)

1) MsCl, Et;N

SDeqHPFs ]l 3[Jqu0H wwaws DMF

T e

6-H#2PF
(63% yield )

Figure 5. Graphic representation of the binding and switching of the daisy
chain. [Reprinted with permission from ref. 18. Copyright (2009) American
Chemical Society].

Under basic conditions, the crown-ether molecule moves away from the
ammonium and interacts with the biphenyl. Upon protonation of the
ammonia group, the crown-ether returns to its original conformation
(Figure 5). This work tends to mimic the extension-contraction of natural

fibers.
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Shortly after the discovery of crown-ethers, Lehn achieved the synthesis of

a cage-like molecule called cryptand in 1967 (Figure 6).

J o
{l;oﬁ‘o%
N
o o

_/

Figure 6. Chemical structure of a cryptand.

Transport of ions or small molecules plays an important role in a wide
range of biological processes in nature. Achieving transport of ions by
synthetic receptors involved the design of molecules that had a selective
recognition site. As crown-ethers, cryptands are used to complex ionic
molecules. Cryptands are three-dimensional equivalents of crown-ethers,
but they form stronger complexes with higher selectivity and specificity
than crown-ethers.” For example, it is known that the binding constant of

potassium ions is 10* higher for [2, 2, 2]cryptand than for 18-crown-6.”

Most macrocycles are synthetic and do not occur naturally.
Cyclodextrins are natural macrocycles that result from the degradation of
starch by bacteria, composed of 6, 7 or 8 glucose units named a-, B-, and
y-cyclodextrins, respectively (Figure 7). Due to their molecular structures
and shapes, cyclodextrins possess a ability to act as molecular containers

by entrapping guest molecules in their internal cavities.”

18
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wug/o

B-CD y-CD

Figure 7. Structure of natural cyclodextrins.zs [Adapted with permission from
ref. 21. Copyright (2013) American Chemical Society].

The resulting inclusion complexes are used in the food industry to
prepare cholesterol-free products,27 as a flavor enhancer in
chewing-gums,28 in cosmetics,29 and in medicine.*>**

Calixarenes are macrocyclic molecules formed by the condensation of

phenols with formaldehyde. The general structure is shown in Figure g3

OH n

Figure 8. Structure of calix[n]arene.

Calixarene are considered to be the third generation of macrocycles
after cyclodextrins and crown-ethers.**The chemistry of calixarenes has
been applied in diverse areas such as host—guest chemistry,g'5 selective
membranes,36 HPLC stationary phases, selective ion transportg'7 and as

.. . . 33,38-39
mimics of biological processes.

19
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Introduction

Supramolecular chemistry has become a rapidly growing field. In life
science, the concept of self-assembled structure by non-covalent
interactions is a crucial for understanding many biologically important
structures. In material science the self-assembly opens new perspectives
and allows for the design of smart materials by controlling their

self-assembly.

1.2 Self-Assembly of Amphiphilic Calixarenes as

Langmuir Films at the Air-Water Interface

Lipids are an important class of molecules as they are the main
component of the bilayer cell membranes of all living organisms that allow
the selective diffusion of ions and small molecules in and out of the cells.
Surfactant molecules can self-assemble as a monolayer at the air-water
interface to mimic a membrane. The hydrophilic moieties of the
amphiphilic molecules are immersed in water and the hydrophobic parts

face the air as represented in Figure 9.

Non-polar end: > 1) \ ) ) Al
hydrophobic { (1 ( "
Polar  head: P Water
hydrophilic

Figure 9. Schematic representation of amphiphilic molecules self-assembled
at the air-water interface.
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In 1917, Irving Langmuir introduced new theoretical concepts and
experimental methods to investigate the film formation on water
interfaces. In 1932 he was awarded the Nobel Prize in Chemistry for his
discoveries and investigations in surface chemistry. Insoluble monolayers
at the air-water interface are named Langmuir films. Irving Langmuir and
Katherine Blodgett developed a technique to transfer insoluble
monolayers onto substrates. This transfer is called a Langmuir-Blodgett
transfer and the generated films Langmuir-Blodgett films. Langmuir
monolayers provide a simple way to study interactions in two-dimensional
arrangements of amphiphilic molecules. The effect of pH, temperature and
ions on the amphiphilic molecules and the interaction with biomolecules
such as proteins, peptides or DNA can be studied. Direct studies at the
air-water interface can be performed using optical methods such as

. 40 . 41
fluorescence  microscopy, Brewster angle microscopy, X-ray

43-45 46-47

reﬂectivity,42 PM-IRRAS, and ellipsometry. The Langmuir monolayer
technique is a sensitive technique that provides quantitative information
about the density and orientation of the amphiphiles at the air-water

interface.

Due to their conical shape and easy functionalization, calixarenes are
ideal molecules for the design of complexes amphiphile able of molecular
recognition. Indeed, amphiphilic calixarenes have gained attention in
Langmuir films as calixarene molecules exhibit self-assembly properties at

. . 39,48
the air-water interface.
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Calixarene macrocycles, mentioned in Chapter 1 (Supramolecular
self-assembly of macrocycles page 14) are prepared by the base-catalyzed
condensation of para-substituted phenols and formaldehyde.32 Calixarenes
are macrocycles composed of phenolic units arranged in cyclic arrays and
linked by methylene bridges. The name was coined by Gutsche, as the
three-dimensional structure of the molecule looks like a “calix crater”,
an ancient Greek vase. The term “arene” denotes the presence of aromatic
moieties and the “[n]”, indicates the number of phenolic units. The most
common calixarenes, represented in Figure 10, are the calix[4]arene,
calix[6]arene and calix[8]arene, but the number of phenolic units can be up

to0 20.%°

| [
OH OH OH HO

Figure 10. Examples of calix[n]arenes.

Furthermore, calixarenes are composed of three parts, a wide upper rim, a

narrow lower rim and a central annulus (Figure 11) that can be
. . . 33

functionalized to design complex molecules.

<«———— Upperrim

<«——— Central annulus

~«—— lower rim

Figure 11. Structure of the calix[4]arene.
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Calix[n]arenes exist in different conformations depending on their
functionalization and the solvent used to solubilize them as the phenolic
units of the calix[4]arene can rotate along the methylene bridge.
Calix[4]arenes exist in four conformational isomers — the cone, partial
cone, 1,2-alternate and 1,3-alternate — as shown in Figure 12. The cone
conformation is the most stable conformation amongst all the forms of

calix[n]arenes.

cone

1,2-alternate 1,3-alternate

Figure 12. Calix[4]arene conformations.

This section will focus on Langmuir monolayers of calixarenes as self-
assembled supramolecular structures with a particular focus on the use of
the Langmuir monolayer technique to study interaction related to
biological processes such as ionic interactions, metal ions binding,
interaction with pharmaceutical molecules and biological molecules as

proteins or DNA.
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Interaction with lons

Calixarenes forming host-guest complexes.32 In 1989, Ishikawa et al.
studied the effect of Li*, Na', K" and Rb" cations on ester calixarene
derivatives monolayers. They described, for the first time, a selective
complexation of metal ions by calixarenes at the air-water interface.”
The potential of calixarenes as a selective membranes was investigated by
Yagi et al.,>" in 1996. They studied the influence of alkali metal chlorides on
tert-butylcalix[4]arene ester and tert-butylcalix[6]arenes ester monolayers
at the air-water interface.

Yagi et al.,”* observed a selectivity of the calix[6]arenes monolayer
that is consistent with the selectivity obtained in a solvent

+

Cs" > Rb" > Na" > Li". They also evaluated the permeability of the
monolayers toward ions by cyclic voltammetry either at the air-water
interface or after transfer to an electrode using the Langmuir-Blodgett
technique.51 They showed that calix[4]arene and calix[6]arene ethyl esters
on glassy carbon electrodes enhanced the response toward Na“ and Cs’,
respectively.

Lo Nostro et al., studied the interaction of tert-butyl-calix[6]arene,
tert-butyl-calix[6]arene hexamide and tert-butyl-calix[8]arene with alkali
metals (NaCl, KCI, CsCl and [C(NH,);]SCN) in order to investigate the
formation of interfacial host-guest systems.52 They demonstrated that
tert-butylcalix[6]arenes formed stable films with chloride ions with alkali
metals in the order Cs* > K" > Na". Following the work of Lo Nostro, Lonetti

studied the effect of potassium salts on tert-butylcalix[6]arene and

tert-butylcalix[8larene and demonstrated a rearrangement of the
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monolayer and a reversal of the Hofmeister series (CI' > NO3; > "> SCN') as
a function of the increase of the surface pressure.53 Lonetti,54 also studied
the effect of strontium and barium ions on diethylamidecalix[8]arene
monolayers and demonstrated a selectivity for barium cations.

Lonetti correlated the ability to complex cations with the
functionalization of the rims, showing the possibility to modulate the
stability of the complex. Capuzzi et al.,” studied the interaction of
1,3-alternate calix[4]arene-crown with cesium and potassium ions and
demonstrated the selectivity of the calix[4]arene for cesium ions at the

air-water interface.

Interaction with Transition Metal lons

Copper ions play an important role in Human metabolism, they
enable the proper functionality of many enzymes.56 For example, copper
ions contribute to the production of collagen and elastin proteins, and to
the production of oxygen and peroxide hydrogen for the skin and muscles.
Korchowievet al.,”” demonstrated a selectivity at the air-water interface of
p-tert-butylcalix[4]arene mono- or bis-propylnalidixate for copper and zinc
compared to alkali metals. They also showed that p-tert-butylcalix[4]arene-
bis-propylnalidixate formed stable complexes with divalent metal cations
two to seven times stronger than monovalent cations. Shahgaldian et al.
designed amphiphilic calix[4]resorcinarene bearing four L-prolyl moieties
and studied the effect of cations on the stability of Langmuir monolayers.
Calixarene-Cu®* complex showed enantioselective recognition properties

for phenylalanine.58
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Zinc is the second most abundant metal in living organisms after
iron.” Zhang reported on calix[4]arene porphyrin able to complex Pd”* and

Zn’

* at the air-water interface and formed stable Langmuir films with the
porphyrin tilted to the surface of water.® Zhang and co-workers,
transferred the calix[4]arene porphyrin Langmuir monolayers with or
without the transition metal ions in the subphase on a solid surface using
the Langmuir-Blodgett films technique. They demonstrated by UV—Visible
absorption and FTIR spectra that the porphyrin also adopt a tilted position
after deposition on a solid surface as LB films and the LB film of the
calix[4]arene porphyrin in the presence of Pd* and zn* display higher
molecular ordering than the calix[4]arene porphyrin on water surface.
He et al. designed a calixarene with two methionine moieties able to
complex palladium and form intermolecular metal complexes.61
The monolayer exhibited high cohesiveness and  stability.

The intermolecular metal complexes could be used to produce robust film

at the air-water interface.

Interaction with Pharmaceutical Molecules

Langmuir monolayers of amphiphilic calixarenes have been used to
efficiently build self-assembled structures that act as crystallization
templates at the air—solution interface. Such assemblies have revealed
specific recognition properties of ions, amino acids, supramolecular
nanostructures based on calixarenes, nucleic acids, and proteins and also

act as crystallization templates.
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With regard to a calixarene-drug template for crystallization, Elend et
al. investigated interaction properties of the amphiphilic 5,11,17,23-
tetra(carboxy)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene with salicylic
acid, acetylsalicylic acid and acetaminophen at the air-water interface by
means of the Langmuir balance technique.®” Moridi et al. produced three
aminophenol-modified calix[4]arenes by the reaction of the 5,11,17,23-
tetra(carboxy)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene with ortho-,
meta-, and para-aminophenol and demonstrated that the ampbhiphiles
produced interact with acetaminophen with a relevant preference for the
para-derivative that possesses substituents in its structure that are
analogous to the target.63 Further, using the same carboxy-calix[4]arene,
Moridi et al. studied the formation of Langmuir-Blodgett bilayers with
acetaminophen and investigated the crystallization of the acetaminophen
on the surface.* Recently, Tulli et al. reported on calixarene-based

Langmuir monolayers to control the polymorphism of gabapentin.65

Calixarene Langmuir Films: Protein Interactions

In 2004, Schrader’s group introduced a new concept of protein
sensing at the air—water interface based on amphiphilic receptor
molecules self-assembled as Langmuir monolayer. In Schrader’s group,
Zadmard et al. studied the interaction of tetraphosphonate calix[4]arene
(1) and tetraammonium calix[4]arene (2 and 3) with large peptides and
proteins and showed optimal binding of the tetraphosphonate
calix[4]arene (1) monolayer with protein with a large flat surface covered

with arginines and lysines (Figure 13).°°
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Figure 13. Structures of the charged calix[4]arene derivatives. [Reprinted
with permission from ref. 66 Copyright (2010) Royal Society of Chemistry].

In 2005, Zadmard et al. studied the effect of the addition of
amphiphilic calixarene derivatives 1, 2 and 3 (Figurel3) into a stearic acid
Langmuir monolayers formed in the presence of peptide or protein in the
aqueous subphase at a surface pressure of 15 mN m™. The tetraphosphate
calixarene 1 demonstrated affinity for basic amino acid, peptides and
proteins, calixarene 2 is selective for acidic proteins and calixarene 3
recognized all polar proteins. This system allows, depending on the
calixarene structure, to form selective monolayers for basic or acidic
proteins.67 Following the work of Zadmard, Kolusheva et al. achieved color
detection of proteins by calixarene receptors within phospholipids and the
chromatic polymer polydiacetylene vesicles.” These studies showed that
calixarene derivative might be used as a biological tool for protein—protein

interaction, protein—DNA interaction and an enzyme activity assay.
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Calixarene Langmuir Films: DNA Binding

In 2002 Liu et al. studied the formation of a monolayer of
tert-butylcalix[4]arene bearing, at the lower rim, two amine or cyclic

guanidinium groups in the presence of 5-AMP  or 5-GMP>.%

The
isotherms of the monolayer in contact with the 5'-AMP’ in the subphase
possessed a larger molecular area than the monolayer in the presence of
5'-GMP”. The monolayer isotherm containing 5-AMP" in the subphase
possessed a larger molecular area and a higher collapse pressure in the
presence of 5-GMP”. The authors proposed two possible interactions
(Figure 14): for both nucleotides, two ammonium moieties interact with
the phosphate group of the nucleotides. In the case of 5-GMP’ the
carbonyl function can also form two hydrogen bonds with the ammonium

moieties, a 1:2 complex is formed. For 5'-AMP’, a 1:1 complex is expected

as the nucleotide’s ammonium can only form one hydrogen bond.
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Figure 14. Interaction of 5,11,17,23-tetra-tert-butyl-25,27-bis(2-
aminoethoxy)-26,28-dihydroxy-calix[4]arene amino calixarene monolayer at
the air-water interface with the nucleotides a) 5'-AMP™ and b) 5-GMP?.
[Reprinted with permission from ref. 76. Copyright (2002) Royal Society of
Chemistry].
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In 2004, the same group designed calixarene derivatives bearing
one or two bicyclic guanidinium moieties at the lower rim and showed
enantioselective recognition for D-/L- phenylalanine in solution and at the
air-water interface.”’ The calixarene bearing one bicyclic guanidinium
exhibited a poor enantioselectivity for L-phenylalanine compared to the
calixarene bearing two bicyclic guanidinium units (Figure 15).
Therefore, there is an enantioselectivity for L-phenylalanine dependent of

the molecular structure.

Air
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Figure 15. Interaction mechanism of a bicyclic guanidinium calixarene
monolayer at the air-water interface with phenylalanine. [Reprinted with
permission from ref. 77. Copyright (2004) Elsevier].

Guo et al. studied the properties of a Langmuir monolayer of
calixarene derivatives bearing adenine functional groups, in the presence
of complementary nucleosides (uridine and thymine).71 They
demonstrated that the complementary nucleotides are efficiently bound
to the monolayer and the monolayer can be transferred onto a solid
substrate using the Langmuir-Blodgett technique due to strong hydrogen

bonding.
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In general, Langmuir monolayer studies allow analysis of the effect of
natural or synthetic substances dissolved in the subphase on the
properties of the Langmuir film and might also help to understand the
binding mechanism between Langmuir films and the molecules in the

subphase.

1.3 Gene Therapy

In the development of new healthcare strategies, the study of
amphiphilic molecules has gained much attention. The investigation of the
interaction between biomolecules and amphiphilic compounds are
motivated amongst others, by the design of nanomaterials that could lead
to progress in the field of gene therapy.

Gene therapy is a promising therapeutic strategy to treat or prevent
diseases by the direct transfer of genetic material, such as DNA, RNA or
oligonucleotides, into cells or tissues.”> The delivery of DNA into the
nucleus of the targeted cells, might induce the incorporation of the nucleic
acids into the cells genetic material and lead to the production of specific
proteins. The introduction of small interfering RNA (siRNA), on the
opposite, can selectively turn off the production of specific proteins. Gene
therapy using injection of naked plasmid DNA have been carried out but
showed low transfection efficiency, due to the negative nature of cellular
membrane and negative charge of DNA molecules thus a carrier system is

73-74

necessary to cross the cell membrane. The carrier systems for gene

delivery are named vectors.
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The ideal vector for gene therapy must fulfil several criteria: the
carrier system must be able to condensed DNA, cross the cell membrane,
protect DNA from nucleases attacks and reach the nucleus of the targeted
cells to deliver the genetic information. Viral and non-viral vectors are the

two main type of vectors used in gene therapy.

Viral Vectors

Viruses transport their genetic material from one cell to another and
introduce their genetic material into the hostcellas part of their
replication cycle. A viral vector is made when harmful genetic material is
removed from a virus and replaced with desirable genetic material. In gene
therapy clinical trials, the commonly studied viral vectors rely on
retrovirus,75 Ientivirus,m77 adenovirus,78 adeno-associated virus (AAV) and
herpes simplex virus (HSV)79 to deliver the genetic information.
Viral vectors are more efficient than non-viral vectors for DNA delivery but
may present significant side effects such as excessive immune response

(adeno-virus) and insertion mutagenesis (retroviruses).

Non-Viral Vectors

The use of non-viral vectors can be an alternative and overcome the
side-effect mentioned in Section 1.2.1. Non-viral carriers are expected to
be less immunogenic, with simple preparation and a possible versatile

surface modification but typically exhibit lower transfection efficiencies.
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Non-viral delivery vectors can be categorized as organic (for example, lipid
complexes, conjugated polymers, cationic polymers, and dendrimers) and
inorganic (for example, magnetic nanoparticles, quantum dots, carbon
nanotubes, gold nanoparticles) systems. The delivery carriers need to be
small (around 100 nm) to be internalized into the cells and enter the
nucleus. To achieve suitable carrier systems, nanoparticles can be
considered as good candidates for therapeutic applications. Nanoparticles
are solid and spherical structures ranging from 1 nm to 1 um in size and
prepared from natural or synthetic molecules. Nanoparticles have several
advantages: their size can be controlled, their surface can be
functionalized, they have a large surface area and they possess
controllable absorption and release properties. The use of self-assembled
nanoparticles in gene therapy can provide a suitable vehicle to protect
DNA against nuclease degradation and to deliver the genetic information

into the target cell.

33



Introduction

1.4 Self-Assembly of Calixarenes in Aqueous Solution

Amphiphilic  Calixarenes and Self-Assembly as

Nanoparticles

There are a number of nano-systems that have been investigated as
carrier systems for therapeutic purposes including dendrimers, micelles,
liposomes, carbon nanotubes, polymers, nanoparticles, liquid crystals and
nanocapsules (as host—guest complexes),some of these are illustrated in

Figure 16.

Liposome Oil-in-water emulsion Virus-like particle Synthetic virus-like

particle
i
Size <5nm 10-20 nm 50-100 nm >150 nm
Nanoparticle  Dendrimer Polymer DNA polyplex Liposome
Bioactivity Partition like small Escape the vasculature, Penetrate the mucosal Taken up mainly
molecules and filter infiltrate the tissues and membranes and the skin into phagocytic
through the kidney lymphatics like proteins and are taken up into cells. cells

Figure 16. Examples of nanostructure. [Reprinted with permission from ref.
78. Copyright (2013) Nature Publishing Group].

Solid lipid nanoparticles (SLNs) are colloids ranging from 50 nm to 1 um.
SLNs consist of a spherical, solid, lipid core, stabilized by surfactants.

The spherical shape of the nanoparticle contributes to its general stability.
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SLNs are an alternative to other carrier systems and offer advantages such

as the ability to control drug release and long-term storage.

Historically, D'Arcy Hart and Conforth in 1955 described the first
calixarene that showed biological activities “a polyethylene glycol ether of

p-tert-octylphenol formaldehyde cyclic tetramer” named Macrocyclon as

HyCy, P CeH,,
xj: :"
OR RO

CH,

CH,
OR RO: %
CH,
Hy,Cy * CoHys

R = (CH,CH;0),—H

shown in Figure 17.%

Figure 17. Structure of the Macrocyclon.

Considerable effort has been focused on approaches to increase the
water solubility of calixarenes via the introduction of polar functional
groups or moieties such as sulfonates, phosphonates, amines and amino
acids, different lower rim modifications, guanidinium, peptides and
saccharides. Shinkai et al. demonstrated that the conformation of the
calixarene is a crucial parameter that affects the aggregation properties of

8182 Shinkai et al. established that tetraammonium-

the amphiphiles.
propoxycalix[4]arene derivatives in the cone conformation form micelles
and the cyclindrical shape of the 1,3-alternate conformation calixarene
favors lamellar structure. Not only conformation plays a role in self-

assembly behavior but functionalization does as well.
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Strobel et al. showed that the nature of the ionic head group is a key
parameter in controlling the aggregation behavior of calixarene
amphiphiles.83 They studied the self-assembly of carboxylic or
trimethylammonium calixarene in water with different alkyl chains and
demonstrated that carboxylate calixarenes form vesicles, while calixarenes
bearing trimethyl-ammonium head groups provide high solubility and most

likely form micelles.

Interaction with Proteins

Anionic calixarenes have been investigated over the years for their
capacity to complex biomolecules, including a wide range of proteins.
Tauran et al. studied the binding of several serum albumins from different
mammalian species (bovine, human, porcine and sheep) with silver
nanoparticles covered by p-sulphonatocalix[4]arene or 1,3-di-O-
phosphonato-calix[4]arene.®® Tauran et al., demonstrated that the use of
only two types of nanoparticles allows the discrimination of serum
albumins from different mammalian species. In addition to providing
valuable information on protein recognition, the data also indicated that
calixarene is a mediator of protein—protein interactions, with potential
applications in generating assemblies and promoting crystallization.
Crowley and co-workers®® used NMR and X-ray crystallography to study

how p-sulfonato-calix[4]arene binds to lysine-rich cytochrome c.
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The NMR and X-ray data were in agreement and suggested that calixarene
binds to three or more lysine side chains. Masking lysines is an established
trick for coaxing protein crystallization, another potential calixarene

application.

Interaction with DNA Molecules

The water—soluble amphiphilic tetra(alkylammonium)-tetra(alkyloxy)-
calix[4]arene has been intensively investigated for its self-assembly
properties.86 This calixarene forms small nanoparticles and interacts with
DNA via electrostatic interaction. Rodik et al. reported on the influence of
the hydrophobic moieties on the ability of the tetra(alkylammonium)-

tetra(alkyloxy)-calix[4]arene to bind DNA (Figure 18).87

Figure 18. Calixarene structure studied by Rodik. [Reprinted with permission
from ref. 88. Copyright (2011) John Wiley and Sons].
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Rodik et al. demonstrated that ammonium calixarene 5 and 6 bearing
octyl chains form micelles of 6 nm, which condense DNA and form small
particles of 50 nm in the presence of DNA. While calix[4]arene with shorter
alkyl chains 4 cannot self-assemble as micelles and loses its ability to
interact with DNA, in 2006 Schrader and co-workers designed a series of
dimeric aniline-calixarenes as major groove binders (Figure 19).88
The anilino-calixarene dimers 7 and 8 interact with 12 base pairs DNA via
the major groove. Due to the binding, the DNA undergoes a B- to
A- transition.

a) b)
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Figure 19. a) Anilino-calix[4]arene dimers 7 and 8 and b) Molecular
mechanics  calculation for the rigid hexaanilinium  calixarene
dimer 8. [Adapted with permission from ref. 89. Copyright (2006) John Wiley

and Sons].

Molecular mechanics calculations of the interaction between the DNA
(12 bp) and the calixarene 7 showed a minimum energy when the

ammonium groups are in the major groove (Figure 20).
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Figure 20. a) B-DNA (12 bp, green and blue) with tightly bound anilino-
calixarene dimer 7 (red). b) View along the major groove, revealing three
hydrogen bond contacts between the ligand NH,/NH;" groups and various
nucleic bases at the groove floor (MacroModel 7.0, MMFFs, water, 1000
steps). [Adapted with permission from ref. 89. Copyright (2006) John Wiley
and Sons].

Depending on the DNA sequence, the molecular calculation showed
up to six hydrogen bonds between the carbonyl oxygen and nitrogen of the
DNA and the amine function of the calixarene dimer. In 2012 Hu et al.*’
synthetized new dimeric anilino-calixarene with extended spacers and new
dimeric guanidinium-calix[4]arene (Figure 21) and demonstrated the ability
of the amino and guanidinium dimer to interact with the major groove of

20 mer DNA molecule.
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Figure 21. Calculated structure of the dimer with 20 bp DNA. [Reprinted with
permission from ref. 90. Copyright (2012) John Wiley and Sons].

Figure 21 depicts the Monte-Carlo simulations of the anilino-dimers
calixarene 7 and guanidino-dimers calixarene 9. Dimeric calixarenes 7 and
9 formed hydrogen bonds with the acceptors at the triple helix formation
sites of the DNA base pairs with the butoxy tails pointing outward off the
DNA molecule. Hu et al. studied the interaction by fluorescence
displacement assay and the binding mechanism by NMR spectroscopy and
molecular modeling. They demonstrated that the binding with DNA is
stronger with the guanidino-calixarene dimers than the aniline calixarene
dimers. The aniline calixarene dimers 7 formed hydrogen bonds with six
base pairs, and the guanidinium dimers with nine base pairs. In 2004,
Dudik et al. designed a new series of water soluble calixarene
functionalized at the upper rim with guanidinium moieties and at the lower

rim with different alkyl chains (Figure 22).%°
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10:n=4,R=Pr

11:n=4,R=0ct
12:n=6,R=Me
13:n=8,R=Me

Figure 22. Para-guanidinium-calix[n]arene. [Adapted with permission from
ref. 91. Copyright (2004) Elsevier].

Dudik et al. studied the influence of the length the carbon chains at
the lower rim, the size of the calixarene macrocycle (4, 6 or 8 phenolic
units), and bearing propyl or methyl carbon alkyl chains at the lower rim.
They demonstrated that increasing the length of the alkyl chains decreases
the solubility in water. All the calixarene with the exception of calixarene
11 show solubility in water.

In 2006, Sansone et al., following the work of Dudik, studied the
influence of the size, conformation and number of guanidinium functions
on the ability of the calixarene to condense DNA and transfect cells.”
Sansone et al. demonstrated that the calixarenes were able to compact
DNA by imaging the interaction using atomic force microscopy (AFM).
Calix[4]arenes bearing hexyl and octyl chains at the lower rim confer cell
transfection ability due to intramolecular DNA condensates, while larger
and mobile calixarene with 6 or 8 phenolic units fail to transfect cells due

to electrostatic interactions.
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Bagnacani et al. introduced guanidinium groups at the lower rim of
calix[4]arenes in cone conformation (Figure 22).%% The lower rim
guanidinium-calixarenes (Figure 23) showed higher transfection efficiency

and lower toxicity than the upper rim guanidinium-calixarenes (Figure 22).

14: R = t-Bu
15:R=H
16: R = n-Hex

Figure 23. Lower rim guanidinium-calixarenes. [Adapted with permission
from ref. 94. Copyright (2008) American Chemical Society].

Furthermore, when dioleoylphosphatidylethanolamine (DOPE) is
added to the calixarene 15 solution to form lipoplexes, the transfection
rate is even higher than commercial Lipofectamine. The interaction is
driven by a combination of hydrophobic interaction and electrostatic
interaction between the guanidinium and the phosphate esters of the
backbone. In 2013, Bagnacani et al. described the synthesis of
calix[4]arenes in cone conformation functionalized at the upper or lower

rim with four L-arginine or L-lysine units (Figure 24).%*
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R@Jﬁ

17: X = NH(C=NH)NHPbf 19
18: X = CH,NHBoc

Figure 24. Peptidocalix[4]arene synthesis. [Adapted with permission from ref.
95. Copyright (2013) Nature Publishing Group].

Bagnacani et al. studied the DNA-binding properties and transfection
efficiency of those calixarenes, the calixarene 17 bearing L-arginine units is
more efficient than one functionalized with four L-lysine units 18 to
transfect cells. The addition of DOPE to form lipoplexes decreases the
transfection rate in the presence of tetraarginino-calixarene 17 and
increases in the presence of tetralysino-calixarene 18. Calixarene 19 on

92-93 . .
showed a low transfection even in the

the opposite of calixarene 15
presence of DOPE as it formed a large aggregate with DNA.
They assumed it could be due to a lack of hydrophobic function to balance
the high polarity of the arginine function.

In 2010, Nault et al demonstrated the ability of tetraamino-

dodecyloxy-calix[4]arene (4NH,4C;,) to self-assemble as solid lipid

nanoparticles (SLNs) in water and to interact with DNA (Figure 25).
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H,N NH, NH; NH,

Figure 25. 5,11,17,23-Tetra(amino)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene (4NH,4C,,).

(o] [e]

Nault et al. demonstrated that DNA molecules form a layer around
calixarene 4NH,4C,, SLNs. Then wrapped with a polycationic biopolymer
called chitosan, those SLNs were able to deliver the genetic information

. . 95
into mammalian cells.

Calixarenes derivatives have demonstrated interesting properties
toward interaction with biomolecules. Their functionalization and
conformation is a key parameter in their ability to self-assemble and to
bind to DNA molecules. In addition, it also plays a major role in the ability
to transport the genetic information into the cells. It is evident from the
literature that phospholipids such as DOPE, or polymers such as chitosan
might improve the ability of the calixarene-DNA complexes to cross the cell

membrane and transfect cells.
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1.5 Layer-by-Layer Self-Assembly

The potential for non-viral gene therapy to treat diseases has been
limited by the difficulty in delivering the nucleic acids into the target cells
due to many biological barriers. First of all, the genetic information should
cross the cellular membrane, and then enter the nucleus. The design of
non-viral systems for gene delivery using layer-by-layer (LbL) self-assembly
allows the adsorption of an opposite charge layer around the nanoparticles

via electrostatic interaction (Figure 26).96
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Repeat

Figure 26. Schematic illustration of layer-by-layer assembly of
polyelectrolytes on particles. [Reprinted with permission from ref. 97.
Copyright (2010) Royal Society of Chemistry].
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The LbL technique, which involves consecutive depositions of oppositely
charged materials, provides a simple way to develop multifunctional

particles with a precise control of their physicochemical properties.

In addition to the original LbL assembly by electrostatic interaction,””

101-102

hydrogen bonding,100 covalent bonding, and base pair

. . 103-104
interactions,

have been used to design particles. Particles are used as
a template for LbL adsorption, the particles might be a part of the

multilayer (core-shell particles) or might be sacrificial and dissolved after

105-106

the LbL assembly to form a capsule (Figure 27).

Figure 27. Schematic illustration of the layer-by-layer assembly and the
subsequent dissolution of the template particle to form a capsule. [Reprinted
with permission from ref. 107. Copyright (2012) Royal Society of Chemistry].
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There are several disadvantages to using sacrificial template
materials: the diffusion out of the capsules may apply pressure on the
layers, the capsule can be deformed due to the removal of the template, or
the diffusion can lead to complete rupture of the shells. ™%
Furthermore, the dissolution in organic solvents can also affect the
property and stability of the polyelectrolyte Iayers.109 Other disadvantages

could be the presence of residual polymers trapped in the shell.'®

Core-Shell Nanoparticles as DNA Vectors

The LbL technique was first introduced by Gero Decher in 1990s and
was used to assemble multilayered films with an alternate deposition of

19 As DNA is negatively charged, it can be

polycations and polyanions.
incorporated into multilayered nanoparticles via the LbL technique to be
used as non-viral gene delivery system. In addition, the layer self-assembly
in aqueous media is favorable for preserving the DNA molecules™™ and the
amount of DNA load on the particle can be controlled. Moreover, the
addition of different functional polyelectrolytes might control the release
of DNA, enhance the membrane penetration, or be used for intracellular
targeting.112 Caruso’s group was the first to use DNA molecules to build LbL
hollow capsules by assembling DNA onto silica particles.103

The encapsulation of DNA in microparticles such as biodegradable
poly(lactic-co-glycolic acid) is often inefficient and can lead to damage of

113

the DNA. Many of the problems can be avoided by surface

functionalization of the particles with polycation/DNA complexes instead

of encapsulating DNA inside the particles.m'115
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Li et al. designed a nanovector via the LbL technique.116

Cationic liposomes coated with DNA-protamine-DNA layers and protected
by a layer of o-carboxymethyl-chitosan have shown high transfection
efficiency. LbL assembly offers higher DNA loading and better control of
the loading. The deposition of polyanions and polycations using the LbL
technique might allow to achieve highly sophisticated programmable
particles able to control the gene delivery and overcome biological barriers

in gene delivery.
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2 Synthesis and
Characterization of

Calixarene Derivatives

As outlined in the general introduction, extensive research involving
cationic calixarenes for their interaction with DNA has been undertaken.
Beside the lack of demonstrated toxicity, calixarene macrocycles —
particularly the 4-membered ring derivatives — possess a rigid structure
compared to larger calixarene-based amphiphiles.1 The rigidity allows
better control over the position of the “decorative” chemical functions

added: the ability of calixarenes’” aromatic units to establish
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m-n interactions represents an additional driving force for their
self-assembly in water.” There is also an increasing interest in using
calixarenes for biomolecular applications and calixarene derivatives
demonstrated to interact with biomolecules such as amino acids,3

. 4-5 . . 6-8,9-11
proteins,” ~and nucleic acids.

This chapter discusses the synthesis of cationic calix[4]arenes in the
cone conformation: a calix[4]arene functionalized with four guadinino
functions at the upper rim and four dodecyloxy chains at the lower rim,
a series of amino calix[4]arenes bearing four dodecyloxy chains at the
lower rim and with one, two or three amine functions to produce the

mono, di and trisubstituted calixarene derivatives at the upper rim.

2.1 Upper Rim Functionalization

Synthesis of 5,11,17,23-tetra(guanidinium)-25,26,27,28-

tetra(dodecyloxy)-calix[4]arene (GC12)

The 5,11,17,23-tetra(guanidinium)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene (GC12) was synthetized in the cone conformation™ using a
procedure described by Ungaro et al. for shorter alkyl chains.®
The calix[4]arene GC12 can be produced in a five steps synthesis as

depicted in Figure 28.
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N,N-di(tert-butoxycarbonyl)thiourea Mukaiyama's reagent
Figure 28. Synthesis route to GC12; reagents and conditions: (i) BrC;,H,s,
NaH in DMF, (ii) HNO; (100 %), CH3;COOH CH,Cl,, rt; (iii) NH,NH,.H,0,

Pd/C (10%) in EtOH under reflux; (iv) Boc-NH-C(S)-NH-Boc, Mukaiyama's
reagent in CH,Cl,, rt; (v) HCl/1,4-dioxane, rt.
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A based catalyzed reaction of p-tert-butylphenol with formaldehyde

provided the starting p-tert-butyl-calix[4]arene (‘Bucaa).** ™

Alkylation of
‘BuC4A using an alkylating agent (bromododecane) in the presence of
sodium hydride as a base in DMF, allowed to fix the calix[4]arene 20 in the
cone conformation as the dodecyloxy chains are too large to allow rotation
along the methylene bridges.13 Para-nitration of the calixarene 20 with
nitric acid (100 %) and glacial acetic acid in dry ethanol gives
5,11,17,23-tetra(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene 21.
Subsequent reduction of the nitro functions to amine is achieved using
hydrazine monohydrate and palladium in ethanol under reflux.
The 5,11,17,23-tetra(amino)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
22 is obtained in a yield of 80 %.'" Calixarene 22 was mixed with
N,N’-di-(tert-butoxycarbonyl)thiourea in the presence of 1-methyl-2-
chloropyridinium iodide (Mukaiyama’s reagent) and triethylamine in dry
dichloromethane to provide 5,11,17,23-tetrakis[(bis-N-Boc)guanidine]-
25,26,27,28-tetra(dodecyloxy)-calix[4]arene 23 after purification by
column chromatography in a yield of 44 %. The final step involved the
cleavage of the Boc protecting groups using hydrochloridric acid to
produce the 5,11,17,23-tetra(guanidinium)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene named GC12 in a yield of 69 % and a general yield for the five

steps synthesis of 13%.
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Synthesis of p-amino-25,26,27,28-tetra(dodecyloxy)-

calix[4]arene derivatives

In order to assess the role played by the number and position of the
recognition moieties on the upper rim of the calixarene, a strategy similar

to the synthesis of GC12 was developed to produce a series of para amino

calix[4]arenes as depicted in Figure 29.

OH OHOHHO OH OHOHH o o o o
C11H23 C11H23 c11H2%11H23
'BuC4A CaA 24

J(iii)
R, R2 R, R3 R,

Ry Rz
“
0 rO [e) O\ (o} rO (o) O
CiiHy3 CiaHasCpiHGn o3 CiiHy3 C1aHa3C HE 1 Has

1NH,4C;, R; =NH,, R, =R3=R;=H INO,4C;, R;=NO, R, =R3=R;=H
1,2NH,4C,, R; =R, =NH,, R;=R,=H  1,2N0,4C;, R, =R,=NO,, R;=R,=H
1,3NH,4C,, R; =R3=NH,, R, =R,=H  1,3NO,4C;, R, =R;=NO,, R, =R, =H

3NH,4C,, R; =R, =R3=NH,, R, =H 3NO,4C,, R; =R, =R;=NO,,R,=H

4NH,AC;, R, =R, =R3=R;=NH, 4NO,4C,, R, =R, =R3=R;=NO,

Figure 29. Synthesis route to the amino-dodecyloxy-calix[4]arene derivatives,
reagents and conditions: (i) AICl;, phenol in toluene, rt; (ii) BrC;,H,5, NaH in
DMF, rt; (iii) HNO; (65%), CH3COOH in CH,Cl,, rt; (iv) NH,NH, H,0, Pd/C (10%)
in EtOH under reflux. To facilitate identification of the calixarene structure,
the calixarenes were denominated as follows: nNO,4C,, or nNH,4C,, where n
indicates the number and position of the functional group, NO, NH, and NH;"
the functional group at the upper rim and 4C,, the tetrasubstitution of the
lower rim with four dodecyloxy chains.
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The amino calix[4]arene derivatives can be produced in a four-step
synthesis. To functionalize the upper rim of the calix[4]arene, the tert-butyl
functions are removed by retro Friedel-Craft alkylation in the presence of a
Lewis acid (anhydrous aluminium trichloride) and phenol in toluene,
to provide the 25,26,27,28-tetra(hydroxyl)-calix[4]arene C4A in a yield of
72 %. Calix[4]arene 24 is obtained in cone conformation after
functionalization of C4A at the lower rim with four dodecyloxy chains.™
Para-nitration of 24'® was achieved in CH,Cl, with nitric acid (65 %) and
glacial acetic acid, and monitored by thin layer chromatography (TLC).
After 90 minutes of reaction, the TLC plate revealed two spots: the starting
material calix[4]arene 24 and a new material. The two compounds were
separated by flash column chromatography. After characterization by
proton NMR and mass spectroscopy the new spot on the TLC was
attributed to the 5-mono(nitro)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene, 1NO,4C,, (yield of 16 %). With an additional 30 minutes
reaction time, the TLC analysis showed two new spots and the
disappearance of calixarenes 24 and 1NO,4C,, from the reaction mixture.
After column chromatography, two different dinitro derivatives were
obtained, with two nitro functions on either proximal rings (5,11-di(nitro)-
25,26,27,28-tetra(dodecyloxy)-calix[4]arene, 1,2N0O,4C,,) or opposite rings
(5,17-di(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene,  1,3N0,4C;,).
Calixarenes 1,2N0,4C,, and 1,3NO,4C;, were produced in a yield of 4 %
and 12 % respectively. The symmetric calix[4]arene 1,3N0O,4C;, seems to
be favored toward the asymmetric 1,2N0,4C,,, most likely as a result of

steric arrangement of the nitro groups.
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After 180 minutes of reaction, two new calixarenes were obtained
and isolated by flash column chromatography: the 5,17-di(nitro)-
25,26,27,28-tetra(dodecyloxy)-calix[4]arene 1,3NO,4C;, and the 11,17-
di(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene 3NO,4C;, produced
in yields of 30 % and 33 % respectively. In addition, the calix[4]arene
1,2N0O,4C;, could be observed on the TLC after 180 minutes of reaction. It
can be assumed that present in smaller amounts than 1,3NO,4C,, the
calixarene 1,2N0,4C,, was consumed faster than 1,3N0O,4C,, to form the
calix[4]arene 3NO,4C;,.

The proton NMR of 1,3N0,4C,, exhibits two doublets for the protons
of the four methylene bridges characteristic of a symmetrical cone
calix[4]arene."” Two multiplet signals were observed on the proton NMR
spectra of 1NO,4C;;, 1,2NO,4C;, and 3NO,4C,,, indicating asymmetric
calixarenes. The presence of the nitro groups in para position was
confirmed by the shift downfield from 6.5 ppm to 7.11, 7.49, 7.43 and
7.79 ppm of the aromatic meta protons in the nitrated phenolic ring for
1NO,4C,,, 1,2N0O.,4C;,, 1,3N0O,4C,, and 3NO,4C,, respectively.
The subsequent reduction of the nitro groups in the corresponding amine
with hydrazine and palladium on charcoal provided the calixarenes
1NH,4C;,, 1,2NH,4C;,, 1,3NH,4C;; and 3NH,4Cy,, in good yields of 84 %,
87 %, 75 % and 54 % respectively. The NMR signal of the aromatic protons
in meta position on the phenolic ring of 1NH,4C,,, 1,2NH,4C,,, 1,3NH,4C;,
and 3NH,4C,, shifted upfield to 6 ppm as a result of the reduction of the

nitro in amine functions.
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The 5,11,17,23-tetra(amino)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene 4NH,4C,, was synthetized according to the literature
procedure.11 All the amino calixarenes were obtained in the non-
protonated amine form.

To investigate the influence of the protonation of the amine functions
on the self-assembly as nanoparticles and on the interaction with DNA, the
amino calixarene derivatives were protonated in the presence of
hydrochloridric acid. Briefly, the solution of calixarenes in dichloromethane
was washed once with an HCI solution at 0.1 N. The organic phase was
dried over Na,SO, and the solvent evaporated under reduced pressure.
The protonation of the tertiary amines of the calixarene derivatives was
confirmed by NMR. Strong chemical shifts were observed for the aromatic
protons on the proton NMR. The appearance of a broad peak at 10.20
ppm, 9.37 ppm, 9.41 ppm, 6.03 ppm and 3.92 ppm that integrated
respectively for 3, 6, 5, 9, and 12 protons was observed for the NH protons
of 1NH;'4Cy,;, 1,2NH;°4C;;, 1,3NH;'4C;,, 3NH;4C;, and 4NH;'4C;,

respectively.
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2.2 Lower Rim Functionalization

Tetrasubstitution of p-acyl-calix[4]arene

Lower rim modifications at the phenolic hydroxyl groups with
guanidine moieties while acyl functions are present in para position are
more challenging than the functionalization of the upper rim.

To fix the calixarenes in the cone conformation, Friedel-Craft
acylation was performed with lauryl chloride and aluminium chloride as

the catalyst in nitrobenzene (Figure 30)."

C11H23 C11H23
A, @ . @

Pht\Hn
C4A 25 26
(|||) (|v)
C11H23 CiiHys C11H3 0 CiiHas
(v) @ (vi) @ (vii) /@
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27 NBoc NH,
1=}
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Figure 30. Synthesis route planned to the tetraacyl-tetraguanidino-
calix[4]arene, reagents and conditions: (i) C;;H,3C(O)Cl,  AICls,
in nitrobenzene, rt; (ii) Br(CH,)nPht, base (NaH or K,CO;3) in CH3;CN under
reflux; (iii) XCH,CN (X = Cl, Br or 1), base (NaH or K,COs;) in different solvents
(DMF and acetone), rt; (iv) NH,NH,.H,O, Pd/C (10%) in EtOH under reflux;
(v) LiAIH4 or BH3 in THF under reflux; (vi) Boc-NH-C(S)-NH-Boc, Mukaiyama's
reagent in CH,Cl,, rt; (vii) HCI/1,4-dioxane, rt.
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Friedel-Crafts acylation involves electrophilic substitution catalyzed
by aluminium trichloride, a Lewis acid. The aluminium trichloride assists in
the formation of an acyl cation that serves as an electrophile for aromatic
substitution. Electrophilic aromatic substitution begins with the addition of
the electrophile into the aromatic © system of the ring. A conjugated,
carbocation intermediate is formed, a resonance combination of three
forms, concentrating positive charge at three locations: the two ortho and
one para positions. Finally, the proton departs and substitution at the
carbon is complete with aromaticity restored.

As shown in Figure 30, two synthetic routes were considered to
produce the lower rim guanidino-calixarene derivatives. The electrophilic
substitution using bromoethyl or bromopropyl phthalimide in dry DMF in
the presence of a base (e.g. sodium hydride or potassium carbonate) leads
to the production of a mixture, even after a few days of reaction, in which
the different compounds were impossible to isolate. For the second
synthetic route, chloro-, bromo- or iodo-acetonitrile were tested as
alkylating agents. Independently of the condition tested (e.g. base, solvent,
temperature), only a mixture or the starting materials could be recovered.
The steric hindrance of the phthalimide or cyanide functions does not
favor the O-substitution of the calixarene due to the small cavity of the
calix[4]arene and the presence of the acyl function in para position.
Indeed, the acyl group due to the electronegativity of the oxygen atom,
which draws electron density toward itself and leaves the carbon electron-

poor is an electron withdrawing group.
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Nevertheless, Jebors et al., reported on para acylcalix[8]arenes fully
functionalized with four butyronitrile at the lower rim. However, in the
same publication they also reported on para acylcalix[6]arenes bearing
octanoyl and hexadecanoyl chains at the upper rim. Their attempts to
functionalize the lower rim with different alkylating agents
(e.g. bromoacetonitrile, bromopropionitrile) were unsuccessful and an
intractable mixture or decomposition was observed.” ™ To functionalize
the lower rim in the presence of acyl function at the upper rim, an
alkylating agent with a longer alkyl spacer between the halogen and the

phthalimide or cyanide function could be investigated.

Selective Disubstitution of p-diacyl-calix[4]arene

Synthesis of the di(guanidino)-calixarene at the lower rim was also

attempted. The synthesis involved six reaction steps as shown in Figure 31.
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Figure 31. Synthesis route planned to the 5,11,17,23-diaacyl-25,26,27,28-
tetra(guanidino)-calix[4]arene, reagents and conditions: (i) Mel, K,CO; in
CH3CN under reflux; (ii) Cy13H,3C(O)Cl, AICl;, in nitrobenzene, rt;
(iii) Br(CH,),Pht, base in CH3CN under reflux; (iv) XCH,CN (X = Cl, Br or I),
K,COj; in different solvents (DMF and acetone), under reflux; (v) NH,NH, H,0,
Pd/C (10%) in EtOH under reflux; (vi) LiAlH, or BH; in THF under reflux;
(vii)  Boc-NH-C(S)-NH-Boc, = Mukaiyama's reagent in  CH,Cl,, rt;
(viii) HCI/1,4-dioxane, rt.

Partial alkylation of the lower rim of the calixarene C4A was
performed using iodomethane and potassium carbonate as a base in
acetonitrile; it provided calixarene 28 in a good yield of 63 %. Partial

alkylation allows to selectively acylate the para position of the calixarene.

78



Synthesis and Characterization of Calixarene Derivatives

The selective acylation was performed in nitrobenzene, with two
equivalents of lauroyl chloride and aluminium trichloride as described in
Section 2.1.1. The calixarene 29 was synthetized in a yield of 66 %.
All attempts to alkylate the remaining hydroxyl groups with an alkylating
agent (halogeno-phthalimide or halogeno-cyanide) and a base (potassium
carbonate or sodium hydride) were unsuccessful. As with the tetraacyl

calixarene, inseparable mixtures were obtained.

Conclusions

A series of calix[4]arenes bearing four dodecyloxy chains as
hydrophilic functions at the lower rim and four guanidinium functions
(GC12) or one, two and three amine functions (1NH,4C,,, 1,2NH,4C,,,
1,3NH,4C,, and 3NH,4C,,) as recognition moieties at the upper rim have
been synthetized and fully characterized.

On the other hand, lower rim modification of p-acyl calixarenes is
much more challenging and all attempts to alkylate the lower rim with an
alkylating agent such as halogeno-phthalimide or halogeno-cyanide were

unsuccessful.
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3 Calixarene Langmuir Films:
Self-Assembly and DNA

Interaction Study

Part of the work described in this dissertation was performed using
the Langmuir balance technique to study calix[4]arene monolayer films’
properties at the water-air interface. In addition, the influence of DNA
molecules on calixarene Langmuir monolayers was investigated.

The study of the interactions of three model double-stranded DNA
sequences with the produced calix[4]arene (Chapter 2) as Langmuir films is

reported in this chapter.
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3.1 GC12 Self-Assembly as Langmuir Monolayer and

DNA Interaction

To study the interactions of GC12 (Figure 32), self-assembled at the
air-water interface as Langmuir monolayers, compression isotherm
experiments were carried out using four different sub-phases: pure water
and three different 30-mer duplexes, AT, GC and ATGC at four different
concentrations of 10° (54 pM), 10” (540 pM), 10" g Lt (5.4 nM) and
5.10%g L™ (27 nM).

The measured isotherms at a concentration of 5.10'4g L* (27 nM) are
shown in Figure 33, and the isotherm measured at DNA concentrations of
10°° (54 pM), 10” (540 pM), 10 g L (5.4 nM) are reported in Figure S1 in
the supporting information in Chapter 7. From the compression isotherms,
collapse pressure and apparent limiting molecular area values were
extracted. Collapse pressure is defined as the maximum surface pressure
before the collapse of the film. The apparent molecular area is the area per
molecule under maximum packing conditions extrapolated to zero surface

1
pressure.

CyHzs  CitHas  CyyH,y CriHas

Figure 32. Structure of GC12 molecule.
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Figure 33. I1-A isotherms of GC12 monolayers on pure water (1) and on
aqueous subphases of ATGC (2), GC (3) and AT (4) at a concentration of
5.10%g L™ (27 nM).

Figure 33, shows that the compression isotherm of GC12, measured
on pure water, has a collapse pressure of 37 mN m’anda limiting area of
111 A% The compression isotherm reveals a phase transition at a pressure
of 4 mN m™ and a surface area of 103 A’ molecule’l, attributed to a
liquid-expanded/liquid-condensed phase transition.

In Figure 34 are presented the variation of collapse pressures and

apparent molecular areas as function of DNA concentrations.
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Figure 34. Evolution of collapse pressure a) and apparent molecular area
b) in function of DNA concentration [AT (®), GC(A) and ATGC (Il)].

From Figure 33 and Figure 34, it can be noticed that the presence of
increasing concentrations of GC of 10'6, 10'5, 10™ and 5.10™ g L in the
subphase causes a decrease of the collapse pressure with values of 36, 35,
34, 33 mN m™ respectively compared to the value of 37 mN m™ obtained
on pure water. The decrease in collapse pressure values was attributed to
an interaction between the DNA duplex and GC12 monolayer. In the
presence of ATGC, a decrease of the collapse pressure values was also
observed with values of 35, 34, 33, 32 mN m™ for ATGC concentrations of
10°, 10”, 10 and 5.10'4g LY respectively. The compression isotherms in
the presence of AT at concentrations of 10'6, 10'5, 10* and 5.10'4g L in the
subphase showed collapse pressure values of 36, 34, 35 and
35 mN m™ respectively. Those values of collapse pressure are slightly
higher than they are with GC or ATGC. On pure water, the apparent

22 -1
molecular area of 111 A” molecules ™ was measured for GC12 monolayer.
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This value is consistent with the cone conformation of the calixarene
macrocycle with the pseudo-C; symmetry axis of the macrocycle
orthogonal to the air-water interface.” An expansion of GC12 monolayer is
observed in the presence of DNA in the subphase for all sequences and
concentrations of DNA tested. In the presence of ATGC in the subphase,
apparent molecular area values of 118, 125 and 128 A% molecule™ were

“ and 5.10% g L7,

measured for ATGC concentrations of 10'5, 10
respectively. In the case of GC, the increase of the apparent molecular area
values observed at concentrations of 10>, 10* and 5.10'4g L™ were slightly
higher than with ATGC in the subphase. Values of 121, 125 and 131 A
molecule™ were measured. Interestingly, GC12 monolayer expansion was
significantly more pronounced when AT was present in the subphase. The
molecular area values were measured to be 120, 138 and 147 A% molecule’
! at concentrations of 10>, 10* and 5.10™ g LY respectively. These results
suggested a change in the packing of the monolayer due to electrostatic
interactions between GC12 and DNA molecules at the air-water interface
as previously observed for amphiphilic amino-calixarene derivatives.’
Overall, the differences observed for both collapse pressure and
molecular area values rule out the possibility that the interactions of DNA
with GC12-based monolayers are of a purely non-specific electrostatic
nature, and demonstrate that the interactions with the monolayer are
influenced by the composition, and therefore by the structure, of the DNA
duplex. It is known that AT-DNA preferentially adopts an unusual B-form

so-called B’-conformation in which the minor groove is more narrow than

in the B-form DNA and has reluctance to conformational changes.‘l'6
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Indeed, the base stacking of B’-DNA is due to purine-purine stacking that is
maximized by a high propeller twist (up to 25°) that allows interactions
between the neighboring base pairs, producing a zigzag system of
hydrogen bonds in the major groove. GC and a random DNA sequence
such as ATGC might adopt a different conformation (e.g. B-, A-, or Z-form).
These different DNA conformations have different structural
characteristics that can have an effect on the monolayer self-assembly. For
example, the change in conformation from B- to A-form induces a change
in groove sizes. It is known that the width of the major groove of A-DNA is
2.7 A while the minor groove width is 11 A.

In the case of B-DNA, the major and minor grooves have widths of
11.7 and 5.7 A respectively. The differences observed in the behavior of
GC12-based monolayer might be explained by the differences in the
double helix structure Indeed, in the presence of ATGC or GC the packing
of the monolayer was tighter compared to that in the presence of AT.
To further investigate the films’ properties, the stability of the GC12
monolayers on nanopure water, AT, GC and ATGC subphases were studied.
The compressions of the monolayers were stopped when the surface
pressure reached 35 mN m™’. The evolution of the films’ surface tension

was monitored as a function of time. The results are shown in Figure 35.
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Figure 35. Stability test of GC12 monolayers in the presence of nanopure
water (1), AT (2), GC (3) and ATGC (4) at a concentration of 0.1 mg L' asa
function of time. The relative surface pressure corresponded to the
difference between the surface pressure measured after the barriers were
stopped and the surface pressure at the moment the barrier were stopped.

Figure 35 shows that the surface pressure decreased by 5 % on GC
subphase and 10 % on water, AT and ATGC subphases over 30 minutes of
monitoring. Nevertheless, after 10 minutes of relaxation, the surface
pressure of GC12 monolayers are stabilized and no further decrease in
surface pressure could be observed for all the surface tested.
The decreases in surface pressure could be due to a relaxation of the
molecule, but might also be attributed to partial dissolution of the film

material into the subphase.

89



Calixarene Langmuir Films

To confirm the interaction with DNA at the air-water interface, the
morphologies of GC12 monolayers were analyzed using a Brewster angle
microscope (BAM).7'9 The most relevant images were recorded at a surface
pressure of 0.5 mN m’" after 30 minutes of relaxation, as shown in Figure

36.

Figure 36. BAM images of GC12 monolayer at the air-water interface at
n=05mNm" (A) on pure water, (B) on GC-DNA, (C) on AT-DNA and (D) on
ATGC-DNA subphase at a concentration of 10" g L'’ Scale bar = 100 um.

90



Calixarene Langmuir Films

BAM micrographs of GC12 monolayer, measured on pure water,
revealed the presence of liquid domains (brighter regions) within a
gas-phase (dark background). No gas-phase domains, even at a surface
pressure as low as 0.5 mN m™, were observed for GC12 monolayers
acquired on subphases containing GC and AT (10 g L™'). The monolayers
are composed of phases with different contrasts, suggesting the
co-existence of liquid phases with different densities. On ATGC subphase,
the BAM images of GC12 monolayer revealed a foam-like texture, most
likely composed of a liquid-condensed phase within a lower packing
density phase (darker). These results suggest an interaction between GC12
self-assembled as monolayer and DNA molecules present in the subphase.
Upon further compression, and for all the subphases tested, only bright
homogeneous domains, attributed to homogenous condensed phases,
covered the entire surface of the trough.

To further characterize the interaction between GC12 monolayers
and the different DNA sequences, the thickness of the monolayer at the
air-water interface was measured using surface ellipsometry. The thickness
of GC12 monolayers at the air-water interface was estimated using the
BAM software calibration procedure, which determined the linear function
between the reflectance and the gray level. The gray level of the BAM
images, corresponding to optically saturated and totally dark states of the
camera and the thickness of the monolayers, was estimated using a

refractive index between 1.44 and 1.46."°™
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In Figure 37 the estimated thickness values of the GC12 monolayers

at increasing surface pressure values (10, 20 and 35 mN m™") are shown.
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Figure 37. Thickness of GC12 monolayer as function of the surface pressure

on pure water (®), AT (), GC (A) and ATGC (@) subphases at a
concentration of 10™ g L

The thickness of monolayer GC12 spread on pure water is measured
to be 20 A at a surface pressure of 10 mN m™ and increases up to 23 + 2 A
at a surface pressure of 35 mN m™. The value of 23 * 2 A at high packing
density is consistent with the molecular structure of GC12, with the alkyl
chains oriented in an all-parallel fashion. The thickness of the monolayers
increased linearly upon compression as a result of the increasing packing
density of GC12 monolayers. In the presence of DNA in the subphase, the
measured thickness was greater in all cases than that measured on pure
water. At a surface pressure of 35 mN m‘l, thicknesses of 35 + 3 A,
34+ 3 A, and 32 + 3 A were measured in the presence of GC, AT and ATGC

respectively at a concentration of 10" g L in the subphase.
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An increase of 12 A, 11 A and 9 A was observed in the presence of
GC, AT and ATGC respectively. As the DNA double helix has a diameter of
approximatively 20 A, a measured thickness of approximatively 43 A can be
expected in the case of a fully compact layer of DNA beneath the
calixarene monolayer. Castano et al., have studied the thickness of a lipid
monolayer at the air-water interface beneath an incomplete DNA layer.
They measured an increase of 7 A of the monolayer in the presence of
DNA."” The discrepancy between the measured thicknesses could be
explained by the non-homogeneous density of the DNA monolayer under

the closed packed monolayer calixarene.

3.2 Amino-Calix[4)arene Derivatives Self-Assembly as

Langmuir Monolayers and DNA Interaction

The self-assembly of the amino calix[4]arene derivatives 1NH,4C,,,
1,2NH,4C,,, 1,3NH,4C,,, 3NH,4C,, and 4NH,4C,, (Figure 38) as Langmuir
monolayers was also investigated; Langmuir monolayer experiments were

performed on nanopure water and on DNA subphases.
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Figure 38. Structures of the amino-calixarene derivatives.

Compression isotherm experiments were carried out using the
30-mer duplex ATGC at a concentration of 10° g L™. The measured
isotherms are shown in Figure 39 and the characteristic values extracted
from the compression isotherms are shown in Table 1.
The amino-calixarenes derivatives 1,2NH,4C;,, 1,3NH,4C,,, 3NH,4C,, and
4NH,A4C,, formed stable Langmuir monolayers on pure water with a
collapse pressure of 40, 45, 52 and 46 mN m™* respectively.
The lowest collapse pressure value was obtained for 1NH,4C,, monolayer,
with a collapse pressure value of 20 mN m™. 1NH,4C,, formed a less stable
monolayer at the air-water interface than the di-, tri- and tetraamino-
calixarene derivatives. This difference of stability can be explained by the

presence of only one amine function at the upper rim of the calixarene.
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Table 1. Characteristic values extracted from Langmuir compression isotherms of
1NH24C12, 1,2NH24C12, 1,3NH24C12, 3NH24C12 and 4NH24C12 on a water Subphase
or on a subphase containing ATGC at a concentration of 10'4g L2

Nanopure water ATGC
Collapse Limiting Collapse Limiting
pressure molecular area pressure molecular area
[MNm?]  [A> molecule™] [mN m™] [A% molecule™]
1NH,4C,, 20 99 18 123
1,2NH,4C,, 40 105 45 112
1,3NH,4C,, 45 101 45 118
3NH,4C;, 52 98 42 118
4NH,AC,, 46 106 40 108

® The limiting molecular area was obtained by extrapolation of the linear part of the isotherm
on the x-axis.

From the compression isotherms (Figure 39), molecular area values of
99, 105, 101, 98 and 106 A> molecule™ were extracted for calixarenes
1NH,4Cy,, 1,2NH,4Cy;,, 1,3NH,4C,,, 3NH,4C,, and 4NH,4C,, respectively.
As Figure 39 shows, no phase transition on the compression isotherms of
all the amino-calixarene derivatives for the liquid-expanded/liquid-
condensed phase on pure water could be observed. As shown in Table 1,
the collapse pressure values of 1NH,4C,,, 3NH,4C;, and 4NH,4C,,
monolayers decreased from to 20, 52 and 46 mN m™ on pure water to
18, 42 and 40 mN m™ respectively in the presence of ATGC in the
subphase. Interestingly, an increase of the collapse pressure was observed
for the calixarene 1,2NH,4C,, with a collapse pressure value of 40 mN m™*

on pure water to 45 mN m™* on ATGC-DNA subphase.
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No changes were observed for the collapse pressure of 1,3NH,4C,,
monolayer with a value of 45 mN m™ both on water and on ATGC-DNA
subphase. A clear expansion of the limiting molecular areas was observed
in the presence of ATGC for all the amino-calixarene derivatives tested,
with values of 123, 112, 118, 118 and 108 A> molecule™ for 1NH,4C,,,
1,2NH,4C,,, 1,3NH,4C;,, 3NH,4C;, and 4NH,4C,, respectively. The limiting
molecular area values obtained on ATGC subphase with respect to the
limiting molecular areas measured on pure water subphase increased by
7 A* molecule™, 17 A% molecule™, 20 A* molecule™ and 32 A* molecule™ for
1,2NH,4C,,, 3NH,4C,; 4NH,4C;, and 1NH,A4C,, respectively. The decrease
of the collapse pressure values and the increase of the limiting molecular
areas in the presence of ATGC suggest a change in the packing of the
monolayer owing to interactions with ATGC-DNA. Moreover, the
differences observed between all the amino-calixarene derivatives
monolayers show that the interaction with DNA is dependent on the
number of recognition moieties on the para position of the calixarenes.

The effect of the DNA sequence on 4NH,4C,, Langmuir monolayers
have been investigated using AT and GC in the subphase. From Figure 40
and Table 2, it can be noticed that while the collapse pressure values of
4NH,4C,, monolayers are 46 mN m™ and 40 mN m™ on pure water and on
ATGC respectively, collapse pressures of 44 and 34 mN m ™" were obtained

in the presence of AT and GC in the subphase.
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Table 2. Characteristic values extracted from Languir compression isotherms of
4NH,4C,, and GC12: on pure water subphase and o\ subphase containing ATGC,
AT or GC at a concentration of 10’4g L™

4NH,4C,, \ GC12
Collapse Limiting Colapse Limiting
pressure  molecular area presiure  molecular area
[MNm?]  [A’molecule™] | [mN¥?  [A>molecule™]

Nanopure 46 106 37 111
water
ATGC 40 108 33 125
AT 44 106 35 138
GC 34 116 34 125

The decrease of the collapse pressure observed f&r all the DNA
subphases tested with respect to the values obtained on pdre water with
GC12 monolayers was also observed for 4NH,4C,, \monolayers.
The molecular area of 4NH,4C,, was measured to be 106 A? m\lecule™ on

pure water and 108 A% molecule™ on ATGC subphase.
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The presence of GC in the subphase caused a clear expansion of the
monolayer, with a molecular area value of 115 A*> molecule™
In the presence of AT in the subphase, an apparent molecular area of
106 A’ molecule™ was measured. Interestingly, the presence of AT in the
subphase did not affect the monolayer packing of 4NH,4C,;, while the
expansion of GC12 monolayer was highly pronounced on AT subphase.
The collapse pressure and limiting molecular area values suggest a
difference in the interaction of 4NH,4C,;, monolayer dependent of the DNA
sequence. 4NH,4C;, Langmuir monolayers on DNA subphases at a
concentration of 10" g L™, were less expanded than GC12 monolayer in the
same conditions. These results suggest a difference in the packing of the
monolayers. Indeed, the guanidinium moieties of GC12 act as a chelate
and can form two hydrogen bonds while the amine function of 4NH,4C,,

can only form one hydrogen bond with the molecules in the subphase.

Conclusions

The self-assembly at the air-water interface as Langmuir monolayers
of the cationic amphiphilic calixarenes GC12 was investigated in the
presence of three model DNA sequence (30-mer) at different DNA
concentrations. The effect of the DNA sequence on GC12 monolayers was
studied. All the characteristic values of the monolayer isotherms increased
with increased DNA concentration. An expansion of the monolayer

isotherm at the air-water interface in the presence of DNA was observed.
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This expansion of the monolayer was larger in the presence of AT
than it was in the presence of GC in the subphase, which, in turn was larger
than ATGC for all the concentrations tested. This suggests an interaction
dependent on the DNA sequence. The BAM images of the monolayers at
the air-water interface confirm the interaction between GC12 and double-
stranded DNA. Ellipsometric measurements at the air-water interface in
the presence of DNA showed an increase of the thickness compared to a
pure water subphase.

The monolayer films of amino calixarene derivatives 1NH,4C;,,
1,2NH,4C,,, 1,3NH,4C,,, 3NH,4C,, and 4NH,4C,, were investigated in the
presence of ATGC at a concentration of 10” g L™ Expansion of the
monolayers in the presence of DNA was observed. The numbers of polar
moieties on the upper rim of the calixarenes had an effect on the
expansion of the monolayers, suggesting a mechanism of interaction
dependent on the calixarene functionalization. To compare GC12
monolayers and 4NH,4C,, monolayers behavior, the 4NH,4C;, monolayers
formation was also investigated on AT and GC subphases.

In summary, the monolayer formation was dependent on different
parameters: the number of functionalization on the calixarene, the type of

recognition moieties and the DNA sequence.
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4 Calixarene-Based
Nanoparticles:

DNA-Binding Study

The aim of my PhD work was to design new cationic calix[4]arenes
locked in the cone conformation as a building block for the formation of
self-assembled calixarene-based nanoparticles and to evaluate the
DNA-binding ability of the self-assembled structure in order to use the
calixarene-based nanoparticles as a non-viral vector for transfection. In this
chapter, the self-assembly of calixarene molecules as nanoparticles and
the ability of the calixarene-based nanoparticles to interact with DNA are

discussed.
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4.1 Calixarene-Based Nanoparticles: Preparation and

Characterization

5,11,17,23-Tetra(guanidinium)-25,26,27,28-Tetra(dodecyloxy)-
Calix[4]arene (GC12)

Nanoparticles of GC12 were produced by following the nano-
precipitation method previously developed for para—acyl—calix[4]arenes.1
Briefly, 15 mg of the GC12 is dissolved in 3 mL of THF and kept under
stirring while a volume of 50 mL of water is added. After one minute of
stirring, the organic solvent is evaporated under reduced pressure at 40°C.
The produced colloidal suspension was analyzed using dynamic light
scattering (DLS) and electrophoretic mobility measurements ({-potential).

The results revealed a mean hydrodynamic diameter of 145 £ 5 nm
and a C-potential of + 35 + 3 mV. The positive potential suggested that the
guanidine functions of GC12 are protonated at neutral pH, and some of the
guanidino functions point outward the SLNs. A sample of the suspension
was spread on a mica surface, dried and analyzed using non-contact mode

atomic force microscopy (AFM).
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A representative micrograph is shown in Figure 41.
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Figure 41. Atomic force micrograph of GC12-SLNs spread on a mica surface
and imaged in non-contact mode at a scan range of 5 um.

The AFM image is in good agreement with the DLS results and
revealed a suspension composed of spherical objects of approximately
160 nm in diameter and 80 nm in height. Guanidinium-calixarenes bearing
four octyl chains at the lower rim could self-assemble in water to form
micelles with a critical micellar concentration of 2.0 x 10 M.” To rule out
possible GC12 micellar behavior, the surface tension of the SLNs’
suspension was measured at different concentrations. No change in the

surface tension was observed (Figure 42).
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Figure 42. Critical micellar concentration measurement of GC12-SLNs.

This result confirmed that the solubility of calixarene reduced while
increasing the alkyl chain’s length and gives the molecule the ability to

self-assemble as SLNs rather than micelles.

Amino-Calix[4]arene Derivatives

The ability of the amino-calixarene derivatives to self-assemble in
water as SLNs using the solvent evaporation method was studied.
Calixarenes 1NH,4C;,, 1,2NH,4C,, and 1,3NH,4C,, in the amine form were
not able to form stable nanoparticles in pure water: the suspensions were
destabilized during the evaporation process. The electrons of a lone pair of
the aromatic amine were conjugated with a phenol ring. Thus, their
tendency to engage in hydrogen bonding was diminished. The solubility of
the amino-calixarene derivatives in water reflected their ability to form
hydrogen bonds with water molecules or intermolecular hydrogen bonds

between primary amines.
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A milky suspension was obtained for the calix[4]arene 3NH,4C,, in the
amine form in pure water. This difference of stability can be explained by
the number of amine groups available to interact with water molecules

and form intermolecular bonding to stabilize the suspension.

The self-assembly of the protonated calixarenes 1NH,4Cy,,
1,2NH,4C;,, 1,3NH,4C;,, 3NH,4C;; and 4NH,4C,, in water were
investigated to overcome the stability issues of 1NH,4C,,, 1,2NH,4C,, and
1,3NH,4C,, to form nanoparticles in the amine form. The protonated
calixarenes 1NH;'4C;,, 1,2NH;'4C;, and 1,3NH;'4C,;, were able to form
stable suspensions in nanopure water. The suspensions were characterized

by DLS and -potential. The results of the measurements are presented in

Table 3.

Table 3. Calixarene-based nanoparticles size, polydispersity and {-potential.

Z-average (nm)® 123 83 117 - - 177 123
{-potential (mV) |[50+8 398 28%9 - - 52%6 37%8
PdI® 0.148 0.164 0.143 - - 0189  0.177

? Z-average: average hydrodynamic diameter
®pdl: Polydispersity index
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The nanoparticles were monodisperse in size with hydrodynamic
diameters of 123 nm, 82 nm, 117 nm and 177 nm for 1NH;'4C,,,
1,2NH;'4C,,, 1,3NH;'4C,, and 3NH,4C,, respectively. The protonation of
the calixarenes 3NH,4C,, and 4NH,4C,, led to the formation of
polydispersed suspensions and were not wused in this study.
The calixarene-based nanoparticles exhibited positive C-potentials of
+50+8mV, +39+8mV, +28+9 mVand + 52 +6 mV for INH;'4C,,
1,2NH;"4C;;, 1,3NH;'4C,, and 3NH,4C;, respectively. The positively
charged surface of the nanoparticles confirmed the presence of amine
functions at the surface of the nanoparticles. The difference of {-potential
is attributed to greater repulsion forces. Depending on the system, steric
repulsion and other types of intermolecular forces can also contribute to
the interaction potential. The nanoparticles were imaged using AFM in air,
in non-contact mode. Solid shape nanoparticles can be observed on the
AFM micrographs (Figure 43). The average height and average diameter of

the nanoparticles are summarized in Table 4.
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Figure 43. Atomic force microscopy images of a) 1NH;'4C;,-SLNs,

b) 1,2NH;"4C,,-SLNs c) 1,3NH;"4C;,-SLNs and d) 3NH,4C;,-SLNs prepared on
mica and imaged in non-contact mode.

Table 4. AFM characteristic values obtained for the calixarene-based nanoparticles.

1NH;'4C;,  1,2NH;4C;,  1,3NH;°4C;, 3NH,AC;, 4NH,A4C;,

Diameter 253+5 112+5 128+3 447415 190+5
(nm)
Height 32+1 2041 23+2 139+4  78+4
(nm)
d/h 7.9 56 5.6 32 2.44
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From the analysis of line profiles, much greater values were obtained
for the diameter of the nanoparticles than the values obtained for the
height. The analysis of AFM images indicated that the diameter-to-height
ratio (d/h) of the nanoparticles decreased with the increase of amine
functions on the calixarenes starting from d/h = 7.9 for 1NH;'4Cy,,
d/h = 5.6 for 1,2NH;'4C;, and 1,3NH;'4Cy,, d/h = 3.2 for 3NH,4C;, and
d/h = 2.44 for 4NH,ACy, (Table 5 and Figure 44). A flattening of
nanoparticles that may result from the collapse of nanoparticles upon
drying has been reported for polyamide nanoparticles based on the AFM
anaIysis.3 Montassier et al. postulated that nanoparticles could be

considered as solid nanostructures if d/h ratio is < 42
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Figure 44. Ratio of the diameter/height of the nanoparticles as function of
the number of amine groups on para position of the calix[4]arene.

The diameter-to-height ratio decreased with the increase of amine
functions present on para position of the calixarene. It is likely that the
number of hydrophilic functions per calixarene has an influence on the

stability of the nanoparticles when deposited on a surface.
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The calixarenes 1NH;'4C;5, 1,2NH;"4C;;, and 1,3NH;'4C,, most likely
formed stable nanoparticles in solution that were destabilized when dried
on a mica surface. Relatively flat nanoparticles were observed.

The newly produced amino calix[4]arene derivatives were able to
self-assemble as nanoparticles in pure water. Their positively charged
surfaces pointed out the presence of amine or protonated amine functions
at the surface of the nanoparticles that allowed interaction with the

negatively charged DNA phosphate backbone.

4.2 Calixarene-Based Nanoparticles: Interaction with

DNA

Ethidium Bromide Displacement Assay

5,11,17,23-Tetra(guanidinium)-25,26,27,28-Tetra(dodecyloxy)-
Calix[4]arene (GC12)

To investigate the DNA-binding properties of GC12-based SLNs, a
fluorescence displacement assay was carried out using ethidium bromide
(EtBr). EtBr is known to intercalate between double-stranded DNA base
pairs, resulting in an enhanced fluorescence of the dye.

In this assay, the displacement of EtBr from the double helix caused a
decrease in fluorescence as a result of the ability of DNA-binding molecules
to modify the conformation of the DNA and to cause a decrease of its

affinity for the dye, thus causing it to release in solution.

111



Calixarene-Based Nanoparticles

The fluorescence displacement assay was carried out with three
different DNA duplexes: AT, GC, and ATGC (used in Chapter 2). The plot of
normalized fluorescence intensity against the concentration of GC12-based
SLNs measured at a NaCl concentration of 10 mM, shown in Figure 45,
revealed an exponential decay in fluorescence intensity for the three DNA

systems tested.
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Figure 45. Ethidium bromide displacement assay by fluorescence
spectroscopy (measured at 595 nm with excitation at 510 nm) with AT (M),
GC (O), ATGC (A) in the presence of increasing concentration of GC12 SLNs
in buffer solution (20 mM HEPES, 10 mM NaCl, pH 7.1) (left), in buffer
solution (20 mM HEPES, 100 mM NaCl, pH 7.1) (right). The values are
presented normalized with the value of fluorescence measured for the
different duplex-EtBr complexes in the absence of GC12-based SLNs.

The ACsy values reported in Table 5, are the GC12-based SLNs
concentration at which the fluorescence intensity reaches 50 % of maximal
fluorescence. The ACs, values provide an indirect method to measure the

binding affinity constant.
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Table 5. ACs, values of the SLNs with polyoligonucleotides in mM.

GC12 [uM]
Polynucleotide
NaCl 10 mM? NaCl 100 mMm"
AT 33+6 14+4
GC 50 + 15 75+11
ATGC 60+ 12 108 + 35

®Interaction condition in a buffer solution 20 mM HEPES, 10 mM NaCl, pH 7.1.
® Interaction condition in a buffer solution 20 mM HEPES, NaCl 100 mM NaCl, pH 7.1.

All the values reported in Table 5 were calculated as a function of the
absolute concentration of calixarenes and part of the calixarene molecules
are hidden within the SLNs. ACsy with a value of 33, 50 and 60 mM were
obtained in the presence of AT, GC and ATGC respectively in a buffer
solution (20 mM HEPES, 10 mM NaCl, pH 7.1). The ACs, value of AT was
significantly lower compared to the values for GC and ATGC. To rule out
the possibility that the interactions between the DNA molecules and the
SLNs surface were only due to electrostatic interactions, the same set of
experiments was carried out using a higher salt concentration (100 mM
NaCl, Figure 45). For both GC and ATGC, there was only a slight decrease in
the affinity, with ACs, values of 75 and 108 mM respectively. In the case of
AT, there is even a slight increase of the affinity with an ACsy value of
14 mM. These results clearly demonstrated that the interactions between

the GC12-based SLNs are not purely due to electrostatic interactions.
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Amino-Calix[4]arene Derivatives

In Figure 46 the results from the ethidium bromide displacement
assay performed with the amino calixarene derivatives (1NH;'4Cy,,
1,2NH;"4C,,, 1,3NH;"4C,,, 3NH,4C;, and 4NH,4C;,) and ATGC-DNA duplex

are depicted.
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Figure 46. Ethidium bromide displacement assay by fluorescence
spectroscopy (measured at 595 nm with excitation at 510 nm) with ATGC,
in the presence of increasing concentration of increasing concentration of
SLNSs, (%) 1NH;3'4C,,-SLNs, (O) 1,2NH;"4C,,-SLNs, (M) 1,3NH;*4C;,-SLNs, (<)
3NH,4C,,-SLNs and (A) 4NH,4C,,-SLNs, in buffer solution (20 mN HEPES,
10 mM NaCl, pH 7.1). The values are presented normalized with the value of
fluorescence measured for the different duplex-EtBr complexes in the
absence of calixarene nanoparticles.

In the presence of 1NH;"4Cy;, 1,2NH;3°4C;,, 1,3NH;"4C;, and 3NH,4C;,
nanoparticles, a slight decrease of the fluorescence was observed.
The decrease in fluorescence is slightly more pronounced for
3NH,4C,,-based SLNs, with a loss of 30 % of fluorescence, than for
1NH;*4C,,, 1,2NH;°4C,, and 1,3NH;"4C;; nanoparticles with a decrease of
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20 % at a concentration of 250 mg L™, In the case of 4NH,4C,,-SLNs, the
fluorescence decreased up to 80 %. No fluorescence was observed for the
nanoparticles in buffer solution (HEPES 20 mM, NaCl 10 mM, pH 7.1) and
no change in the fluorescence of EtBr was detected in the presence of
increasing nanoparticle concentrations (see Chapter 7, Figure S2). Only a
slight decrease in the fluorescence of ATGC-EtBr complex was observed. It
can be assumed that the interactions between the 1NH;'4C,,, 1,2NH;4C;,,
1,3NH;"4C;, and 3NH,4C;, nanoparticles and DNA most probably occur via
electrostatic interactions resulting in almost no release of the dye in
solution. The amine functions at the surface of the nanoparticles interact
with the phosphate backbone of DNA but cannot unwind the double helix,
and the EtBr molecules remain trapped inside the double-strand of the
DNA.

To further study the interaction with the calixarene 4NH,4C,,,
a fluorescence displacement assay was carried out using AT and GC 30-mer
oligonucleotides. The result of the displacement assay in the presence of
AT and GC is depicted in Figure 47. From Figure 47, a decrease in

fluorescence up to 80 % for the three DNA tested can be observed.
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Figure 47. Ethidium bromide displacement assay by fluorescence
spectroscopy (measured at 595 nm with excitation at 510 nm) with AT (M),
GC (O), ATGC (A), in the presence of increasing concentration of 4NH,4C,,-
SLNs in buffer solution (20 mM HEPES, 10 mM NaCl, pH 7.1) (left), in buffer
solution (20 mM HEPES, 100 mM. NaCl, pH 7.1) (right). The values are
presented normalized with the value of fluorescence measured for the
different duplex-EtBr complexes in the absence of 4NH,4C,, -based SLNs.

In Table 6 are reported the ACs, values for GC12-SLNs and
4NH,4C,,-SLNs in 20 mM HEPES, 10 mM NaCl, pH 7.1 buffer solution,
4NH,4C,,-SLNs seem to show a slight preference for AT sequence as GC12

with Acsgvalues of 48, 70 and 70 uM for AT, GC and ATGC respectively.

Table 6. AC;, values of the GC12-SLNs and 4NH,4C;,-SLNs with
polyoligonucleotides

Polynucleotide GC12 [uM] 4NH,4C,, [uM]
NaCl 10 mm® NaCl 10 mm®
AT 33 48
GC 50 70
ATGC 60 70

? Interaction condition in a buffer solution 20 mM HEPES, 10 mM NaCl, pH 7.1
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Circular Dichroism Spectroscopy (CD)

To further study the interaction mechanism, circular dichroism (CD)
experiments were carried out. CD spectra obtained with the three DNA
duplexes upon addition of increasing amounts of GC12 or 4NH,4C,, are

shown in Figure 48 and Figure 49 respectively.
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Figure 48. CD spectra of the titration by GC12 SLNs in buffered solution of
a) AT, b) GC; c) ATGC. The arrows indicate changes in optical rotation with
increasing amount of GC12 SLNs.
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Figure 49. CD spectra of the titration by 4NH,4C,,-SLNs in buffered solution
of a) AT, b) GC; c) ATGC. The arrows indicate changes in optical rotation with
increasing amount of 4NH,4C;,-SLNs.

The CD spectra of AT, in the absence of SLNs (GC12 or 4NH,4C,),
revealed two characteristic peaks, one positive at 220 nm and one
negative at 245 nm, characteristic of the expected B’-DNA conformation

for this duplex.“"5

118



Calixarene-Based Nanoparticles

In the presence of increasing concentrations of calixarene-based
SLNs, the same behavior could be observed upon addition of either
GC12-SLNs or 4NH,4C,,-SLNs. A decrease in the spectral intensity was
measured and confirmed the formation of a DNA-SLN complex and the
unwinding of the double-stranded DNA. The ATGC CD spectrum measured
in buffer was characterized by two positive bands at 278 and 220 nm and a
negative band at 248 nm, all characteristic of B-DNA.?

Upon addition of GC12-SLNs or 4NH,4C,,-SLNs in ATGC solution, the
same trend could be observed on the CD spectra. The disappearance of the
peak at 248 nm and the amplification of the peak at 210 nm suggested a
phase transition of the DNA duplex conformation from a B-DNA to an
A-like form. Surprisingly, the positive peak observed at 278 nm decreased,
which is not typical for this transition, suggesting a more complex
mechanism. Upon further addition of 4NH,4C,,-SLNs, a clear change in
conformation was observed, which was not observed for GC12-SLNs at the
same concentration: the appearance of two negative peaks at 208 nm and
258 nm and two positive peaks at 220 and 295 nm. This spectrum is not
typical of duplex DNA and suggests the formation of triplex DNA. In the
case of GC, the CD spectrum in buffer, a negative peak at 240 nm and a
positive peak at 20 nm suggest a B-conformation. In the presence of
4NH,4C,,-SLNs a decrease was observed, but no change in conformation.
Interestingly, more complex spectra were obtained for GC-DNA upon
addition of GC12-SLNs. However, the trend observed is similar to the CD

spectra measured with ATGC and suggests a B-to-A-like transition.
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Isothermal Titration Calorimetry (ITC)

The ITC measurements of the binding of calixarene-based SLNs and DNA
provide thermodynamic information on the binding. It is known that the
enthalpy differences are essentially balanced by entropic factors, major
and minor groove-binding phenomena present comparable Gibbs free
energies. But major groove-binding is primarily enthalpy-driven while
binding to the minor groove is characterized by an unfavorable enthalpy
that is compensated by favorable entropic contributions.®

Nevertheless, the ITC measurements of the binding between the
calixarene-based SLNs (GC12-SLNs or 4NH,4C,,-SLNs) and the three
oligonucleotides (AT, GC, and ATGC) are presented in Table 7 and Figure S8
and Figure S9 (Chapter 7).

Table 7. ITC thermodynamic profile for the binding of GC12 SLNs and
4NH,4C,,-SLNs with oligonucleotides

SLNs Polyr\ucleo AH . AS B AG N
tide [kJ mol™] [J (mol K)™] [kJ mol™]
AT 160.5 * 2.87 665 -34.3
GC12 GC -231.1  # 19.1 -680 -31.9
ATGC - - - -
AT 48.85 * 37.65 259 -27.0
4NH,A4C,, GC 9446 + 2.355 -215 -31.5
ATGC - - - -

Enthalpy values of 160.5 kJ mol™ and 48.85 kJ mol™ were measured

for GC12-SLNs and 4NH,4C,,-SLNs respectively with AT-DNA.
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These results reveal a positive enthalpy characteristic of a minor
groove-binding phenomenon for both SLNs studied. Interestingly, for GC,
negative entropy was measured, suggesting a major groove-binding
phenomenon with entropic values of - 680 J (mol K)'1 for GC12-SLNs and
-215 J (mol K)™ for ANH,4C;,-SLNs. No enthalpy could be determined for
ATGC for the two SLNs systems but it is clear from the CD measurements
that GC12-based SLNs and 4NH,4C,,-SLNs have caused a conformational
B-to-A-like transition for GC and ATGC sequences. It is known that the
width of the major groove of A-DNA is 2.7 A while the minor groove width
is 11 A.

In the case of B-DNA, the major and minor grooves have widths of
11.7 and 5.7 A, respectively. The results suggest that, for GC the binding
was done preferentially to the wide major groove of the B-DNA duplex,
which underwent a conformational change that tended to diminish the
width of the DNA groove. In the case of the AT sequence, as no B-to-A
conformational transition could occur, the SLNs had a preference for the
minor groove that is narrower than the major groove. As it is likely that
calixarene molecules have a certain degree of freedom when
self-assembled as SLNs, our results suggested that the DNA-binding
mechanism was rather due to a synergistic effect of the guanidinium
functions within the calixarene macrocycle, as observed for dimeric
calixarenes,7 rather than different GC12 or 4NH,4C,, molecules within the

outer layer of the SLNs.
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4.3 Calixarene-Based Nanoparticles: Layer-by-Layer

Coating

As noted above, my PhD work aimed to build a layer-by-layer (LbL)
assembly at the surface of calixarene-based SLNs. To protect the DNA in
the cell against attacks and to help the SLN-DNA complex to cross the cell
membrane, chitosan, a polycationic biocompatible polymer, also known
for its ability to enhance cellular uptake, was used. Nault et al., reported on
the LbL assembly of 4NH,4C,,-based SLNs with the successive addition of
plasmid DNA and chitosan. They monitored the additions of DNA and
chitosan by C-potential measurement. An increase was observed in the
C-potential values upon addition of DNA and a decrease in the -potential
confirmed the addition of chitosan and the formation of a LbL coating at
the surface of the 4NH,4C,,-SLNs. The SLNs were titrated with increasing
amounts of DNA as shown in Figure 50. The (-potential decreased,
confirming the addition of DNA around the calixarene-based nanoparticle.
The opposite behavior was observed in the presence of increasing
amounts of chitosan. Independently of the DNA, the GC12-based
nanoparticles were fully coated with DNA 4 mg L™ of DNA and 2 mg L™ of

chitosan.
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Figure 50. {-potential titration of AT (M), GC (O), ATGC (A) in the presence
of increasing amounts of GC12-based SLNs, in buffer solution (20 mM HEPES,
10 mM NaCl, pH 7.1) (left), and GC12-DNA complex with AT (M), GC (O),
ATGC (A) in the presence of increasing amounts of chitosan in buffer
solution (20 mM HEPES, 100 mM NacCl, pH 7.1) (right).

The formation of a LbL assembly at the surface of GC12-SLNs was
followed by C-potential measurements. The positively charged GC12-SLNs
in the presence of increasing amounts of DNA become negatively charged.
Upon addition of chitosan to a solution of GC12-SLNs loaded with DNA,
the objects in suspension become positively charged. The C-potential
increases after the addition of chitosan confirms the adsorption of the
polymer at the surface of the SLNs. GC12-SLNs were successfully loaded

using the LbL assembly technique (Figure 51).
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Figure 51. (-potential of GC12-SLNs in the presence of AT (B), GC (O), ATGC
(A) in buffer solution LbL coating of GC12-SLNs with DNA and chitosan
layers.

The suspension were destabilized after addition of seven layers
around the SLNs for AT and ATGC and five layers for GC. These differences
are likely due to the specific DNA sequence used in the experiments.
Further polyelectrolyte layer additions have been shown to cause a
decrease in the stability of the suspensions, certainly due to particle
aggregation. DLS measurements were carried out after the addition of DNA
and chitosan layers but high polydispersity index values were obtained,
most likely due to the formation of larger aggregates. The addition of
plasmid DNA into a suspension of nanoparticles was monitored by
C-potential. The titration curves of the amino calixarene derivatives and
GC12 are shown in Figures S11-S16 (Chapter 7). The addition of the first
layer of DNA to a 1NH,4C,,—SLNs lead to a destabilization of the system.
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To fully coat the calixarene-based nanoparticles, DNA at a concentration of
3mg L, 4amg LY, 4mg LY, 5 mgL" and 4 mg L™ was required for
1,2NH,4C,,, 1,3NH,4C;;, 3NH,4C;,, 4NH,4C;, and GC12 nanoparticles
respectively. The subsequent titration of the nanoparticles’ DNA complex
with chitosan reveals that the 1,2NH,4C;,,, 1,3NH,4C,,, 3NH,4C,,, 4NH,4C,,
and GC12 nanoparticles need to be incubated with 3 mg L‘l, 3 mg L‘l,

5mg L% s mg L and 6 mg L™ of chitosan respectively.

4.4 Calixarene-DNA  Complexes: Self-Assembled

Lipoplexes

Due to electrostatic interactions, cationic lipids spontaneously
interact with DNA molecules in aqueous solution, resulting in the
formation of so-called lipoplexes. Lipoplexes are bilayer structures
prepared by mixing preformed cationic liposomes with DNA in aqueous
solution or by mixing cationic amphiphile with DNA without preformation
of liposomes. Electrostatic interactions between the phosphate backbone
of the DNA and the cationic recognition moieties of the amphiphile are the
driving forces of the lipoplex formation. To study the self-assembly for
calixarene-DNA complexes as lipoplexes, cationic calixarene liposomes
were prepared. Calixarene powders (GC12 or the amino-calix[4]arene
derivatives) were mixed at 40°C for 120 minutes in nanopure water or in
buffer solutions. Four buffer solutions were tested: sodium phosphate

buffer pH 7.5, HEPES buffer pH 7.05, Cacodylate buffer pH 7.1 and Tris-HCI

125



Calixarene-Based Nanoparticles

buffer pH 8.8. After 120 minutes the insoluble calixarene GC12 formed a
clear solution.

Surprisingly, all the amino derivatives remained insoluble in aqueous
solution in those conditions. The nano-suspension formed was

characterized by C-potential. The results are depicted in Table 8.

Table 8. {-potential values of GC12-DNA lipoplexes in different conditions.

C-potential
Bufter GC12 liposomes GC12 liposomes mixed fo)lrrzr;:: :\I:i)t‘ilp;ix
P with DNA at 20°C it
40°C
Nanopure +45+5mV +52+6mV +58+23mV
water
Phosphate -14 £ 11 mV -15+9mV -
HEPES +50+12 mV - -
Cacodylate +67+21mV +105+17 mV +105+9 mV
Tris-HCI - - +71+8mV

In water, HEPES buffer, and cacodylate buffer, {-potential values of
GC12 self-assemblies were measured to be + 45 + 5 mV, + 50 + 12 mV,
+ 67 £ 21 mV respectively. Positive {-potentials suggest that the guanidino
functions are pointing outward the nanoparticle. In phosphate buffer
solution, a negative {-potential was measured. This was attributed to the
interaction of the phosphate ions with the guanidine functions at the
surface of nanoparticles. In the Tris-HCI buffer, {-potential distribution
contained multiple peaks. It is likely that the positively charged GC12

interacted with the Tris-HCI molecules which led to a loss of organization,
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thereby increasing the distance between the calixarene molecules and
different species are measured in solution. Those preformed liposomes
were mixed with DNA for 30 minutes, 1.6 ug, at room temperature.
To investigate the in-situ formation of lipoplexes, GC12 powder was mixed
with DNA in nanopure water or in buffer at 40°C for 30 minutes. Both
systems — the preformed GC12 nanostructure mixed with DNA at 20°C and
the in-situ formation of GC12-DNA lipoplexes at 40°C — were analyzed by
DLS and C-potential. High polydispersity indexes were measured with large
nanoparticle diameters. This was attributed to the presence of salt that
may influence the stern layer around the nanoparticle. Discussion on these
values will be highly speculative. In water and cacodylate buffer, as shown
in Table 8, positive {-potentials were measured for GC12-DNA complexes
for both systems. GC12-DNA complexes prepared using preformed
liposomes in water and cacodylate exhibited positive {-potential values of
+ 52 + 6 mV and + 105 = 17 mV respectively. The GC12-DNA complexes
formed in-situ at 40°C exhibited similar positive {-potential values of
+57 +23 mVand + 105 £ 9 mV in water and cacodylate buffer respectively.
Those (-potential values were higher than the C-potential values of
+45 + 5 mV, + 67 £ 21 mV obtained for GC12 liposomes without DNA in
nanopure water and cacodylate buffer respectively. Multiple peaks could
be measured for lipoplexes prepared with the preformed liposomes at
20°C in Tris-HCI buffer. This was attributed to a different organization of
the self-assembly. A positive {-potential of + 71 + 8 mV was measured for
GC12-DNA lipoplexes formed in-situ in Tris-HCl buffer. In HEPES and

phosphate buffer, the addition of DNA disorganized the system and
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negative or no C-potential could be measured. It is known that cationic
liposomes are destabilized upon addition of increasing amounts of DNA.
Indeed, the liposomes might even release the DNA in solution at a certain

lipid/DNA ratio.*”

Conclusions

In this chapter, the ability of GC12 and of the amino calix[4]arene
derivatives to self-assemble in aqueous solution as nanoparticles was
demonstrated. DLS and AFM confirmed the presence of round
nanoparticles in solution. Positive {-potentials were measured, confirming
the presence of the recognition functions at the surface of the
nanoparticles. Interaction with DNA was studied by fluorescence
displacement assay and revealed that 1NH,4C;, 1,2NH,4C;,, 1,3NH,4C;,
and 3NH,4C,, cannot displace the intercalating dye from the double-
stranded DNA, most likely because the interactions are mainly driven by
electrostatic interactions. On the other hand, 4NH,4C,, and GC12
displaced up to 80 % of the ethidium bromide from the double helix.

Circular dichroism spectra and isothermal titration calorimetry data
confirmed that the interaction of both SLNs with DNA is not only driven by
electrostatic interactions but also by a groove-binding mechanism. Indeed,
the SLNs interact with AT-DNA via a minor groove-binding and with GC via

a major groove mechanism.
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The calixarene-based nanoparticles 1,2NH,4C;;, 1,3NHA4C;,,
3NH,4C,,, 4NH,4C,, and GC12 were coated with several layers of
DNA-chitosan using the layer-by-layer technique. In addition, the ability of
GC12 to form lipoplexes in aqueous solutions was investigated. GC12 can

form lipoplexes in the presence of DNA in pure water or in buffer solution.
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5 Transfection Tests

The transfection experiments performed with calixarene-based SLNs
coated with alternate layers of DNA and chitosan and with GC12-DNA
lipoplexes are discussed in this chapter.

To assess the possibility of transfecting mammalian cells, calixarene-
based SLNs (1,2NH,4C,;,, 1,3NH,4C;,, 3NH,4C;;, 4NH,4C;, and GC12)
covered with alternate layers of DNA and chitosan have been investigated
for their ability to deliver DNA into Chinese hamster ovary cells (CHO).
The transfection was followed by fluorescence of a red fluorescent protein
(DsRed2) for which the loaded DNA codes. The commercially available

transfection agent Lipofectamine was used as a positive control.
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Transfection Tests

Naked plasmid DNA was used as negative controls in the different
aqueous solutions. Surprisingly, after 48 hours of transfection, no
fluorescence could be detected using the calixarene-based SLNs coated
with the LbL technique as a DNA carrying system. As Nault et al., were able
to transfect MDCK (Madin-Darby canine kidney) cells using the 4NH,4C,,-
SLNs coated with several layers of DNA-chitosan, these results could be
attributed to the use of different cells and different DNA for the
transfection experiments.

The ability of the GC12-DNA lipoplexes to transfect DNA into the CHO
cells was also investigated. The fluorescence microscopy images obtained

after 48 hours incubation are presented below in Figure 52.
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Figure 52. Fluorescence microscope images of CHO cells 48 hours after the
incubation with (A) Lipofectamine, (B;-F;) GC12-DNA lipoplexes prepared with
preformed GC12 liposomes: (B;) in nanopure water, (C;) in sodium phosphate
buffer (D;) in Hepes buffer, (E,) in cacodylate buffer, (F1) in Tris-HCI buffer; (B,-F,)
GC12-DNA lipoplexes prepared in-situ: (B,) in nanopure water, (C,) in sodium
phosphate buffer (D,) in Hepes buffer, (E,) in cacodylate buffer, (F,) in Tris-HCI
buffer. Imaged with 10x objective.
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Figure 52 shows that GC12-DNA complexes in phosphate buffer
solution (C; and C,) were not capable of transfection. These results are
consistent as GC12-DNA lipoplexes are negatively charged in phosphate
buffer, therefore the GC12-DNA complex could not cross the negatively
charged cell membrane. For GC12-DNA lipoplexes formed in nanopure
water (preformed liposomes or formed in-situ), only a few healthy cells
could be observed (Figure 52, B; and B,). In HEPES or cacodylate buffer,
a few healthy fluorescent cells and fluorescent aggregates could be
observed (Figure 52, D, and E,). The fluorescence increased using
lipoplexes formed in-situ in HEPES or cacodylate buffer, but the presence
of aggregates was more pronounced (Figure 52, D, and E,). It is likely that
the system is toxic or the cell self-destructed due to the presence of an
unknown system. The lipoplexes in Tris-HCI buffer solution (Figure 52,
F, and F,) showed the highest fluorescence intensity, but also the largest
amount of aggregates. The aggregates observed might be attributed to the
necrosis of the cell or the aggregate observed might be small fractions of
the cell that agglomerate. In the conditions tested, GC12-DNA lipoplexes
seem to be toxic for the cells, but GC12-DNA complexes are able carry and
protect the DNA to the nucleus and the protein fluorescence is expressed:
the lipoplexes could reach the nucleus of the cell and deliver the DNA.
The ability of lipoplexes to transfect cells appears to be related to the

method of preparation of the lipoplexes.
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Several parameters such as the temperature, the buffer solution or
method of preparation in one step (in-situ formation of the lipoplexes) or
two steps (first the liposomes and then the lipoplexes) seem to be crucial
parameters that affect the transfection.

In this chapter, the ability of GC12-SLNs coated with several
DNA-chitosan layers and GC12-DNA lipoplexes to deliver DNA into
mammalian cells was investigated. Surprisingly, calixarenes-based SLNs
coated with several DNA-chitosan layers were unable to deliver the genetic
information into the cells. All the lipoplexes tested, with the exception of
GC12-DNA lipoplexes prepared in phosphate buffer, were able to deliver
the genetic information into the cells and express the protein. In particular
the lipoplexes prepared in Tris-HC| buffer showed the highest fluorescence
but also the highest amount of dead cells. On the other hand, GC12
lipoplexes in nanopure water were able to transfect cells with less
efficiency, but the system was also cell toxic. The results are promising for
the development of GC12 lipoplexes with high transfection and low
toxicity. Several parameters can be tuned, such as the size, the lipid/DNA
charge ratio, and the use of lipids (e.g. DOPE, DOTMA) to improve

transfection efficiency.
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6 Conclusions and Outlook

This thesis investigated the synthesis of new cationic amphiphilic
calixarenes, the study of their self-assembly in water as nanoparticles, and
the assessment of the calixarene-based nanoparticles to be used as a

carrier system for DNA.

The first achievement was the synthesis of amphiphilic calixarenes in
the cone conformation, bearing guanidinium or amine recognition
moieties at the upper rim and four dodecyloxy chains as hydrophobic

functions at the lower rim.
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The investigation of the self-assembly of cationic calix[4]arene at the
air-water interface showed that all the cationic calixarenes tested were
able to form stable Langmuir monolayers on a pure water surface.
The interaction of the amino-dodecyloxy-calix[4]arene derivatives
(1NH,4Cy, 1,2NH,4C;,, 1,3NH,4C;,, 3NH,4C;, and 4NH,4Cy, and GC12) with
ATGC in the subphase revealed different behavior depending on the
number of amine functions available to interact with DNA double helix.
Indeed, the compression isotherms of 1NH,4C,, 1,2NH,4C;,, 1,3NH,4C;,
and 3NH,4C;, measured in the presence of ATGC in the subphase leads to
an expansion of the calixarene monolayers. No clear expansion, but a

change in the shape of the isotherm could be observed with 4NH,4C,,.

To study the influence of the recognition function on the interaction
of the calix[4]arene monolayer with DNA duplexes sequence, GC12 or
4NH,4C,, monolayer isotherms were performed on three oligonucleotides
sequences: AT, GC and ATGC. The interaction of GC12 and 4NH,4C,,
monolayer at the air-water interface with the oligonucleotides (AT, GC and
ATGC) in the subphase showed differences in interaction of the
guanidinium and the amino functions with DNA molecules present in the
subphase. Indeed, the compression isotherms of GC12 on a DNA subphase
revealed a more important expansion of the monolayer than in the case of
4NH,4C,, in the same conditions for all DNA tested. This was attributed to
the ability of guanidinium functions of GC12 to form two hydrogen bonds
while the amine functions can form one hydrogen bond with the

phosphate backbone of the DNA.
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Moreover, the interaction with the Langmuir monolayers is
dependent on the DNA sequence. Different behaviors could be observed in

the presence of AT, GC or ATGC.

The ability of GC12 and of the amino calix[4]arene derivatives to
self-assemble as nanoparticles was investigated in nanopure water. GC12,
4NH,A4C,, and 3NH,4C,, form stable solid lipid nanoparticles in nanopure
water. 1NH,4C;, 1,2NH,4C;, and 1,3NH,4C;, in the non-protonated form
cannot form stable nanoparticles, but after protonation of the amine
function, 1NH;'4C;, 1,2NH;’4C;; and 1,3NH;'4C;, formed stable
suspensions.

The interaction of the calixarene-based nanoparticles with the
oligonucleotides ATGC was investigated by fluorescence displacement
assay using ethidium bromide as intercalating agent. A slight decrease in
the fluorescence intensity could be observed upon addition of 1NH3+4C12,
1,2NH;"4C,, 1,3NH;'4C;, and 3NH,4C,, —based nanoparticles. These results
were attributed to the impossibility for the calixarene-based nanoparticles
to unwind the double-strand of the DNA and to release the ethidium
bromide in solution, most probably because the interaction with DNA
double helix is mainly electrostatic. In the case of GC12-SLNs and
4NH,4C,,-SLNs, up to 80 % of the ethidium bromide was displaced for the
double-stranded ATGC.
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To investigate the influence of the DNA sequence in the binding
capacity, the fluorescence displacement assay was performed in the
presence of the 30-mer DNA AT and GC. The results suggested that
GC12-SLNs and 4NH,4C,,-SLNs displaced the intercalating dye for all DNA
tested.

It was shown that the binding was not purely based on electrostatic
interactions. In addition, the fluorescence displacement assay revealed a
slight preference for AT-DNA for both systems.

Circular dichroism experiments for GC12 and 4NH,4C,, showed that
the SLNs interact with DNA molecules and that those interactions caused a
B-to-A-like transition for GC and ATGC and no transition in AT-DNA
conformation. After the interaction, DNA duplexes remained in B’-form.
The binding mechanism of GC12 and 4NH,4C,,-SLNs with DNA was
investigated with ITC. The ITC results suggested that the binding with AT
proceeded via a minor groove mechanism while the binding to GC
occurred mainly via its major groove for both systems (GC12-SLNs and

4NH,4C4,-SLNs).

The present work aimed at building an LbL assembly at the surface of
calixarene-based nanoparticles to deliver genetic information into the
cells. The calixarene-based nanoparticles 1NH;'4C;, 1,2NH;"4Cy,,
1,3NH;"4C,,, 3NH,4C,, and 4NH,4C,, and GC12 were successfully modified

with several layers of DNA-chitosan without destabilization of the system.
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To go further in the study of the self-assembly properties of
calix[4]arenes in the presence of DNA, lipoplexes were formed with GC12
calixarenes. No lipoplexes could be prepared with the amino calixarene
derivatives. The SLNs and lipoplexes systems were used to deliver genetic
information.

The results showed that the SLNs modified by the LbL technique
could not transfect DNA in the condition of the experiments conducted.
On the other hand, the lipoplexes formed in pure water or in buffer were
able to deliver DNA into the cell but these systems were toxic for the cells
in those conditions.

The self-assembly and DNA-binding studies of calixarene
nanoparticles allow a better understanding of the mechanism of
interaction between the recognition moieties at the surface of the
nanoparticles and the DNA molecules. Considering the broader impact of
research on nanoparticle as DNA carrier system, these results might be
used to optimize the design of amphiphilic molecules capable of

DNA-binding by appropriate structural modifications.
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7 Experimental Section

7.1 Methodology

General

All reactions were carried out under anhydrous conditions. All
solvents were dried according to standard procedures and stored over
molecular sieves. 'H NMR spectra were recorded with a Bruker
spectrometer 300 MHz. Mass spectra were recorded in ESI mode on a
thermoquest LCQ Deca instrument. Elemental analyses were measured on
a Leco CHN-900 microanalyser (C-, H-, N-detection) and are reported in

mass percent.
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Thin layer chromatography was performed on pre-coated silica 0.2 mm
and flash column chromatography on 230-400 mesh Merck 60 silica gel.
The 25,26,27,28-tetra(dodecyloxy)-calix[4]arene (24),1 the 5,11,17,23-
tetra(amino)-25,26,27,28-tetra(tetradodecoxy)-calix[4]arene (4NHZ4C12),2
p-acyl-calix[4]arene (25), dimethoxy calixarene (28),* and N,N’-bis-tert-

butoxycarbonylthiourea® were produced as previously described.

Synthesis of 5,11,17,23-tetra[(bis-N-Boc)guanidine]-25,26,27,28-

tetra(dodecyloxy)-calix[4]arene (23)

NBoc To a solution of 22 (5.13 g, 4.43 mmol) in dry CH,Cl,

BocHN” “NH (150 mL), N,N’-bis-tert-butoxycarbonylthiourea (5.14 g,

18.61 mmol), and Et,N (6.73 g, 18.61 mmol) were

4 added and the mixture was cooled in an ice bath.

Cratlas 2-chloro-1-methylpyridinium iodide (7.92 g,

31.01 mmol) was added and the mixture stirred 30 minutes at 0°C. The ice

bath was removed and the reaction mixture was stirred overnight at 20 °C.

The solvent was evaporated under reduce pressure and the residue was

purified by flash column chromatography on silica gel (eluent:

heptane/ethyl acetate 9:1 and 6:1) to obtain a pale yellow powder, 23
(4.14 mg, 44 %).

'H NMR (CDCl3-d,300 MHz): 6y = 11.71 (br. s., 4 H, bocNH), 10.33 (s, 4 H,

ArNH), 7.30 (br. s., 4 H, ArH), 4.38 (d, J = 13.7 Hz, 4 H, ArCH,Ar), 3.62 (d,

J =3.8 Hz, 8 H, OCH,CH,(CH;)sCH3), 2.93 - 3.29 (m, 4 H, ArCH,Ar), 1.85 (br.

s., 8 H, OCH,CH,(CH,)oCHs), 1.38 - 1.78 (m, 72 H, ‘Bu), 1.01 - 1.38 (m, 72 H,

OCH,CH,(CH;)sCH3), 0.77 - 0.95 ppm (m, 12 H, OCH,CH,(CH,)sCH;).
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MS (ESI) m/z: [M-8boc+H,0+H]" calcd. for CgoHi3sN1,0s, 1344.07; found,
1344.7. m/z: [M-8boc+2H]2+ calcd. for CggH134N1,04, 663.5; found, 662.9.

Synthesis of 5,11,17,23-tetra(guanidinium)-25,26,27,28-
tetra(dodecyloxy)-calix[4]arene (GC12)

©

I)J\ solution of 23 (2 g, 0.47 mmol) in 60 mL of

® Concentrated HCI (37 %) was added drop wise to a
c N
H,N~ “NH

H
1,4-dioxane. The suspension was stirred 24h at
room temperature and the solvent evaporated
O\c H4 under vacuum. The obtained powder was triturated
12725 \ith ethyl acetate then filtrated, to give a beige
powder in a yield of 69 %.
'H NMR (DMSO-dg, 300 MHz): &y = 7.29 (br. s., 8 H, ArH), 6.55 (s, 4 H,
ArNH), 4.29 (d, J = 12.5 Hz, 4 H, ArCH,Ar), 3.84 (br. s., 8 H, OCH,(CH,)1,CH3),
3.24 (d, J = 12.5 Hz, 4 H, ArCH,Ar), 1.86 (br. s., 8 H, OCH,CH,(CH,)sCH3),
1.24 (br. s., 72 H, OCH,CH,(CH,)osCH3), 0.72 - 0.94 ppm (m, 12 H,
OCH,CH,(CH;)4CH3). MS (ESI) m/z: [M-4HCI+2H]2+ calcd. for CgoH134N1,04,
663.53; found, 662.9. TLC heptane/ethyl acetate (4:1) Rf = 0.4.

General Procedure for the Ipso Nitration

25,26,27,28-Tetra(dodecyloxy)-calix[4]arene 24 (1 mmol) was dissolved in
CH,Cl, (10 mL) was added glacial acetic acid (4 mL) was added HNO; 65 %
(15eq) at 0°C. The reaction mixture was stirred at room temperature for
1h30. The reaction was stopped by addition of water (50 mL) and the

product mixture was extracted with CH,Cl, (3 x 50 mL).
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The organic layer was washed with saturated sodium bicarbonate
(3x50 mL) and water (3 x 50 mL) and dried over Na,SO,. The reaction

mixture consist of 24 (9 %) and 1NO,4C;, (16 %).

The same reaction stopped after 2 h afford 1,2N0,4C,, and 1,3NO,4C;, in
4 %, 12 % yields respectively. If the reaction is stopped after 3h, the
mixture is composed of 1,3N0,4C;, and 3NO,4C,, in 30 % and 33 % yields

respectively. The products were separated by column chromatography.

5-Mono(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene (1INO,4C,,)
was obtained as a white powder after flash column chromatography in

heptane/CH,Cl, (4:1).

'H NMR (CDCls-d, 300 MHz) 8 = 7.11 (s, 2 H,
ArH), 6.75 - 7.00 (m, 6 H, ArH), 6.23 (s, 3 H,

0O 0 o, O ArH), 4.44 (t, J = 13.8 Hz, 4 H, ArCH,Ar),
CiiHzs CiHas  CiiHpCiMs 3,61 - 4.11 (m, 8 H, OCH,(CH,)10CHs), 3.17 (dd,
J =13.3, 11.8 Hz, 4 H, ArCH,Ar), 1.77 - 1.97 (m, 8 H, OCH,CH,(CH,)oCH3),
1.27 (br. s.,, 72 H, OCH,CH,(CH,)sCHs), 0.79 - 0.93 ppm (m, 12 H,
OCH,CH,(CH,)sCH;). >C NMR (CDCl3-d, 75 MHz) &, = 161.4, 157.2, 155.8,
142.6, 136.6, 136.0, 134.9, 134.0, 129.4, 128.5, 127.7, 123.2, 122.4, 121.7,
75.5, 75.2, 32.0, 31.1, 31.0, 30.4, 30.2, 30.0, 29.8, 29.8, 29.4, 26.5, 26.4,
26.1, 22.7, 14.1 ppm. MS (ESI) m/z: [M+Na]" calcd. for C;sH115NOg,
1164.89; found, 1164.9. Elemental analysis (%); calcd. C 79.88, H 10.50,
N 1.23; found C 79.82, H 10.22, N 1.19. TLC heptane/ethyl acetate (10:1)
Rf=0.51.
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5,11-Di(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene  (1,2NO,4C;,)
was obtained as a white powder after flash column chromatography in

heptane/ethyl acetate (20:1).

'"H NMR (CDCls-d, 300 MHz): &, = 7.49 (d,
J =93 Hz, 4 H, ArH), 6.55 (br. s., 6 H, ArH),
431 - 4.56 (m, 4 H, ArCH,Ar), 3.86 (br. s., 8 H,

CiHzs CitHos  CyyHpCriHas  OCH,(CH,)1oCHs), 3.05 - 3.38 (m, 4 H,
ArCH,Ar), 1.85 (br. s., 8 H, OCH,CH,(CH,)sCHs), 1.27 (br. s., 72 H,
OCH,CH,(CH,)sCHs), 0.79 - 0.96 ppm (m, 12 H, OCH,CH,(CH,)sCHs).
B¢ NMR (CDCl3-d, 75 MHz) 8¢ = 162.2, 156.5, 142.5, 137.1, 135.4, 135.2,
133.5, 129.0, 128.0, 125.0, 124.4,123.3, 122.3, 75.7, 75.3, 31.9, 31.1, 30.3,
29.9, 29.9, 29.8, 29.7, 29.4, 26.3, 26.2, 22.7, 14.1 ppm. MS (ESI) m/z:
[M]" calcd. for CsgH115N,0g, 1187.89; found, 1187.8. Elemental analysis (%);
caled. C 76.85, H 10.01, N 2.36; found C 75.88, H 10.40, N 2.41. TLC
heptane/ethyl acetate (10:1) Rf = 0.35.

5,17-Di(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene  (1,3NO,4C;,)
was obtained as a white powder after flash column chromatography in

heptane/ethyl acetate (20:1).

ON NO,  'H NMR (CDCls-d, 300 MHz): 8 = 7.43 (s, 4 H,
Q Gns O ArH), 6.74 (s, 6 H, ArH), 4.47 (d, J = 13.7 Hz,
AT N

S (R 4 H, ArCH,Ar), 3.92 (dt, J = 15.1, 7.4 Hz, 8 H,

CiHas CiiHzs  CyyHyCiitas  OCH,(CH,)10CHs), 3.25 (d, J = 13.7 Hz, 4 H,
ArCH,Ar), 1.84 - 2.01 (m, 8 H, OCH,CH,(CH,)sCH3), 1.19 - 1.51 (m, 72 H,
OCH,CH,(CH,)4CHs), 0.80 - 0.95 ppm (m, 12 H, OCH,CH,(CH,)sCHS).
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3C NMR (CDCls-d, 75 MHz): 8¢ = 161.9, 156.3, 142.5, 136.3, 134.1, 128.9,
123.4,123.0, 75.7, 75.4, 31.9, 31.1, 30.3, 30.9, 29.8, 29.7, 29.4, 26.2, 22.7,
14.1 ppm. MS (ESI) m/z:[M+Na]* calcd. for C;¢H115N,0s, 1209.88; found,
1209.7. Elemental analysis (%); calcd. C 76.85, H 10.01, N 2.36; found
C 76.96, H 10.02, N 2.44. TLC heptane/ethyl acetate (10:1) Rf = 0.28.

5,11,17-Tri(nitro)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene (3NO,4C,,)
was obtained as a white powder after flash column chromatography in

heptane/ethyl acetate (10:1).

'H NMR (CDCl;-d, 300 MHz) &, = 7.79 (d,
J = 42 Hz, 4 H, ArH), 7.24 (s, 2 H, ArH),
6.37 (s, 3 H, ArH), 4.48 (t, J = 14.2 Hz, 4 H,

S AT S ArCH,Ar), 3.68 - 4.21 (m, 8 H, OCH,(CH,)1oCHs),

3.33(t, J=14.6 Hz, 4 H, ArCH,Ar), 1.87
(d, J = 6.8 Hz, 8 H, OCH,CH,(CH,)9CH3), 1.15 - 1.53 (m, 72 H,
OCH,CH,(CH,)sCHs), 0.88 ppm (t, J = 6.4 Hz, 12 H, OCH,CH,(CH,)sCH;). *C
NMR (CDCl3-d, 75 MHz) &, = 162.7, 161.3, 155.8, 142.9, 142.6, 137.5, 135.8,
134.9, 132.9, 128.4, 124.7, 123.6, 122.7, 75.9, 75.6, 31.9, 31.1, 31.1, 30.4,
30.3, 29.9, 29.8, 29.8, 29.7, 29.4, 26.4, 26.3, 26.0, 22.7, 14.1 ppm. MS (ESI)
m/z: [M+Na]" calcd. for Cs6H11,N30;0, 1254.86; found, 1254.8. Elemental
analysis (%); calcd. C 74.05, H 9.57, N 3.41; found C 73.93, H 9.63, N 3.42.

TLC heptane/ethyl acetate (10:1) Rf = 0.17.
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General Procedure for the Reduction of the Nitro Groups into

Amine

Hydrazine monohydrate (20 eq per nitro groups) and catalytic amount of
Pd/C (10 %) was added to a suspension of calixarene (1INO,4C;,,
1,2N0,4C4,, 1,3N0,4C;,, or 3NO,4C;,) in ethanol. The mixture was reflux
for 4 hours and then filtrated, through hot filtration. The filtrate was cool

to room temperature and the desired product crystallized in ethanol.

5-Mono(amino)-25,26,27,28-tetra(dodecyloxy)-calix[4]Jarene  (1NH,4C;,)

was obtained as a white powder in a yield of 84 %.

'H NMR (CDCl5-d, 300 MHz) &, = 6.50 - 6.74
(m, 9 H, ArH), 5.95 (s, 2 H, ArH), 4.44 (d,
J=13.3 Hz, 2 H, ArCH,Ar), 4.30 (d, J = 13.3 Hz,

CiHzs Ciibas \cﬂH;CﬁHm 2 H, ArCHAr), 3.85 (dt, J = 7.3, 3.9 Hz, 8 H,
OCH,(CH,)10CHs), 3.14 (d, J = 13.3 Hz, 2 H, ArCH,Ar), 3.02 (d, J = 13.3 Hz,
2 H, ArCH,Ar), 179 - 1.96 (m, 8 H), 1.19 - 1.41 (m, 72 H,
OCH,CH,(CH,)9CHs), 0.88 ppm (t, J = 6.8 Hz, 12 H, OCH,CH,(CH,)oCH3).
C NMR (CDCl3-d, 75 MHz) & = 156.7, 140.3, 135.6, 135.2, 128.0, 121.8,
121.5, 115.4, 75.1, 32.0, 31.0, 30.3, 30.0, 29.9, 29.8, 29.8, 29.4, 26.4, 22.7,
14.1 ppm. MS (ESI) m/z: [M+H]" caled. for Cy6Hq,:NO,, 1112.94; found,
1112.7. Elemental analysis (%); calcd. C 82.06, H 10.96, N 1.26; found
C 81.66, H 10.74, N 1.16. TLC CHCl3/hexane/acetone (10:20:3) Rf = 0.55.
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5,11-Di(amino)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene (1,2NH,4C;,)

was obtained as a white powder in a yield of 87 %.

NH, 'H NMR (CDCl5-d, 300 MHz) 8y = 6.46 - 6.72

NH,
Q ‘ns O (m, 6 H, ArH), 5.98 (dd, J = 12.1, 2.6 Hz, 4 H,
o O VA

ArH), 4.37 (ddd, J = 24.0, 13.2 Hz, 4 H,

°r° N ° _
CiHzs Crifas  &4yHyCribas ArCH,Ar), 3.81 (dt, J = 27.0, 7.3 Hz, 8 H,
OCH,(CH,)10CH3), 3.02 (ddd, J = 36.6, 13.3 Hz, 4 H, ArCH,Ar), 1.73 - 1.98 (m,
8 H, OCH,CH,(CH,)9CH3), 1.27 (s, 72 H, OCH,CH,(CH,)sCH3), 0.88 ppm (t,
J=6.7 Hz, 12 H, OCH,CH,(CH,)oCH3). BCNMR (CDCl5-d, 75 MHz) 8¢ = 156.8,
149.9, 140.2, 135.6, 135.2, 128.1, 128.0, 121.4, 115.4, 75.1, 75.1, 32.0,
31.1, 30.3, 30.3, 30.0, 29.9, 29.8, 29.8, 29.4, 26.4, 26.4, 22.7, 14.1 ppm.
MS (ESI) m/z: [M+Na]" caled. for C;eHi2,N,0, 1149.93; found, 1149.
Elemental analysis (%); calcd. C 80.94, H 10.0, N 2.48; found C 80.81,

H 10.89, N 2.51. TLC CHCl;/hexane/acetone (10:20:17) Rf = 0.45.

5,17-Di(amino(-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
(1,3NH,4C;,) was obtained as a white powder in a yield of 75 %.

'"H NMR (CDCl5-d, 300 MHz): &, = 6.51 - 6.78
H, NH;

N
Q Cﬂﬁ O (m, 6 H, ArH), 5.93 (s, 4 H, ArH), 4.37 (d,
2 Gl J=13.3 Hz, 4 H, ArCH,Ar), 3.59 - 3.97 (m, 8 H,

°° N ° OCH,(CH,)1oCHs), 3.03 (d, J = 133 Hz, 4 H
CitHzs CitHas  CyqHpsCriHas ’ ’ ’ ’
ArCH,Ar), 1.86 (br. s., 8 H, OCH,CH,(CH,)sCH;), 1.08 - 1.48 (m, 72 H,
OCH,CH,(CH,)sCH;), 0.73 - 1.08 ppm (m, 12 H, OCH,CH,(CH,)sCHs).
€ NMR (CDCly-d, 75 MHz): 8¢ = 157.7, 154.2, 136.5, 135.3, 129.5, 122.6,

120.7, 75.3, 75.1, 32.0, 31.9, 31.0, 30.5, 30.1, 29.8, 29.8, 29.7, 29.4, 29.4,
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26.6, 26.0, 22.7, 14.1 ppm. MS (ESI) m/z: [M+Na]" calcd. for C;gH12:N504,
1149.93; found, 1149.9. Elemental analysis (%); calcd. C 80.94, H 10.90,
N 2.48; found C 80.46, H 10.70, N 2.39. TLC CHCl3/hexane/acetone
(10:20:17) Rf = 0.40.

5,11,17-Tri(amino)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
(3NH4Cy,) was obtained as a white powder in a yield of 54 %.

H, NH, 'H NMR (CDCl;-d, 300 MHz) 8, = 6.58 - 6.75

N  HN
Q ‘ﬂs O (m, 3 H, ArH), 5.90 - 6.10 (m, 6 H, ArH), 4.37
PSR
5 0 o © (d, J = 13.1 Hz, 2 H, ArCH,Ar), 4.30 (d,
CiHys CitHas €y Hp3C1iHas J = 13.3 Hz, 2 H, ArCH,Ar), 3.65 - 3.94 (m,
8 H, OCH,(CH,);,CH3), 3.03 (d, J = 13.3 Hz, 2 H, ArCH,Ar), 2.91 (d,
J = 13.1 Hz, 2 H, ArCH,Ar), 1.74 - 1.96 (m, 8 H, OCH,(CH,)1,CHs),
1.19 - 1.45 (m, 72 H, OCH,CH,(CH,)sCHs), 0.80 - 0.96 ppm (m, 12 H,
OCH,CH,(CH,)sCHs). *C NMR (CDCl5-d, 75 MHz) 8. = 150.1, 150.0, 140.3,
140.1, 135.8, 135.5, 135.4, 128.1, 115.7, 115.4, 75.1, 32.0, 31.1, 30.3, 30.0,
29.9, 29.8, 29.8, 29.4, 26.4, 22.7, 14.1 ppm. MS (ESI) m/z: [M+Na]" calcd.
for C;6H123N30,4, 1164.94; found, 1164.9. Elemental analysis (%); calcd.
C 79.87, H 10.85, N 3.68; found C 79.56, H 10.65, N 3.37.
TLC CHCl3/hexane/acetone (10:20:17) Rf = 0.22.
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General Procedure for the Protonation of the p-Amino

Calix[4]arene Derivatives

The calixarene powder was dissolved in CHCl; and the solution
washed with HCI (0.1 N) to protonate the amine groups. The organic layer
was dried over Na,SO, and the solvent evaporated. The protonated

calixarene were characterized by 'H NMR.

5-Mono(ammonium)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
chloride (1NH;'4C;;)

'H NMR (CDCl3-d, 300 MHz) &y, = 10.13 (br. s.,
2 H, ArNH;'), 6.91 (s, 2 H, ArH), 6.81 (s, 3 H,
ArH), 6.45 (s, 6 H, ArH), 4.42 (dd, J = 13.3,
3.2 Hz, 4 H, ArCH,Ar), 3.92 (t, J = 7.6 Hg,

B
CyqHps CiiHas C11H23C11H23 4 H, OCHz(CH2)10CH3), 3.78 (m, 4 H,
OCH,(CH,)14CHs), 3.15 (dd, J = 13.5, 6.5 Hz, 4 H, ArCH,Ar), 1.71 - 1.90 (m,
8 H, OCH,CH,(CH,)sCHs), 1.27 (br. s., 72 H, OCH,CH,(CH,)sCHs), 0.88 ppm (t,
J = 6.4 Hz, 12 H, OCH,CH,(CH,)sCHs).

154



Experimental Section

5,11-Dilammonium)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
dichloride (1,2NH;'4C;,)

'H NMR (CDCl;-d, 300 MHz) 8y, = 9.79 (br.
s., 5 H, ArNH;"), 6.72 (br. m., 9 H, ArH),
4.28 (br. s., 4 H, ArCH,Ar), 3.71 (br. s., 8
H, OCH,(CH,):oCHs), 3.00 (br. s., 4 H,

ArCH,Ar), 179 (br. s, 8 H,
CqqHp; CaqH2s CyqHp3C11H23
OCH,CH,(CH,)qCHs), 1.26 (br. s., 72 H,

OCH,CH,(CH,)sCHs), 0.87 ppm (t, J = 6.5 Hz, 12 H, OCH,CH,(CH,)oCHs).

5,17-Dilammonium)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
dichloride (1,3NH;'4C;,)

'H NMR (CDCl5-d, 300 MHz) 8 = 9.41
(br.s., 6 H, ArNH;), 7.29 (d, J = 7.6 Hz,
4 H, ArH), 7.01 (s, 2 H, ArH), 6.24 (s,
4 H, ArH), 4.44 (d, J = 13.3 Hz, 4 H,
ArCH,Ar), 3.97 - 4.13 (m, 4 H,

OCH,(CH,)10CH3), 3.67 (t, J = 5.9 Hgz,
CqqHzz CiiHaz  CyyH,3C11H23 o(CHz)10CHS) ( z

4 H, OCH,(CHy)CHs), 3.20 (d,
J=13.7 Hz, 4 H), 2.31 (br. 5., 4 H, ), 1.93 (br. 5., 8 H, OCH,(CH,)1oCHs), 1.27
(br. s., 66 H, OCH,CH,(CH,),CH3), 0.81 - 0.90 ppm (m, 12 H,

OCH,CH,(CH,)sCH3).
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5,11,17-Trilammonium)-25,26,27,28-tetra(dodecyloxy)-calix[4]arene
trichloride (3NH;'4C;;)
) 'H NMR (CDCl5-d, 300 MHz) 8, = 6.98 (m,

o 69'6 ®
HsN~ HsN NH, 2 H, ArH), 6.86 (m, 1 H, ArH), 6.45 (br. s.,
Q f //\ 2 H, ArH), 5.96 (d, J = 2.5 Hz, 2 H, ArH),
o r(‘) o é\ 5.83(d,J=2.5Hz, 2 H, ArH), 4.17 - 4.43 (m,

Gl Cuibles  CoanCrifls 4 H ArCHAY), 3.77 - 3.98 (m, 13 H,
OCH,(CH,)1oCH; and ArNH;"), 3.62 (br. s., 4 H, OCH,(CH,)1,CHs), 3.05 (d,
J=13.9 Hz, 2 H, ArCH,Ar), 2.91 (d, J = 13.5 Hz, 2 H, ArCH,Ar), 1.81 (m, 8 H,
OCH,CH,(CH,)sCHs), 1.26 (s, 72 H, OCH,CH,(CH;)sCHs), 0.88 ppm (t,
J=6.5 Hz, 12 H, OCH,CH,(CH,)sCHs).

5,11,17,21-Tetra(ammonium)-25,26,27,28-tetra(dodecyloxy)-
calix[4]arene tetrachloride (4NH; 4C;,)

'H NMR (CDCl;-d, 300 MHz) 8, = 6.32 (br. s.,
9 H, ArNH;"), 6.03 (br. s., 8 H, ArH), 4.21 (d,
J=12.1 Hz, 4 H, ArCH,Ar), 3.68 (br. s., 8 H,
OCH,(CH,)1oCH3), 2.86 (d, J = 11.0 Hz, 4 H,

0oy N ArCH,Ar), 177 (br. s, 8 H,
CyiHzz Ci1Has  CyqHp3Ca1H23
OCH,CH,(CH,)oCH3), 1.26 (br. s, 72 H,

OCH,CH,(CH;)sCHs), 0.88 ppm (t, J = 6.5 Hz, 12 H, OCH,CH,(CH,)9CH5).
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General Procedure for the Diacylation

Under anhydrous nitrogen, aluminium trichloride (23.5 g, 176 mmol)
and the lauroyl chloride (138 mmol) were added to nitrobenzene (200 mL)
and the mixture was stirred for 10 minutes. The solution became dark
brown; to this was added calixarene 28 (9.7 g, 23 mmol). The resultant
solution was stirred at room temperature for 4 hours. Pouring onto ice for
one hour stopped the reaction. The organic phase was extracted with
chloroform (800 mL), washed with 1 M HCl (2 x 400 mL), 1 M NaCl
(2 x 400 mL), water (4 x 400 mL) and dried under anhydrous MgSQO,.
The chloroform was removed under reduced pressure, and the
nitrobenzene distilled off under vacuum (107T) to give a volume of
100 mL. Compounds were precipitated as white solids by the addition of
methanol (300 mL). The products were recrystallized from acetone to yield

the pure compounds.

5,11,17,21-Diacyl-25,27-di(methoxy)-calix[4]arene (29)

'H NMR (CDCl5-d, 300 MHz): 8, = 8.47 (s, 2 H),
CqH (@]
e 7.76 (s, 4 H), 691 (d, J = 7.4 Hz, 4 H),
O 6.71- 6.81 (m, 2 H), 4.29 (d, J = 13.3 Hz, 4 H),
, 4.00(s, 6 H),3.49 (d, J = 13.3 Hz, 4 H), 2.90 (¢,
OH OCHs
J=75Hz 4H), 1.72 (t, J = 6.9 Hz, 4 H),

1.26 (br.s., 32 H), 0.88 ppm (t, J = 6.6 Hz, 6 H).
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General Procedure for the o-Alkylation

Under anhydrous nitrogen, the relevant para acyl calixarene was
stirred in dry DMF for 30 minutes, prior the carefully addition of
NaH (2.3 equivalents per OH group). The mixture was stirred for 1 h at
room temperature and N-(3-bromoethyl)phthalimide (2.3 equivalents per

OH group) was added. The reaction was quenched by HCl solution 1 N.

Langmuir Monolayer Experiments

Prior to experiments, the Langmuir trough (Nima 112D) and the
barriers were cleaned with analytical grade chloroform and nanopure
water (resistivity > 18 MQ cm). The microbalance was calibrated before
each series of runs using a weighing pan and a calibration weight.
Buffer solutions, at defined concentration in nanopure water, were
prepared extemporaneously. The absence of surface-active molecules was
controlled by closing the barriers in the absence of GC12; no relevant
change in surface tension was observed. 10 puL of GC12 solution in
chloroform (1 mg mL™") was spread on the liquid subphase using a gastight
microsyringe. Fifteen minutes was allowed for solvent evaporation and
monolayer equilibration; barriers were closed in continuous mode at a

speed rate of 5 cm’min’™.
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Spectroscopic Ellipsometry

Ellipsometry measurements were carried out using an imaging and
spectroscopic system (EP3 Ellipsometer, Accurion, Germany) in a nulling
PCSA (polarizer-compensator-sample-analyzer) set-up mounted on the
Langmuir trough; the BAM images are coded in gray level. To determine
the thickness of the layer at the air-water interface, the calibration
procedure of the manufacturer (EP3 View V252) was used to determine
the linear function between the reflectance and the gray level. In this
system, the incident beam that is elliptically polarized with a linear
polarizer (P) and a quarter-wave plate (C) is reflected from the sample (S)
to the analyzer (A) and finally imaged with a CCD camera using a
10x objective. The nulling conditions, related to the optical properties of
each sample, were obtained by tuning the angles of P, C and A. In the
thickness model, the minimum and maximum refractive index values were

set to 1.44 and 1.46 respectively.

Nanoparticules Preparation and Characterization

SLNs Preparation

The SLNs suspensions were prepared by dissolving 15 mg of
calixarene in 5 mL THF. After 1 minute stirring, a volume of 50 mL of
nanopure water was added and the solution was stirred one more minute.
The THF was subsequently evaporated under reduced pressure at 40°C and
the volume adjusted to 50 mL with nanopure water to obtain a final

concentration of 300 pg mL™.
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Lipoplexes Preparation

First method: The lipoplexes suspensions were prepared by mixing
1 mg of calixarene in 1 mL of the appropriate aqueous solution (nanopure
water, HEPES buffer, cacodylate buffer, phosphate buffer or Tris-HCI
buffer) 120 minutes at 40°C. The clear suspension was then cool down to
room temperature and mixed with DNA 1.6 ug during 20 minutes at room
temperature.

Second method: The lipoplexes suspensions were prepared by mixing
1 mg of calixarene and 1.6 pg of DNA in 1mL of the appropriate aqueous
solution (nanopure water, HEPES buffer, cacodylate buffer, phosphate
buffer or Tris-HCI buffer) during 20 minutes at 40°C. The clear suspension

was then cool down to room temperature.

Critical Micellar Concentration (CMC)

A Kriiss K100 tensiometer was used to measure the surface tension of
GC12 suspensions by the du Nolly ring detachment method, at room
temperature. Solutions of GCl12-based SLNs in nanopure water were
prepared at different concentrations ranging from 2.0 x 107 M to
7.0 x 10" M. Measurements were made after an equilibration time of

10 minutes in triplicate to ensure reproducibility.
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Dynamic Light Scanning (DLS) and {-potential Measurements

The particles size and zeta potential were measured using a Zetasizer
Nano ZS system (Malvern Instruments). The SLNs suspensions were diluted
to a concentration of 50 pg mL" in nanopure water. All values were

measured three times. The system was thermostated at 25°C.

Atomic Force Microscopy (AFM)

A solution SLNs at a final concentration 100 pg mL™" was deposited on
freshly cleaved mica. Imaging was performed in non-contact mode in air
using a NTegra Prima system (NT-MDT) equipped with diamond

rectangular cantilevers (NT-MDT). The image is presented unfiltered.

DNA-Binding Experiments and Characterization

Ethidium bromide and sodium cacodylate were purchased from
Sigma-Aldrich. The following oligonucleotides (30-mer) were purchased

from Microsynth.

Table S1. DNA sequences used

Name | Sequence

AT | d(5-AAA AAA AAA AAA AAA AAA AAA AAA AAA AAA-3)
d(5-TTTTTITTITTIT TITTIT TIT TITTTT TTT-3’)

GC | d(5’-CCC CCC CCC CCC CCC CCC CcCC cee cee cee-3Y)
d(5’-GGG GGG GGG GGG GGG GGG GGG GGG GGG GGG-3’)

ATGC | d(5’-GTG GCT AAC TAC GCA TTC CAC GAC CAA ATG-3')
d(5’-CAT TTG GTC GTG GAA TGC GTA GTT AGC CAC-3’)
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Double-Stranded DNA Preparation

The lyophilized oligonucleotides were resuspended in nanopure
water (300 uM) and stored at -20°C. Double-stranded oligonucleotides
30-mer were prepared by mixing the same volume of the two
complementary single stranded oligonucleotide in HEPES buffer (20 mM

HEPES, 100 mM NaCl, pH 7.1).

The solutions were heated 5 minutes at 95°C, slowly cooled down to
room temperature and the volume of the solution was adjusted to a final
concentration of 54 uM. Double-stranded DNA samples used for circular
dichroism experiments were prepared following the same protocol with a
sodium cacodylate buffer solution (20 mM sodium cacodylate, 100 mM

NaCl, pH 6.8).

Layer-by-Layer Technique

Prior the preparation of SLNs coated with several DNA-chitosan
layers, the amount of DNA or chitosan needed to fully cover the SLNs was
measured by following the change in zeta potential. SLNs at a
concentration All CD experiments were recorded on an Applied of
50 g mL™ in nanopure water were mixed with increasing concentration of
DNA (100 pg mL"). Then SLNs/DNA/chitosan complex was formed by
adding increasing concentration of chitosan (100 pg mL") to the SLN/DNA
complex. SLNs coated with several layer of DNA/chitosan was prepared by
mixing the SLNs in water (50 pg mL") with DNA then incubated with

chitosan.
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Ethidium Bromide Displacement Assay

Fluorescence measurements were carried out in a 96-well plate
(flat bottom, black) at room temperature (excitation at 510 nm, emission
at 595 nm) with a Tecan Infinite M200 reader. Ethidium bromide
(0.5 equivalents per base pair) was incubated with DNA (1 mg mL?, 54 1)
in a buffer solution (20 mM HEPES, 100 mM NaCl, pH 7.1) during
15 minutes prior to titration by SLNs. Increasing volumes of the stock
solution (300 ug mL'l) of SLNs in a buffer solution (20 mM HEPES, 10 mM
NaCl, pH 7.1 or 20 mM HEPES, 100 mM NaCl, pH 7.1) were mixed with the
premixed DNA-EtBr solution (final concentration of oligonucleotide
40 g mL™) 30 minutes prior to measurement. Standard calibration curves

were fitted to a linear curve using Origin software.

Circular Dichroism (CD)

Photophysics “Chirascan circular dichroism spectrometer using a
quartz cell with a 1 cm path length. Volumes of SLNs stock
solution (300 pg mL", 204 pM, in buffer 20 mM Sodium Cacodylate,
100 mM NaCl, pH 6.8) were added to a solution of oligonucleotide (650 pL,
2.72 uM, in the same buffer), the spectra were recorded from 200 to
350 nm at 20°C and data recorded in 0.5 nm increments with an average of

2 seconds.
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Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry measurements were conducted at
20°C on a MicroCal ITC,gp.Volumes of 1.5 pL of oligonucleotide (147 uM in
20 mM HEPES, 100 mM NaCl, pH 7.1) were injected at 20°C into an
isothermal sample chamber containing SLNs (400 pL, 7.37 pM in 20mM
HEPES, 100 mM NaCl, pH 7.1) via a 40 plL rotary syringe (500 rpm).
The interval time between each injection was 240 s. The initial delay prior
to the first injection was 60 seconds. Injections of oligonucleotide solutions
at the same concentration in buffer solution were used as a blank.
The experimental data were fitted to a theoretical titration curve using the

software supplied by MicroCal (OriginLab).

Transfection Protocol

CHO (Chinese Hamster Ovary) cells were grown in Dubelbecco’s
Modified Eagle Medium: Nutrient Mixture F-12 medium with 10 % FBS
(Foetal Bovine Serum, Invitrogene) and 1 % P/S (Pennicillin/Streptomycin,
Invitrogen). One day before transfection, cells were plated in the
appropriate amount of medium so that they reached 80-90 % confluence
on the day of the transfection experiment. Transfections were performed
in 12 well plates, adding 50 pL of the appropriate nanoparticles
suspensions. Transfection positive controls were obtained using
LipofectaminewI 2000 (Invitrogen) following the manufacturer’s
procedure. Negative controls were obtained by adding the pure plasmid

DNA.
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7.2 Results
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Figure S1. MN-A isotherms of GC12 monolayer in the presence of pure water
(1), ATGC (2), AT (3) or GC (4) in the subphase at a concentration of
a)10°gL", b) 10°gL™, andc) 10*g L™
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Figure S2. DLS size-distribution intensity measurements of GC12-SLNs

(6 ug mLY) in nanopure water.
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Figure S3. C-potential measurements of GC12-SLNs (6 nug mL™) in nanopure
water.

166



Experimental Section

35000 -
>
£ 30000
S
,E 25000
3
2 20000
[J]
Q
@ 15000
g
= 10000
5000
0
0 10 20 30 40 50
DNA [ug mL?]
Equation F=A+B*[DNA]
Value Standard Error R?
A 0 0
AT 0.99129
B 640.47 10.48
A 0 0
GC 0.99254
B 590.07 9.51
A 0 0
ATGC 0.9924
B 590.79 9.03

Figure S4. Standart calibration curve of AT-EtBr (square), GC-EtBr (circle) and
ATGC-EtBr solution (triangle) fluorescence intensity as function of the
oligonucleotide concentration (ug mL’l) in a buffer solution (20 mM HEPES,
10 mM NadCl, pH 7.1) after 15 minutes of incubation with EtBr 0.5 equivalents
per base pair; Table values of the parameters fitting the linear equation.
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Figure S5. Standart calibration curve of AT-EtBr (square), GC-EtBr (circle) and ATGC-
EtBr solution (triangle) fluorescence intensity as function of the oligonucleotide
concentration (ug mL'l) in a buffer solution (20 mM HEPES, 100 mM NaCl, pH 7.1)
after 15 minutes of incubation with EtBr 0.5 equivalents per base pair; Table values

of the parameters fitting the linear equation.
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Figure S6. Fluorescence intensity of calixarene-based SLNs, GC12 (#) and
4NH,4C,, (A) measured in nanopure water (left) and after 15 minutes of
incubation with EtBr in buffer solution (20 mM HEPES, 100 mM NacCl, pH 7.1)
(right).
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Figure S7. Fluorescence intensity of (A) 1NH;"4C;,-SLNs, (O) 1,2NH;"4C,,-
SLNs, (M) 1,3NH;*4C,,-SLNs, () 3NH,4C;,-SLNs and (X) 4NH,4C;,-SLNs,
in HEPES buffer (20mM HEPES, 10 mM NaCl, pH 7.1) (left) and in the
presence of EtBr in HEPES buffer (20mM HEPES, 10 mM NaCl, pH 7.1) (right).
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Figure S9.

URPURSURILILUS UL AL A S |
0005 1.0 1.5 2.0 25 30 35 4.0 45 50 55 6.0

Molar Ratio

Isotherm titration calorimetry profiles for the binding of

4NH,4C,,-SLNs at 20°C in buffer solution (20 mM HEPES, 100 mM NadCl,
pH 7.1) with a) AT; b) GC and c) ATGC.
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Figure S10. Variation of the {-potential of the the 1NH,4C,, nanoparticles as

function of DNA concentration.
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Figure S11. Variation of the C-potential of the 1,2NH,4C,;, nanoparticles as
function of DNA concentration (right) and variation of the {-potential of the
1,2NH,4C,,-DNA as function of the chitosan concentration (left).
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Figure S12. Variation of the C-potential of the 1,3NH,4C,;, nanoparticles as
function of DNA concentration (right) and variation of the {-potential of the
1,3NH,4C,,-DNA as function of the chitosan concentration (left).
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Figure S13. Variation of the {-potential of the 3NH,4C;, nanoparticles as
function of DNA concentration (right) and variation of the C-potential of the
3NH,4C,,-DNA as function of the chitosan concentration (left).
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Figure S14. Variation of the C-potential of the 4NH,4C,, nanoparticles as
function of DNA concentration (right) and variation of the {-potential of the
4NH,4C,,-DNA as function of the chitosan concentration (left).
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Figure S15. Variation of the C-potential of the GC12 nanoparticles as function
of DNA concentration (right) and variation of the C-potential of the
GC12-DNA as function of the chitosan concentration (left).
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