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Chapter 1

Introduction

1.1. Prologue

This thesis has its main focus on using supramolecular chemistry as an approach to
Nanomedicine, specifically the assembly of layers of molecules. From these, it is highlighted
the formation of macroscopic or nanoscopic materials made of nanostructured assemblies of
molecules, but also the assembly of molecules on surfaces, these being either macroscopic or

nanoscopic (which are also obtained by supramolecular processes).

The work being presented here is an interdisciplinary effort that spawns through different areas
within Nanomedicine, where applications of nanostructured materials (hydrogels and gold
nanoparticles) as drug delivery vehicles, as well as sensing and studying molecular interactions
by means of SAMs have been explored. This thesis is presented as a compilation of papers —
already published or in preparation — that describes the work, and is structured into chapters that
focus each of the aforementioned areas. Each chapter has its own corresponding state of the art

review and objectives described at the beginning, for a better comprehension of the work.

This work begins with the assembly of structures derived from a gemini-type imidazolium
derived amphiphile The nanostructured assembly of this amphiphile leads to the formation of
hydrogels, and due to the nature of the polar head of the amphiphile that can recognize and bind
anions, the gel presents the ability to incorporate and deliver anionic drugs. On the other hand,
the gels have been used as a matrix to direct the templated-synthesis of gold nanoparticles

(Chapter 2).

Gold nanoparticles can also be obtained in solution by two different methods that gave either
organic-soluble or water-soluble nanoparticles, both showing ability to deliver drugs.
Additionally, gold nanoparticles can be synthesized by other methods, such as the Turkevich
synthesis using citrate as stabilizer or the synthesis in methanol using thiols as stabilizers, and
the stabilizer can be exchanged, rendering the appropriate functional groups to covalently attach

biomolecules, such as peptides (Chapter 3).

In Chapter 4 we describe the self-assembly process of molecules on macroscopic surfaces.
These surfaces were used as thermometric sensors to measure temperature. Additionally, the
functionalization of surfaces and quartz tuning fork with avidin and biotin was performed to

study interactions between these two molecules, the interactions being measured in terms of
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frequency of resonance. Additionally, the formation of layers of molecules on the surface of
gold surfaces was used to study the binding kinetics between antibodies and antigens through
the phenomenon called Surface Plasmon Resonance (SPR), present in the colloidal solutions of

gold nanoparticles but also in surfaces with gold layers that have nanometric thickness.

1.2. Context of the work

Nanoscience is a scientific area that has found a big development over the last decades. One of
the most commonly accepted definitions of nanotechnology, found in the US National
Nanotechnology Initiative, describes it as the understanding and control of mater with
dimensions in the order of 100 nm or less.! On the other hand, the EU Novel Food Regulation
defines ‘‘Engineered nanomaterial’’ as “any intentionally produced material that has one or
more dimensions of the order of 100 nm or less or is composed of discrete functional parts,
either internally or at the surface, many of which have one or more dimensions of the order of
100 nm or less, including structures, agglomerates or aggregates, which may have a size above

9 1

the order of 100 nm but retain properties that are characteristic to the nano-scale”.

The approaches to achieve such materials can be grouped in two: the top-down and the bottom-
up approaches (Figure 1.1). In the top-down approach the bulk material is processed by
different methods, that can be mechanical techniques (such as milling), lithographic techniques
or laser-beam processing, to name a few.” On the other hand, the bottom-up strategy consists on
the use of chemical synthesis and non-covalent interactions to obtain organized assemblies of

4
molecules.>

Chemical synthesis Mechanical
Supramolecular assembly Photolithographic
Self-organization Laser beam processing

Nanomaterials

Top-down

i L g L L I L >
R
102 10 10% 10° 10%® 107 | 10°® 10° 10*

meters

Figure 1.1: Top-down and bottom-up approaches for the preparation of nanomaterials.

The bottom-up approach resembles the processes that can be found in nature, namely the
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formation of the DNA double-helix or the formation of the quaternary structure of proteins. The
mechanisms are the same: the starting points are “construction blocks™ that self-assemble
through different processes -such as attractive and electrostatic forces, hydrophobic effects and
hydrogen bonds- into more complex structures. These structures can acquire functions that were

not present initially.

Many of these nanomaterials obtained by supramolecular chemistry may have many

applications,” one of them being medicine (Figure 1.2). Nanomedicine can therefore be defined

as the application of nanotechnology to solve medical problems.®

NANOMEDICINE -

* Diagnostic
* Therapy
* Regeneration

NANOMATERIALS

Molecular
chemistry

' Supramolecular
chemistry -

Figure 1.2: Bottom-up approach and applications in nanomedicine.

Their applications range from tissue regeneration to therapy and diagnostic.” Some of the main
advantages of using nanomaterials are: the ability to obtain multimodal systems with different
functions that can be used for targeting, therapy and/or imaging; the protecting effect on more
easily degradable molecules that can be loaded into these materials; and the fact that the high

surface/volume ratio enables a higher loading of molecules.* "

Examples that can be found in literature, include synthetic polymers, hydrogels, liposomes and
micelles, but also other materials such as nanoparticles (metallic, paramagnetic or polymeric),"

quantum dots'* and carbon nanotubes (Figure 1.3)."

For instance, we can find synthetic polymers used in tissue regeneration,'® gene therapy'’ and in
clinical use for drug delivery (albumin-bound paclitaxel Abraxane®)'®. Hydrogels can also be
used as scaffolds in tissue engineering'”* but also for drug delivery.'*?' Micelles are systems

that can find application as drug delivery systems™ and liposomes are already being
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commercialized as delivery vectors for drugs like doxorubicin or amphotericin B (as is the case

of Doxil® and AmBisome® respectively) to cite a few.

Quantum | g Synthetic
dots conjugates J

NANO
wEweew. MATERIALS

Figure 1.3: Different nanomaterials being developed and/or already in use in the field of nanomedicine.

Inorganic nanoparticles are also studied as therapeutic agents,” but also for imaging.” Due to
their easy synthesis and surface characteristics, gold nanoparticles have been exploited as
therapy agents for delivery of drugs, vaccines, gene therapy, imaging’®” but also in
theranostics.”® Superparamagnetic iron oxide nanoparticles (SPIONs) were of the first
nanoparticle MRI contrast agents (Feridex®, Endorem® and Resovist®) and are still in use,”'
but their application as delivery vectors has also been gaining attention.”’** The nanometric
size of these systems are especially important in the case of these inorganic non-biodegradable
nanoparticles, since their dimensions have consequences in their fate in the organism that are

yet to be fully understood.**

Quantum dots (also called semiconductor nanoparticles) are developed for imaging, because
their characteristics allow multiplexed and robust labelling of proteins or organelles,* but also
for imaging of cells and tissues.”® Apart from application in other fields, carbon nanotubes are

being studied as delivery agents.”’

Being biocompatible and non-toxic are mandatory features that these materials must comply

with.” This is a major drawback in the case of cadmium-containing quantum dots*® and carbon
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nanotubes.”

The above examples concern nanomaterials that are used for treatment or diagnostic in vivo.
However, the nanomaterials can also be used for diagnostic and sensing in vifro. An example is
the self-assembled monolayers (SAMs). SAMs are defined as ordered assemblies of molecules
that are formed by the spontaneous adsorption of a head group from the molecule to the surface
(substrate). The assembly of molecules on the surfaces of inorganic nanoparticles constitute a
SAM. However, a SAM can be formed on macro or microscopic substrates, and according to
the definition, it is still a nanostructured material because the monolayer constitutes a functional
part on the surface, and has at least one dimension below 100 nm. The monolayers are obtained
through spontaneous adsorption of molecules onto the surface in the liquid-solid interface, in
solution*” or by micro-contact printing.* One of the most popular applications of SAMs is its

4,42-44

use to fabricate sensors, as for example DNA chips for diagnostic, or through the

immobilization of biomolecules® or cells,® or to tag cell, through the immobilization of
biomolecules capable of recognizing specific types of cells (biosensors).””* More particular

applications of SAMs include the functionalization of tools to detect interactions using SPR-

49-51

based sensors and measurement of interactions between biomolecules using microscope

probes.” >
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1.3. Objectives

The general objectives of the present thesis are:

Assembly of nanostructures with adequate properties to be potentially used in therapy;
Synthesis of gold nanoparticles with appropriate functionalization for drug delivery,
using covalent and non-covalent interactions for incorporation of drugs;

Self-assembly of monolayers and functionalization, of surfaces or probes, for sensing

using biomolecules and chimiosensors.

Specific objectives are described, grouped by the chapters where they are discussed:

- Hydrogels assembly from bis-imidazolium ligands (Chapter 2):

a)
b)
¢)
d)
e)
f)

Finding and optimizing the conditions for hydrogel formation;
Characterization of the obtained hydrogel,

Incorporation of anionic drugs and study of their release rate in vitro;
Permeation study ex vivo,

Determination of the drug activity in vivo;

Directed-synthesis of gold nanoparticles (GNP) using the hydrogels as templates.

- Synthesis of gold nanoparticles (Chapter 3):

a)

b)

c)

d)

2

Synthesis of GNP using biphasic system with bis-imidazolium ligands with linear
structure;

Synthesis of GNP in aqueous medium using bis-imidazolium ligands with linear
constitution;

Synthesis of GNP using biphasic system with bis-imidazolium ligands with macrocyclic
structure;

Characterization of the obtained GNP;

Assessment of cytotoxicity, genotoxicity, and cell internalization of the synthesized
GNP;

Incorporation of anionic drugs and study of their release rate in vitro;

Synthesis of GNP using thiols and functionalization with synthetic cyclic peptides with

antimicrobial and antitumor properties.
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- Monolayer assembly on surfaces for sensing (Chapter 4):

a)

b)

¢)
d)

Functionalization of silicon surfaces surfaces with chimiosensors for temperature
sensing;

Functionalization of Scanning Force Microscopy probes with biotin for sensing its
molecular interaction with avidin;

Characterization of the functionalized structures using fluorescent conjugates;
Immobilization of anti-EGFR monoclonal antibodies and study of the interactions with

the corresponding antigen EGFR using functionalized gold sensor chips.
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Chapter 2

Nanostructured gels based on bis-imidazolium amphiphiles

2.1. Introduction

As it was described in Chapter 1, an engineered nanomaterial it is considered one that has one or
more dimensions of the order of 100 nm. According to this definition, gels can be classified as

nanomaterials.

A gel, as defined by Flory,* is a two-component colloidal system which is semi-solid,
composed of small amounts of a solid — called gelator - that is dispersed in a large amount of an
appropriate solvent (continuous phase), but having more solid-like characteristics.”*® The
gelator self-assembles through chemical interactions that can be covalent or non-covalent
(supramolecular). The self-assembly is responsible for the formation of a mesh network that -

through surface tension forces- prevents the solvent to flow (Figure 2.1).”

Supramolecular self-assembly

Covalent cross-linking

Figure 2.1: Macroscopic and nanoscopic images of a gel; the gelator molecule forms the gel by entrapping the

continuous phase in a network that can be formed by supramolecular self-assembly or covalent cross-linking.

Initially, Flory classified the gels in terms of structure, where he described a) lamellar
structures, composed of lamella with parallel arrangement; b) covalent polymeric networks,
which form a three-dimensional network that is ramified and presents cross-linking between the
structural units; c¢) polymer networks derived from physical aggregation that are mainly
disordered but presents some regions of local order, and d) particulate structures, which are

disordered and includes flocculent precipitates.™



Chapter 2 - Nanostructured gels based on bis-imidazolium amphiphiles

In driving self-assembly for the gel formation, the covalent bonds account for the stronger and
irreversible chemical interactions, while non-covalent interactions are weaker, such as hydrogen
bonds, ionic interactions, electrostatic and hydrophobic interactions, van der Waals interactions,

. : : 58,59
n-n stacking and London dispersion forces.”™

It has been observed that even though hydrogen
bonds are one of the stronger intermolecular interaction that can stabilize the gelator network, in
the cases where other interactions dominate, like the n-r stacking and London dispersion forces,

they can be absent.”

Covalent interactions provide more robust gels, whereas non-covalent bonds give gels that are
frailer, but often present thermoreversibility. This means that when the temperature increases,
the gel becomes more fluid, due to the increasing disorder on the system. The temperature that
corresponds to the sol-gel transition is called sol-gel transition temperature, tge/. This process is

usually reversible, and upon cooling, the gel reassembles (Figure 2.2).

- . ‘ e -~ ~
— Liquid phase . @ o cooling
— - ’ =
® Gelator °© . %7,
Ty N/
. Q- -, €E—

- ’ heating

Figure 2.2: Schematic representation of the transitions between an isotropic liquid, an isotropic gel and an

ordered liquid crystal anisotropic gel

Nowadays is still a tad difficult to have a generally accepted classification of the existing types
of gels, which normally is based in the type of gelator used, the kind of intermolecular

interactions that operate in the self-assembly process, and in the nature of the continuous phase.

Regarding the continuous phase, some consider a hydrogel one with water as continuous phase
on which the gelator is cross-linked, otherwise defined as an aqueous gel.”> On the other hand,
others define hydrogel as a gel which has an aqueous continuous phase, further dividing them in
a) physical, if the networks are assembled and maintained through molecular entanglements and
intermolecular interactions, and b) chemical, if the networks are covalently linked.®® When the
continuous phase is mainly composed of an organic solvent they are called organogels,”” or
aerogels/xerogels when the gel is dried and there is no liquid continuous phase.®" If the gel is

composed of an ionic liquid mixed with another component, then it is defined as an ionogel.*

According to the type of gelator, the gels can be a) polymeric, when the gelator is a polymer, or
b) Low Molecular Weight Gelator (LMWG) gels, when the small gelator molecules self-

assemble forming fibber-like structures.. Polymers can be of natural or synthetic origin.

10
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Although polymeric gels are normally associated to a cross-linked structure, the intermolecular
interactions can also be non-covalent. The chemically stabilized gels, with the cross-linked

structure, may be more robust but lacks thermal reversibility.””®

In the case of the gels formed
by LMWGs, the type of interactions are mainly non-covalent chemical interactions. However,
the type or organization of organogels from LMWGs can present two forms: in the first one the
temperature is lowered below the gelator’s solubility limit, with a consequent precipitation of
the gelator molecules, and aggregates are formed through intermolecular interactions, resulting
in solid fibbers; in the second case, a polar solvent is introduced in the organic solution of a
surfactant-type gelator which reorganizes into cylindrical aggregates, thus immobilizing the

5
solvent.”’

Two important concepts regarding the LMWGs are the Critical Aggregation Concentration
(CAC) and the Critical Gelator Concentration (CGC). CAC corresponds to the concentration at
which the molecules aggregate in solution, and CGC to the lowest concentration at which the

gelator is able to gelate a liquid at room temperature.®

According to their use, there are many examples of different applications for the gels: they can
be used for removal of pollutants: gels made of the polysaccharide Konjac glucomannan were
used to remove boron® and hydrogels prepared with poly(acrylic acid) to remove brilliant green
dye from water.®* Their robustness makes them useful as supports in the preparation of solar or
fuel cells. For example dextran hydrogel electrolyte loaded with quantum dots to prepare
quantum dot-sensitized solar cells®® and chitosan to prepare hydrogel membrane electrolytes
used in fuel cells.®® Also in the preparation of sensors, for cation and anions®’ or nitric oxide®
sensing, for example. Gels can also be used as templates or scaffolds: literature describes the
use as templates to prepare metallic nanoparticles: poly(2-acrylamido-2-methyl-1-
propansulfonic acid) hydrogels for the preparation in situ of cobalt nanoparticles®; in other
example tripeptides with tyrosine residue were used to prepare gold and silver nanoparticles.” It
is noteworthy that the tyrosine residues present in the peptide have the ability to reduce Au’" to
Au’, with the consequent oxidation of the amino acid residue, so the gel as double function of

template and reducing agent.

Their application as scaffolds can be associated to tissue engineering. Many examples are found
in literature: a double network hydrogel made of two different polymers for cartilage tissue
engineering,”' a hydrogel of blended gelatine and glycosaminoglycans for the culture of
hepatocytes,”” or a scaffold of polycaprolactone included in a hydrogel of gelatine and chitosan
for the culture of cardiac tissue,” just to name a few. It should be remarked the predominance of
the natural polymers in these scaffolds, due to their biocompatibility and biodegradability,

which makes them a first choice when performing cell and tissue culture. Besides tissue
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engineering, hydrogels are also used in nanomedicine as drug delivery systems, and can be

. . . 19,74
made responsive to some external stimuli, such as temperature 7

or the acidic pH found in
tumour tissues.” Examples can be found of nanogels of lecithin for skin delivery of drugs,”
hydrogels of a-cyclodextrin for delivery of doxorubicin,”” polyethylene glycol-based hydrogels
incorporating imidazole for the delivery of an antisense RNA oligonucleotide for cancer therapy
along with iron oxide nanoparticles for imaging,” a hybrid composed of an interpenetrated
chitosan-poloxamer 407 hydrogel loaded with micelles was studied for local delivery of the
anticancer drug paclitaxel,”™ or hydrogel beads of alginate grafted with N-vinyl captrolactam for

the delivery of 5-fluorouracil (a drug used in chemotherapy).” Most examples found are of

natural polymers® that are combined with other molecules or modified.
poly.

Polymeric hydrogels have been widely studied, due to the robustness and good
biocompatibility, but in the last decade LMWGs have been gaining attention, due to their
thermoreversibility, and their structure that favours an easier degradation.”® The drawback is
finding such molecules, for there is no rationale design method that assures the gelating ability
of the molecules. One of the options is the systematic synthesis of molecules with analogue

structures to already known LMWGs.”

Imidazole- and imidazolium-derived polymers have been described as being able to form
hydrogels.* For example, radical polymerization of an imidazolium-based ionic liquid with a
vinyl group in water resulted in the formation of a polyionic hydrogel with improved
thermostability when compared with a polyacrylamide hydrogel with covalent cross-linking and
an alginate-based hydrogel with ionic cross-linking;* also photopolymerization of an acrylate
imidazolium derivative afforded a hydrogel that was found to be more ordered structurally as

before the polymerization step, when the monomers were only non-covalently assembled.*
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Figure 2.3: Example of imidazolium derivative with acrylate group.®

There are also examples where imidazolium-based ionic liquids could be gelated by LMWG
derived from cholesterol, thus obtaining physical gels with good thermoreversible properties®*
Another important example shows imidazolium-based ionic liquids forming ionogels
incorporating ibuprofenate as counterion.” Other examples include imidazolium-derived ionic
liquids that upon addition of water self-assemble into an ionogel.*® In this case, the water is
responsible for breaking the bond between the imidazolium and its counterion, resulting in the

self-assembly of the gelator.
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Figure 2.4: Example of imidazolium ionic liquid that forms gel with ibuprofenate as counterion.®

Besides the described examples of gels of imidazolium-based polymers and of imidazolium-
based ionic liquids, examples are also found of imidazolium-based LMWG that can form gels in
organic solvents and in water solutions of a-cyclodextran, both gemini imidazolium salts,*” and
simple chain imidazolium salt,”® or imidazolium-bearing bolaamphiphiles that when brought
together with other components, gain the ability to gel water.* LMWG of L-lysine bearing
imidazolium groups could be used to gelate water.”’ it was found that bigger alkanoyl chains

decreased the gelation ability.

Figure 2.5: Example of (A) gemini imidazolium salt that forms gel with a-cyclodextran,®” and of (B)

imidazolium-bearing bolaamphiphile.*’

To the light of the example found in literature, imidazolium-based derivatives seem promising
molecules to assess their use as LMWG to obtain gels, which could be further used as drug

delivery systems or as templates to grow metallic nanoparticles.

13
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2.2. Objectives

Within the development of nanostructured materials, the study of hydrogels comprised of

nanometric fibbers is described. The main goals of this study are:

a) Assembly of nanostructured LMWGs hydrogels, where the gelator’s nature is based on
bis-imidazolium amphiphiles, namely a bis-imidazolium based gemini amphiphile
composed of two imidazolium moieties bearing an octadecyl chain, linked by a 1,3-
dimethylenebenzene (Figure 2.6);

b) Incorporation of anionic drugs into the hydrogel’s network,

¢) Study the ability of the hydrogels to be used as delivery agents of anti-inflammatory
anionic drugs for topical applications;

d) Investigate the use of the hydrogels as templates for the synthesis of gold nanoparticles
(GNP) coated with bis-imidazolium amphiphiles.

N N
Lo &3

1115 115

Figure 2.6: Structure of the bis-imidazolium based gemini amphiphile gelator.

This chapter is therefore divided in two sections, which objectives are explained in detail:

2.2.1. Bis-imidazolium hydrogels as potential carriers of anionic drugs
I.  Study of the gelification by self-assembly to form hydrogel based on a bis-imidazolium
based gemini-type amphiphile;

IL. Optimization by changing solvent ratio and gelator amount:

II.  Study of the incorporation in the hydrogel of anionic drugs (sodium ibuprofenate,
indomethacin, diclofenac, sodium methotrexate) and optimization of the gelator:drug
ratio;

IV.  Characterization of the obtained gels through a variety of techniques, including:

Rheology, Proton nuclear magnetic resonance spectroscopy (‘H NMR), Optical

14
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Microscopy, Atomic Force Microscopy (AFM), Scanning Electron Microscopy (SEM),
Transmission Electronic Microscopy (TEM) and X-ray powder diffraction (XRPD);
Study of the release rate in vitro of the incorporated anionic drugs using a Microette
transdermal diffusion system with vertically assembled Franz-type diffusion cells;
Assessment of the permeation through human skin of a model drug ex vivo and

determination of the drug activity in vivo.

2.2.2. Bis-imidazolium hydrogels as templates for in situ synthesis of GNP

L

I

II1.

Formation of bis-imidazolium amphiphle gel incorporating HAuCl, and reduction of the
Au’" ions to Au(0), and extraction of the obtained GNP through a mechanical method;
Characterization of the obtained GNP by means of UV-visible absorption spectroscopy,
High Resolution Transmission Electronic Microscopy (HRTEM), X-ray Photoelectron
Spectroscopy (XPS) AFM and Rheology;

Comparison between the GNP obtained by templated synthesis with the GNP obtained
by synthesis in liquid phase.
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2.3. Supramolecular gels based on a gemini imidazolium amphiphile as

molecular material for drug delivery
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Summary

In this work, a nanostructured gel, formed by fibbers of approximately 80 nm of width, is
described. This gel incorporates drugs in its structure, and can be used as delivery vehicle for

topical application.

The first step of the work consisted of obtaining the gel by dissolving a gemini imidazolium-
based amphiphilic molecule in ethanol/water. The ratios of gelator, ethanol/water and drug load
were varied in order to assess the optimal proportions. Some proportions favoured the correct
assembly of the gel while others only resulted in a precipitate. After obtaining the best
conditions, different drugs were incorporated: sodium ibuprofenate, indomethacin, and sodium

methotrexate. Diclofenac was also used, but the system could not form a gel.
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The successfully obtained gels were characterized by different techniques: optical microscopy
confirmed that the gelator maintained its birefringent behaviour after forming the gel. AFM,
SEM and TEM allowed the determination of the fibbers’ size and tridimensional arrangement.
XRPD, IR and 'H NMR spectroscopies highlighted the presence of the drugs, and their
localization within the nanostructure of the gel. The rheological behaviour showed no
differences in the gel’s resistance when compared with the gel loaded with ibuprofenate or
indomethacin, but did show that the incorporation of methotrexate improves the resistance to

sheer stress.

The study of the release from the incorporated drugs was performed, and shows that release rate
varies with the structure of the drug. Ibuprofenate and indomethacin showed similar kinetics,
although the released percentage of indomethacin is almost 3-fold of the ibuprofenate.

Methotrexate showed a much slower release profile.

Furthermore, the in vivo anti-inflammatory efficacy of the gels containing ibuprofenate and

indomethacin was studied and could be correlated with the release rate obtained in vitro.
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Figure 2.7: Photograph of the gel and corresponding AFM image (left) and release profiles obtained for the
gels with the different drugs (right).
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Supramolecular gels based on a gemini
imidazolium amphiphile as molecular material for
drug deliveryf

Mafalda Rodrigues,® Ana C. Calpena,™ David B. Amabilino,” Maria Luisa Gardufio-
Ramirez® and Lluisa Pérez-Garcia*"

A novel physical gel was obtained using a gemini imidazolium-based amphiphilic molecule dissolved in
ethanol-water mixtures. The structure of the gel is comprised of intertwining nanofibres with widths of
approximately 80 nm. The ethanol/water ratio has an important influence on the gelation process: the
gelator is sparingly soluble in water and soluble in ethanol. The gelator is capable of incorporating
anionic drugs in its fibrillar network easily, sodium ibuprofenate, indomethacin and the sodium salt of
methotrexate were used as model drugs that were incorporated into the quickly forming gels. The
characterization of these composite xerogels was made by different microscopy technigues as well as
X-ray powder diffraction. The ability of the amphiphile to form a gel is largely maintained in the presence
of the different model drugs and the overall morphology of the gels (that present a fibre like structure in
all cases with intertwined ribbons) is very similar. Furthermore the in vitro release of the drugs from the
gel and the in wvivo anti-inflammatory efficacy was studied. The overall results show better release
profiles and anti-inflammatory efficacy for indomethacin, and prove the promise of this molecular gel in
controlled drug release, in the present case dermatolegical application.

Introduction

Small molecule-based physical gels are attractive as drug
delivery systems."* The term “gel” includes a wide variety of
different chemical systems with distinet compositions and
structures but that share some common features in their
macroscopic properties and behaviour.® It is generally agreed
that a gel is composed of a (macro)molecule that is able to
immobilise a continuous liquid phase through the formation of
a three-dimensional network, the active component maintain-
ing a solid-like structure. Gelators can be classified based in the
nature of the compound used (polymeric or low molecular
weight) and also the liquid phase (aqueous, organic or ionic
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liquid). Often, the synthetic gels made out of polymers are
chemical, meaning that they contain covalent links between the
polymer molecules, making them very robust but also thermally
irreversible. The robustness can be an advantage, but for certain
biological applications the degradation of the gel could be
advantageous and hence our focus on molecular gels.

Many examples can be found reporting the usage of mole-
cule-based gels in a variety of fields* such as pollutant removal
from water,> solar™ and fuel cells,”"" sensors,"'” tissue engi-
neering'*'* and, the topic with which we are concerned here,
drug delivery."*' The prediction of the gelation process is not
yet possible for a given molecular structure because of the lack
of a full understanding of the intermolecular interactions
between the gelators themselves and the solvent surrounding
them. Thus, the design of gelator molecules is somewhat intu-
itive; many of the known gelators have been discovered by
serendipity.

For biological applications, hydrogels - in which the fluid
phase is water — are obviously the most appropriate. Gupta
et al.* make a distinction between a hydrogel, which incorpo-
rates water and swells, and an aqueous gel, where further
addition of water causes the polymeric fibres to dissolve, and
may be attractive for drug delivery. Importantly, there are many
commercial formulations where the gel is based on the use of
co-solvents, particularly ethanol,” that widens the scope for
preparing these nanomaterials and that we will take advantage
of in this work,

J Mater. Chemn 8, 2014, 2, 5419-5429 | 5418
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On the other hand, the low molecular weight gelators
(LMWGs) are gaining more attention recently. There are many
different types of molecules in this category, often with
amphiphilic character because it is during the study of their
amphiphilic behaviour that gels of water are uncovered.* The
gels obtained from these LMWGs are physical gels (or supra-
molecular gels): the gel is formed by the self-assembly of the
molecules into fibres that arrange in an isotropic three-
dimensional matrix through non-covalent interactions, and are
normally obtained under mild conditions. These molecules are
very often based on peptide derivatives,” although others are
also effective."* One can refer to these assemblies as self-
assembled fibrillar networks (SAFINs).** Because the intermo-
lecular interactions are generally weaker than in polymeric
systems, where multivalency can have an important role, the
gels of LMWGs are thermoreversible, which means that upon
heating above a certain temperature the gel becomes a homo-
geneous fluid (sol), and after cooling down, it turns back into
the gel form. This property can be advantageous, because these
gels can therefore be made thermoresponsive. Other advan-
tages when comparing with polymeric gelators are the facile
degradation because the molecules are shorter and LMWGs
assemble through physical bonds based in intermolecular
interactions, and because the interactions are not covalent, the
structure of the gel is more flexible and dynamic.*

We have shown that gemini imidazolium-based salts - that
have the ability to recognize and bind anions, in particular
carboxylates - can present liquid crystal behaviour,* can form
micelles in water* and also have potential use as delivery agent
for the release of anionic drugs when used as ligands to deco-
rate gold nanoparticles.”*" In these systems the carboxylate is
incorporated into the bis(imidazolium) moieties in the colloid
because of the ion pairing between the anion and the cationic
head, as well as van der Waals interaction in the covering of the
nanoparticle. Other groups have shown that imidazolium-based
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Fig. 1 Structure of 1, the sodium salt of ibuprofen, indomethacin,
diclofenac and sodium methotrexate.
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compounds can act as hydrogelators.*”* On the other hand, the
influence of anions on gelator action is an area of great current
interest.”* Therefore, we considered that the gemini imida-
zolium based compounds could be attractive molecular gelators
that could also display anion binding and release.

Here, we present gels obtained using a gemini imidazolium-
based amphiphile (1, Fig. 1) and also the results obtained from
their application as both in vitre and in vive delivery vehicles
using different model drugs that bear carboxylate functional
groups: sodium ibuprofenate, diclofenac and indomethacin,
which are non-steroidal anti-inflammatory drugs (NSAID), and
sodium methotrexate, which is a drug used in cancer therapy
but also in the treatment of autoimmune diseases such as
psoriasis and rheumatoid arthritis.* The recognition and
complexation ability of 1 towards ibuprofenate had already
been demonstrated, both in solution and as a ligand in gold
nanoparticles,”" whereas indomethacin and methotrexate
were chosen because they have limited solubility in aqueous
media, thus benefiting from the complexation ability of 1 to
carry them.

Experimental
Materials

All reagents were of analytical grade. Compound 1,3-bis[(3-
octadecyl-1-imidazoliojmethyl]benzene  dibromide (1) was
prepared as reported previously.™

Gel preparation

Gels with 1 were obtained as follows: 10 mg of 1 was added to
0.8 mL of ethanol. After complete dissolution, 1.2 mL of
distilled water was added and the solution was stirred gently.
The solution was maintained at room temperature without any
disturbance. After 1 hour, the formation of the gel was
confirmed by its stability to inversion of the glass vial. The final
concentration of 1 was 5 mg mL ' in solution. The final
composition of the solvent was 40 : 60 of ethanol-water. These
values were maintained constant across all the experiments
performed, except where stated otherwise. For the gel with 1
and sodium ibuprofenate, 10 mg of 1 were added to 0.8 mL of
ethanol. After complete dissolution, 1.2 mL of an aqueous
solution containing 1 mg of sodium ibuprofenate was added
and the solution was gently stirred and then left to stand.

For the gel with 1 and indomethacin, 10 mg of 1 and 1 mg of
indomethacin were added to 0.8 mL of ethanol. After complete
dissolution, 1.2 mL of distilled water as added and the solution
was gently stirred and allowed to stand.

For the gel with 1 and methotrexate, 10 mg of 1 were added
to 0.9 mL of ethanol. After complete dissolution, 1.1 mL of an
aqueous alkaline solution containing 0.5 mg of methotrexate
and Na,CO, (final concentration 0.5%) were added and the
solution was gently stirred then left to stand.

Gel characterization

Optical images were collected with an Olympus BX51TRF
polarising optical microscope.
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SEM images were acquired by the Electron Microscopy
Service in the ICMAB-CSIC on a QUANTA FEI 200 FEG-ESEM
system on samples deposited on gold on mica from the gel.
Contacts were made between the gold surface and the sample
holder with graphite paste, in order to avoid charging of the
unstained xerogels.

AFM images were recorded by the Scanning Probe Micros-
copy Service in the ICMAB-CSIC on a PicoSPM system (Molee-
ular Imaging). The intermittent contact mode was used close to
resonance frequencies of the silicon cantilevers (Nanosensors,
FM type force constant 1.2-3.5 N m ' and tip diameter 5 nm) of
around 60-70 kHz. All the images were recorded under atmo-
spheric conditions.

The freeze-fracture electron microscopy study was done
according to the procedure described elsewhere.”” The gel was
sandwiched between two copper platelets using a 400-mesh
gold grid as spacer. Then the samples were frozen by liquid
propane immersion, at —189 °C and fractured at —150 “C and
approximately 10 mbar in a BAF 060 freeze-etching system
(Leica Microsystems, Vienna). The replicas were obtained by
unidirectional shadowing at 45° with 2 nm of Pt/C and at 90°
with 20 nm of C, and they were floated on distilled water for
5 minutes and observed in a Tecnai Spirit at 120 kv (FEI
Company, Eindhoven, Netherlands) with Megaview III Soft
Imaging System.

XRD measurements were performed with a Siemens D-5000
X-ray diffractometer. The source was a DRX ceramic tube
(A CuKe = 1.540560 A and A CuKz 2 = 1.544390 A) with a voltage
and current of 45 kV and 35 mA, respectively. The gel was
mounted on a glass slide and dried under vacuum, and was
scanned from 26 = 2-80°.

The rheological characterization was performed at 32 °C
using a HAAKE Rheostress1 rheometer (Thermo Fisher Scien-
tific, Karlsruhe, Germany) connected to a Thermo Haake
Phoenix II + Haake C25P temperature controller. The rheolog-
ical studies carried out on freshly prepared sample included:

(a) Flow behaviour. The rheometer was equipped with a
cone-plate geometry set-up with a fixed lower plate and a mobile
upper cone (Haake C60, 2° 60 mm diameter, 0.106 mm) and
also a plate-plate geometry (PP60 Ti, 60 mm diameter, 0.5 mm
gap between plates). The rheometer was connected to a
computer provided with the software HAAKE RheoWin®Job
Manager V.3.3 to carry out the test and RheoWin®Data Manager
V.3.3 (Thermo Electron Corporation, Karlsruhe, Germany) to
carry out the analysis of the obtained data.

Viscosity curves and flow curves were recorded under rota-
tional runs at 32 °C for 3 min during the ramp-up period from
0to 100 s ', 1 min at 100 s ' (constant share rate period) and
finally 3 min during the ramp-down period from 100 to 0s *.

(b) Oscillatory test. The rheometer was equipped with a
plate-plate set-up (Haake PP60 Ti, 60 mm diameter, 1 mm gap
between plates). Oscillatory stress sweeps between 0.1 and
100 Pa were performed at 1 Hz and frequency sweep tests from
0.01 to 10 Hz at a constant shear stress within the linear
viscoelastic region, in order to determine the related variation
of storage modulus (G') and loss modulus (G") at 32 °C. Both
viscoelastic moduli are defined as follows: G' = 1/, cos 6 and

21

View Article Online

Journal of Materials Chemistry B

G'" = 14/, 5in & (where 1, and v, are the amplitudes of stress
and strain and & is the phase shift between them).

"H NMR spectra for the studied drugs (sodium ibuprofenate,
indomethacin and methotrexate) and of the gels with
increasing amounts of drug were recorded in a Varian VNMRS
400 MHz, in methanol-d4-D,0 50 : 50.

In vitro release studies

The release of the drugs from the 1-gel was performed in a
Microette transdermal diffusion system (Microette plus-Hanson
Research) with vertically assembled Franz-type diffusion cells
(Crown Glass). Dialysis membranes (Cellu Sep T3 dialysis
membrane, MWCO 12 000-14 000 Da, MFPI, USA), previously
hydrated in water : methanol 1: 1, were placed in the Franz-
type diffusion cells. Known weights of gel were placed into the
donor compartment onto the dialysis membranes. The dialysis
membrane and the donor container were put onto the glass
receptor chamber and the assembly was fixed with a joint. The
receptor chamber contained Sorensen Buffer 67 mM pH 5.5,
which complies with the SINK conditions. The Franz-type cells
were connected to a controlled temperature system, with a
heating bath set to 32 °C. Samples were taken at given time
intervals, and the sample taken was replaced by equal volume of
the receptor solution.

The permeation assay was done with human skin from the
abdominal region obtained during plastic surgery of a healthy,
40-year-old woman who gave written, informed consent to the
use of this material for research purposes. The skin was der-
matomed at 0.4 mm thickness, The method was similar as
described above, replacing the dialysis membranes with skin.
The gel was applied on the donor compartment in contact with
the epidermal side of the skin. The pH used for the donor
solution was 5.5 (which is the skin pH) and the temperature was
set to 32 “C, The samples were taken along 48 hours.

Drug determination in samples was done by HPLC in a
Waters LC Module 1, in a Waters Spherisorb 5 pmODS-2 (4.6 mm
* 150 mm) column. The mobile phase consisted of acetonitrile-
water (acidified to pH 3 with phosphoric acid) 65 : 35, with a
flow rate of 1.5 mL min ' and the detection wavelength was
220 nm for sodium ibuprofenate and 254 nm for indomethacin.
The flow rate was 0.8 mL min ' and the detection wavelength
was 313 nm for methotrexate. The data was collected using
Millennium32 version 4.0.0 software from Waters Corporation.
All data was calculated as the average + standard deviation of
three replicates. A nonlinear least-squares regression was per-
formed using the WinNonLin® software (WinNonlin® Profes-
sional edition version 3.3, Pharsight Corporation, USA), and the
model parameters calculated. Modelistic parameters were
statistically compared by using StatGraphics software
version 5.1,

In vive studies of anti-inflammatory efficacy

Anti-inflammatory efficacy of the gels was evaluated following
the protocol described elsewhere.* TPA (12-O-tetradecanoyl-
phorbol 13-acetate) was used to induce mouse ear inflamma-
tion, Adult male Wistar CD-1 mice with a body weight ranging
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from 20 to 25 g were used. Oedema was induced by topical
application of 2.5 pg per ear of TPA dissolved in EtOH. Gel
formulations (100 mg) containing either ibuprofenate or indo-
methacin, or without any drug were applied to both sides of the
right ear only, along with TPA. Four hours after the application
of the gels, the animals were sacrificed and circular sections
with 7 mm of diameter were cut from left and right ears and
weighted to determine the anti-inflammatory activity. All
experiments were performed in compliance with the Norma
Oficial Mexicana NOM-062-Z00-1999 and with the approval of
the Academic Committee of Ethics of the Vivarium of the Uni-
versidad Autonoma del Estado de Morelos.

Results and discussion
Characterization of the gel

In this work we characterized a nanostructured gel obtained
with the amphiphilic molecule 1,3-bis[(3-octadecyl-1-imidazo-
lio)methyl]benzene dibromide (1, Fig. 1), which has a bis-imi-
dazolium gemini-type structure. This molecule has been
described previously as having low cytotoxicity and genotoxicity,
making it a promising ligand for biological applications.™
During the study of the properties of 1, we came upon the
formation of a homogenous gel when it was dispersed in
acetonitrile and heated to the boiling point of the solvent, but
also when dissolved in a solution consisting of ethanol and
water. This type of behaviour was already reported for other type
of amphiphiles based on aromatic hydrazines." Apart from
that, the closest example in literature™ of gelators relatively
similar to 1 have shorter alkyl chains and need the addition of a
cyclodextrin to form gels in water. For the application we are
targeting, that of drug delivery where benign solvents are
preferred, the water-ethanol mixtures were clearly the medium
of choice for the formation of the gels.

In the present case, the gel can be formed upon introduction
of water into an ethanolic solution of the gelator and allowing
the mixture to stand at room temperature for a time (the gel
does not form immediately upon mixing).** The amphiphile
organizes itself into aggregates and subsequently fibres that
trap the solvent, producing a gel that was stable at room
temperature. In this type of physical gels, London dispersion
forces between the gelator's alkyl chains are likely to play an
important role in the stabilization of the gels.***** Furthermore
it has already been found that in the case of imidazolium-based
gelators the charged ring (and accompanying anion) is impor-
tant for the interactions that promote the gel formation;
changing the imidazolium group by another moiety, or adding
substituent groups, causes the initial molecule to lose its gelling
abiliry‘.l!.di

In order to verify the optimum conditions for gel formation
different proportions of ethanol and water were tested as the
solvent medium. The formation of the gels of 1 using the
different ethanol/water ratios were attempted, and their general
appearance as well as their thixotropic behaviour were quali-
tatively observed. The thixotropy was assessed by vigorously
shaking the gel, and observing that the gel assembled again
after resting for three to five hours, highlighting the time-
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Table 1 Gels of 1 (10 mqg} and its combination with different drugs
prepared using different solvent mixtures (total volurme 2 mL) and their
thixotropic behaviour®

Ethanol : water 1:drug
proportion Drug?  (mgmg ') 1:drug ratiof T.B.4
35:65 _ -_ _ 0G No
40 : 60 — = — 0G  Yes
45:55 — —_— — 0G  Yes
50: 50 s = T OG No
55:45 —-— — —_ PG -—
40 : 60 1bu 1:0.100 1:0.40 0G  Yes
40 : 60 1bu 1:0.250 1:1.00 0G No
45 1 55 1bu 1:0.100 1:0.40 OG Yes
40 : 60 Dicl 1: 0,100 1:0.30 PG —
45:55 Dicl 1:0.100 1:0.30 PG —
40 : 60 Ind 1:0.100 1:0.25 0G  Yes
45: 55 Ind 1: 0,100 1:0.25 0G Yes
Mtx 1: 0.050 1:0.10 P _
Mitx 1: 0.050 1:0.10 0G Yes
Mitx 1:0.075 1:0.15 PG —_
Mix 1: 0100 1:0.20 PG -_
Mix 1: 0,050 1:0.10 PG —_

“ G - opaque gel; PG - partial gel; P - precipitate. ” Ihu - ibuprofenate;
Dicl - diclofenae; Ind - indomethacing Mix - methotrexate, © mol/mol,
4B, thixotropic behaviour.

dependence of the process. Table 1 summarises the findings. In
the case of the sodium salts of ibuprofenate and methotrexate,
different concentrations were tested. The same could not be
done with indomethacin because of its poor solubility in the
solvents used.

The gel of 1 in 35: 65 ethanol-water formed very quickly
after mixing the water with the ethanol solution of the gelator,
although some of the liquid phase did not incorporate into the
gel and remained separate. The gel was not very stable to
mechanical stress and could be easily disrupted upon very mild
shaking. The gels formed with 40 : 60 and 45 : 55 ethanol-water
incorporated the liquid phase completely upon formation.
However, the gel with 50 : 50 ethanol-water did not present a
thixotropic behaviour, meaning that after shaking the gel, it did
not recover the gel form, and the gel with 55 : 45 ethanol-water
also formed a gel partially, and it was not stable. The amount of
ethanol present in solution is important because it is the
component responsible for the solubilisation of 1 while the
water acts as an antisolvent. As reported previously in literature,
a change of the solvent that solubilises the gelator molecule can
have drastic effects where no gelation occurs,** and in this case
we can rationalise the lack of gel formation at high ethanol
content because of the higher solubility of 1 under these
conditions. Conversely, at high water content the compound is
not sufficiently soluble to reach the concentration necessary to
form large aggregates that lead to gel formation.

The rheological behaviour of the gel-1 in a 60 : 40 water-
ethanol was studied, as this behaviour can be important for
biomedical applications." Regarding the flow properties and
viscosity, under the programmed increasing/decreasing shear
rate sweep carried out in duplicate, the gel was found to exhibit
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erratic behaviour due to the rigid structure of the gel fibres that
broke in no reproducible way and therefore the viscosity could
not be determined, and also no quantitative study of its thixo-
tropic behaviour The viscoelastic properties were assessed
through an oscillatory study, with a stress sweep test, and the
critical stress was approximately 1 Pa for all the samples under
study (see ESI Fig. §11). These results indicated that the gel is
quite fragile, confirming qualitative observations.

A constant shear stress of 0.5 Pa (50% of the critical value)
was selected to perform the frequency sweep tests. Oscillatory
measurements applied to the samples showed prevalence of the
elastic over the viscous behaviour (G' > G") (see ESI Fig. S21).
This means that the gel, due to this fragility, can be applied on
the skin to treat inflammation and pain in a very easy way with
just a mild massage.

The introduction of the drugs affects the gelling process:
with diclofenac in the gelling with 1, a degree of gelification was
observed. However, the sample remained partially fluid, and did
not turn into a solid gel completely, whereas the samples with
the same solvent composition and content of 1 did. Thus
diclofenac inhibits gel formation. In the case of methotrexate,
the influence of the ethanol content was more important: with
40% ethanol no gelation took place, and with 50% ethanol, the
gel could only form partially (with some supernatant liquid). We
could obtain an opaque gel with 45% ethanol; however gelation
occurred with a slight shrinkage of the colloidal material
leaving clear liquid. The reasons for this partial phase separa-
tion - rather than homogeneous gel formation - are unclear at
present. In the case of ibuprofenate and indomethacin opaque
gels were formed with 40% and 45% of ethanol in water, but we
chose the gel formed with 40% ethanol for further studies
because it was the one that presented faster formation of the
gel. These gels without any drug, with ibuprofenate, indo-
methacin, and methotrexate will be referred to as gel-1, gel-1bu,
gel-Ind and gel-Mtx, respectively. The amounts of drug incor-
porated in the studied gels correspond to the maximum loading
of drug that allows a correct formation of the gel.

The appearance of the different gels can be appreciated in
Fig. 2. During the preparation of the solutions, it was observed
that gel-1 had a relatively slow gelling speed (around 1 hour),
while gel-Tbu and gel-Ind were formed more rapidly, with the
latter being the one that showed a faster speed in the gelation
process (within 15-30 minutes). Gel-Mtx, however, formed very
slowly, as we could see the formation of the different gelling
nuclei on the solution. Nevertheless, as we can observe, the

Fig. 2 Gels obtained with the bromide salt of bisimidazolium
compound 1 without any drug (A), with sodium ibuprofenate (B), with
indomethacin (C) and with the sodium salt of methotrexate (D)
ethanol-water proportions are 40 : 60 (A-C) and 45 . 55 (D), 1. drug
ratio (mol/mol) are 25: 1, 4 : 1and 10 : 1, respectively.
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overall appearance of the different gels was similar. Since the
model drugs used were chosen because of their ability to
interact with the amphiphile molecule, an enhancement in the
formation of the gel structure due to intermolecular interac-
tions between the positively charged polar head of the amphi-
phile and the negative charges of the anionic molecules and the
apolar regions of the uncharged drugs may take place,
presumably accompanied by the liberation of sodium bromide
into the trapped fluid part of the system. In the case of meth-
otrexate the gelation is slower, possibly because of the high
solubility of the dianionic form of the drug in the solvent.

The rheological behaviour of the drug containing gels (gel-
Ibu, gel-Ind and gel-Mtx, containing 1 mg of ibuprofenate, 1 mg
of indomethacin, and 0.5 mg of methotrexate respectively) was
also studied in the same conditions as gel-1 (without any drug).
It was found that gel-Tbu and gel-Ind had very similar profiles.
When comparing with gel-1, it is clear that the latter has higher
values of G' (elastic or storage modulus), G" (viscous or loss
modulus), and |f*| (viscosity), which means that gel-1 is more
consistent. However, the crossover values (storage modulus G’
= loss modulus G") are very similar between gel-1, gel-Ibu and
gel-Ind, and therefore the three present the same fragility. On
the other hand, gel-Mix also has lower &', 6" and [f*| when
compared with gel-1, but presents higher crossover value,
indicating that this gel, even though apparently less viscous
than the gel without drug, is more consistent and has more
resistance to the applied tensions (see ESI Fig. §3-S7t). Table 2
presents the crossover values obtained for each of the gels.

In the case of ibuprofenate and indomethacin, the presence
of these drugs did not appear to influence significantly the
behaviour of the gel. The 1 : drug ratio (mol/mol) of the these
gels were different (1:0.40 and 1:0.25 in the case of ibu-
profenate and indomethacin, respectively), although the same
weight of each were used in the preparation of the gel, indi-
cating that for these gels the amount of drug can be varied
slightly without affecting gel performance. However, in the case
of methotrexate, despite a lower 1: drug ratio the presence of
the drug did exert a significant effect on the overall viscous
properties of the gel.

Infrared spectroscopy was used to confirm the presence of
the two components in the gel, and was particularly useful in
the case of gel-Mtx. The bands from 1 in this mixed gel appear at
the same position as they do in the bromide salt, for example
the bands at 1154, 1469 and 1551 cm ' stand out, The metho-
trexate is clearly present as the anion form, as the peak at
1643 ecm ' in the pure compound in its acid form is replaced
as a shoulder on a medium-broad peak at 1600 cm™'

Table 2 Crossover values and respective shear stress (z) for gels in
60 : 40 water : ethanol, except for gel-Mtx (55 : 45 mixture)

Sample Crossover/Pa t (shear stress)/Pa
Gel1 165.0 25.78
Gel-1bu 173.3 25.29
Gel-ind 165.3 24.87
Gel-Mtx 421.5 39.96
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corresponding to the carboxylate form. The other bands corre-
sponding to the drug component are also observed.

Proton nuclear magnetic resonance spectroscopy ('H NMR)
was used to probe the interaction between the gelator and the
drug. 'H NMR spectra were recorded for the drug alone, and for
the respective gels with increasing amounts of drug. The spectra
obtained for the gel with ibuprofenate (see ESI Fig. S81) shows
no sharp peak of ibuprofenate when incorporated in the gel,
which indicates that the drug molecule is interacting strongly
with the gelator, and not merely dissolved in the interstitial
liquid phase of the solvent trapped between the fibres. A similar
situation is true for the case of methotrexate (ESI Fig. S10%).
However, in the case of indomethacin, for lower amounts of
drug no signal is detected, but for higher proportions relatively
well resolved peaks are visible; this suggests that part may be
involved in interactions with the gelator fibres, but part is dis-
solved in the interstitial liquid phase (ESI Fig. S97). It seems
likely that this difference in behaviour is a result of the weaker
interaction of carboxylic acid form of indomethacin with the
gelator, compared with the other drugs that are carboxylate
salts.

The temperature of transition gel-to-sol, Ty, is defined as
the temperature at which the gel melts and starts to flow from
the glass vial in an inverted position. The T,y of the different
gels was determined by immersing the vial containing the gel in
a thermostated bath and raising the temperature slowly at a rate
of 1 °C min ", The results are presented in Table 3. They are an
average of three measurements.

As we can see, the presence of the drugs did not have an
effect in the T, of 1. This study also allowed us to verify the
thermoreversibility of the gel, since the gel was heated until
complete solubilisation of the colloid and upon cooling down
the gel formed again.

Fig. 3 shows transmission micrographs taken of the gels with
an optical microscope with parallel and crossed polarisers. We
can see that the gel fibres composed of the bis-imidazolium
compound are birefringent, meaning that the molecules are
organised in such a way that they have orientational order
within the colloid. This behaviour was seen in all the different
gel samples that were analysed (see ESI Fig. $11-5137).

A higher resolution analysis of the fibre structure of the
xerogels was performed by scanning electron microscopy (SEM)
and atomic force microscopy (AFM). These microscopy tech-
niques allow us to study how the fibres of the gel are arranged
and their dimensions and morphology, and how the gel fibres
are grouped together. Fig. 4 shows the micrographs obtained by

Table 3 Melting temperatures for gels in 60 : 40 water : ethanol
except for gel-Mtx (55 . 45 mixture)®

Sample T”C
Gel-1 385
Gel-1bu 38,0
Gel-Ind 36.5
Gel-Mitx 33.0

“ Temperatures are accurate to +0.5 °C.
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Fig. 3 Optical transmission micrographs taken with parallel polarisers
(A) and with crossed polarisers (B) of the gel 1 (ethanol : water 40 : 60}
without drug incorporated.

SEM for the gels without any drug, with sodium ibuprofenate,
with indomethacin, and with sodium methotrexate. The
micrographs of the three gels with a magnification of 20 000x
show little difference between them, except in the case of
incorporation of methotrexate. The gels are formed by long,
narrow fibres, which are intertwined, not showing any partic-
ular three dimensional ordered arrangements in accord with
the isotropic nature of the bulk sample. The fibres can clearly
bend, and have lengths far longer than five micrometres. The
gel incorporating methotrexate clearly has shorter fibres (that
are more poorly defined) in the sample, which would explain
the poorer stability of this gel when compared with the others in
the series. In this sample, there are no fibres imaged with
lengths of greater than five micrometres. When increasing the
magnification to 40 000, one can observe some additional
slight differences between the samples: the xerogel of 1 appears
to be compact, gel-Ibu seems to have a less dense structure, and
in the case of gel-Ind the structure seems more compact,
although these slight differences are partially dependent on the
area being imaged. The structure of gel-Mtx appears quite
different to the others again, with rougher fibres where the
edges are poorly defined and the width is more variable than the
other samples.

Atomic force microscopy (AFM) was also used in order to
obtain more detailed information on the lateral dimensions of
the fibres. In Fig. 5 some AFM images of the xerogels of gel-1,
gel-Ibu, gel-Ind and gel-Mtx are shown, as well as profiles
perpendicular to the fibre direction in the image, representing
the topography, which can be analysed in order to obtain
information about the width of the gel fibres.

From the AFM images we can observe that the width of the
fibres is around 40-80 nm for gel-1, 100-120 nm for gel-Ibu, 60-
100 nm for the gel-Ind and 100-120 nm for the gel-Mtx. In all
cases the fibres are remarkably well defined and tend to bundle
into yarns with parallel fibres over short distances (up to a few
microns). Furthermore, AFM images of the gels with different
ratios of ethanol/water were also obtained (see ESI Fig. S14-
§16%). Apparently there is no significant influence of the
medium on the organization of the fibres or on width, that is
around 60-100 nm. A comparison between the gel with 1 mg
and 2.5 mg of sodium ibuprofenate was also performed (see ESI
Fig. 517f). The most important feature is that the width of the
fibres is much higher in the case of the gel with 2.5 mg of
sodium ibuprofenate, which confirms that the presence of the
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Fig.4 SEM micrographs of the xerogel of 1 (A), gel-Ibu (B), gel-Ind (C),
and gel-Mtx (D). Images taken with 20 000 x magnification (left, scale
bar = 5 pm) and 40 000 x magnification (right, scale bar = 3 pm).

drug affects greatly the assembly of the fibres, thus also giving a
possible explanation for the fact that this gel did not present
thixotropic behaviour.

Furthermore, the structure of the gels was studied using
transmission electron microscopy (TEM). For the preparation of
the samples, the freeze-fracture technique was used. This allows
obtaining images of the gel in its native state, in contrast with
the previous techniques which can present modifications of the
fibre structure due to the required drying of the sample.

In Fig. 6 the ribbon-like shape of the fibres is clearly visible:
they are rather flat and have a regular height and width. Internal
structure can also be seen, where several tapes form a single
object - the dark lines within the tapes presumably correspond
to places where individual fibres are connected. This observa-
tion shows the tendency of the fibres to agglomerate laterally,
and explains the observation in the AFM measurements that
fibres often run practically parallel to one another.

Additionally, the gels were characterized by X-ray powder
diffraction (XRPD) in order to probe the degree of crystallinity of
the samples. This would show either macroscopic fibre crys-
tallinity or the presence of any crystalline drug in the bulk
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Fig.5 AFMimage of xerogels of 1 (A), gel-lbu (B), gel-Ind (C), and gel-
Mtx (D), with respective profiles in cross section (marked with yellow
dash line).

sample. In Fig. 7 the diffractograms corresponding to gel-1, gel-
Ibu, gel-Ind, and gel-Mtx are presented.

The main features in the diffractogram of the xerogel of 1 are
the intense Bragg peaks at values of 26 of 7 and 9° that corre-
spond to spacings between lamellae of the amphiphile.* This
aspect of the diffractogram and the presence of the other sharp
peaks indicate a significant proportion of crystalline material in
the sample of large enough dimensions to diffract the X-rays.
On the other hand, the gels incorporating the drugs are essen-
tially amorphous at the bulk level, they show only low intensity
sharp peaks. Instead, the diffractograms are dominated by
broad peaks between 2# values of 30 and 40°, corresponding to
distances of 2.2 to 3.2 A, that probably arise from the short van

Fig. 6 Transmission electronic microscope photograph of gel-1 in
ethanol-water 40 : 60. Samples were prepared by the freeze-fracture
method.
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Fig. 7 X-ray powder diffractograms of gel-1 (A), gel-lbu (B), gel-Ind
(C). and gel-Mtx (D].

der Waals contacts between alkyl chains. The drug molecules
precipitated under the same solvent conditions but without
gelator show sharp diffraction peaks (see ESI Fig. S18%).
However, the gelator-drug hybrids show clearly broad peaks
coming from a non-periodic structure (over a large length scale
at least) and indicating incorporation of the drug into the gel
fibres: should it merely be precipitated in between the fibres or
adhered to the surface of the fibres the diffraction peaks of drug
and gelator would be expected to be observed. The drug is not
present in its free state in any case, but is incorporated into the
welator fibres, and so is not present in its free form. The results
confirm that the drug limits the ordered growth of the fibres of
the gelator, since the few diffraction peaks seen in the pure
gelator are not present.

Drug release studies

Having characterised the gels structurally, their ability to deliver
the drug load was explored. Aiming at an external application,
the conditions that were chosen for the experiments correspond
to the skin: acidic pH (5.5) and a slightly lower temperature than
the internal one (32 “C). The delivery was tested with gel-Ibu,
el-Ind, and gel-Mtx,. Gel-1 was used as a control, showing that
the gelator was not taken into the receptor solution. The
amount of released drug was calculated taking into account the
total weight of the gel used, and it was measured as described in
the experimental section. Different kinetic models (first order,
Peppas-Korsmeyer and Higuchi), normally used to describe
release from hydrogels, were used to fit the experimental data
obtained in the drug release experiments.” The Akaike Infor-
mation Criterion (AIC) was determined for each model, as it is
an indicator of the model's suitability for a given dataset.*™ The
kinetic model that best describes the experimental data,
selected based on the lowest AIC value (see ESI Table S17), is the
first order kinetic for all of the analyzed gels. In Fig. 8 we can see
the release profiles from: sodium ibuprofenate and indometh-
acin (A) and sodium methotrexate (B), and in Table 4 the
equation parameters (Quax K, ¢y, and %),

The most important difference in the materials used is the
amount of drug released when comparing ibuprofenate and
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Fig. 8 Release profile of sodium ibuprofenate and indomethacin (A)
and sodium methotrexate (B) from respective gels at pH 5.5 and 32 °C.

Table 4 Equation parameters for the release kinetic of sodium ibu-
profenate. indomethacin and sodium methotrexate

Parameter® Qenax K tia B

Ibuprofenate 21.8 0.19 i6 0.996
Indomethacin 70.2 0.15 4.5 0.999
Methotrexate 64.0 0.0026 268.7 0.997

? Qe Maximum amount released (%); K: release rate constant (h™');
ty2: time to achieve the release of 50% of the Qmag R coefficient of
determination for the equation.

indomethacin. In the first case, Q. is almost 25% of the total
ibuprofenate incorporated in the gel, whereas the gel with
indomethacin can release up to 70% of its content. This prob-
ably results from the different interaction strength between 1
and each of the molecules. In the case of sodium ibuprofenate,
the interaction is stronger, and thus the molecule is held rela-
tively firmly in the gel fibres, making release to the medium
more difficult.

Nevertheless, the rate is very similar, with both having
similar ¢,;; and release rates. On the other hand, in the case of
methotrexate, the release is much slower. The release rate is
0.0026 h ', two orders of magnitude inferior to the previous
two. During the time that the experiment was carried out,
approximately 30% release was achieved, which is approxi-
mately half of the Q.

Since the best results were obtained with the gel with indo-
methacin, this was used in the next experiment, which con-
sisted of testing its permeation across human skin. The overall
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Fig. 9 Cumulative permeation profile of indomethacin as percentage
of the drug by area of skin, at 32 °C.

procedure was the equivalent as for the release in vitro with the
dialysis membranes except that these were replaced with
human skin. The permeation profile is shown in Fig. 9.

The cumulative permeation curve (Fig. 9) presents a
sigmoidal profile, which is in agreement with the fact that the
experiments were done with a finite dose of drug and thus the
donor compartment reaches a stage of drug depletion. We can
observe that the percentage of total drug that crosses the skin
and is recovered in the receptor, divided by the total area of the
skin in contact with the gel, corresponds to 5.3% em ™ * and the
fluxJ of indomethacin is 0.18% em *h '

Because the depletion stage was reached, J was calculated in
the range where linearity is observed, between 10 and 30 hours.
With these values, a linear regression was done and J corre-
sponds to the slope of the curve. The curve obtained also allows
us to obtain the value of the drug's partition (KH) and diffusion
(D/H?) parameters, and calculate the corresponding perme-
ability coefficient (K,).

21
H? ™ 61y

J
KH =

D
254G

D

K, = KH 7

In the above equations ¢, corresponds to the intercept of
the x axis from the curve, Cy is the initial concentration, that
corresponds to 100% because all the values were defined as
percentage of the total amount of drug added, and H is the
thickness of skin sample used. Thus, the calculated value for
the diffusion parameter is 0.03 h™', for the partition
parameter is 0.06 cm %, and for the permeability coefficient
K, is 0.002 cm * h. These values appear lower than the ones
obtained for the in vitro release because in the case of the
permeation, apart from the drug that crosses the skin, an
important part is retained. Besides, the flux is much lower in
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the case of the skin, which is a thicker and more complex
barrier when compared with the dialysis membrane used in
the in vitro experiment.

Besides the permeation assay, an in vivo test was performed
to assess the action of the gel containing the anti-inflammatory
drugs ibuprofenate and indomethacin. The percentage of anti-
inflammatory activity was calculated as follows:

Y anti-inflammatory activity =

weight difference, control — weight difference, treated 5

weight difference, control Hi

The weight difference refers to the difference between the
left ear, where only the inflammation inducer TPA was applied,
and the right ear, where the gels were applied along with TPA,
This measurement is based on the fact that the inflammatory
process generates drainage of fluids that cause swelling,
increasing the volume and weight of the tissues. When the
inflammatory process decreases, the swelling also diminishes,
and consequently the volume and weight. The obtained results
are shown in Table 5.

The results show that the gel without any drug does not
present any anti-inflammatory activity, since no change was
observed comparing with the untreated ear, Furthermore, the
activity showed by the gel with indomethacin is higher when
compared with the one with ibuprofenate. These results can
be rationalised by the fact that in the case of gel-Ind the drug
is released at a faster rate than in the case of gel-Ibu, meaning
that the real amount of drug that is available to exert the anti-
inflammatory activity is also higher. Furthermore, when
taking into account the permeation profile from Fig. 9, it is
clear that within the time length of the in vivo study (4 hours)
we are still in a phase where the drug is entering the skin, but
little has yet passed, meaning that the amount of drug
available is low. This may explain why the anti-inflammatory
activity appears low. Regarding the drug's anti-inflammatory
action without being in a gel, the drug was applied in acetone
at the same concentration as used in the gel (0.5 mg mL ).
The inhibition percentages found were 37.0 + 0.7 and
77.5 £ 0.3 for ibuprofenate and indomethacin respectively.
However, it must be noted that acetone is a powerful
promoter of skin permeation, and may favour the availability
of the drug. Also, being applied in a gel formulation, the
hydrophilic character of the formulation and the molecular
interactions between the nanofibre structure of the gelator
and the drug may limit the availability of the drug in the area
where it was applied, decreasing the percentage of inflam-
mation inhibition,

Table 5 Anti-inflarnmatory activity of gel-1 (control), gel-Ibu and gel-
Ind

Drug % anti-inflammatory activity
Gel-1 1]

Gel-lbu 297 £ 0.8

Gel-Ind 48.6 + 0.4
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Conclusions

The molecular gelator described here successfully incorporates
three quite different pharmaceutically relevant drugs in its
colloidal structure during the relatively fast gel formation that
results after mixing aqueous and ethanolic solutions, Although
the gels are relatively fragile, this mechanical feature does not
prevent the nanomaterial from being effective in drug delivery.
The synergy between gelator and drug molecule results in the
formation of amorphous gels that are capable of releasing their
drug load, showing anti-inflammatory efficacy both in vitro and
in vivo. The release profile depends largely on the charge on the
drug molecule. These results show that the use of charged
molecular gelators may be a viable way of controlling the
delivery of certain therapeutically relevant compounds. The
results obtained from the rheological study of the gel show good
characteristics for a dermal application. The fluidity of the gel,
its big liquid content and its fragility are all factors that favour a
good penetration of the drugs without having to press to much
the body area with the inflammatory and painful process
present. It would be more adequate, however, the formulation
of the gel in single dose packaging, so that the gel could be
maintained in its ideal conditions and to control the exact
amount of drug to be applied. The development of formulations
for local application of NSAIDs is important. Although a higher
number of applications are required, when compared with oral
formulations, there are benefits for the patient with chronic
inflammation (especially in the case of rheumatoid arthritis)
who may suffer gastric problems due to oral administration of

this type of drugs.
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Fig. S1: Stress sweep of gel of gel-1 in water-ethanol. G’ (elastic or storage modulus), G”

(viscous or loss modulus), and |f*| (viscosity) are defined as function of t (shear stress).

Sensor: PP60 Ti

A Factor: 23580 Pa/Nm

M Factor: 29.991 (1/s)/(rad/s)

Inertia: 1.234e-05 kg m?

Damping: 30.00

Thermal expansion coefficient: 1.100 um/°C
Compliance: 0.003157 rad/Nm

Groove: 1.0 mm

Driver version: 45

Element definition:
ID 2: 108; CS; 0.000 Pa; t<300s; ;T 32.00°C <£1.00°C;
ID 8: 3; CS; 0.000 Pa — 500.0 Pa log; £ 1.000 Hz; t ---; #50; T 32.00 °C;

Evaluation:
CROSSOVER: G’ (storage modulus) = G (loss modulus) = 165.0 Pa when Tau = 25.78 Pa
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Fig. S2: Frequency sweep of gel-1: G’ (elastic or storage modulus), G” (viscous or loss

modulus), and |f*| (viscosity) defined as function of f (oscillatory frequency).

Sensor: PP60 Ti

A Factor: 23580.000 Pa/Nm

M Factor: 29.987 (1/s)/(rad/s)

Inertia: 1.234e-05 kg m?

Damping: 30.00

Thermal expansion coefficient: 1.100 um/°C
Compliance: 0.003157 rad/Nm

Groove: 1.000 mm

Driver version: 45

Element definition:
ID 3:2; CS; 0.5000 Pa; 10.00 Hz — 0.01000 Hz log; t ---; #6; T 32.00 °C;
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Fig. S3: Stress sweep of gel-Ibu in water-ethanol. G’ (elastic or storage modulus), G” (viscous

or loss modulus), and |/*| (viscosity) are defined as function of t (shear stress).

Sensor: PP60 Ti

A Factor: 23580 Pa/Nm

M Factor: 29.979 (1/s)/(rad/s)

Inertia: 1.234¢-05 kg m?

Damping: 30.00

Thermal expansion coefficient: 1.100 um/°C
Compliance: 0.003157 rad/Nm

Groove: 1.001 mm

Driver version: 45

Element definition:
ID 2: 108; CS; 0.000 Pa; t<300s; ;T 32.00°C <+1.00 °C;
ID 8: 3; CS; 0.000 Pa — 500.0 Pa log; f 1.000 Hz; t ---; #50; T 32.00 °C;

Evaluation:
CROSSOVER: G’ (storage modulus) = G” (loss modulus) = 173.3 Pa when Tau = 25.29 Pa
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Fig. S4: Stress sweep of gel-Ind in water-ethanol. G’ (elastic or storage modulus), G (viscous

or loss modulus), and |/*| (viscosity) are defined as function of t (shear stress).

Sensor: PP60 Ti

A Factor: 23580 Pa/Nm

M Factor: 29.979 (1/s)/(rad/s)

Inertia: 1.234¢-05 kg m?

Damping: 30.00

Thermal expansion coefficient: 1.100 um/°C
Compliance: 0.003157 rad/Nm

Groove: 1.001 mm

Driver version: 45

Element definition:
ID 2: 108; CS; 0.000 Pa; t<300s; ;T 32.00°C <+1.00 °C;
ID 8: 3; CS; 0.000 Pa — 500.0 Pa log; f 1.000 Hz; t ---; #50; T 32.00 °C;

Evaluation:
CROSSOVER: G’ (storage modulus) = G” (loss modulus) = 165.3 Pa when Tau = 24.87 Pa
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Fig. S5: Stress sweep of gel-Mtx in water-ethanol. G’ (elastic or storage modulus), G” (viscous

or loss modulus), and |/*| (viscosity) are defined as function of t (shear stress).

Sensor: PP60 Ti

A Factor: 23580 Pa/Nm

M Factor: 29.979 (1/s)/(rad/s)

Inertia: 1.234e-05 kg m?

Damping: 30.00

Thermal expansion coefficient: 1.100 um/°C
Compliance: 0.003157 rad/Nm

Groove: 1.001 mm

Driver version: 45

Element definition:
ID 2: 108; CS; 0.000 Pa; t<300s; ;T 32.00°C<£1.00°C;
ID 8: 3; CS; 0.000 Pa — 500.0 Pa log; £ 1.000 Hz; t ---; #50; T 32.00 °C;

Evaluation:
CROSSOVER: G’ (storage modulus) = G” (loss modulus) =421.5 Pa when Tau = 39.96 Pa
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Fig. S6: Comparison of stress sweep of gel-1, gel-Ibu and gel-Ind in water-ethanol. G’ (elastic
or storage modulus), G” (viscous or loss modulus), and |f*| (viscosity) are defined as function of

T (shear stress). Green vertical line marks the crossover for gel-1.
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Fig. S7: Comparison of stress sweep of gel-1 and gel-Mtx in water-ethanol. G’ (elastic or
storage modulus), G” (viscous or loss modulus), and |f*| (viscosity) are defined as function of t

(shear stress). Green vertical line marks the crossover for gel-Mtx.
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Fig. S8: "H NMR spectra of (1) sodium ibuprofenate in methanol/water (50:50) and of gel-Ibu
containing increasing amounts of drug (2-6): 1:ibuprofenate ratio (m/m) of 1:0.06; 1:0.08; 1:0.1;
1:0.15; 1:0.2.

Fig. S9: '"H NMR spectra of (1) indomethacin in methanol/water (50:50) and of gel-Ind
containing increasing amounts of drug (2-6): 1:indomethacin ratio (m/m) of 1:0.015; 1:0.030;
1:0.050; 1:0.10; 1:0.15.
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Fig. S10: 'H NMR spectra of (1) methotrexate in methanol/water (50:50) and of gel-Mtx
containing increasing amounts of drug (2-6): 1:methotrexate ratio (m/m) of 1:0.011; 1:0.020;
1:0.040; 1:0.08; 1:0.10.
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Fig. S.11: Optical microscopy photographs of gel-1 in ethanol/water 35:65, taken with parallel

polarisers and with crossed polarisers.

Fig. S.12: Optical microscopy photographs of gel-1 in ethanol/water 45:55, taken with parallel

polarisers and with crossed polarisers.

Fig. S.13: Optical microscopy photographs of gel-1 in ethanol/water 50:50, taken with parallel

polarisers and with crossed polarisers
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Fig. S.14: AFM image of gel-1 in ethanol/water 40:60.
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Fig. S.15: AFM image of gel-1 in ethanol/water 45:55.
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Fig. S.16: AFM image of gel-1 in ethanol/water 50:50.
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Fig. S.17: AFM image of gel-Ibu (10:1 w/w) (left) and gel-Ibu (10:2.5 w/w) (right) in
ethanol/water 40:60.
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Fig. S18: X-ray powder diffractograms of sodium ibuprofenate (A), indomethacin (B), and

sodium methotrexate (C).
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Table S1: Kinetic models used to fit the data for the release of the different model drugs from

the corresponding gel, and the respective AIC parameter:

AIC
Kinetic model Equation
Gel-Ibu  Gel-Ind Gel-Mtx
First Order Qt/Qoo=1-e™ 11.30 15.67 8.29
Higuchi Qt/Qo=K * t4 33.29 52.30 26.68
Korsmeyer-Peppas Qt/Qoo= K*t" 35.29 47.75 9.61

Qt is the amount of drug released at time t

Qoo is the total amount of drug released

Qt/Qoo is the fraction of drug released at time t

K is the release rate constant

P is the Plateau (Q at too) and S is the Span (the difference between Q, and P)

n is the diffusion release exponent that could be used to characterize the different release
mechanism (n<0.43 (Fickian diffusion), 0.43<n<0.85 (anomalous transport), and >0.85 (case Il
transport; i.e. zero order release)

tq is the time in which the 63.2% of the drug is released and f is the shape parameter
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2.4. In situ templated synthesis of gold nanoparticle using a bis-

imidazolium amphiphile-based hydrogel

Manuscript in preparation

Mafalda Rodrigues,” Aziz Geng,® Jordi Arbiol,*® David B. Amabilino™ and Lluisa Pérez-

Garcia™

a Department of Pharmacology and Therapeutic Chemistry, Universitat de Barcelona, Av. Joan XXIII,
s/n, 08028 Barcelona, Spain. Fax: +34 934024539, Tel: +34 934035849

b Institut de Nanociencia i Nanotechnologia IN2UB, Universitat de Barcelona, 08028 Barcelona, Spain.

¢ Institut de Ciencia de Materials de Barcelona (ICMAB-CSIC), Campus Universitari, 08193 Bellaterra,
Spain.

d Institucio Catalana de Recerca i Estudis Avangats (ICREA), Passeig Lluis Companys, Barcelona,

Spain

I Present address: School of Chemistry, The University of Nottingham, University Park, Nottingham NG7
2RD, UK

Summary

The synthesis of GNP using the bis-imidazolium hydrogel was attempted. Examples in literature
are found of the synthesis using a gel as template, and in some cases, the gelator itself causes
the reduction of the gold from Au(Ill) to Au(0).”' In this work, the imidazolium-based
amphiphile gelator lacks reducing ability; therefore a sodium borohydride solution was added to
reduce the gold. It was observed that, over a time span of 8 hours, the gel changed its colour

from the initial yellow to a dark red tone, which indicated the formation of GNP.

To obtain the GNP in solution, the gel-GNP composite was disrupted through mechanical
forces, and UV-visible absorption spectroscopy of the obtained solution showed the presence of
the typical SPR peak in the spectrum, confirming that indeed GNP were obtained. The gel-

templated GNP were further characterized by High Resolution Transmission Electron
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Microscopy (HRTEM), that showed their icosahedral shape. Furthermore, the GNP obtained by
templated synthesis showed lower size and monodispersion when comparing with the GNP

obtained by synthesis in liquid phase with the same amphiphile.

It was found that the GNP were formed inside the gel fibbers, because AFM images show no
evidence of the presence of GNP outside the fibbers. Cryo-TEM was used to observe the GNP
in the gel fibbers, and the rheology of the gel was also assessed. An interesting finding is that
the presence of the GNP inside the gel fibbers caused an improvement in the rheologic
properties, with the gel containing the GNP being more viscous and more resistant to sheer

stress comparing with the original gel without any nanoparticles or drugs.

46



Chapter 2 - Nanostructured gels based on bis-imidazolium amphiphiles

In situ template synthesis of gold nanoparticle using a bis-imidazolium

amphiphile-based hydrogelt

Mafalda Rodrigues,™* Aziz Geng,® Jordi Arbiol,”® David B. Amabilino® and Lluisa Pérez-

Garcia®™

a Department of Pharmacology and Therapeutic Chemistry, Universitat de Barcelona, Av. Joan XXIII,
s/n, 08028 Barcelona, Spain. Fax: +34 934024539, Tel: +34 934035849, E-mail: mafaldanunes@ub.edu
b Institut de Nanociencia i Nanotechnologia IN2UB, Universitat de Barcelona, 08028 Barcelona, Spain.
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Spain

I Present address: School of Chemistry, The University of Nottingham, University Park, Nottingham NG7
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Gold nanoparticles (GNP) with monodisperse sizes and well defined icosahedral
geometry were synthesized in situ using a bis-imidazolium amphiphile-based
hydrogel as template. Furthermore the gelator is also the stabilizing ligand of the
GNP, which means that nanoparticles can be recovered by disassembling the gel

without aggregation of the inorganic colloid.

In this paper we sought to develop an alternative medium for the formation of gold
nanoparticles (GNPs) that could provide synthetic and structural versatility, and have
found that this simple method can produce very well defined colloids, with improved
size distribution, Furthermore, the bis-imidazolium gelator used is an ionophore,l’2
meaning that, comparing with other examples in literature, the synthesized GNP can
incorporate anions without further modification. NPs are the focus of increasing attention
as drug delivery systems (DDS) with intense research being carried out in the last
decade.’* The most commonly used methods to obtain gold nanoparticles are the Brust-
Schiffrin method,” in a biphasic system, where a thiol stabilizes the GNP, and the
Turkevich method,® in aqueous solution, and the GNP are stabilized by the citrate anion
through electrostatic interaction. However, alternative ligands used to stabilize GNPs are
also viable, such as amines,” phosphines,® triazole ring-containing polymers,’ and other

11,12

polymers that may be synthetic'® or extracts from natural sources, amphiphiles that
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both reduce and cap the GNP,"*'* and imidazolium-based amphiphiles.'

Apart from the syntheses in solution, there have also been methods developed to obtain
NPs of gold, and other metals, using gels as templates and a reducing agent, normally
NaBH,. For example, cobalt'’ and silver NPs, in hydrogels of pluronic,'® chitosan,'” or
poly(acrylamide)/poly(ethylene glycol),'® to name a few. Poly(ethylene oxide propylpho-
sphonamidate) hydrogels were reported as being able to reduce anions of some metals,
obtaining the respective NPs. The metals used were gold, silver, palladium, platinum and

2021 and oligopeptide gelators,*” both

ruthenium."® Amphiphilic amino acid-based gelators
also having the ability to reduce the gold ions and allowing the formation of GNPs.
Some gels from amphiphilic derivatives based in urea® and in ascorbic acid** also
proved to be able to reduce the gold ions in sifu and stabilize the GNP. Furthermore,
examples of gel formed by imidazolium-derived ionic liquids for the synthesis of GNP
by irradiation with UV light were also found.” The gels act as template matrix, to
control the size of the NP, but also prevent their aggregation. The NP included in the gel
can form a composite with a defined function, as for example catalyst'® or sensor*® or
antibacterial activity.'®

In this work we describe the formation of GNPs using a newly reported hydrogel®’ of
1,3-bis[(3-octadecyl-1-imidazolio) methyl]benzene dibromide (1:2Br) (Fig. 1) as matrix,
because this gelator is capable of binding drugs and therefore we envisage that the GNP

modification could modulate this behaviour. The gel used as the template medium was

formed by adding an ethanolic solution of the gelator 1:2Br to an aqueous solution of

HAuCl4.

N N
[W} <\+]
N Nopr
[]15 [{]15
1-2Br

Figure 1: Structure of the gelator molecule 1-2Br

After the successful formation and aging of the gel, which took more than 24 hours, it
had an appearance very similar to the gel with no gold salt even though the gelation
process was much slower, and the remaining liquid not incorporated in the gel was
removed. Then, an aqueous solution of NaBH,4 was added to the gel, to reduce the gold,
and the mixture was allowed to stand. A clear change in the colour of the gel is visible 15

minute after addition of the reducing agent (Figure S1, ESI), whereby the initial yellow
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colour was converted into a wine-red tone. After 8 hours, the NaBH, solution was
removed and the resulting gel — that to the naked eye maintained its mechanical
characteristics — was washed with water.

A rheological study was performed where the viscoelastic properties were determined
through an oscillatory study, with a stress sweep test, in order to know if the GNP have
any effect on the general viscous properties of the gel. Comparing with previously
published results of the gel alone and containing different drugs,”” we found that the gel
with the GNP embedded and similar ethanol-water ratio (40:60) presents higher values
of G’ (elastic or storage modulus), G’ (viscous or loss modulus), and n*| (viscosity)
(see ESI Fig. S2), which means that they are more consistent. The crossover value,
which corresponds to G* = G’’, was found to be 1540 Pa, and this value is one order of
magnitude higher when compared with the gel without GNP. The crossover occurs at a
value of shear stress of 118,9 Pa, which is approximately four times higher, meaning that
besides being more viscous, it also has more resistance to sheer stress. This means that
the presence of GNP in the gel improves its rheological properties, which can open new
applications besides the usage as matrix for the synthesis of the GNP.

Samples of the gels with the GNP were also observed by Atomic Force Microscopy
(AFM). Two different areas of the gel were studied: one from the middle of the sample,
and one from the edge of the gel, to see if there is any difference, because change of
colour that indicates the formation of colloidal gold begins in the edges of the gel. Fig. 2

shows AFM images obtained from a sample taken from the central area of the gel.

0 0.2 0.4 0.6 0.8 1.0 um | 0 0.2 0.4 0.6 0.8 1.0 pm

Figure 2: AFM topography image (a) and phase image (b) of a sample taken from the centre of
the gel.

It is visible that no spherical formation, consistent with the presence of GNP, can be found in

the surface of the gel fibbers. This can indicate that the GNP are found inside the nanostructure,
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which would be consistent with the fact that drug incorporated in similar gels were found to be

located inside the fibbers and not in the interstitial continuous phase (see also ESI Fig. S3-S5).

Transmission Electron Microscopy (TEM) of the whole assembly was performed using
Freeze Fracture Direct Imaging,** to check if the GNP could be seen and also if it
could indicate their location within the gel. Fig. 3 shows TEM images obtained of the
gel. It can be clearly observed the presence of the GNP in the gel, confirming that the
GNP cannot be observed by AFM on the surface of the gel, but that they are present,
most likely contained inside the gel fibres. Furthermore, it appears that the GNP are
widely distributed across the sample, in a fairly homogenous manner (see ESI Fig. S6).
The gel samples were destroyed through mechanical disruption to characterize the GNPs
that were formed in this system. Water or dichloromethane were added, so that two
different colloidal solutions could be obtained. This process is necessary (particularly for
the transmission electron microscopic studies) to obtain a homogeneous sample that is
not overly concentrated.

The dichloromethane solution was analysed by UV-visible absorption spectroscopy
where the presence of the surface plasmon resonance (SPR) peak characteristic of the
GNPs was observed at approximately 520 nm (see ESI, Fig. S7). Because of the low
solubility of the gelator in water, the aqueous phase showed turbidity and a lower amount

of nanoparticles when compared with the dichloromethane phase.

——— 200 nm

Figure 3: TEM micrograph of gel sample with GNP (top) and magnification of the marked area
(bottom).

Furthermore X-ray photoelectron spectroscopy (XPS) was used to confirm the presence of gold
in the reduced state. The spectrum (Fig. 4) shows the characteristic binding energies of Au0 at

88.2 and 84.5 eV corresponding to the double peaks of Au 4f5/2 and Au 417/2.
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Figure 4: XPS spectrum showing the electron peaks with binding energy corresponding to Au’.

Additionally, the samples of GNP re-suspended in dichloromethane were observed by High
Resolution Transmission Electron Microscopy (HRTEM) which could afford a more accurate

analysis of the geometry of the GNP.

Figure 5: a) HRTEM micrograph, b) power spectrum and c) structural model of the icosahedral

shape with relevant orientation.

For the fractions that were re-suspended in dichloromethane and deposited on TEM grids, the
sample comprised nanoparticles with an average size of 5.4 = 0.7 nm. HRTEM showed that the
majority of the nanoparticles had faceted structure, and six different facets could be clearly
observed (Fig. 5). Faceted nanoparticles have an icosahedral shape that is formed by twenty

{111} facets.” The corresponding power spectra (FFTs) can also be seen in Fig. 5. It is also

51



Chapter 2 - Nanostructured gels based on bis-imidazolium amphiphiles

noteworthy that single crystalline nanoparticles were occasionally observed as well, not
spherical but containing the 6 facets. As seen in the power spectra, the spots form a ring shape
(which corresponds to the {111} planes of face centered cubic Au structure) showing six more
intense regions presenting three slightly mis-oriented spots. One of these triple-spot areas
is highlighted as an inset figure in the upper power spectrum. This type of power

spectrum is typical for icosahedron shape (see ESI Fig. 8).

In light of these findings, to assess if the template offers improvement regarding the size
distribution and geometry of the synthesized GNP, we obtained the HRTEM images of
previously prepared GNPs, synthesized with the same bis-imidazolium ligand. These samples
were synthesized in solution with homogeneous reaction conditions, without a fibrillar pre-
formed template, following two different methods that conferred to the GNP different solubility:
in biphasic system,' which allowed obtaining GNP soluble in organic media, and water-soluble
GNP obtained in aqueous solution.”’ HRTEM images showed that in general, the GNP prepared
in solution presented bigger average sizes and standard deviation, indicating more dispersion of

sizes, and also different geometric shapes were found (spheroid, tetrahedral and icosahedral)

(Fig. 6).

Figure 6: HRTEM micrograph showing different geometries found in water-soluble GNP

synthesized in aqueous solution: 4-twinned spheroidal nanoparticle (left) and tetrahedra (right).

The gold core sizes found were 12 + 0.8 and 7.2 + 0.7 for the GNP synthesized in organic
medium (Fig.S9, ESI), and much more disperse (5-25 nm) in the case of GNP synthesized in
water (Fig.S10, ESI). These findings indicate clearly that the disposition of the imidazolium
ligand in fibres favours one type of geometry, also acting as template to obtain a more

homogeneous size distribution.

The corresponding 3D structural models of the icosahedron shape with the same
orientation as the HRTEM micrographs can also be appreciated in Fig S11 (see ESI).
The model was obtained using the Rhodius on-line software package,’* and was created
with ~5.7 nm icosahedron shape that contains 5195 atoms. The created 3D models

perfectly match the experimental nanoparticles.
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It can therefore be concluded that the bis-imidazolium amphiphilic-based hydrogel
appears a good candidate for the in situ templated synthesis of GNPs with homogeneous
size and geometry, representing an improvement to the previous methods in solution. '’
Additionally, the bis-imidazolium gelator which acts as stabilizer of the GNP has the
ability to recognize and incorporate anions, giving an additional feature to these GNP. It
was also observed that the GNPs are synthesized within the fibbers of the gel, which is
responsible for improving the resistance of the gel, meaning that the GNP-embedded gel
may be a material with interesting properties and applications besides just acting as
template. An interesting study to follow up these promising results would be to

determine if the GNP-containing gel maintains the capacity to load drugs and what effect

the metal colloid has on the release properties.
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Experimental Procedure

All  reagents were of  analytical grade. Compound 1,3-bis[(3-octadecyl-1-

imidazolio)methyl]benzene dibromide (1) was prepared as reported previously.”

The gels were prepared as follows:

Gels Al and B1 (with a molar ratio 1:2Br:Au of 10:1) were prepared with 10 mg of 1:2Br
dissolved in 0.8 mL of ethanol and 0.7 mL of ethanol (respectively). Then, 216 pL of a 2 mg
mL"! aqueous solution of HAuCl,.3H,0 was added and the volume was completed with MilliQ

water until a final volume of 2 mL.

Gels A2 and B2 (with a molar ratio 1:2Br:Au of 8:1) were prepared with 10 mg of 1:2Br
dissolved in 0.8 mL of ethanol and 0.7 mL of ethanol (respectively). Then, 270 pL of a 2 mg
mL! aqueous solution of HAuCl,.3H,0 was added and the volume was completed with MilliQ

water until a final volume of 2 mL.

The gels were left overnight for proper aging, because the gelling process occurred slowly. To
prepare the GNP, 12 equivalents (with respect to Au’") of an aqueous solution of NaBH, were
added to the gels, in a final volume of 2.5 mL. The solution was left in contact with the gels for

8 hours, then it was removed and the gels were washed with water.

UV absorption spectra were obtained on UV-1800 Shimadzu UV Spectrophotometer.

XPS experiments were performed at the Centres Cientifics i Tecnologics de la Universitat de
Barcelona (CCiTUB), in a PHI 5500 Multitechnique System (from Physical Electronics) with a
monochromatic X-ray source (Aluminium Kalfa line of 1486.6 eV energy and 350 W), placed
perpendicular to the analyzer axis and calibrated using the 3 ds;, line of Ag with a full width at
half maximum (FWHM) of 0.8 eV. The analyzed area was a circle of 0.8 mm diameter, and the
selected resolution for the spectra was 187.5 eV of Pass Energy and 0.8 eV/step for the general
spectra and 23.5 eV of Pass Energy and 0.1 eV/step for the spectra of the different elements. All
Measurements were made in an ultra high vacuum (UHV) chamber pressure between 5-10° and

2-107® torr.
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High Resolution Transmission Electron Microscopy images were performed at the Group of
Advanced Electron Nanoscopy (GAeN) of the Institut de Ciéncia de Materials de Barcelona
(ICMAB-CSIC).

AFM images were recorded by the Scanning Probe Microscopy Service in the ICMAB-CSIC on
a PicoSPM system (Molecular Imaging). The intermittent contact mode was used close to
resonance frequencies of the silicon cantilevers (Nanosensors, FM type force constant 1.2-3.5
N/m and tip diameter 5 nm) of around 60-70 kHz. All the images were recorded under

atmospheric conditions.

Transmission Electron Microscopy using Freeze Fracture Direct Imaging was performed as
follows: the sample was sandwiched between two copper platelets using a glow-discharged
holey carbon grid as spacer. Then, the samples were frozen by liquid ethane immersion, and
fractured later into liquid nitrogen. The grid with the fractured sample was transferred to a
microscope Tecnai F20 (FEI Company, Eindhoven, Netherlands) using a Gatan cryo-holder
(Gatan, Pleasanton, CA). The images were taken at 200 Kv with a 4096x4096 pixel CCD Eagle
camera (FEI Company, Eindhoven, Netherlands) at a temperature between -170°C and -175°C

and using low-dose imaging conditions.

The rheological study of the flow behaviour was performed with a HAAKE Rheostressl
rheometer (Thermo Fisher Scientific, Karlsruhe, Germany) connected to a Thermo Haake
Phoenix II + Haake C25P temperature controller. The rheological studies carried out on freshly
prepared sample included. The rheometer was equipped with a cone-plate geometry set-up with
a fixed lower plate and a mobile upper cone (Haake C60, 2° 60 mm diameter, 0.106 mm) and
also a plate-plate geometry (PP60 Ti, 60 mm diameter, 0.5 mm gap between plates). The
rheometer was connected to a computer provided with the software HAAKE RheoWin®Job
Manager V.3.3 to carry out the test and RheoWin®Data Manager V.3.3 (Thermo Electron
Corporation, Karlsruhe, Germany) to carry out the analysis of the obtained data. Viscosity
curves and flow curves were recorded under rotational runs at 32 °C for 3 min during the ramp-
up period from 0 to 100 s ', 1 min at 100 s™' (constant share rate period) and finally 3 min

during the ramp-down period from 100 to 0 s~
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Figure S1: Gels with HAuCl4 before (t=0 minutes) and after the adition of NaBH4 at different times.
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Figure S2: Stress sweep of gel-1 in water-ethanol. G’ (elastic or storage modulus), G” (viscous or loss

modulus), and [n*| (viscosity) are defined as function of t (shear stress).

Sensor: PP60 Ti

A Factor: 23580 Pa/Nm

M Factor: 29.979 (1/s)/(rad/s)

Inertia: 1.234e-05 kg m?

Damping: 30.00

Thermal expansion coefficient: 1.100 um/°C
Compliance: 0.003157 rad/Nm

Groove: 1.001 mm

Driver version: 45

Element definition:

ID 2: 108; CS; 0.000 Pa; t<300s; ;T 32.00°C<£1.00 °C;
ID 8: 3; CS; 0.000 Pa — 500.0 Pa log; £ 1.000 Hz; t ---; #50; T 32.00 °C;

Evaluation:

CROSSOVER: G’ (storage modulus) = G” (loss modulus) = 1540 Pa when Tau=118,9 Pa
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Figure S3: AFM topography image (a) and phase image (b) of a sample taken from the centre of the gel.
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Figure S4: AFM topography image (a) and phase image (b) of a sample taken from the edge of the gel.
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Figure S5: AFM topography image (a) and phase image (b) of a sample taken from the edge of the gel.
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Figure S6: TEM micrographs of the GNP distributed within the gel.
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Figure S7: UV-visible absorption spectrum showing the typical SPR peak of the GNP solutions: Al
(black), B1 (red) and A2 (blue).
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Figure S8: HRTEM micrographs and their corresponding power spectra (FFTs). On the right, structural
3D atomic models of the icosahedral morphology. Notice that the orientation of the models corresponds

to the one of the experimental GNPs on the left.
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Figure S9: HRTEM micrographs showing different structural morphologies present in a sample of GNP
synthesized with ligand molecule 1:2Br in biphasic system.

Fig. S9 shows icosahedron faceted nanoparticles with different sizes, 4-twinned spheroidal
nanoparticle and tetrahedral obtained by synthesis in solution using a biphasic system (Casal-
Dujat et al, 2012). Power spectra taken from these structures are revealed that all of them are
gold-based. The sample was composed by multifaceted spheroidal nanoparticles with different
sizes and tetrahedral, that was divided in two groups which cover about 80% of the sample. The
first group is composed by multitwinned faceted spheroidal nanoparticles with an average size

of 12 nm. Another group has multitwinned faceted nanoparticles with an average size of 7.2 nm.

Figure S10: HRTEM micrographs showing different structural morphologies present in the sample of
GNP synthesized with ligand molecule 1:2Br in aqueous phase.

The sample of GNP shown in Fig. S10 was synthesized in aqueous phase (Rodrigues et al,
2014) and contains a variety of structures. Most of them are multitwinned faceted spheroidal
nanoparticles with different sizes, which vary between ~ 5 nm and ~ 25 nm. In addition to the

spheroidal nanoparticles, tetrahedra are occasionally observed in the sample.
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Figure S11: HRTEM micrograph of a 6.4 nm decahedron GNP synthesized with ligand molecule 1:2Br

in aqueous phase and its corresponding power spectrum and 3D structural model.

As seen in the power spectrum in Fig. S11, diffraction spots corresponding to {111} and {200}
family of planes form a perfect symmetry, which is typical for decahedra. Regular decahedron
shape consists of mergence of 5 {111} faceted tetrahedron. Yet, the theoretical angle between
two (111) planes is 70.53° and combination of 5 tetrahedra to form a decahedron results in a
7.35° gap, which must be filled by some form of internal strain such as twin dislocations and

other structural defects.

L. Casal-Dujat, M. Rodrigues, A. Yagtie, A. C. Calpena, D. B. Amabilino, J. Gonzalez-Linares,
M. Borras and L. Pérez-Garcia, Langmuir, 2012, 28, 2368-2381.
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Garcia, RSC Adv., 2014, 4, 9279-9287.
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Chapter 3

Gold Nanoparticles for delivery of drugs and peptides

3.1. Introduction

Gold has been used in medicine for centuries, because of its inertness (it resists to chemical
corrosion unlike other metals) thus appearing as an “immortal metal” associated with longevity.
Its use in China can be traced back to 2500 BC, where pure gold applied topically was believed
to cure skin conditions like furuncles or ulcers, as well as smallpox. Later, a way to produce
gold in a liquid preparation that could be drunk was pursued by many alchemists, as found in
documents from 81 BC. Some of these recipes indeed allowed obtaining gold salts in solution.”
Around 1300 it was described the preparation of aqua regia, the first known solution to dissolve

gold.”

Colloidal gold was also used in art, to decorate objects, as is the case of the famous Lycurgus
Cup, exhibited in the British Museum in London, which is made of dichroic glass that contains
colloidal gold and silver. The presence of the colloids within the glass is the responsible for its
property of being translucent when a light is shone through it.” Although colloidal gold had
been used since many centuries it was Faraday, in his lecture from 1857, who first described
different ways of obtaining gold preparations, including colloidal gold. Furthermore, he also
described the sizes of the particles and the relation between the size and response to light, in a
very complete study.”® Colloidal gold is composed of small gold particles with nanometric size,
known as gold nanoparticles (GNP), that when dispersed in an adequate solvent have the

appearance of a solution.

Gold is an inert and resistant metal, and this property is also found in GNP. Furthermore, the
small size of GNP renders a very important property, named the Surface Plasmon Resonance
(SPR). This phenomenon is caused by the collective oscillation of electrons at the surface of the
gold due to the electromagnetic radiation of the incident light. According to Mie’s theory, the
SPR band of the particles with spherical shape, visible in the absorption spectra, results from the
dipole oscillations of the free electrons in conduction band that are occupying the energy states
immediately above the Fermi energy level. A decrease in the size of the GNP translates into a
broadening of the SPR band and a decrease in the intensity of the peak. GNP with sizes below 2
nm do not present SPR band, as well as bulk gold.”*””*® The SPR maximum peak can range
from 518 nm to 565 nm, corresponding to sizes ranging from 9 nm to 100 nm.” This band is

also present in gold thin films. It is important to highlight that the band depends not only of the
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size of the GNP, but also of the type of ligand that is on the nanoparticles’ surface, and the
solvent where they are resupended. The dependence of the SPR relative to the GNP size allows
the determination of the later by UV-visible absorption spectroscopy.'® " The SPR band also
experiences shifts on its absorption wavelength upon aggregation of the GNP, which can be
macroscoscopically easily seen because of the changes in the colour of the colloidal solution.
Recently it has been found that SPR depends more on the plasmon length (distance along which
occurs the oscillation, that depends on the size) rather than the shape.'” As far as
characterization of GNP is concerned, the development of the electron microscope allowed the
study of these colloids, since the particles’ size is small and cannot be properly studied with a

regular optical microscope.

One of the milestones for GNP preparation revolves around Turkevich’s work. In 1951
Turkevich published his work, where different methods of preparing gold colloids were
compared, and his own method, adapted from existing literature, and showed that spherical
particles could be obtained with a narrow distribution and good reproducibility. This method,
known as the Turkevich method, uses citrate as the reducing agent of Au(Ill) salts, and is one of
the most widely used methods to obtain gold nanoparticles dispersed in water.'” The method
was further studied, and it was proved that tuning the citrate: Au ratio affords GNP with distinct
sizes.'” The citrate is the responsible for the reduction of the gold, but recently, it was found
that it is not citrate itself but the dicarboxyl acetone resulting from its oxidation the responsible

for the stabilization of the nanoparticles.'”

Another method developed for the synthesis of GNP that could also render good reproducibility
is the method developed by Brust and Schiffrin, in which a two phase system is used.'” A
gold(III) salt is solubilized in water and transferred by tetraoctylammonium bromide (TOAB) to
an organic phase containing a thiol that will stabilize the GNP, once is formed. The reduction of
the gold is performed by adding an aqueous solution of NaBH,4 with vigorous stirring. The GNP
is stabilized by the formation of a monolayer of thiols on its surface, and for that reason the so-
obtained GNP are referred to as monolayer-protected clusters (MPC). The normally accepted
theory for the synthetic route was that the thiol would reduce Au(Ill) to Au(l) and form a
complex with Au(l), that would then be reduced to Au(0) by the addition of NaBH,."””
Nowadays is known that the Au-S bond is formed only after adding the reducing agent.'” The
strength of NaBH, as reducing agent is bigger than citrate's, which could account for their
smaller size when compared with the ones obtained by Turkevich's method. In the biphasic
system, the presence of the transfer agent TOAB represents an additional contaminant to the
GNP solution that requires removal. Therefore, an improvement was introduced later, where the

synthesis was performer in methanol, thus avoiding the use of TOAB.'"”
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Before the publication of the Brust-Schiffrin method, reports had already been made where the
GNP synthesized by the Turkevich method were afterwards stabilized by a thiol by simple
exchange,'"” because thiol has binds with gold through the sulphur atom by a quasi-covalent
bond. This exchange process can be very useful when the functional group of the thiol can also
be reduced by the reducing agent used in the GNP synthesis or a given GNP size is required.
The exchange is not, however limited to GNP obtained by the Turkevich method: GNP already

stabilized by one thiol may undergo ligand exchange for a different thiol (Scheme 3.1)."'"'"?
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Scheme 3.1: Synthesis of gold nanoparticles: a) by the Turkevich method and subsequent exchange
between the citrate and a thiol, and b) by the Brust-Schiffrin method and subsequent exchange of the

thiolate from the synthesis by a second thiol.

GNP can also be stabilized by cysteine'"”. This amino acid is present in glutathione (abundantly

found in the cytoplasm of cells and in blood plasma), and therefore GNP can also be stabilized

114

by this molecule through the thiol group from the cysteine residue.” ~ Aditionally, thiolates

stabilizing GNP can be released through exchange with glutathione.'"” Cysteine also mediates
protein adsorption and stabilization of GNP.''® Other examples of ligands that are found in

literature include natural ligands, such as chitosan,'”'"® ligands with phosphine as functional

120 121

group,'”” bipyridyls,' polymers,'”' as for example Pluronic or Poloxamer,'* amphiphilic

molecules such as TOAB, which apart from being a transfer agent in the Brust-Schiffrin method

can also be used as stabilizer in the absence of thiols,'” didodecyldimethyl ammonium

124

bromide, “* or cetyltrimethylammonium bromide (CTAB), although the last is more popular for

123126 and surfactants with a gemini structure.'””'** Additionally GNP

the synthesis of nanorods.
can also be stabilized by ionic liquids containing imidazolium groups.'*"*" It has been observed

that the imidazolium moiety is involved in the stabilization.”' Recently examples of
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imidazolium-bearing gemini surfactants have been reported as ligands to stabilize GNP.'*?

Some examples are shown in Figure 3.1.
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Figure 3.1: Schematic representation of a GNP with different ligands that can be used for stabilization.
Clockwise, from top to bottom:amine, amphiphile with single chain (CTAB) and gemini-type,

imidazolium-based, bipyridyl, and phosphine.

Groups like amino, carboxy, carbonyl and phenol are also known to stabilize GNP. Some efforts
are made to achieve a “greener” synthesis of GNP by using ligands that possess such groups
found in natural extracts, as for example leaf extracts of Magnolia kobus and Diospyrus kaki,"”
Rosa rugosa”* or Morus alba,'” and fruit extract from Punica granatum.”® A more unusual
method to obtain the GNP is using extracellular filtrates from microbes as reducing agents and
stabilizers. Examples found in literature include extracts from Trichoderma viride and
Hypocrea lixii."””" Other examples describe the reduction of Au(IIl) and formation of GNP by
contact with the biomass of Fusarium oxysporum,"® Verticillium sp.,"’ or Rhodopseudomonas

140
capsulata.

In addition to the various types of stabilizers that can be used in their synthesis, the fact that
GNP can be functionalized with appropriate thiols, that furthermore can be used to immobilize
(bio)molecules in the surface, makes them a very versatile tool. Therefore, GNP have been

widely studied to be used in different types of applications. Some examples are listed.

Catalysis: Although gold in its bulk form is not reactive,'*' when in the form of GNP, it can
catalyse the oxidation of styrene'*” and volatile organic compounds like CO, CH;OH and
HCHO,'* selective hydrogenation,'** 1,2 addition to alkynes,'*> C-C coupling reactions,'*® and

also as catalyst in the synthesis of carbon nanotubes,'*’ to name some examples.
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Diagnosis: The inertness and easy functionalization of GNP makes them useful in the
development of lateral flow assays for diagnosis, for example for the detection of
pathogens.'**'* Generally, this type of assays is based on a sandwich design and the needed
device can be formed by the following parts: a sample pad (where the analyte is placed), a
conjugate pad (where GNP-conjugated antibodies are placed), a nitrocellulose membrane
(where the analyte solution flows) as well as test and control lines, and finally an absorbent pad

(Figure 3.2).

3 Analyte

.-< GNP-detection antibody

) =< Captureantibody

_< Control antibody

l

Test line

Conjugate pad Absorbent pad

Sample pad

Nitrocellulose ~ Controlline

membrane

Figure 3.2: Schematic representation of a lateral flow assay with colloidal gold for the detection of

analytes.

Basically, the analyte is introduced in the assay system and, due to capillarity, it migrates along
the conjugate pad and nitrocellulose membrane. Antibodies specific for the analyte are placed in
the conjugate pad linked to GNPs, so that when the analyte solution passes, they bind to the
analyte (when present). In the test line, another antibody specific for the analyte is also placed,
and the control line has antibodies that are specific for the detection of the former antibody. The
detection of the presence of the analytes is easy because of the colour of the colloidal gold.
When the analyte is present, a line is visible in the test line, and the control line assures that the

solution with the analyte migrated through the membrane.

Sensing: When GNP experiment aggregation, the gold core of the GNP become closer, the SPR
band shifts, since absorption occurs at longer wavelength, and the solution changes its colour.
The most common is the change from a red-wine to a dark blue colour. This feature can be used
for label-free sensing. For instances, Gooding’s group described GNP functionalized with a
thiol bearing azide groups. This solution is placed together with 1,4-diethynylbenzene that has
two alkyne groups, and therefore act as cross-linker. In the presence of copper (I), which is a
catalyst in the Huisgen reaction of cycloaddition, GNP are cross-linked and the solution turns

from red to blue (Figure 3.3). The intensity of the colour is proportional to the amount of
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copper present.15 0

Figure 3.3: Schematic representation of the aggregation of GNP functionalized with an azide upon

addition of copper in the presence of 1,4-diethynylbenzene.

A similar strategy is applied to detect the activity of blood coagulation Factor XIII. Different
GNP are synthesized, a batch incorporating peptides containing terminal lysine residues, and
another incorporating peptides containing terminal glutamine residues. When activated, the
Factor XIII is responsible for the formation of bonds between the terminal residues of each type
of particle, which results in their aggregation.”' Other examples of the colorimetric detection
use DNA-modified GNP and the change in the melting temperature (Tm) between DNA
complementary strands, and could be used, for example, in the detection of Hg*" and Cu**

cations."”>'>* An example of for the detection of Hg”" is shown in Figure 3.4.
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Figure 3.4: Example of GNP with complementary DNA strands and a T-T mismatch: The GNP
aggregate but when the temperature increases above Tm, the DNA strands separate and the solution turns
red. When adding Hg”’, this cation complexates with the T-T mismatch between the complementary
strands, and the temperature at which the two strands separate increases when comparing with the initial

solution with no Hg*".
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The aggregation of GNP can furthermore be used along with fluorescent probes, because GNP
have a quenching effect on their fluorescence. For instance, a method to detect DNA
hybridation based on fluorescence was developed. A solution is prepared containing Rhodamin
B, GNP and single strand DNA, this being responsible for the stabilization of the GNP upon the
addition of NaCl. The stabilized GNP quench the fluorescence of Rhodamin B. However, when
the complementary DNA is added, the double strand DNA is formed and can no longer stabilize
the GNP, which aggregate in the presence of NaCl and no longer quench Rhodamin B’s
fluorescence. Thus, this aggregation translates into an increase in the Rhodamine B fluorescence

in solution (Figure 3.5).">*
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Figure 3.5: Example of a solute of GNP containing rhodamine. Upon the addition of NaCl, the presence
of ssDNA can stabilize the GNP and the quenching of rhodamine occurs. When the hybridization occurs,

the GNP aggregate and the fluorescence of rhodamine is detected in solution.

The quenching effect can also be used to detect DNA hybridization by combining ssDNA with a
reporter that emits fluorescence. For instance, ssDNA labelled with a fluorophore, with hairpin
structure, thus making the fluorophore closer to the GNP. A quenching effect occurs (the
emitted radiation is transferred to the gold core), and no fluorescence is observed. Upon
hybridization, the hairpin opens, the reporter is separated from the gold core, no energy transfer

occurs, and the fluorescence becomes visible (Figure 3.6).">

cDNA

Fo 5 Qs -

ssDNA

Figure 3.6: Fluorescence-based sensor with GNP. The ssDNA attached to the GNP forms a hairpin

structure. Upon addition of the complementary DNA, the hairpin unwinds and no quenching occurs.

The SPR effect found on GNP can also be used for the development of sensors based in GNP

immobilized on matrices. For example, GNP embedded in a gel could be successfully used to
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sense dopamine. The presence of the analyte causes a swelling in the gel, and this causes a

bigger separation between the GNP, which results in shifts in the SPR (Figure 3.7).'*
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Figure 3.7: Example of gel with embedded GNP. Upon swelling of the gel, the distance between the

GNP increases.

The technique has become very popular with the development of sensor chips with thin gold
layers that also present SPR, and can be used to sense deposition of materials but also determine

interaction constants between biomolecules (see Chapter 4 for more details).

Imaging: There are different features of the GNP that can be taken advantage of for its use as
imaging agents. For instance, GNP can be observed by optical microscopy in phase contrast or
differential interface contrast (DIC) mode when their size is bigger than 20 nm."”” On the other
hand, the fact that gold atoms have high atomic mass allows the gold core to be seen by TEM
without the need of additional staining. This was what allowed the study of the influence of

1% and therefore, TEM is used in their characterization,

citrate:gold ratio on the size of the GNP,
but also means that GNP can be visualized inside cells, allowing the study of their
biodistribution."”® On the other hand, it has been demonstrated that GNP are also able to scatter

X-ray, which means they can be used as contrast agent in X-ray imaging.'>

GNP can also be used for imaging using Surface-Enhanced Raman Scattering (SERS). Raman
scattering consists on the inelastic scattering of photons by a given molecule. This scattering has
associated a different energy to the incident light. The energy shifts are specific for certain
molecular structures. More complex molecules have therefore their own specific spectrum,
which allows them to be identified. The energy shift does not depend of the wavelength, and the
signals have low intensity, but can be highly amplified by a factor of 10'* if the molecules are
sufficiently closer to a curved surface of gold, like for instance the surface of gold nanoparticles.
This phenomenon of electromagnetic enhancement is caused by the SPR of the GNP: when a
laser is shone through the GNP, the incoming and outgoing radiations’ electric field are
enhanced. This enhanced electric field interacts with the molecule that is near the GNP’s
surface, and thus the name Surface-Enhanced Raman Scattering.'*'®" This allows GNP loaded

162163 and as imaging agen‘[s.164 For example,

with these reporter molecules to be used as sensors
SERS was used to image the cellular transport pathways. In this example'® the GNP are

introduced inside a cell and are tracked through the SERS signal, allowing the mapping of the
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transport in organelles and accumulation in lisosomes. In the field of cancer diagnosis, SERS
has been tested for real-time release of anticancer drugs inside living cells,'"” but can also be
used for histological detection in vitro and for in vivo imaging (Figure 3.8).'°° SERS agents

were prepared using lipoic acid as linker between the reporter molecules and the gold core, for

in vivo detection of cancer through antibodies targeting HER2 and EGFR, which are
167,168

overexpressed in many cancer cells.

Coating
Raman-active layer
Gold core

Figure 3.8: Example of GNP covered with a Raman-active layer. The GNP solution is injected and the
GNP target a specific organ, where they accumulate in the tumour, allowing this to be observed through

SERS.

Additionally, it was found that thiol-coated GNP present permanent magnetism, for which they
can also be used as an enhancer in Magnetic Resonance Imaging (MRI) when associated with
gadolinium.'® """ GNP can also be capped with other ligands, like manganese'”” to be used as
MRI contrast agent or combined with iron oxide nanoparticles to be used as both MRI and

SERS contrast agents.'”

Therapy: One of the most promising applications of GNP is in therapy. Due to their easy
synthesis to obtain GNP with appropriate ligands, their high surface/volume ratio (which allows
high molecule loading) and good biocompatibility, GNP have seen an increase in their study to

deliver drugs.'™

Some examples of applications in the promising field of gene delivery can be found. GNP that
were functionalized with lysine and lysine dendron structures proved to be good ligands to bind
DNA and posterior delivery of the cargo through response to the glutathione levels inside the
cell.'” Another strategy involves GNP coated with charge-reversal copolymer, which could
shift the charge from positive to negative according to the pH. The delivery of siRNA by such
GNP, and consequent gene silencing, could be successfully achieved.'”® GNP stabilized with
this type of polymers with siRNA can enter the cell inside endosomes. The influx of protons to

acidify the medium inside the endosome leads to a change in the charge of the polymer, wich
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disassembles and releases the cargo. At the same time, because the copolymer has the capacity

to disrupt the endosome, the released siRNA can exit the endosome (Figure 3.9).

Endosome

Figure 3.9: GNP covered with pH-responsive copolymer enters the cell through endocytosis; the newly
formed endosome suffers an influx of protons to acidify the medium, and the change in the pH causes the

copolymer to disassemble, thus releasing the siRNA.

GNP have also been studied for the delivery of drugs. For example, water soluble GNP, with
propansulfonate groups on the surface, could interact with dexamethasone through the
formation of a bond between the fluorine atom of the drug and Au(I) atoms on the surface of the
GNP. This interaction resulted in the incorporation into the GNP of 70-80% of the added drug.
These GNP can be used to load and release drugs that are not water-soluble.'”” Another example
shows GNP encapsulated inside dendrimers and having the drug attached to the GNP by a thiol
group. Captopril and 6-mercaptopurine, which are thiol-containing drugs, and doxorubicin and
cisplatin, drugs modified in order to introduce thiol group, were tested. The levels of the thiol-
reducing agent glutathione trigger the release of the drug from the GNP.'”® Another example
that relies on the glutathione-triggered release is the synthesis of GNP with tiopronin, a drug

that also has a thiol group and is used to treat acute liver injuries.'”

Pluronic-based micelles, with GNP are forming an outer shell, have also been developed, where
after the uptake of the structure by the cell, the glutathione levels cause the disruption of the
shell and the release of the inside cargo, in this case paclitaxel.'® Other possible strategy for the
delivery of cargo from GNP consists on the assembly of vesicles directed by the ligand
composition. These vehicles incorporate the drug in the interior, and upon a trigger, the vesicle
disassembles, releasing the cargo. Because of the proximity of the GNP in the vesicle, the SPR
is different from the SPR of individual GNP, and thus allows the screening of the release. The
release may be triggered by light, inducing chemical changes in the photoresponsive ligands
(Figure 3.10).""' Other approach involves the construction of structures which are pH-
responsive; for example, a supramolecular conjugate of GNP inside B-cyclodextrin molecules
could be successfully obtained and could incorporate and release various anticancer drugs

182

depending on the pH.
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Figure 3.10: GNP coated with two polymers, one hydrophobic and other hydrophilic, which causes a
polymeric vesicle to form with the GNP embedded and the drug encapsulated inside. Upon irradiation
with light, the hydrophobic polymer is converted into hydrophilic and consequently the vesicle opens up

and releases the cargo.

Besides allowing controlled release of drugs, in some cases the association of a drug to GNP
enhances the drug’s activity. For example, BSA-capped GNP were used to incorporate
methotrexate, and it was found that the they had anticancer activity on MCF-7 cancer cells, and
this was higher than the obtained for the free drug alone.' In the case of XAV939, a small
molecule that inhibits the Wnt/f-catenin pathway, it was found that this molecule could inhibit
100 times more the Wnt proteins signalling pathway when it was conjugated to GNP than it did
in the free form. This conjugation was performed through sulphide linkage. The efficacy
depends on the amount of GNP that were internalized by the cell, through endocytosis.'** Yet
another example, where the synthesis of the GNP is done using natural extracts, shows that the
GNP could target MCF-7 cells by conjugation with folic acid, and were used to deliver 5-
fluorouracil to these cells with better results than the free drug.' Selectivity can also be
enhanced by targeting specific cells through the conjugation of the GNP with antibodies that
specifically recognize and bind to molecules present in the surface of those cells. The use of
antibodies to target specific cells is found in many examples of GNP for both therapy and
diagnostic."** "™ In Figure 3.11 we can see an example of GNP that are conjugated with
antibodies anti-HER2, an epidermal growth factor receptor that is overexrpessed in breast
cancer cells. The overexpression is responsible for a higher accumulation of the GNP in the
tumour, because the antibodies bind to the receptors on the membrane of the cells. The GNP
may be designed to deliver a cargo (drug delivery) or have conjugated another molecule for
specific therapy, or may be used for diagnosis purposes: the accumulation in the tumour allows

it to be detected through imaging techniques.
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Figure 3.11: Example of GNP conjugated with antibodies anti-HER2 epidermal growth factor receptor
that is overexpressed in breast cancer cells. The presence of the antibody targets the cells with this

receptor, and because it is overexpressed in the cancer cells, its accumulation is higher in these tissues.

Special advantage can be taken from the fact that GNP themselves have a high tendency to
accumulate in tumours. Because the tumour cells multiply so quickly, there are anatomical and
physiological differences in respect with cells in normal tissue; thus, because tumour tissues
need high vascularisation, large gaps form between the endothelial cells of the blood vessels,
allowing macromolecules and nanoparticles to cross the endothelium. This is known as the
Enhanced Permeability and Retention (EPR) effect.'™ Recently it was found that GNP may
exert an anti-angiogenic effect, inhibiting the formation of new blood vessels around the tumour
which are necessary for its growth.'” This effect appears to be related with the inhibition of the
vascular endothelial growth factor (VEGF) signalling cascade, involved in the angiogenesis.
Furthermore, it was found that the size and charge of the GNP influence their activity,'” and
coating of GNP with different functional peptides, specific for determined cell receptors, could
inhibit or activate angiogenesis.'”' For this reason, GNP are also used in non-pharmacological

cancer therapy.

One promising treatment is cancer immunotherapy, which consists of stimulating the host
immune system in order to detect and kill the cancer cells. It is known that cancer cells evade
recognition by the immune system due to some mechanisms, like the downregulation in the
expression of antigens in the cell surface, which reduces recognition and stimulation of T-
cells.'” One way of stimulating the immune system is to conjugate the GNP with tumour
associated antigen peptides. This strategy could improve immune in vivo cell stimulation.'”” The

same was also done with a thiol-modified CpG 1668 oligodeoxynucleotide that is known to
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stimulate immune responses.'”* Brifias et al synthesized GNP that were coated with a tumour
associated carbohydrate antigen along with a peptide derived from the B-cell activating C3d

' This vaccination strategy can also be applied to other cases. A

protein, acting as adjuvant.
multifunctional GNP has been synthesized with a tetrasaccharide epitope from Streptococcus
pneumoniae type 14, the T-helper OV As,; 339 peptide and D-glucose, and could successfully
196

trigger the production of IgG antibodies (Figure 3.12).
Antigen ¢—— 4 4

T svotymotution §

4 4
4N

Figure 3.12: GNP conjugated with molecules known to trigger immune response. They are introduced in
the body, and stimulate the production of antibodies. These antibodies bind to the antigens present in the

GNP and initiate the process of opsonisation of the complex.

Other application of GNP is in radiotherapy: due to the fact that gold can absorb X-rays, the
introduction of GNP inside the tumours enhances greatly the dosage of radiation applied to the
tumour cells in comparison with the radiation absorbed by healthy tissue.'”’ It has been
demonstrated that in the case of superficial treatment, lower doses of radiation are needed in the
presence of GNP to destroy the same fraction of cells obtained with higher radiation doses in
the absence of GNP.'”® It has also been found that this enhancement helped in the therapy of

.. . . 199
radiation-resistant squamous cell carcinoma model cells.

Due to the fact that GNP can convert electromagnetic radiation into heat, they have been also
tested for laser based hyperthermia to treat cancer, because cells start to show signs of apoptosis
when heated to temperatures between 41°C and 47°C.>” The main advantage is that, besides the
therapeutic paper, the conjugation of the GNP with appropriate antibodies can target specifically
the tumour cells. For example, oral squamous carcinoma cell lines HSC 313 and HOC 3 Clone
8, and one benign epithelial cell line (HaCaT) were targeted with anti-EGFR antibody-
conjugated GNP and it was proven that the irradiation not only caused cells death, but also that
the malignant cells require less laser energy.””' Also, using lower laser power resulted not in the
complete disruption of the cell due to hyperthermia, but localized small disruptions were

obtained, which did not kill the cells but could be used to enhance the uptake of anticancer
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drugs by the cell, resulting in a combined therapy.'®” Furthermore, it was recently found that
hyperthermia and radiotherapy have synergistic effect, and that the radiation needed in the

radiotherapy process could be decreased.*”

When the hyperthermia technique is combined with
chemotherapeutics, activity enhancement can be obtained. For instance, gold half-shell with
anti-DR4 antibody conjugated with polymer with doxorubicin were used. The GNP moiety
allows the targeting and the application of near IR radiation to increase the temperature. This
heating of the cells allows the drug to accumulate inside and overcome the tumour cell’s
mechanisms of drug resistance."™ An example was also found where the GNP aggregate in
acidic pH, like the one found in the cancer cells’ vicinity (Figure 3.13). From the aggregation
arises a collective plasmon mode that causes the GNP aggregate to heat upon certain irradiating

light, and at the same time release the cargo (in this case the drug tested was doxorubicin).*”®
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Figure 3.13: Example of drug-loaded GNP that are sensitive to acidic pH. The GNP cross the blood
vessel (due to the EPR effect) and accumulate in the tumour. Because of the low pH found in this tissue,

the GNP aggregate, releasing the drug. The aggregates can act as photothermal agent.

GNP can also be used as delivery and targeting agents for photodynamic therapy (PDT). PDT
consists basically in using radiation to produce Reactive Oxygen Species (ROS). The
photosensitizer is the molecule that is excited upon irradiating it with a specific wavelength. The
relaxation of the molecule back to its ground state can occur with the emission of a fluorescent
photon, or to an excited triplet state, from which can relax to ground state with the emission of a
phosphorescent photon or by transference of energy to another molecule. In the presence of
oxygen, the energy transfer occurs easily between the photosensitizer and molecular oxygen,
and because the energy to form singlet oxygen is low, oxygen singlet is produced in this
transfer.”” The oxygen singlet is responsible for the cytotoxic effect of the photosensitizer on
cells. Therefore, PDT appears promising in the treatment of cancer. One of the challenges is to
target the photosensitizer cells to tumours, which can be achieved by conjugating with carriers
such as GNP.””?% For example, Russell’s group used phthalocyanine-conjugated GNP to

generate singlet oxygen.””’ These conjugated GNP proved to have in vivo activity against
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melanoma cells.*® To improve their distribution, GNP can be additionally conjugated with
antibodies. The targeting of breast cancer cells with anti-HER2 antibodies, which recognize the
HER?2 factor (overexpressed in many breast cancer cells) led to the accumulation of the GNP in

the tumour, and cell death was induced upon the radiation.'

If the particles are to be used in biomedical application, whether it is imaging or therapy, it is
very important to assess the toxicity of the GNP. There has been work done in this area, with
findings that sum up to an overall understanding of the GNP safety in living organisms. For
instance, when using Cos-1 cells the toxicity of the GNP present is closely related to their
surface charges, which interact electrostatically with the cell membrane.””® The charges interact
with the lipid bilayer of the cell membrane, damaging its integrity. On the other hand,
positively-charged GNP appear to induce structural changes in the cell membrane, and
furthermore induce cytotoxicity due to changes in the membrane potential and increase in the
concentration of Ca®". The cellular uptake of GNP positively charged is improved, but the cell
proliferation decreases and cell death is induced.?"° Three types of GNP, with positive, negative,
and neutral charge were studied and it was found that even the neutral-charge GNP proved toxic
for HaCaT human keratinocyte cells, showing that not only the the synthesis and the surface
charges of the GNP influence their toxicity behaviour, but also the reactions that can take place
between the groups on the surface of the GNP and the cells. For example, the charged GNP
elicited an apoptotic response whereas the neutrally charged ones showed minimum levels of
caspase-3, and therefore the cell death was probably through necrotic process.*!' In K562 cells
leukemia cells, the GNP are uptaken and up to a concentration of 250 pM (concentration
expressed in gold atoms) they did not show toxicity. On the other hand, GNP with CTAB on the
surface had significant toxicity: 50% of viable cells were found with a concentration of 0.01 uM
(concentration expressed in gold atoms). It was found however that this high toxicity was
associated with unbound CTAB on the surface of the GNP.?'? Gold nanorods, which are
typically stabilized by CTAB, are highly toxic to human skin cells, due to the presence of this
amphiphilic ligand. If, however, the CTAB-containing nanorods are coated with

poly(styrenesulfonate), which proved to be biocompatible no toxic effect is observed.?"

Regarding the influence of the size of the GNP in their toxicity, studies were performed using
phosphine-stabilized GNP in four different cell lines: HeLa cells, SK-Mel-28 cells, L929 mouse
fibroblasts and mouse monocytic/macrophage cells J774A1. It appears that for these particles
the cytotoxicity, as well as the cell death, depends on the size and not on the ligand. An increase
in the size of the GNP from 1-2 nm to 15 nm causes the increase in the percentage of apoptotic
cells from the total cells that died, indicating a faster cytotoxic action.”’* A study was performed
with HeLa cells that showed the influence of the size of the GNP on the toxicity. Smaller GNP

(~2 nm) are less prone to form aggregates; they can enter the cells through endocytosis and
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show lower toxicity. Bigger GNP (~25 nm) form aggregates inside the cells and show higher
toxicity. But if the GNP aggregate outside the cell to a size that can no longer enter the cells
through endocytosis, then the GNP aggregates adhere to the cell surface, resulting in an increase

in the growth rate of the cells and no toxicity is observed.*"

In an assay to determine the bioaccumulation of GNP in mice, the nanoparticles were
administered through intraperitoneal route. After 8 days of daily GNP administration, no
toxicity was observed. The weight of the animal did not suffer changes, nor the organ
morphology or the tissue histology. Evidences pointed out that GNP can cross the blood-brain
barrier because low concentration of GNP was found in the organ.”'® PEGylated GNP were
found to accumulate in the liver and spleen of mice. Gold nanorods however accumulated more
than gold nanospheres on the remaining studied organs, and also showed better accumulation in
tumours.”'” Recently it was found that glutathione-cooated GNP may be a good alternative to
PEG, because studies in vivo showed clearance of the GNP from the body through the kidneys
and for higher concentration of GNP the clearance is done through the reticuloendothelial

114
system.

The ability of the GNP to penetrate through the skin has also been object of study. For
instances, smaller GNP (~6 nm) appear to penetrate the skin, and bigger GNP (~15 nm) can
penetrate depending on the ligand around the core. Bigger sizes may require enhancement to

penetrate, such as dermabrasion or ballistic delivery.”'®

Due to the gold inertness and good biocompatibility, the versatility of ligands that can be used
and also because the toxicity can be tuned with the appropriate molecules so that they can be
made less toxic, GNP appear as promising vehicles for biomedical applications. Some were

explored in this chapter dedicated to the delivery of active molecules by gold nanoparticles.
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3.2. Objectives

In the field of GNP for drug delivery, the main objectives of this work are:

a) Synthesis of GNP using bis-imidazolium-based amphiphiles (Figure 3.14);
b) Non-covalent incorporation and release of anionic drugs from the synthesized GNP;
c) Preparation of GNP using thiols with functional groups for immobilization;

d) Covalent immobilization of synthetic cyclopeptides with therapeutic activities.

o M
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Figure 3.14: Structure of the bis-imidazolium amphiphiles with linear (A) and cyclic (B) structure.

The chapter is divided in four sections, which objectives are described in more detail:

3.2.1. Preparation of GNP from bis-imidazolium amphiphilic protophanes in a
biphasic system

I.  Synthesis of GNP through a biphasic method, using bis-imidazolium-derived
amphiphiles as transfer agents and stabilizers of the GNP;

II.  Characterization of the newly synthesized GNP by means of UV-visible absorption
spectroscopy, TEM, Dynamic Light Scattering (DLS), Matrix Assisted Laser
Desorption Ionization Time-of-Flight Mass Spectroscopy (MALDI-TOF-MS) and XPS;

II.  Study of the cytotoxicity and genotoxicity of the imidazolium ligands and the so-
formed GNP, as well as assessment of their internalization in Caco-2 Cells;

IV.  Study of the incorporation, and in vitro release of ibuprofenate as anionic model drug,

and ex vivo permeation study in human skin.

81



Chapter 3 - Gold Nanoparticles for delivery of drugs and peptides

3.2.2. Preparation of GNP from bis-imidazolium amphiphilic protophanes in aqueous

medium

L

IL.

III.

Iv.

Synthesis of GNP in aqueous solution, using bis-imidazolium-derived amphiphiles as
stabilizers of the GNP;

Characterization of the newly synthesized GNP by means of UV-visible absorption
spectroscopy, TEM and Thermogravimetric Analysis (TGA);

Study of the cytotoxicity and genotoxicity of the GNP; and internalization in Caco-2
Cells;

Study of the incorporation and in vitro release of piroxicam, and piroxicam activity

evaluation through the study of cyclooxygenase inhibition.

3.2.3. Preparation of GNP from bis-imidazolium amphiphilic macrocycles in a

byphasic system

L

II.

III.
IV.

Synthesis of GNP through a biphasic method, using bis imidazolium-derived
macrocycles as transfer agents and stabilizers of the GNP;

Characterization of the newly synthesized GNP by means of UV-visible absorption
spectroscopy, TEM, SEM, DLS, XPS, MALDI-TOF-MS and TGA;

Study of the cytotoxicity and genotoxicity of the macrocycle ligands;

Study of the incorporation, and in vitro release of ibuprofenate as anionic model drug.

3.2.4. Preparation of thiol-stabilized GNPs coated with bioactive synthetic peptides

L

II.

II1.

Iv.

Synthesis of thiol stabilized GNP, the thiols containing different functional groups for
the immobilization of cyclopeptides with antimicrobial and anticancer activity;
Synthesis of GNP with peptides with antimicrobial and anticancer activity containing a
thiol group;

GNP characterization by means of UV-visible absorption spectroscopy, TEM, DLS and
XPS;

Comparison between in vivo activity of the cyclopeptides in solution and immobilized

in the GNP.
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3.3. Gemini Imidazolium Amphiphiles for the Synthesis, Stabilization,

and Drug Delivery from Gold Nanoparticles

Publication in Langmuir, 2012, 28, 2368-2381.
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Summary

The synthesis of GNP using bis-imidazolium amphiphiles was achieved, following a method

based on the Brust-Schiffrin biphasic system.

Since the amphiphilic molecules used as ligands were newly described compounds, they were
first synthesized and characterized individually. Then, the GNP were prepared, by first
transferring the gold precursor from the aqueous to the organic phase using a bis-imidazolium
amphiphile, that acted as transfer agent, followed by phase separation. Afterwards, a freshly

prepared aqueous solution containing the reducing agent was added.

Previous analysis of the organic phase by UV-visible absorption spectroscopy confirmed the
presence of GNP that were further characterized: XPS confirmed the presence of gold in its

reduced form. Two methods were used to determine the GNP size: through TEM it was
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measured the size of the gold core and DLS allowed determining the hydrodynamic size of the
GNP. The hydrodynamic size was found to be approximately 19.5 nm and the gold core 8.8 nm.
These values correlated well with the proposed model of the GNP.

Besides the characterization, toxicity studies of both the GNP and the free ligands were
performed, as well as internalization studies of the GNP in Caco-2 cells. The GNP proved to

have low toxicity (the ECsy could not be determined) and could be internalized.

The bis-imidazolium amphiphile containing alkyl chains with 18 carbons that was used as
ligand has the ability to recognize anions in solution, so the incorporation of an anionic drug in
the GNP was performed, and its release was studied. Clearly, pH had a major influence on the
release rate but also in the release kinetics: at pH 7.4 the release followed a first-order kinetic,

and at pH 5.5 the release followed a zero-order.

o
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Figure 3.15: Scheme depicting the proposed disposition of the anionic drug inside the GNP ligand layer, and
the release (left) and TEM image of the GNP internalized by Caco-2 cells (right).
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ABSTRACT: Gold nanoparticles (AuNPs) are considered useful vehicles for
medical therapy and diagnosis. Despite the progress made in this field, there is
need to find direct, reliable, and versatile synthetic procedures for their
preparation as well as new multifunctional coating agents. In this sense, we
have explored the use of imidazolium amphiphiles to prepare new AuNPs
designed for anion recognition and transport. Thus, in this work we describe (a)

R

the synthesis, by a phase transfer method, of new gold nanoparticles using gemini-type surfactants as ligands based on imidazolium
salts, those ligands acting as transfer agents into organic media and also as nanoparticle stabilizers, (b) the examination of their
stability in solution, (c) the chemical and physical characterization of the nanoparticles, using a variety of techniques, including
UV —visible spectroscopy (UV —vis), transmission electron microscopy (TEM), and X-ray photoelectron spectroscopy (XPS), (d)
toxicity data concerning both the imidazolium ligands and the imidazolium coated nanoparticles, (e) the assessment of their
molecular recognition ability toward molecules of biological interest, such as anions and carboxylate containing model drugs, such as
ibuprofen, (f) the study of their toxicity and those of their coating ligands, as well as their ability for cell internalization, and (g) the
study of their ability for delivering anionic pharmaceuticals. The structurally governed triple role of those new gemini-type
surfactants is responsible for the preparation, remarkable stability, and delivery properties of these functional AuNPs.

B INTRODUCTION

There is ever increasing interest in the study of gold nano-
particles (AuNPs) because of their applications in catalysis' and
nanomedicine,” potential use for diagnosis® and drug delivery,’
as well as their use as probes for sensing and imaging.” Some of
the advantages of using AuNPs as carriers for drugs are the inert-
ness and nontoxic nature of the gold core, the ease of their synthesis,
and their properties for drug release.”

The use of AuNPs in nanomedicine relies on the existence of a
simultaneously reliable synthetic methodology capable of leading
to NPs in an efficient manner and introducing active functional
units in the coating ligands. A variety of synthetic strategies for the
preparation of AuNPs have been described,” mainly based on
bottom-up strategies using chemical or electrochemical reduction
of a gold(I1I) precursor in the presence of a capping agent or
stabilizer, this meaning a compound able to bind to the nano-
particle exterior blocking its growth beyond the nanometer scale
and also stabilizing the nanoparticles surface. AuNPs can be
prepared and stabilized with a large variety of capping agents,
and the most common approach is the use of thiolates, due to
their strong affinity to gold, where the most reliable synthetic
method is the Schiffrin—Brust biphasic synthesis,® which uses
HAuCly, a thiol (as stabilizer), tetraoctylammonium bromide

v ACS Pubhtatlon‘; 2011 American Chemical Society
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(as a surfactant that acts as a transfer agent into the organic
solvent that is eventually replaced with a thiol), and NaBH,
(as reducing agent) in water—toluene media. Additionally, many
of the thiol ligands used as capping agents incorporate additional
chemical groups in their structure to be used as binding or
recognition elements, capable of different functionalities, such as
sensors or delivering agenls,“ Also, glutathione-mediated release
of thiolate ligands could be exploited in delivery applications.”
Therefore, it appears clear there is still need for improvement,
and the synthetic methodology could be simplified and made
more economic in terms of material, for instance, by using new
capping agents that could function at the same time as transfer
agents and functional stabilizers. In this context, various examples
in the literature attempt the use of dual agents, acting as both
reducing and capping agents.” ” On the other hand, room
temperature ionic liquids (ILs) are regarded as environmentally
respectful solvents because of their nonvolatility, high stability,
and low toxicity."” The use of ionic liquids based on imidazolium
salts for the generation and stabilization of metal nanoparticles
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has been reported.'’ In particular, some ILs based on the
imidazolium cation have been exploited to study the synthesis
and stabilization of AuNPs, some incorporating the imidazolium
moiety within a sulfur ligand (the latter is coordinated to the
gold)'* and a few recent examples using the imidazolium cation
as the main motif in the ligand,'? although the nature of the
interaction between the imidazolium moiety and the surface of
the gold cluster is not fully understood. An inconvenience of this
approach is that the excess of IL has to be removed if the
nanoparticles are to be isolated in pure form, and this process is
far from trivial. On the other hand, gemini surfactants display
excellent properties in the preparation and stabilization of
monodisperse gold nanoparticles,"* but the combination of a
gemini nature and imidazolium functionality has not been
reported.

On the other hand, anion sensing is a relevant topic for the
design of biosensors of use in diagnosis and environmental
analysis, and supramolecular chemistry has provided many
approaches to the make of synthetic receptor for this purpose.'
We reported previously the anion binding properties in solution
of some imidazolium containing macrocycles.'® As a step forward
in this research we have focused our attention on the use of
imidazolium based gemini amphiphiles, regarded as potential
anion sensors and anion deliverers, to explore the ionophoric
behavior of these imidazolium scaffolds both on surfaces and in
the solid state. For instance, our preliminary studies'” indicated
that some bis-imidazolium salts with sulfur atoms in their alkyl
chains self-organize, forming monolayers on gold surfaces, where
we have also explored the anion recognition phenomenon.'® On
the other hand, ionogels containing imidazolium ibuprofenate
have been shown to be an efficient drug reIeasin;]g system with
kinetics controlled by the nature of the silica wall."”

In this context, we aimed to prepare gold nanoparticles coated
with bis-imidazolium amphiphiles, to explore their ability toward
anion recognition, and their potential use in nanomedicine. Thus,
we report here (a) a solution based preparation of new gold
nanoparticles with bis-imidazolium ligands, where the ligands act
both as transfer agents into organic media and also as nanoparticle
stabilizers (b) their chemical and physical characterization, in-
cluding their stability in solution toward aggregation and ligand
exchange, (c) toxicity data concerning both the imidazolium
ligands and the imidazolium coated nanoparticles, including cell
internalization studies, (d) their molecular recognition ability
toward valproate and ibuprofenate, as models of carboxylate
containing drugs, and (f) in vitro studies of the ability of the
new gold nanoparticles for delivering anionic pharmaceuticals.

The system investigated is based on dicationic amphiphiles
formed by two imidazolium rings linked by a 1,3-dimethylene-
phenylene spacer, where the imidazolium rings incorporate long
alkyl chains of different lengths and functionality. Two different
types of amphiphiles were considered (Figure 1): compounds
1+2Br—3-2Br, bearing an alkyl chain of 10, 12, or 18 carbon
atoms, respectively, and compound 4:2Br, incorporating a
dodecylthioundecyl moiety.

M EXPERIMENTAL SECTION

General Methods. Melting point: CTP-MP 300 hot-plate appara-
tus with ASTM 2C thermometer. '"H NMR: Varian Gemini 300 and
Varian Mercury 400 spectrometers (300 and 400 MHz). "*C NMR:
Varian Gemini 300 and Varian Mercury 400 spectrometers (754 and
100 MHz). HMQC and HMBC: Varian VXR 500 spectrometer (S00 MHz).
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Figure 1. Bis-imidazolium amphiphiles 1-2Br—4-2Br.

COSY-2D and ROESY-2D: Bruker 500 spectrometer (500 MHz), NMR
spectra were determined in CDCI; or (CD;),S0, and chemical shifts are
expressed in parts per million (&) relative to the central peak of the solvent.
Thin layer chromatography (TLC) was performed on Merck coated 60 Fag4
silica gel plates; the spots were located with UV light and developed with an
iodine/silica or (1% w/v) potassium permanganate solution. Chromatogra-
phy: SDS silica oxide 60 ACC (3075 gm). UV absorption spectra were
abtained on UV-1800 Shimadzu UV spectrophotometer. Absorption spectra
were determined in CH,Cly, THF, and toluene. In general, the compounds
were dried overnight at 25 “C in a vacuum oven. Solvents: tetrahydrofuran,
dichloromethane, toluene, acetonitrile, and absolute ethanol. The solvents
were dried over basic aluminum oxide. Milli-QQ water obtained from a
Millipore system. Microanalysis were performed on a Carlo Erba Fisons
EA 1108 analyzer in the Serveis Cientifico-Técnics de la Universitat de
Barcelona.

Mass Spectra (MS) from the Serveis Cientifico-Técnics de la Universitat
de Barcelona. Electron impact (EI) technique in Agilent 6890 with the
5975 mass spectrometer was used for neutral molecules. For cationic
molecules, the ion ESI-MS was performed on a LC/MSD-TOF mass
spectrometer from Agilent Technologies. Electrospray interface had the
following conditions: the nebulizing nitrogen gas flow at 15 psi and
drying nitrogen 7 L min ™~ '; the source temperature was maintained at
300 °C with a capillary voltage of 4 kV and a fragmentor voltage of 80 or
215 V. The eluent flowing through the probe was H,O:MeCN (1:1) ata
flow rate of 200 L min LY High resolution mass spectra (HR-MS): electro-
spray (ESI) with high resolution in Agilent (2006) LC/MSD-TOF mass
spectrometer.

MALDI-TOE-MS were performed on a 4800 Plus MALDI TOF/
TOF mass spectrometer from AB Sciex. The laser operated at 355 nm,
at a frequency of 200 Hz and at a pulse of 3—7 ns. When a matrix
was used, it was DHB (2,5-dihydroxybenzoic acid) or a-ciano-y-hydroxy-
cinnamic acid.

Transmission electron microscopy (TEM) was from the Serveis
Cientifico-Tecnics de la Universitat de Barcelona. The samples were
observed with an electronic microscope Tecnai SPIRIT (FEI Co.) at
120 kV. The images were captured by a Megaview Il camera and digi-
talized with the iTEM program. The size of the nanoparticles gold core
was measured with the Analysis software (Olympus). The size of the
nanoparticles was determined by dynamic light sctatering (DLS) using
a Zetasizer Nano 2.5 series (Malvern Instruments).

The TOF-SIMS analyses were performed using a TOF-SIMS IV
(IONTOF, Munster, Germany) operated at a pressure of § x 10 =
mbar. Samples were bombarded with a pulsed bismuth liquid metal ion
source (Bi’*), atan energy of 25 keV. The gun was operated with a 20 ns
pulse width, 0.3 pA pulsed ion current for a dosage lower than 5 x 10"
ions/cm?, well below the threshold level of 1 x 10" ions/cm” generally
accepted for static SIMS conditions. Secondary ions were detected with
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a reflectron time-of-flight analyzer, a multichannel plate (MCPs), and a
time-to-digital converter (TDC). Measurements were performed with a
typical acquisition time of 20 s, at a TDC time resolution of 200 ps.
Charge neutralization was achieved with a low energy (20 eV) electron
flood gun. Secondary ion spectra and images in both positive and
negative ITIIJdE were acquired &DITI a random]y r:!sl‘ered surface areas l)l-
500 gem % 500 gm along the sample’s surface. Secondary ions are
extracted with 2 kV voltage and are postaccelerated to 10 keV kinetic
energy just before h[tl'ing the detector. The maximum mass resolution,
R = m/Dn, was around 9.000, where m is the target ion mass and Dm is
the resolved mass difference at the peak half-width.

XPS experiments were performed at the Serveis Cientifico-Tecnics de
la Universitat de Barcelona, in a PHI 5500 Multitechnique System (from
Physical Electronics) with a monochromatic X-ray source (Al Ke line of
1486.6 eV energy and 350 W), placed perpendicular to the analyzer axis
and calibrated using the 3 ds;; line of Ag with a full width at half-
maximum (fwhm) of 0.8 eV, The analyzed area was a circle of 0.8 mm
diameter, and the selected resolution for the spectra was 187.5 ¢V of pass
energy and 0.8 eV/step for the general spectra and 23.5 eV of pass energy
and 0.1 eV/step for the spectra of the different elements. All measure-
ments were made in an ultra high vacuum (UHV) chamber pressure
between § % 107 and 2 x 107" Torr.

For the release studies: Biodialysers system, double side type with
inner diameter of 16 mm, and Dialysis membrane CelluSep T3, MWCO
12000~ 14000 Da, MFPL Franz diffusion cell equipment: Crown Glass
and Microetteplus-Hanson Research. Dialysis area: 2.54 em”. Volume of
receptor compartment: 13 mL. Ibuprofenate determination in samples
was done by HPLC in a Waters LC Module I, in a Waters Spherisorb
SumODS-2 (4.6 mm x 150 mm) column; the detection wavelength was
220 nm.

Materials. Commercial compounds: 1-bromodecane, 1-bromodo-
decane, 1-bromooctadecane, 1,3-bis(bromamethyl)benzene, N-bromo-
succinimide (NBS), 1,3-dimethyl-5-methoxybenzene, hexadecanethiol,
hydrogen tetrachloroaurate(I11), 1,3-bis(hydroxymethyl)-S-methoxy-
benzene, ibuprofen (sodium salt), 1,8-octanethiol 97%, phosphorus
tribromide (PBry) (1O M solution in CH,Cl,), sodium borohydride,
tetrabutylammonium chloride, tetrabutylammonium acetate 97%, tetra-
octylammonium bromide, valproate (sodium salt), were purchased from
Aldrich. «,«t'-Azoisobutyronitrile (AIBN), 1H-imidazole, and tetrabu-
tylammonium chloride were purchased from Fluka. Potassium hydro-
xide (KOH pellets) 83% was purchased form Scharlau. CDCl,, CD,0D,
or (CD;),50 were purchased from Euriso Top. Compounds prepared
according to literature procedures: 1,3-bis(imidazolylmethyl) benzene,"®
11-bromoundecylthiododecane. ™

1,3-Bis[(3-alkyl-1-imidazolio)methyl]benzene Dibromide
(1-2Br, 2-2Br). 1,3-Bis(imidazolylmethyl)benzene (0.30 g,
1.26 mmol) was dissolved in dry MeCN (25 mL) at room temperature
under an argon atmosphere, and 1-bromoalkane (2 equiv) was added via
a syringe. The colodess solution was heated to 80 °C, and the stirring
was continued for 5 days. The yellow solution was cooled to room
temperature, and the solvent was evaporated. The yellow residue was
washed twice with n-hexane (2 > 8 mL). Dicationic protophanes
(1-2Br, 2-2Br) were obtained as dark yellow very dense oils that
solidified at room temperature (99% and 92%, respectively).

1-2Br: 'H NMR (300 MHz, CDCly, 25 °C, TMS): 6 0.88 (t, /= 7.5 H,
6H, CH3), 125132 (m, 28H, (CH.)-), 1.89 (m, N—CH,—CH,), 4.27
(t, ] = 7.5 Hz, 4H, N—CH,), 5.64 (s, 4H, CHa), 7.17 (dd, ] = 9 Hz,
J=6Hz, IH, Ar-H(5)), 7.29 (s, 2H, Im-H(4)), 7.61 (d, ] = 6 Hz, 2H, Ar-
H(4,6)), 8.12 (s, 1H, Ar-H(2)), 820 (s, 2H, Im-H(S)), 10.43 (s, 2H, Im-
H(2)). 'H NMR (300 MHz, (CD,),80): & 0.85 (t, ] = 6 Hz, 6H, CH),
1.23 (m, 28H, (CH,).), 1.79 (m, 4H, N—CH,— CH,), 419 (t, ] = 9 Hz,
4H, N—CH,), 547 (s, 4H, CH,), 740-7.50 (m, 3H, Ar-H(4, 5, 6)),
7.61 (s, 2H, Ar-H(2)), 7.86 (m, 4H, Im-H(4, 5)), 948 (s, 2H, Im-H(2)).
'H NMR (300 MHz, CD,OD): & 092 (1, | = 6 Hz, 6H, CH,),
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132—138 (m, 28H, (CH,),), 193 (m, 4H, N—CH,—CH,), 426
(t,] = 7.5 Hz, 4H, N—CH,), 5.50 (s, 4H, CH,), 747—7.71 (m, 8H, Ar-
H(2,4,5,6), Im-H(4,5)). C NMR (100 MHz, CDCL): & 14.2 (CH,),
22.8-319 ((CH,)s), 504 (N—CH,), 52.5 (CH,), 121.8 (Im-C(4)),
1236 (Im-C(5)), 1300 (Ar-C(4,56)), 130.5 (Ar-C(2)), 1348 (Ar-C-
(1,3))/(ImC(2)), 136.7 (Ar-C(1,3))/(ImC(2)). MS (EST) m/z: (2607,
[(M — 2Br)/2]%, 100%), (3793, [M — (CH,)oCH,), —2Br]*, 91%),
(6014, [M — Br]*, 79%). HMRS (ESI) m/z: (CaHsN,Br, — 2Br)*
calculated 260.2247, found 260.2257; (C34HssNyBr, — Br)' caleu-
lated 599.3682, found 599.3684. R 0.80 (MeOH:NH,CI 2 M
H,0:MeNO,, 7:2:1).

2-2Br: "H NMR (300 MHz, CDCl,, 25 °C, TMS): 6 0.88 (1, | =
6 Hz, 6H, CH,), 1.25—1.32 (m, 28H, (CH,)y), 1.89 (m, 4H, N— CH,-
—(CH,), 427 (t, ] = 7.5 Hz, 4H, N—CH,), 5.64 (5, 4H, CH,), 7.16 (dd,
J=9Hz, ] =6 Hz, 1H, Ar-H(5)), 7.29 (s, 2H, Im(4)), 7.61 (d, 2H, Ar-
H(4,6)), 8.11 (s, LH, Ar-H(2)), 821 (s, 2H, Im-H(5)), 10.44 (s, 2H, Im-
H(2)). "*C NMR (100 MHz, CDCL): 6 14.3 (CH,;), 229-32.1
((CHy)y), 506 (N—CH,), 529 (CHy), 1223 (Im-C(4)), 123.5
(Im-C(5)), 130.2 (Ar-C(4,56)), 1309 (Ar-C(2)), 1349 (Ar-C-
(1,3))/(ImC(2)), 1366 (Ar-C(1,3))/(ImC(2)). MS (ESI) m/z:
(2886, [(M — 2Br)/2]*', 100%), (4073, [M — ((CH,),,CH,),
—2Br]", 6%), (657.4, [M — Br]", 16%). HMRS (ESI) m/z: (CseHgy-
Br;N, — 2Br)*" calculated 2882560, found 288.2574; (CysHayBrN, — Br) ©
calculated 6554308, found 6554301,

1,3-Bis[(3-octadecyl-1-imidazolio)methyl]benzene di-
bromide (3-2Br). A solution of 1,3-bis(bromomethyl)benzene
(0.50 g, 1.89 mmol) in dry MeCN (5 mL) was added to a solution of
1-octadecyl-1H-imidazole (1.2 g, 3.79 mmol) at 80 °C under argon
atmosphere, and the stirring was continued for 22 h. The yellow solution
was cooled to room temperature and a white solid precipitated. The
solvent was evaporated, and the yellow residue was dissolved in CH,Cl,
(8 mL). Acetone (9 mL) was added until a white solid precipitated,
which was filtered off and dried under vacuum to obtain 3 - 2Br as a white
powder (1.45 g, 85%).

3-2Br: 'H NMR (400 MHz, CDCly, 25 °C, TMS): 0 0.88 (t, ] =
7.5 Hz, 6H, CHy), 1.26—132 (m, 60H, (CH,)s), 190 (m, 4H,
N-—CH,~CH,), 427 (t, ] = 6 Hz, 4H, N~ CH.), 5.63 (s, 4H, CH,),
7.16 (dd, | = 3 Hz, | = 6 Hz, 1H, Ar-H(5)), 7.26 (s, 2H, Im-H(4)), 7.59
(d, J = 6 Hz, 2H, Ar-H(4,6)), 8.09 (s, 1H, Ar-H(2)), 8.16 (s, 2H, Im-
H(5)), 1041 (s, 2H, Im-H(2)). '"H NMR (300 MHz, (CD),S0,
25 °C): 0 085 (t, J = 6 Hz, 6H, CH,), 1.23 (m, 60H, (CH,),¢), 1.79
(m, 4H, N—CH,—CH,), 4.17 (t, ] = 7.5 Hz, 4H, N—CH,), 5.43 (s, 4H,
CH,), 7.38-7.50 (b.a, 4H, Ar-H(2,4,5,6)), 7.82 (dd, ] =9 Hz, ] = 9 Hz,
2H, Im-H(4,5)), 932 (s, 2H, Im-H(2)). *C NMR (100 MHz, CDCl;,
25°C, TMS): 6 14.3 (CHy), 22.9—32.1 ((CH,) ), 504 (N—CH,), 52.6
(CH,), 121.8 (Im-C(4)), 123.7 (Im-C(5)), 130.1 (Ar-C(4,56), 130.6
(Ar-C(2)), 134.8 (Ar-C(1,3)), 1368 (Im-C(2)). MS (ESI) m/z: (3724,
[(M — 2Br)/2]*", 100%), (573.6, [M — (Br, ((CH,),;sCH,)]", 7%),
(825.6,[M — Br]", 17%). HRMS (ESI) (m/z): (CsoHgN,Br, — 2Br)**
calculated 372.3499, found 372.3494; (CyHg N Br, — Br) * calculated
823.6186, found 823.6189. R: 0.55 (CH,;Cl;:MeOH, 4:1). Elemental
analysis calculated (%) for CoyHyeN,Bra 3H,0: C 62,61, H 9.88, N 5.84;
found: C 62.73, H 9.69, N 5.86

1,3-Bis(imidazolylmethyl)-5-methoxybenzene (6). Potas-
sium hydroxide (0.46 g, 8.16 mmol) and 1H-imidazole (0.46 g, 6.80
mmol) were stirred vigorously in dry MeCN (120 mL) at room
temperature under an argon atmosphere for 1 h until a solution was
obtained. A solution of 1,3-bis(bromomethyl)-3-methoxybenzene (5)
(1.00 g, 3.40 mmol) in dry MeCN (30 mL) was added, the reaction
mixture turned turbid, and the stirring was continued for 15 h at room
temperature, After this time, the suspension was filtered, and the
solid was washed with CH;Cl; (6 mL). The solution was concentrated
in the rotary evaporator, and then the residue was dissolved in CH,Cly
(250 mL). The organic solution was washed with water (3 x 150 mL),
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dried over MgSQ,, filtered, and evaporated in vacuum to give 6 as a
yellow oil (0.91 g, 99%).

6: 'H NMR (400 MHz, CDCl;, 25 °C, TMS): & 3.73 (s, 3H, OCH3),
5.06 (s, 4H, CH,), 6.52 (s, 1H, Ar—H(2)), 6.59 (5, 2H, Ar-H(4,6) ), 6.89
(s, 2H, Im-H(5)/Im-H(4)), 7.09 (s, 2H, Im-H(4)/Im-H(5)), 7.53 (s,
2H, Im-H(2)). "*C NMR (100 MHz, CDCl, 25 °C, TMS): & 50.6
(CH,), 556 (OCH,), 112.7 (Ar—C(4,6)), 1182 (Ar-C(2)), 119.5
(Im-C(4)/(5)), 1302 (Im-C(4)/(5)), 1376 (Im-C(2)), 1389 (Ar-C-
(1,3)), 1609 (Ar-C(5)). MS (EI) m/z: (160.1, [M — (CH,~Im), —
(OCH*)] ', 79%), (186.1, [M = (CHy— 1'“)]‘: 56%), (201.1, [M - Im]“-
59%), (268.1, [M]", 100%). HRMS (ESI) m/z: (CysHgN4O + H)'
calculated 269.1396, found 269.1408. Re 044 (MeOH:CH,Cl,, 1:9). Mp:
71-75°C.

1,3-Bis[(3-dodecylthioundecyl-1-imidazolio)methyl]-5-
methoxybenzene Dibromide (4-2Br). 1,3-Bis(imidazolyl-
methyl)-S-methoxybenzene (6) (0.38 g, 1.42 mmol) and 11-
bromoundecylthiododecane™ (1.23 g, 2.83 mmol) were dissolved
in anhydrous THF (30 mL) under reflux and argon atmosphere for 2
days. The solvent was evaporated, and the residue was dissolved in
CH,Cl, (50 mL). The white solid that precipitated with acetone (20mL)
was filtered off to give 4+ 2Br as a white powder (0.75 g 46%).

4.2Br: '"H NMR (400 MHz, CDCly, 25 °C, TMS): & 088 (1, 6H,
J = 8 Hz, CH;), 1.26—1.36 (m, 32H, (CH.1) ), 1.57 (m, 8H, S—CH,-
—CH,), 1.89 (m, 4H, N—CH,—CH,), 2.50 (t, ] = 8 Hz, 8H, S—CH,),
371 (s, 3H, OCH,), 427 (t, ] = 8 Hz, 4H, N—CH,), 5.58 (s, 4H, CH,),
7.16 (5, 4H, Ar—H(4,6)), 7.19 (s, 2H, Im-H(4) /Im-H(5)), 7.65 (s, 1H,
Ar-H(2)),8.22 (s, 2H, Im-H(4) /Im-H(5)), 10.53 (s, 2H, Im-H(2)). "*C
NMR (100 MHz, CDCL;, 25 °C, TMS): & 14.3 (CH;), 22.9-321
((CH3)19), 324 (S—CH,), 50.5 (N—CH,), 52.7 (CH,), 56.3 (OCHS),
1157 (Ar-C(4,6)), 1216 (Im-C(4)/Im-H(5)), 122.3 (Ar-C(2)), 123.9
(Im-H(4)/Im-C(5)), 1361 (Ar-C(1,3)), 137.1 (Im-C(2)), 1606
(Ar-C(3)). MS (ESI) m/z: (4894, [(M — 2Br)/2]>, 100%), (10597,
[M — Br]’, 18%). HRMS (ESI) m/z: (CgHyoNyBr,O8; — Br)'
calculated 1057.7298, found 1057.7294. Rg 057 (CH,CL:CH,OH, 4:1).
Mp: 126127 °C.

Synthesis of AuNP with Hexadecanethiol (HDT). An aque-
ous solution of hydrogen tetrachloroaurate (5 mL, 0.16 mmol) was
mixed with a solution of tetraoctylammonium bromide in toluene
(10 mL, 0.37 mmol). The two-phase mixture was stirred and hexade-
canethiol (0.014 mmol) was added to the organic phase while stirring,
An excess of an aqueous solution of sodium borohydride (20 equiv) was
slowly added with vigorous stirring, After 4 h the organic phase was
separated and evaporated in a rotary evaporator. Finally, the mixture was
subjected to three subsequent cycles of suspension in ethanol (3 mL)
and acetone (3 mL) and centrifugation to remove completely the non-
nanoparticulate materials to obtain a dark brown solid, which was
dissolved in dichloromethane.

Synthesis of AUNP with Imidazolium Salts. The gold nano-
particles (1-AuNPs—4-AuNPs) encapsulated with an imidazolium
shell were synthesized by the standard two-phase method. AuCl,
was transferred from aqueous HAuCl, solution (10 mL, 0.32 mmol) to a
dichloromethane phase (10 mL) by the phase transfer reagent
1-2Br—4-2Br (0.24 mmol). The organic phase was separated, and an
excess (20 equiv) of aqueons reducing agent (NaBH, ) was slowly added.
The reaction was allowed to occur under stirring at room temperature
for 4 h. The organic phase of the resulting dark red solution was
separated using an extraction funnel and was subjected to solvent
removal in a rotary evaporator, followed by multiple washings using
ethanol (3 x 5 mL) and acetone (3 x 5 mL). Finally, a red solid was
obtained, which was dissolved in dichloromethane.

Anion Binding. The titration experiments were performed by 'H
NMR measurements of 1:2Br solutions in (CD;):S0 (0.5 mM)
containing increasing concentrations of valproate and ibuprofenate
sodium salts in the following bis-imidazolium:drug ratios: 1:0, 1:2, 1:3,
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1:5, 1:7, 1:10, 1:13, 1:15, and 1:20. The samples were obtained by
mixture and dilution of stock solutions of 1-2Br, where the 0.6 mL
volume sample contained 0.5 mM bis-imidazolium receptor. The
titration data were analyzed using Origin 7.0 SRO (1991-2002) from
OriginLab Corporation, Northampton, MA, USA.

Transmission Electron Microscopy (TEM). For the preparation
of the samples suitable for TEM study, 5 uL of solution of HDT -
AuNPs, 3:AuNPs, and 4: AuNPs in CH,Cl; were deposited onto a
carbon-coated copper gl‘idII which were pre\."innd)' kept under UV |ig|'|t
for 5 min to provide static charge and therefore to enhance the
nanoparticle adsorption on it. Then, the CH,Cl, was allowed to
evaporate and the sample was ready to be observed by TEM. All the
samples were kept in the dark and visualized just after preparation or the
following day.

Toxicity Study. For cytotoxicity assay Caco-2 cells were cultured in
Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich) contain-
ing 10% fetal calf serum (Hyclone), 2 mM glutamine (Sigma-Aldrich),
and antibiotics (Sigma-Aldrich, 50 U/mL penicillin and 50 ug/mL
streptomycin). Cells were exposed for 48 h under 5% CO; at 37 °C and
the viability was assessed by the MTT assay based in mitochondrial
dehyd.rugemlse enzyme Glp'-'lbilit)r to hydw])rz.e c]'lrumugen bromide
(3-(4,5-dimethylthiazal-2-y1)-2,5-diphenyltetrazolium bromide). Data
were statistically analyzed by SPSS v15 using U of MannWihtney
statistic.

The genotoxicity study performed was the Comet Assay, which was
done according to the guidelines.” In the assay, the percentage of DNA
in the tail was determined with respect to the intensity of the total DNA,
in 50 cells. The determination was done using the software Comet Assay
IV. The cell line used was also the Caco-2 cell line.

Cell uptake was studied in Caco-2 cells by transmission electron
microscopy (TEM). A subcytotoxic dose of 70 ug/mL of AuNP
(1% dichloromethane) was administered to Caco-2 cells grown until
confluence. After 15 and 30 min and 1, 4, and 24 h, cells were fixed with
2.5% g]ularaldehyde and then harvested in microtubes and maintained at
4 °C. The recollection in microtubes allowed cell pellet obtaining by
centrifugation and next steps. Cell pellets were rinsed with phosphate
bufter 0.1 M and fixed with 1% osmium tetroxide for 2 h. Samples were
washed again in phosphate buffer and dehydrated in acetone: 50% for
10 min, 70% twice for 10 min, 90%, 96%, and 100% three times for
15 min. Subsequently, cell pellets were infiltrated in increasing proportion
of EPON 12 resin (47% Eponate 812, 25% DDSA (dodecenyl succinic
anhydride), 28% NMA (NADIC methyl anhydride)) 3:1, 1:1, 1:3 in
acetone for 1 h, before a final infiltration step in 100% resin. At this point
samples were included in resin with DMP-30 catalyst and polymerized
overnight in a stove at 60 °C for 48 h. Then 50 nm thin sections were cut
ina LEICA EM FCS ultramicrotome and post-stained with uranyl acetate
for 30 min and plumb citrate for 5 min. Samples were observed with a
JEOL 1010 transmission electron microscope (TEM) at 80 kV.

Transfer of Sodium lbuprofenate with 3-AuNPs to an
Organic Phase. An aqueous solution of 1.9 mM sodium ibuprofenate
was prepared (solution a). Three milliliters of this solution were added
to 3 mL of dichloromethane, and they were mixed in a separatory funnel;
the aqueous phase was recovered (solution b). Also 3 mL of solution a
was added to 3 mL of 3 AuNPs and they were mixed in a separatory
funnel; the aqueous phase was recovered (solution c). The aqueous
phases of the three solutions were studied by UV —vis. The concentra-
tion of ibuprofen in the aqueous phases was determined by the
Beer—Lambert law. The quantity of ibuprofenate in solutions b and ¢
was 96.1% and 33.3%, respectively, of the initial solution.

Release Study. To obtain the ibuprofenate-loaded gold nanopar-
ticles, a 10 mM sodium ibuprofenate aqueous solution was prepared.
Five milliliters of this solution was added to 9 mL of 3 - AuNPs solution
in dicloromethane, and they were mixed in a separation funnel. The
organic phase was collected and extracted twice with water to remove
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Scheme 1. Synthesis of Amphiphilic Protophanes
1:2Br—3+2Br.
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ibuprofenate excess. To obtain the ibuprofenate —3+ 2Br complex, 5 mL
of the same sodium ibuprofenate solution was added to 9 mL of 3-2Br
solution 2 mM in dicloromethane and they were mixed in a separation
funnel. The extraction was performed as described above. The presence
of ibuprofenate was determined in organic and aqueous phases through
UV —vis spectroscopy.

Dynamic Dialysis Experiments. Dialysis membranes were hy-
drated in Milli-Q water and placed in one end-cap of the biodialyzer.
Solutions of ibuprofenate—3-AuNPs (0.6 mL), 3-AuNPs (0.3 mL)
(as control), and ibuprofenate—3 - 2Br (0.7 mL) (as control) in CH,Cl,
were placed into the biodialyzers. The CH,Cl, was allowed to evaporate,
and Milli-Q water (0.8 mL) was added to every biodialyzer. Hydrated
dialysis membranes were placed on the other side of the end-caps, and
the biodialyzers were closed. Five replicas of biodialyzers containing
ibuprofenate —3 - AuNPs were prepared. All the containers were placed
into a reactor with water jacket to keep the systems at a fixed temperature
of 32 °C by using a circulating bath with temperature control. The whole
setup experienced a continuous left—right movement (for details see
Figure 58 in the Supporting Information ). The fixed diffusing area of the
dialysis membranes per biodialyzer was 2 x 2.01 am?, and the diffusion
experiments lasted 8 days. Atknown time intervals, samples (3 mL) were
extracted from the receptor phase, and the volume was replaced by fresh
Milli-Q water (3 mL). The amount of permeated ibuprofenate was
determined by UV—vis spectrophotometry by using a calibration curve
of ibuprofenate for the peak at 273 nm in the same absorbance range.

Static Dialysis Experiments. Hydrated dialysis membranes were
placed in the donor chamber of the Franz-type diffusion cells. Solutions
of ibuprofenate—3-AuNPs (0.197 mL), 3-AuNPs (0.099 mL)
(as control), and ibuprofenate—3-2Br (0.230 mL) (as control) in
CH,Cl; were poured into the donor compartment onto the dialysis
membranes; the volumes were determined to ensure that the amount of
ibuprofenate per mm” in these cells was equivalent to the dynamic
dialysis experiments. The organic solvent was allowed to evaporate, and
the appropriate solution (Sorensen Buffer 0.067 M pH 7.4 or Milli-Q
water acidified to pH 5.5) (0.263 mL) was added to the donor chamber.
The dialysis membrane and the donor container were put onto the glass
receptor chamber, which contained 67 mM NaOH pH 11 and was fixed
with a joint. The Franz-type cells were connected to a controlled
temperature system, with a heating bath set to 32 °C (in the case of
pH 5.5 donor solution) or 37 “C (in the case of pH 7.4 donor solution)
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Scheme 2. Synthesis of the Amphiphilic Protophane 4 +2Br
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(for details see Figure $9 in the Supporting Information). The fixed
diffusing area of the dialysis membranes was 2.54 cm”. Samples of 0.3 mL
were taken at regular intervals, and the volume was replaced with Milli-Q
water. The concentration ol'ibuprufenule in snmp|Es was determined 'J)’
in a Waters LC Module 1. The column used was a Waters Spherisorb
5 pm ODS-2 (4.6 mm x 150 mm); the mobile phase was acetonitrile—
water pH 3, adjusted with orthophosphoric acid (65:35 v/v). The flow
rate was 1.5 mL/min, and the detection wavelength was 220 nm. The
data was collected using Millennium32 version 4.0.0 software from
Waters Corporation.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Amphiphilic Bis-imida-
zolium Salts. Dicationic protophanes 1+2Br and 2+2Br were
obtained in >90% yield by treatment of 1,3-bis(imidazolyl-
methyl)benzene,'® with different 1-bromoalkanes (Scheme 1),
whereas, following an alternative approach, quaternization of
N-octadecyl-1H-imidazole with 1,3-bis(bromomethyl)benzene
proceeded in 85% yield to give dicationic protophane 3-2Br
(Scheme 1).

Protophane 1,3-bis(imidazolylmethyl)-5-methoxybenzene
(6) (Scheme 2) was obtained in good yield and purity by means
of reaction of potassium imidazolate with the bis(bromomethyl)
derivative § in MeCN at room temperature. Compound § was
previously prepared by either (a) radical bromination of 1,3-
dimethyl-5-methoxybenzene with N-bromosuccinimide (NBS)
in CCly under reflux in presence of «,’-azoisobutyronitrile
(AIBN) or (b) bromination of the 1,3-bis(hydroxymethyl)-
5-methoxybenzene using PBr; in CH,Cl; at room temperature,
Clearly, bromination using PBry is the method of choice for the
preparation of the bromoderivative 5 according to the higher
yield obtained (85%), compared to the radical bromination yield
(13%) (Scheme 2). Finally, reaction of protophane 6 and 11-
bromuundecyithiododccanew in darkness, afforded the dicatio-
nic open chain protophane 4+2Br in moderate yield (46%),
probably due to the difficulty of its purification (Scheme 2).

These newly synthesized bis-imidazolium amphiphiles had a
high degree of purity, and their structural properties were
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examined in solution by "H and "*C NMR spectroscopy and
electrospray ionization (ESI) and matrix assisted laser desorption
ionization time-of-flight (MALDI-TOF) mass spectrometry
prior to the assessment of their complexation behavior
(see later). Selected '"H NMR spectroscopic data for all the
new dicationic protophanes 1-2Br—4-2Br is included in
Table 1, and "H and "’C NMR spectroscopic data for all the
new compounds is co]lcctcd in Tables §1 and S2 (Supporting
Information). The C NMR chemical shifts for dications
1-2Br—4-2Br were consistent with data from correlative sys-
tems and individual assignments were made by HMQC. The
results from the mass spectrometry analysis are incorporated in
Table 2.

The 'H NMR spectra of dications 1:2Br—4+2Br in CDCl,
showed sharp singlets for the interannular methylene protons,
which indicated conformational mobility; this flexibility was also
observed in the previously prepared [ 1, Jmetaheterophane frame-
works and dicationic protophanes.'®”' A selection of the most
representative hydrogen atoms are listed in Table 1, which

Table 1. "H NMR Spectroscopic Data from Compounds
1:2Br—4-2Br
i 1-2BrR=H CyH
2BrR= = CygHay
22BrR=H  R'=CioHas
3:2BrR=H R'=CqgHi7
Hfrc C\"'z 4:2Br R = OMe R'=C;;H2>SCsHas
N H2 N
Gpve ™ ]
i " 28r
R
compound solvent CH; H-2 H-2'
1-2Br CDCly 564 8.12 10.43
(CD,;),50 547 761 948
CD,0D 5.50 747-7.71 b
A" -0.17 ~0.51 ~095
2-2Br CDCly 5.64 8.11 10.44
3-2Br CDCl 563 8.09 10.41
(CD,),50 543 ¢ 932
Ad* 020 109
4-2Br CDCl, 5.58 765 10.53

* Ad chemical shift dlﬂemnce between the 'H NMR spectrum recorded
in CDCl, and (CD,),S0. P The signal cannot be observed due to the
H/D r:xrhange of the hydrogen atom of this position. ‘ Broad signal.

indicate a good correlation for the chemical shifts of all the
structures and are in agreement with the data previously reported
for parent compounds.*' The only significant difference relates
to the chemical shift of the spacer phenyl in 4:2Br, with
hydrogen atoms shielded 0.5 ppm as a consequence of the
influence of the alkoxy substituent (Table 1). The proton
chemical shifts of the C(2')—H are indicative of the acidity of
these hydrogen atoms, and therefore, of their ability to coordi-
nate anions. The amphiphilic protophanes are soluble in organic
solvents such as chloroform or dichloromethane, and we have
observed a clear solvent effect by 'H NMR spectroscopy when
comparing the chemical shifts of their aromatic protons in
solvents of different polarity. As can be seen in Table 1, the
solvent influence is observed with a general shielding effect when
the solvent polarity is increased by comparing the chemical shifts
(6) of acidic protons of in CDCl; with those in polar solvents
such as (CD;),80 or CD;OD (Table 1), although H/D
exchange precludes a clear observation of the signals when
CD;0D is used. The measurements were performed by keeping
the product concentration always below the aggregation values,
to avoid the influence of self-association in chemical shift values.
Thus, for 1:2Br, the protons of Ar-H(2) and Im-H(2') are
shifted upfield 0.51 ppm and 0.95 ppm, respectively, when
(CD;),S0 is used as the solvent. Likewise, in the same solvent,
3+2Br experiences a variation in chemical shift in 1.09 ppm
upfield for Im-H(2') protons. These observations are the result
of the increasingly higher polarity of the solvent and the
diminished hydrogen bonding interaction between the imidazo-
lium receptor and its corresponding anion in the polar solvent.
The length of the hydrophobic chain does not seem to
influence significantly the 'H NMR chemical shifts of dicationic
protophanes. For instance, in the spectrum recorded in CDCly,
of imidazolium protophanes 1:2Br—3:2Br no appreciable
variation in & can be accounted (max Ad = 0.04 ppm) for any
of the aromatic hydrogen atoms, as indicated in Table 1.
Electrospray ionization mass spectrometry (ESI-MS ) has been
used to examine the charged protophanes 1+2Br—4-2Br. For
recording their positive ion ESI-MS the samples were dissolved
in a 1:1 mixture of H,0/MeCN at 200 uL min~" at a cone
potential of 215 V. Table 2 collects the observed peaks originat-
ing from the positive ESI response of the open-chain imidazo-
lium dications, which resulted in the formation of two main
characteristic ions for all the compounds, although there are
variations in their abundances. Thus, the most representative
peaks correspond to (a) the dication nnsmg from the loss of the
two bromide counterions [(M — 2Br)/2]*", which is the highest

Table 2. Positive-lon Mode MS for Compounds 1-2Br—4-2Br

compound MW" (g mol™") [(M — 2Br/2]** [M — 2Br — [(CH,).CH,]]* [M — Br — [(CH,),CH,]1* [M —2Br — 2H]" [M — Br — 2H]*

1-2Br 680.6 260.7 (100%) 379.3 (91%)
2.2B¢ 736.8 288.6 (100%) 407.3 (6%)
3281 905.1 3724 (100%)

3.2B¢" 372.4(100%)

3-1Br

3.28¢

4.2B¢ 11395 489.4 (100%)

ions" (m/z)
[M — Br]*
6014 (79%)
657.4 (16%)
5736 (7%) 825.6 (17%)
5736 (3%) 7436 (1%) 823.6 (2%)  825.6 (3%)
(&%) TR% ) (100%)
(3%) (2%)
1059.7 (18%)

Mnlecularwclght "Tons, m/z ratio relative abundance (%).“ ESI-MS at V, =215 Vin CH;CN:H, 0 (1:1,v/v). “ESI-MS at V, = 80 Vin CH,CN:H,0
(1:1, v/v). “MALDI-TOF-MS with matrix DHB./ MALDI-TOF-MS without matrix.
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Figure 2. Chemical shifts of the aromatic interval which show the upfield effect of the proton signals H-2 and H-2' of 1-2Br in 0.5 mM (CD,),S0
solutions, with an increasing 1- 2Br:ibuprofenate ratio: 1:0, 1:2, 1:3, 1.7, 1:10, 1:10, 1:13, 1:15, and 1:20.

intensity peak in all the cases, and (b) the monocation formed by
the loss of one bromide counterion [M — Br]* (Table 2).*"**

The peaks corresponding to the loss of the hydrocarbon chain
in compounds 1-2Br—4-2Br are not very common, partly due
to the experimental conditions of the ESI employed, and their
intensity is lower when the hydrophobic chain length increases
(Table 2). Thus, other representative peaks correspond to (a) for
compounds 1-2Br and 2-2Br, the singly charged ion formed by
the loss of two bromide ions and loss of one alkyl chain [(M —
2Br — (CH,),CH;]", and (b) for compound 3-2Br, the singly
charged ion formed by the loss of one bromide ion and loss of
one alkyl chain [(M — Br — (CH,),CH;]".

Peaks indicative of the formation of N-heterocyclic carbenes,
originated by deprotonation of imidazolium species, were not
observed for compounds 1:2Br—4:2Br, as was previously
reported for related compounds,®*"** partly because carbene
fragments are normally detected at lower voltages. Thus, when
the ESI-MS spectrum of 3-2Br was registered using V. = 80V,
peaks corresponding to singly charged imidazolylidene ions were
also observed assigned to the carbene species [M — Br — 2H]"
and [M — 2Br — 2H]", resulting from the loss of two protons and
one or two bromide ions, respectively. However, the abundance
of these carbene peaks was very low (<2%).

Interestingly, when MALDI-TOF-MS was used, the results
were significantly different. Thus, when DHB was used as the
matrix, the spectra of 3-2Br indicated (Table 2) that the main
peak corresponded to the ion [M — Br]", but the carbene [M —
2Br — 2H]" showed a 78% abundance, indicating that this is a
much more sensitive technique to generate and detect carbene
species. Instead, the MALDI-TOF spectrum recorded without
matrix shows very low peaks corresponding to these ions, as well
as some fragmentation (Table 2).

Supramolecular Behavior and Anion Binding Properties
of the Amphiphilic Bis-imidazolium Salts. In this work we will
show that, despite their relatively low preorganization, open-
chain imidazolium analogues exhibit anion binding properties
that could be used for the complexation of anions. We have
previously reported the anion binding properties of preorganized
imidazolium-based macrocycles in polar solvents such as
CD;CN and (CD;),80 by '"H NMR spectroscopy, and the
study revealed the importance of the hydrogen bonds in con-
trolling anion binding, showing that the maximum association
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constant obtained was formed between and imidazolium hetero-
phane and acetate anions (TBA'ACO)."{' The bis-imidazolium
amphiphile 1-2Br was selected to examine its complexation
ability toward organic carboxylate ions. Sodium ibuprofenate and
sodium valproate were chosen as models of anionic drugs, and
their sodium salts were used as guests. Additionally, ibuprofenis a
nonsteroidal anti-inflammatory drug, whose control of adsorp-
tion and release is of interest in medicinal applications.'”
Likewise, valproate is an antiepileptic drug, whose increasing
concentration in blood can induce adverse effects; therefore, it is
important to exert controlled delivery and release, besides its
monitorization,”* Titration experiments were performed using
increasing concentrations of a specific carboxylate sodium salt of
the drug that were added to a fixed concentration (0.5 mM) of
bis-imidazolium 1-2Br solution in (CD3),50. The 'H NMR
spectrum of each solution was recorded to observe the variations
in the chemical shift (Ad) corresponding to the hydrogen atoms
more involved in the hydrogen bonds established with the anion,
H-2 and H-2' (Figure 2).

Binding isotherms were obtained after plotting the variation in
the chemical shift of these protons as a function of valproate or
ibuprofenate concentration, and a selection is shown in Figure 51
(Supporting Information). The binding isotherms allowed de-
duction of the degree of anion binding by fitting the data in a
nonlinear curve fitting program applying a one-site binding
model using Origin 7.0 software. Thus, K, was obtained from
the fitting process, and AG® was deduced from the Eyring
equation (AG = —RT In K, ). The values obtained for complexa-
tion between 1-2Br and sodium ibuprofenate (K, = 279 M,
corresponding to a complexation free energy of —AG® = 13.95
kJ/mol) were similar to those obtained for valproate (K, = 358
M ™', corresponding to a complexation free energy of —AG® =
14.6 kj/’mo]) in this polar solvent.

Therefore, the binding studies indicate a considerable anion
interaction between the protophane 1+2Br and the carboxylate
anions contained in both ibuprofenate and valproate sodium
salts, Remarkably, the energy associated with this interaction has
a very similar value to that estimated for analogous macrocycles
and tetrabutylammonium acetate, indicating that the anion
recognition ability of the macrocycles is also present in their
open-chain analogues, a clear advantage considering the greater
simplicity of the synthesis and structure of the protophanes.

dx.dol.org/10.1021/1a20360 1n [Langmuir 2012, 28, 2368-2381
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It is worth mentioning that water was always observed to some
extent in the "HNMR spectra recorded for the titration experi-
ments. This solvent is as a competing agent for hydrogen bonds
in the anionic drugs titration experiments because it is very
difficult to obtain completely anhydrous solutions. However,
water solvation does not prevent binding between the imidazo-
lium salts and the carboxylate anions of the drugs. At this stage it
is not possible to weigh the relative importance of interference
with hydrogen bonding and the hydrophobic effect which might
plausibly enhance binding of the relatively hydrophobic drugs. Be
that as it may, the binding constants of the drugs with the
protophanes are comparable with those of the macrocycles.

Synthesis of Gold Nanoparticles Using Amphiphilic Bis-
imidazolium Salts as Transfer Agents and Stabilizers. The
synthesis of gold nanoparticles in organic media was used for
the preparation of the colloids in this work because it has some
characteristic advantages over other methods, such as the relative
ease of isolation and the control of the size of the particles.” It is
achieved following the Brust—Schiffrin method® consisting of a
phase transfer protocol that habitually relies in the use of thiol
ligands and is performed in a biphasic system because the thiol
group binds strongly to the gold; the gold(ﬂl) salt is transferred
to an organic phase, generally toluene, by a tetraoctylammonium
salt acting as the transfer method and then reduced by sodium
borohydride in the presence of the alkanethiol. The AuNPs
generally have a diameter between 1.5 and 5.2 nm, although
size and shape could be tuned by experimental conditions.”®
The AuNPs prepared by this methodology can be stored,
and redissolved in organic solvents, without changes in their
properties.

The synthesis of gold nanoparticles 1-AuNPs—4-AuNPs
using the imidazolium amphiphiles 1-2Br—4-2Br, both as
phase transfer agents and as colloid stabilizers, was achieved by
using a modified Brust—Schiffrin methodology® particularly
regarding the solvent. Our imidazolium salts are not soluble in
toluene, so dichloromethane was emplo;'ed as it has been shown
to perform well in AuNP synthesis.”” Notably, although no
additional stabilizing ligands are incorporated, the bis-imidazo-
lium capped AuNPs are perfectly stable, unlike those intermedi-
ate AuNPs capped with tetraoctylammonium salts. The colloidal
suspensions resulting from the reaction are stable for months.

One concern during the synthesis is the fate of the imidazo-
lium ligands in the reaction conditions, especially in the presence
of NaBH,, because their reduction could lead to the formation of
carbenes.”® Despite their likely stability,” carbenes have been
inferred in the stabilization® and formation®' of AuNPs. How-
ever, 'H NMR experiments indicated the stability of the imida-
zolium moieties. Additionally, in our hands, the lack of NaBH, in
the experimental conditions used did not lead to the formation of
nanoparticles, whatever the proportion of imidazolium salts to
gold(111) salts, judging by the absorption spectra and the TEM
analysis of the solutions.

Also the experimental conditions are known to influence the
morphology of the AuNPs. For instance, larger thiol/gold mole
ratios give smaller average core sizes, and fast reductant addition
and cooled solutions produced smaller, more monodisperse
particles.”® Another aspect we are interested to explore is the
effect of the alkyl chain variation on the formation constitution,
and stability of the new nanoparticles, as this effect had been
explored for some previously described coating surfactants.*

The size and morphology of the AuNPs obtained with our
imidazolium ligands was compared with the size and morphology
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Figure 3. (a) Images of gold nanoparticles 3- AuNPs, 2- AuNPs, and
4- AuNPs in dichloromethane, prepared with 3- 2Br, 2-2Br, and 4- 2Br,
from left to rigth. (b) UV—vis absorption spectra of the gold nanopar-
ticles: coated with hexadecatethiol HDT:AuNPs (dotted line),
3-AuNPs (solid line), and 4 - AuNPs (dashed line).
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Figure 4. TEM pictures of the gold nanoparticles HDT - AuNPs (a),
3-AuNPs (b), and 4- AuNPs (c) and their corresponding size distribu-
tion histograms.

of those nanoparticles synthesized using hexadecanethiol and
tetraoctylammonium bromide, reproduced in our laboratories to
ensure direct comparison. The best synthetic conditions were
found to be using a ratio 1:0.75:20 for gold(III)/imidazolium
salt/sodium borohydride, using dichloromethane as the organic
phase, whereas using higher imidazolium amphiphile ratio only
produced slightly smaller nanoparticles. The main observations
deduced from the different experiments that were carried out are
included in Table S3 (Supporting Information).

B CHARACTERIZATION OF THE GOLD
NANOPARTICLES

Absorption Spectroscopy (UV—Vis). The gold nanoparticles
prepared in this work give solutions with colors ranging from
light to dark red as shown (Figure 3a). The absorption spectros-
copy (UV—vis), showing absorption peaks at approximately
519 nm for 3:AuNPs, and 521 nm for 4+AuNPs, originated
from the surface plasmon absorption of the particles (Figure 3b).

Transmission Electron Microscopy (TEM) and Dynamic
Light Scattering (DLS). A morphological study of the different

dx.dol.org/10.1021/1a203601n [Langmuir 2012, 28, 2368-2381
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Table 3. Size of 3+ AuNPs in Dichloromethane Measured by
DLS Sequentially at Different Temperatures (n = 3)

temp/“C size/nm
25 152 £ 0.1
37 195 +03
4 19.9 &+ 0.1
25 183 £ 0.1
37 27+02

AuNPs was carried out using transmission electron microscopy
(TEM), allowing assessment of the morphology and size of the
nanoparticles. Figure 4 shows the size distribution as well as the
TEM micrographs of the differently coated nanoparticles. The
samples were prepared by drop casting the different AuNPs
solutions in CH,Cl, over a carbon-coated copper grid and were
imaged in the electron microscope after drying in air. The images
corresponding to HDT -AuNPs (Figure 4a) show that their
diameter lies in the range 1—5 nm, with a maximum in the
particle size distribution at 2—3 nm. On the other hand,
nanoparticles with an imidazolium coat 3+ AuNPs and 4- AuNPs
(Figure 4b,c, respectively), display an average core size of 8.8 +
22 and 5.3 # 2.4 nm, respectively. These results are in agreement
with the size difference inferred by the UV —vis spectra. It has
also been observed (Figure 4) that gold nanoparticles encapsu-
lated with the imidazolium salts 3 - AuNPs and 4- AuNPs show
different types of polydispersity, which are greater than the thiol
capped particles.

The size of the 3- AuNPs nanoparticles was also measured
through dynamic light scattering (DLS). The average size
measured was 15.2 4 0.1 nm. This result implies a slightly higher
diameter than that observed by TEM, in agreement with the fact
that this technique measures the hydrodynamic size of the
particles, in contrast with TEM that only gives us the gold core
size, because no contrast agent was used and the imidazolium
ligand is relatively transparent to the electron beam compared
with the gold. Thus, the size measured by DLS gives the diameter
that includes not only the core but also the alkyl chains of the
3:2Br coating protophane, and the values obtained are in
agreement with the formation of a monolayer. As indicated in
Table 3, a sample of 3- 2Br was heated from 25 to 37 °C, cooled
to 4 °C and warmed again to 25 and 37 °C. Variations in the
temperature of DLS measurements did not affect significantly the
size of the nanoparticles, as indicated by the small differences in
the nanoparticles size values included in Table 3, suggesting that
they are stable and do not aggregate easily (see later). The
polydispersity value obtained using this technique was low,
having a PDI value of 0.18.

Mass Spectrometry. Matrix assisted laser desorption ioniza-
tion time-of-flight mass spectroscopy (MALDI-TOF-MS) was
used to study the gold nanoparticles 3+ AuNPs and 4+ AuNPs,
and the results are gathered in Table 4. Despite precedence from
the literature reports,”* the experimental conditions to observe
AuNPs were difficult to find. The spectra were recorded in the
absence of a matrix or using different matrices for the purpose
(¢-cyano-y-hydroxycinnamic acid and DHB). In all cases, for
both 3+ AuNPs and 4+ AuNPs, the most abundant peak was the
singly charged peak corresponding to the gold complex with the
two imidazolylidene moieties of one molecule of the correspond-
ing protophane. Depending on the matrix used, different peaks
corresponding to the loss of one bromide ion from the original
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protophane, or peaks corresponding to loss of alkyl chains, were
detected with low intensity (‘Table 4). The use of no matrix also
allowed the observation of gold clusters (Figure 2, Supporting
Information).

Time-of-flight secondary ion mass spectrometry (TOF-SIMS)
was used to confirm the presence of gold nanoclusters in the
sample, prior to attempting a quantitative analysis. The samples
were prepared by a drop casting of the AuNPs solution (CH,Cl,)
onto a silicon substrate.

Initial difficulty to find the right experimental conditions to
run the samples seemed to be caused by low loading concentra-
tions of the metallic particles. For this reason two different
samples of 3+ AuNPs at different concentrations were analyzed
by TOF-SIMS. Different mass peaks corresponding to An were
found, as seen in Figure 83 in the Supporting Information, which
shows four different peaks corresponding to one, two, three, and
four gold atoms, respectively. These results indicate the presence
of various gold atoms on the surface of the core of the
nanoparticle. On the other hand, it was not possible to obtain
information about the disposition of the imidazolium coating
units with respect to the gold nanoparticles because of the
limitations of the apparatus regarding the size of the discrete
aggregate molecules in the samples. To observe clearly the gold
signals in the core, it was necessary to clean the sample
(sputtering). This fact emphasizes that TOF-SIMS is a surface
analysis technique that is sensitive to the length of coating
molecules that can hinder effective ionization. It can also be
taken as another indication of the dense packing of the imida-
zolium coating ligands.™

X-ray Photoelectron Spectroscopy (XPS). X-ray photoelec-
tron spectroscopy (XPS) was used to determine the valence state
of gold in the synthesized nanoparticles. The samples were
prepared by drop casting of the different AuNP solutions
(CH,CL,) onto a silicon substrate. As stated for the TOF-SIMS
experiments, sputtering of the sample was necessary to identify
clearly the peaks corresponding to Au, N, and Br in the gold
nanoparticles 3+AuNPs and 4:AuNPs, but the signals were
identified after this process, indicating the proximity of the
imidazolium ring to the gold core of the nanoparticles. This fact
was also supported by the very broad signals of the aromatic
signals of the imidazolium moiety in a '"H NMR spectrum of
3+ AuNPs recorded in CDCl;. The values and relative intensities
of the peaks in the XPS gave additional information to confirm
the structure of the imidazolium coated AuNPs. The character-
istic binding energies of Au” at 88.2 and 84.5 eV corresponding to
the double peaks of Au 4f;,;, and Au 4f; ), can be observed for
3-AuNPs and 4-AuNPs (Figure $4, Supporting Information),
these being typical values for Au’. The absence of signals
corresponding to Au' eliminates the possibility that the ligand
interaction with the gold atoms is stabilized through a carbene
structure.”” This observation is also supported by the presence of
bromine (and chlorine, possible due to an anion exchange in the
synthesis process), which indicates the integrity of the ligand in
the AuNPs. Quantitative analysis of the XPS signals, especially
for Au 4f and N s, indicated a proportion of coating ligand:Au
1:3 in 3+ AuNDPs, which is in agreement with the dimensions of
the imidazolium coating agent and their type of mutual interac-
tion assuming a close packed structure.

In 4+ AuNPs a peak that corresponds to the binding energy of
§ 2p can also be observed (Figure S5, Supporting Information).
Additionally, angle resolved XPS (ARXPS) analysis were carried
out to know how the 4 AuNPs molecules were attached to the
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Table 4. Positive-lon Mode MALDI-TOF-MS for the Gold Nanoparticles 3+ AuNDPs and 4+ AuNPs

compound  [(M — 2Br — 2H]*  [M — Br]*

3. AuNDPs”
3. AuNPs"
3. AuNDPs
4-AuNPs’
4. AuNPs'

743.8(100%) 625.7 (25%)

586.5(95%)

[M — 2Br — 2H + Au/2]**

“No matrix. " Matrix = ¢-ciano-y-hydroxycinnamic acid. - Matrix = DHB.

[M—2Br —2H + Au]®  [M — Br— 2CgHy: " [M — Br— CgHy:"

9396 (100%)
939.9 (100%)
939.8 (100%)
11739 (100%)
11739 (100%)

321.3(12%) 573.6(15%)

Table 5. EC;g Values of 3-2Br, 3+ AuNPs, and Reference
Compounds”

ECqo /g mL "
7.2Br >1000"
1-2Br 7
3-2Br 13.18
3-AuNPs >70"

“Cells were exposed for 48 h and the viability was assessed by the
MTT assay. ¥ Maximum concentration tested,

gold nanoclusters, i.e., which is the preferential disposition of the
ligands 4-2Br on the gold surface, linked through either the
thioether or the imidazolium moieties (Figure 3). Measuring the
spectra with different takeoff angles, it was possible to determine
which element is found in a higher ratio near the gold and,
therefore, to explain what the binding disposition of the imida-
zolium amphiphiles is to gold. At the lower takeoff angle (157) it
was found that the ratio N:S was 2.2:1, whereas at the highest
angle (75°) the ratio was 1.7:1. In addition, at middle takeoff
angles (60°, 457, and 30°) the lowest N:S ratio (1.25:1) was
obtained. All these results combined with that obtained when the
data were recorded at the usual takeoff angle (the N:S ratio was
1.9; the theoretical rate is 2) proved that the molecules are bound
to the gold nanoclusters mainly by their imidazolium groups, and
this preference can be a dear advantage in delivery applications
(see later).

Stability Studies. The stability in solution of 3- AuNPs and
4-AuNPs was examined both at room temperature and under
reflux in three different solvents (dichloromethane, tetrahydro-
furan, and toluene), and the absorption spectra of these solutions
were recorded daily for one 1 month. No obvious change in the
shape or maximum in the plasmon resonance was observed,
which indicates that the as-prepared gold nanoparticles are stable
for at least 1 month in air at room temperature, In addition, the
stability of the nanoparticles in the same three solvents at
increasing temperatures was also studied by UV —visible absorp-
tion spectroscopy. The solutions were heated starting at room
temperature at a rate of 10 °C/day until the reflux temperature
was reached. Samples were checked after 2, 6, and 24 h for each
temperature. We found out that gold nanoparticles 3- AuNPs
and 4-AuNPs remained stable after being heated at reflux
temperature for 48 h. As no additional antiaggregation agent
was added to the system, the stability of the nanoparticles should
be attributed to the bis-imidazolium salts, opening the possibility
of considering the nanoparticles suitable for storage.

To attempt the exchange of the imidazolium cations on the
AuNP surface by different ligands, for instance, thiols, would be
of interest from the point of view of expanding the versatﬂil:y of
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Figure 5. Some possible schematic representations of gold nanoparti-
cles coated with 4-AuNPs bound by imidazolium moieties (a) and
S atom (b).

this material, and considering them as a potentially replaceable by
a specific ligand (exchanging of cargoes). Several examples have
been reported in the literature using the exchange of thiol
coatings by a different type of thiols, the induced aggregation
by bisthiols, to assemble, for instance, nanoparticles thin ﬁlms,'_"s
and also aggregation of the nanoparticles via hydrogen bonds*®
or I—7 stackjng!' interactions of their coating ligands. The
exchange of the bis-imidazolium cations on the AuNP surface by
different ligands, for instance, thiols, was also examined by means
of two different experiments in dichloromethane at room tem-
perature: (a) treatment of 3- AuNPs with hexadecanethiol and
(b) addition of an excess of 1,8-octanedithiol to a solution of
3+ AuNPs, No thiolate exchange at all was observed under these
conditions, indicating the strong interaction between the imida-
zolum ligands and the gold, a fact that could also contribute to
the controlled release in delivery applications.

It will be plausible to consider that some extra stabilization is
due to the formation of a bilayer of imidazolium dicationic
protophanes (gemini surfactant) on the surface of the gold core,
according to some literature examples.'™™ However, this
possibility could be almost ruled out for two additional reasons:
First, the insolubility of 3+ AuNPs in aqueous solution (which
would be expected if a second layer were present with the cations
facing the solvent); second, the 'H NMR of 3+ AuNPs recorded
in CDCIl; shows very broad bands, whereas the resonances of the
protons at the end of the alkyl chains are relatively sharp,
indicating the proximity of the imidazolium cation to the
metallic core.

Toxicity of the AuNPs and Protophanes. Because the
synthesized gold nanoparticles used in delivery studies were
stabilized with the dication 3:2Br, it is valuable to study
the toxicity of the protophane, besides the overall toxicity of the
nanoparticles, because they are aimed at biomedical usage. The
cytotoxicity, expressed here as ECgy, was determined on human
colon carcinoma cell line Caco-2 using the MTT assay. This assay
is based on the conversion of yellow tetrazolium salts to purple
formazan crystals in the mitochondria of active, viable cells. The
Caco-2 cell line can be used in cytotoxicity assays because
dedifferentiated cancer cell lines provide a good rough estimation

dx dol.org/10.1021/1a20360 1n [Langmuir 2012, 28, 2368-2381
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Figure 6. Genotoxicity assay performed with (a) 3-2Br and (b) 3- AuNPs. Determination was performed by the Comet assay.

for the toxic Eotcntial of the studied substance, as suggested
in literature. "™ Table 5 shows the ECsg values obtained for
different bis-imidazolium compounds: 1-2Br, 3-2Br, the
reference compound 1,3-bis[(3-methyl-1-imidazolio Jmethyl]-
benzene dibromide (7-2Br) and the nanoparticles 3-AuNPs
after 48 h of exposure.

There are many examyles of single imidazolium-derived ionic
liquids in the literature,™ but our coating ligands are gemini-type
surfactants, i.e,, double imidazolium-alkyl chain, linked through a
1,3-dimethylenebenzene spacer. In the case of 3-2Br with two
octadecyl chains, the ECs is 13.18 g mL ™" (Figure 6a), which
corresponds to 14.6 #M. The cytotoxicity was also determined
for similar molecules, but with shorter alkyl chains (methyl for
7-2Br and decyl for 1-2Br), and for 7-2Br the ECy, value is
higher than the one obtained for 3-2Br (Figure 6a), whereas
1-2Br has a EC; similar to that of the latter, These results are in
good agreement with literature reports, regarding the relation
between the length of the alkyl chain and the cytotoxicity:
Previous studies of imidazolium-derived ionic liquids show that
toxicity increases with the increase of the alkyl chain length. 108,39
Because the alkyl chain is responsible for the lipophilicity, this
behavior is expected, and indeed there is a correlation between
the lipophilicity and the cytotoxicity of the imidazolium-derived
ionic liquids:***! A longer alkyl chain will increase the lipophi-
licity of the molecule, making the molecule more likely to pass
the cell membranes and insert into them. Interestingly, the ECsp
value obtained for 3+2Br is not lower (it is not more toxic) than
the one reported in literature for imidazolium-derived ionic
liquids with shorter alkyl chains, also tested in Caco-2 cell line, 0h
meaning that 3-2Br has a similar toxicity, although it has two
alkyl chains. Also, according to the literature, the anion has little
or no influence in the overall cytotoxicity of the ionic liquid.**

As can be observed in Table 5, the EC g value for 3- AuNPs is
higher than the range of concentrations studied. Solubility
limitations mean that the maximum concentration of nanopar-
ticles that can be studied is 70 yg mL ! which is below any
observed toxic effect. More importantly, the toxicity of 3- AuNPs
is considerably lower than that of the imidazolium coating 3 - 2Br.
This result suggests that the interaction of the polar headgroup
with the gold nucleus of the nanoparticle prevents, in some way,
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a higher toxicity, because the positive charge of the imidazolium
is not available to interact with the cells.

Also, the Comet Assay was performed to evaluate the geno-
toxicity of 3-2Br and 3-AuNPs. Many concentrations were
tested, and after statistical analysis, it was concluded that no
significant genotoxicity was observed for both the amphiphile
molecule 3-2Br (Figure 6a) and the nanoparticles 3-AuNPs
(Figure 6b). Again, dimethyl sulfoxide ((CD;),50) and dichloro-
methane were the solvents used to study 3-2Br and 3- AuNPs,
respectively. In both cases, the statistical analysis of the assay
showed no significant differences between the solvent and the
3+2Br or 3+ AuNPs, except between the solvent and the highest
concentration of 3+ AuNPs tested (70 ug/mL). However, be-
cause the damage produced in the DNA was low, we conclude
that no real genotoxicity was observed. The DNA-damaging
alkylating-agent methylmethanesulfonate (MMS) was used as
positive control,

Models for the Delivery of Anionic Drugs: Ibuprofenate
Transport Studies. Several examples of anion sensing by AuNPs
have been reported in the literature, and in all the cases the anion
recognition motif (amides, thiourea, or organometallic clusters)
was attached to the end of a large thiol agent coating the
nanoparticle.’” The ultimate goal of our research consists of
evaluating if the anion recognition exhibited by the imidazolium
containing dications, and previously evaluated binding in
solution,'™"” was still operating in the AuNDs prepared in this work.

We have shown in this paper (see before, complexation
studies) that the protophanes bind to the carboxylate-containing
drugs valproate or ibuprofenate. It would be expected that bis-
imidazolium surfactants, such as the ones described in this work,
would exhibit a higher anion complexation once attached to
the AuNDs.

Initially, the anion recognition properties of 3+ AuNPs were
studied by UV —visible spectroscopy. For this purpose, different
solutions of TBA - Cland TBA - Ac with a range of concentrations
from 5 x 10" ® to 0.05 M were prepared. The solutions that were
analyzed consisted of a 1:1 mixture of solutions of 3+ AuNPs and
the corresponding tetrabutylammonium salt in CH,Cl,. No
significant changes in either the absorbance or the wavelength
were observed for the plasmon resonance band on 3-AuNPs,
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and a quantitative analysis was discounted. The lack of anion
complexation under these conditions could be the consequence
of the hydrophobic coating of the Au core preventing the
penetration of a solvated anion, and therefore the interaction
with the imidazolium moiety near the surface.

Ibuprofen (sodium salt) was chosen as an anionic drug often
used as a model for controlled delivery, and a protocol based on a
biphasic transfer system was used to estimate the capability of
3-AuNPs for transferring the carboxylate (ibuprofenate) from
water into an organic solvent (dichloromethane), following
changes in the absorbance spectrum of the anion. Binding of
the ibuprofenate by the nanoparticles showed that, as in control
experiments, using extraction with dichloromethane and with
dichloromethane saturated with 3+2Br, the anion is not trans-
ferred appreciably into the organic phase. Instead, it is possible to
observe a decrease in the absorption band intensity of the
ibuprofen when the ibuprofenate aqueous solution is extracted
with 3+ AuNPs, indicating that the AuNPs promote the transfer
of ca. 70% of ibuprofenate to the organic phase (Figure §7,
Supporting Information), and demonstrating that 3-AuNPs
interact with anionic drugs and have the ability to transport them.

Delivery and permeation of ibuprofenate complexed to gold
nanoparticles 3+ AuNPs was examined by dialysis experiments in
aqueous media to study the potential application of gold
nanoparticles coated with bis-imidazolium salts as systems for
controlled delivery of drugs. Experiments of dynamic and static
dialysis were performed to evaluate the ibuprofenate diffusion
through a dialysis membrane in aqueous media. To establish
conditions similar to those of the skin medium, the experiments
were carried out using Milli-Q water (pH 3), and at 32 °C. The
dynamic analysis experiments were performed as detailed in
the Experimental Section; however, the amount of ibuprofenate
detected in the samples taken from the receptor aqueous phase
for up to 500 h was always at the limit of detection. For this
reason, no clear liberation profile could be established, which
made the results nonconclusive. A plausible explanation could
be that the high volume of each extraction (3 mL) and its
replacement with water could cause a progressive dilution in the
receptor phase, making negligible the detection of increasing
ibuprofenate concentration in the receptor containers.

Additionally, the liberation rate of ibuprofenate from the
obtained ibuprofenate—3- AuNPs complex was assessed using
Franz-type diffusion cells and dialysis membranes.*' The samples
were resuspended in Sorensen Buffer pH 7.4, to simulate
physiological conditions, and the receptor solution used was
NaOH pH 11, to ensure ibuprofenate solubility, complying
with the SINK conditions. The liberation rate from the
ibuprofenate —3 - 2Br complex was also studied, and as a control,
samples with free ibuprofenate were taken in the same condi-
tions, to ensure that the release rate was independent of the
diffusion rate of ibuprofenate between the solutions. Figure 7
shows the plot of cumulative delivered (Q) amount of ibupro-
fenate versus time (t). The total amount of ibuprofenate added
was calculated to be the same in all the samples.

The diffusion rate of free ibuprofenate across the dialysis
membrane is higher than the rates obtained with ibuprofenate—
3+AuNDPs and ibuprofenate—3 - 2Br, thus showing that diffus-
ion is not limiting the liberation rates obtained. The values
of the dissociation constants Kp, obtained by nonlinear fitt-
ing, were 39.98 and 6547 h™' for ibuprofenate—3-AuNPs
and ibuprofenate—3- 2Br, respectively, following first-order
kinetics (Figure 7a). Therefore, although the imidazolium ligand
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Figure 7. (a) Liberation profile at pH 7.4 of (A) ibuprofenate—
3.AuNPs, (B) ibuprofenate—3.2Br, and (C) sodium ibuprofenate.
(b) Liberation profile at pH 5.5 from ibuprofenate—3 - AuNPs.

3-2Bris involved in the recognition and binding of ibuprofenate,
the behavior is different when it is stabilizing gold nanoparticles,
and the release of ibuprofenate takes place at a slower, more
sustained rate.

Additionally, release of ibuprofenate from ibuprofenate—
3+ AuNPs was also studied at pH 5.5, closer to the value in inflamed
tissues. Figure 7b shows the ibuprofenate release profile from
3+ AuNPs, according to a zero-order kinetics (K, is 0.00001265
h™"). This result expresses the slower release of ibuprofenate in
more acidic media, as a consequence of its lower aqueous
solubility at this pH, despite its lower ionization and subse-
quently reduced interaction with the bis-imidazolium carrier.

It is remarkable that analysis of the receptor phase by UV—vis
spectroscopy revealed only the presence of ibuprofenate, indicat-
ing that neither 3+ AuNPs nor 3+ 2Br diffused into the solution.

Internalization Studies. Cell uptake was studied in Caco-2
cells by transmission electron microscopy (TEM). Figure 8
shows the TEM images obtained from Caco-2 cells after 15,
30, and 60 min, and after 4 and 24 h of exposure to a 70 rg mL ™~ !
of a solution of 3- AuNPs; this concentration was chosen to be
used in these assays because it was the maximum concentration
of nanoparticles used in the toxicity assay, and a value lower than
the ECsp. 3+ AuNPs were quickly internalized in Caco-2 cells,
because nanoparticles uptake was already visible at 15 min. As
can be seen (Figure 8a), after only 15 min a few AuNPs were
found inside a vesicle structure, probably an early endosome.
After 30 min, isolated AuNPs or groups of AuNPs (Figure 8b,c,
respectively) were entering the cell inside a vesicle structure.
Absorbed AuNPs were situated inside lysosomes (Figure 8d,e)
and in the cell membrane (Figure 8f) 1 h after exposure.
3-AuNPs were observed in the cell membrane and in vesicular
structures (early endosomes and lysosomes) inside cells; there
were no nanoparticles free at the cytoplasm or in any other
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Figure 8. TEM images from Caco-2 cells treated with 3+ AuNPs at 15
(a), 30 (b, ¢) and 60 (d—f) min, and after 4 (g—j) and 24 (k) h.

organelle. High amounts of AuNPs were found in lysosomes
(Figure 8g—j) after 4 h of exposure, and after 24 h few AuNPs
were found in the lysosomes (Figure 8k), suggesting that the
nanoparticles are eliminated from the cell. These results indicate
that the nanoparticles 3+ AuNPs are successfully absorbed by the
cell as expected*” and have a short residence time inside the cell.

B CONCLUSION

In conclusion, we have synthesized new AuNPs with imida-
zolium ligands of the gemini-type surfactant that are stable in
solution and where the capping agent plays a unique triple role:
phase transfer of the gold salt during the synthesis, stabilization of
the gold colloid, and binding agent for a guest. The new AuNPs
are stable, and the bis-imidazolium capping molecules do not
exchange with thiolate ligands. Indeed, given the choice, the gold
surface prefers bis-imidazolium to thioether ligands. Finally, the
capability of these nanoparticles to complex ibuprofenate was
shown, a model for carboxylate-containing anionic drugs, and to
release it at a sustained rate. The low toxicity and internalization
capability of the reported 3- AuNPs, as well as the fact that the
dication 3-2Br used to stabilize the nanoparticles presents a
reduced cytotoxicity, make this kind of nanoparticulate carrier
appear as promising vehicles for nanomedical applications.

B ASSOCIATED CONTENT

© Supporting Information. (1) Synthesis of 1-octadecyl-
1H-imidazole. (2) Synthesis of 1,3-bis(bromomethyl)-5-meth-
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nate diffusion evaluation from the 3-AuNPs—ibuprofenate
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1-Octadecyl-1H-imidazole: 1H-Imidazole (1.0 g, 14.69 mmol) and potassium hydroxide (0.99
g, 17.63 mmol) were stirred in dry MeCN (60 mL) under argon atmosphere and at room
temperature until dissolved (2 hours). A solution of 1-bromooctadecane (4.90 g, 14.69 mmol) in
dry MeCN at 40°C (50 mL) was added. After cooling down at room temperature, the solution
was stirred for 24 hours, and a white solid precipitated. The solvent was evaporated, and the
residue was partitioned between CH,Cl, (40 mL) and water (35 mL). The aqueous phase was
extracted with CH,Cl, (2 x 40 mL), then the organic phase was washed with water (70 mL),
dried over MgSOQ,, filtered, and the solvent was evaporated to obtain 1-octadecyl-1H-imidazole

as a yellow oil that solidified at room temperature under vacuum (4.07 g, 87 %).

'H NMR (300 MHz, CDCls, 25°C, TMS): 5= 0.88 (t, J=6 Hz, 3H, OCH,); 1.25 (m, 30H,
(CH,)15); 1.79 (m, 2H, N-CH,-CH,); 3.92 (t, J=7.5 Hz, 2H, N-CH.); 6.94 (s, 1H, Im-H(5)); 7.12
(s, 1H, Im-H(4)); 7.72 (s, 1H, Im-H(2)). R¢: 0.34 (CH,CL,). mp: 49°C (110°C/0.01 Torr)."

1. Tosoni, M.; Laschat, S.; Baro, A. Helv. Chim. Acta, 2004, 87, 2742-2748.
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1,3-Bis(bromomethyl)-5-methoxybenzene (5)

Method 1: A suspension of 1,3-dimethyl-5-methoxybenzene (13.10 g, 0.10 mol), N-
bromosuccinimide (36.6 g, 0.20 mol) and «, a -azoisobutyronitrile (0.20 g, 1.22 mmol) in dry
CCly (500 mL) was stirred at 77°C under argon atmosphere for 21 hours under radiation
(standard light bulb). The mixture was cooled down to room temperature, filtered and, the
solution was evaporated in vacuum. The yellow syrup obtained was stored at 4°C until white
solid precipitated. The white precipitate was isolated and purified by crystallisation from n-
hexane (20 mL) to obtain 5 as white needles (3.7 g, 13%). Method 2: 1,3-Bis(hydroxymethyl)-
5-methoxybenzene (1.00 g, 5.95 mmol) was stirred in dry CH,Cl, (40 mL) at room temperature
under an argon atmosphere for 40 minutes. The suspension was cooled to 0 °C with an ice-bath,
and phosphorous tribromide (5.40 mL, 5.35 mmol) was added via a syringe under argon. After
stirring for 18 hours, the solution was evaporated in the rotary evaporator. The brown residue
was partitioned between CH,Cl, (15 mL) and water (15 mL), and the aqueous phase was
extracted with CH,Cl, (2 x 15 mL). The whole organic phase was washed with water (75 mL),
dried over MgSQ,, filtered, evaporated and dried in vacuum to obtain 5 as a brown oil that

crystallised spontaneously at room temperature as white crystals (1.50 g, 85%).

5:"H NMR (300 MHz, CDCl;, 25°C, TMS): & 3.82 (s, 3H, OCH;); 4.44 (s, 4H, CH,); 6.87 (s,
2H, Ar-H(4,6)); 7.01 (s, 1H, Ar-H(2)). '"H NMR (300 MHz, (CDs),SO, 25°C): 3.76 (s, 3H,
OCHy;); 4.66 (s, 4H, CH,); 6.97 (s, 2H, Ar-H(4,6)); 7.10 (s, 1H, Ar-H(2)). °C NMR (75.4 MHz,
(CD;),S0, 25°C): &= 33.9 (CHy); 55.3 (OCH,); 114.7 (Ar-C(4,6)); 122.3 (Ar-C(2)); 139.8 (Ar-
C(1,3)); 159.3 (Ar-C(5)). MS (EI) m/z: (134.1, [M-2Br]", 66%); (213.1, [M-Br]", 100%);
(294.0, [M]", 24%). R¢: 0.20 (CH,Cl,: n-hexane, 1:10). mp: 74-76°C.2

2. Gilat, S. L.; Andronov, A.; Fréchet, J. M. J. J. Org. Chem., 1999, 64, 7474-7484.
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Table S1: 'H NMR spectroscopic data from compounds 1:2Br, 2:2Br, 3:2Br and 4-2Br

CH; (CH,), SCH,-CH, N-CH,-CH, S-CH, O-CH; N-CH, CH, Ar-H() Im-H@4) Ar-H(4,6) ArHQ2) Im-HG5) Im-H(2)

1-2Br 0.88 1.25-1.32 -- 1.89 -- -- 427 564 7.7 7.29 7.61
2-2Br 0.88 1.25-132 -- 1.89 -- -- 427 564 7.16 7.29 7.61
3-2Br 0.88 1.29-1.32 -- 1.90 -- -- 427 563 7.16 7.26 7.59
4-2Br 0.88 1.26-1.36 1.57 1.89 2.50 3.71 427 558 - 7.19 7.16

8.12

8.11

8.09

7.65

8.20

8.21

8.16

8.22

10.43

10.44

10.41

10.53

1-2Br and 2-2Br — 300 MHz, CDCls, 3-2Br and 4-2Br — 400 MHz, CDCls; n=7 (1-2Br), 9(2-2Br), 15 (3-2Br), 16(4-2Br)
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Table S2: >C NMR spectroscopic data from compounds 1-2Br, 2-2Br, 3-2Br and 4-2Br

CH, (CH),  S-CH, N-CH, CH, O-CH; Im-C@) Im-C(5) Ar-C(4,6) Ar-C(5) Ar-C(2)  Ar-C(1,3) Im-C(2)
1-2Br 142 22.8-319 - 50.4 525 — 121.8 123.6 130.0 130.0 130.5 134.8 136.7
2:2Br 143 22.9-32.1 - 50.6 52.9 - 122.3 123.5 130.2 130.2 130.9 134.9 136.6
32Br 143 22.9-32.1 - 50.4 52.6 - 121.8 123.7 130.1 130.1 130.6 134.8 136.8
42Br 143 22.9-32.1 324 50.5 527 56.3 121.6 123.9 115.7 160.6 122.3 136.1 137.1
R
6H. L a4 1-2BrR=H R'=CqoHy;

P 2:2BrR=H R =CyyHys
[ 32BrR=H R'=CygHy;
7 gy, 42BrR=0Me R'=CiiHzSCioas

H,C |
/ H2 N
/ H5
SHO_N T 2B
I, e .
4H” N ,, H4
R R

100 MHz, CDCls; n=8 (1-2Br), 10(2-2Br), 16 (3-2Br), 19(4-2Br)
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Table S3. Compounds and ratios used for the AuNPs synthesis and the absorption plasmon

resonance bands.

Number of  Transfer agent Additional Stabilizer =~ TA:HAuCl;:SA:NaB

experiment (TA) agent (SA) Hy ()
1 TOAB - 2.5:1:0:24 -
2 TOAB HDT 2.5:1:0.25:24 519.0
3 TOAB HDT 2.5:1:0.16:24 [a]
4 TOAB HDT 2.5:1:0.09:24 [a]
5 3-2Br - 2.5:1:0:24 518.5
6 3-2Br - 0.75:1:0:20 519.0
7 4-2Br - 2.58:1:0:24 517.0
8 4-2Br - 0.75:1:0:20 521.5
9 1:2Br - 0.75:1:0:21 521.0
10 2-2Br - 0.75:1:0:22 524.5

[a] Broad signal in the plasmon resonance with an undefined maximum in the absorption band.

The main observations deduced from the different experiments that were carried out, included in

Table S1, are:

1) In experiment 1 no hexadecanethiol (HDT) was added in order to prove if AuNPs could be
synthesized using purely a tetraalkyl ammonium salt as stabiliser. The formation of black solids
in suspension demonstrated that the AuNPs cannot be stabilized by the tetraoctylammonium

bromide (TOAB) salt for long periods of time. The particles coalesce and precipitate.

ii) With the purpose of inducing an increase on the nanoparticle’s size, the Au/HDT ratio was
reduced. The UV-Vis spectra of experiments 2 and 4 did not show any significant differences
with those from experiment 1, suggesting their sizes are similar (see later). Also, the AuNPs
from experiments 3 and 4 have a very broad absorption band probably due to their high
polydispersity.

iii) Experiments 5 and 7 were performed in the same conditions as experiment 1 but changing
the transfer agent (3:2Br or 4:2Br instead of TOAB). The formation of the AuNPs without
adding an additional stabilizer proved that dicationic protophanes, apart from transfer agents,

also acted as passivators.
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iv) The reduction of the amount of protophanes used in experiments 6 and 8 compared to 5 and

7 respectively, without affecting the formation of the AuNPs can be interesting in green

chemistry.

v) AuNPs stabilized with 1:2Br and 2:2Br were also successfully synthesised. However, the

kinetics of the phase transfer with these molecules were appreciably slower than with 3:2Br and

4-2Br.
(@) P .|b) .
- ;'.—-_d;- d__'.,——r_—_—
» - oo =24 -
o -~ g - o
.: 044
% H’/ e '//
: o ‘_,r'} ; 03 J_.f‘/
< / ® 1:2Br/Im-H(2] S mL2Br/ Im-H| 2}
/
,If- /
1/ B PpCIasm fimHE .— y m FpCIOSiN merE

Figure S1. Experimental (points) and fitting (line) data of chemical shifts variation (Ad) plotting
versus drug concentration, from titrations with 1-2Br with ibuprofenate and valproate: (a) Ad of

Im-H(2) in presence of ibuprofenate, and (b) Ad of Im-H(2) in presence of valproate.
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Figure S3. TOF-SIMS spectra of concentrated (a) and diluted (b) samples of 3-AuNPs after

sputtering. Peaks corresponding to one, two, three and four atoms of gold can be observed. (c)

and (d) spectra show the pick corresponding to one gold atom before sputtering..
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Figure S4. XPS spectrum of the 3- AuNPs (identical to 4- AulNPs) showing the Au 4f7/2 and
415/2 doublet with binding energies of 84.5 and 88.2 eV, respectively.
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Figure S5. XPS spectrum of S 2p of 4: AuNPs with a binding energy of 163.8 eV.
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Figure S6. a) ECsy values of 3:2Br, and 3-AuNPs and reference compounds, and b) effect of

3-AuNPs and 3:2Br on the viability of Caco-2 cells. Cells were exposed for 48 hours and the

viability was assessed by the MTT assay.
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Figure S7. UV-Vis spectra of ibuprofenate aqueous solution (dashed line), aqueous solution of

ibuprofenate after extraction with CH,Cl, (solid line), and aqueous solution of ibuprofenate after

extraction with CH,Cl, containing 3- AuNPs (dotted line). In the later case, a decrease in the

intensity of the characteristic absorption band of ibuprofenate can be clearly observed,

corresponding to an extraction of ca. 70% of ibuprofenate by 3- AuNPs.
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Figure S8. Stages of the experimental set-up of the dynamic dialysis for the ibuprofenate
diffusion evaluation: Dichloromethane solutions of 3:AuNPs-ibuprofenate complex, 3-2Br—
ibuprofenate complex (as control) and 3-AuNPs (as control), were placed in biodialysers (a)
with one end cap covered with dialysis membrane and closed. Five replicas were prepared for
3- AuNPs-ibuprofenate complex to obtain a reproducible measure. The solvent was allowed to
evaporate and Milli-Q water (0.8 mL) was added in every biodialyser, which were closed on the
other end with a dialysis membrane. Every biodialyser was placed on a closed container with 25
mL of MilliQ-water as receptor phase (b), those with AuNPs were covered with aluminium foil.
All the containers were placed inside a reactor with a water jacket (c) which kept the dialysis
systems at 32°C by using a circulating water bath with temperature control (d). The whole set-

up was on a platform with a constant horizontal shake (e).
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Figure S9. Franz cells set-up for evaluation of the ibuprofenate diffusion in static dialysis
experiments: Dichloromethane solutions of 3- AuNPs-ibuprofenate complex (0.197 mL), 3-2Br
—ibuprofenate complex (as control) (0.099 mL) and 3-AuNPs (as control) (0.230 mL), were
placed on the donor chamber of the Franz cell (a). Four replicas were prepared for 3- AuNPs-
ibuprofenate complex to obtain a reproducible measure. The solvent was allowed to evaporate
and Milli-Q water (0.263 mL) was added in every donor container. The donor compartments
were kept in darkness, placed onto the receptor glass chambers, and fixed with a joint (b). The
water jacket of the Franz cells kept the system at 32°C by using the circulating water bath (c),
and the stirbar maintained the receptor phase as a homogeneous solution. Samples of 0.3 mL
were taken at regular intervals, and the volume was replaced with MilliQ water from the

sampling port.
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3.4. Water-soluble gold nanoparticles based on imidazolium gemini

amphiphiles for delivery of piroxicam

Publication in RSC Advances, 2014, 4, 9279-9287.

Mafalda Rodrigues,*® Anna C. Calpena,” David B. Amabilino,’ David Ramos-Lopez,® Joaquin

o r r.ab
de Lapuente® and Lluisa Pérez-Garcia®

a Department of Pharmacology and Therapeutic Chemistry, Universitat de Barcelona, 08028 Barcelona,
Spain.

b Institute of Nanoscience and Nanotechnology IN2UB, Universitat de Barcelona, 08028 Barcelona,
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¢ Department of Pharmacy and Pharmaceutical Technology, Universitat de Barcelona, 08028 Barcelona,
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Spain.

e Unitat de Toxicologia Experimental i Ecotoxicologia (UTOX-PCB), Baldiri i Reixac 10-12, 08028
Barcelona, Spain.

Summary

In the previous work, a bis-imidazolium ligand containing alkyl chains with 18 carbonswas used
to synthesize GNP in a biphasic system. In the present work, that same ligand was used in

aqueous solution, rendering GNP that were water-soluble.

Different ligand: Au ratios were tested, and the success in the synthesis of GNP was assessed by
UV-visible absorption spectroscopy. The successfully obtained GNP were further characterized
by TEM and TGA. TEM showed a gold core of around 12 nm, and TGA provided data to
determine the amount of ligand per GNP. Comparing the amount found by the GNP previously
obtained, which were formed by a monolayer of ligand around the gold core, and the one

obtained for the water-soluble ones, we could conclude that they present a bilayer of ligand.

Having such a structural difference, it was also important to study the toxicity and
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internalization. We found they were slightly more cytotoxic than the previously described GNP
that were synthesized in a biphasic system and were comprised of a monolayer.This increase in
cytotoxicity is in agreement with the fact that the surface has a high density of positive charges,
but also that they could enter the cell probably by a different route, suggested by the fact that the

GNP were found free in cytoplasm and not confined to endosomes.

The incorporation of a poorly water-soluble drug was successfully achieved, as the bilayer
structure of the ligand around the gold core would represent a favourable environment. The
release rate of the incorporated drug was assessed, and the pH appeared to have little influence
on the process, inside the values tested. At both pH 7.4 and 5.5, the release followed the same
zero-order kinetic and very similar release rates. Furthermore, the anti-inflammatory activity of
the released drug was performed in vitro through the determination of the inhibition of COX
activity. However, the GNP exerted alone an inflammatory response, and therefore the effect of

the drug appeared to be small.

Figure 3.16: Schematic representation of the GNP previously synthesized in biphasic system in contrast with
the GNP synthesized in aqueous medium, bearing a double layer of ligand (left) and TEM micrograph of Caco-
2 cells with the novel GNP found dispersed inside the cytoplasm (right).
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Water-soluble gold nanoparticles based on
imidazolium gemini amphiphiles incorporating
piroxicamt

Mafalda Rodrigues,® Ana C. Calpena,” David B. Amabilino,” David Ramos-Lépez,®
Joaquin de Lapuente® and Lluisa Pérez-Garcia*®®

Water soluble gold nanoparticles were synthesized in a single step using a double layer of a gemini
imidazolium-based amphiphile as both reagent and stabilizer. The synthetic strategy exploits the
amphiphilic nature of the ligand, and different ratios of ligand to Au() precursor were tested in order to
favour the formation of amphiphile bilayer-coated nanoparticles, as indicated by their solubility and the
thermogravimetric analysis, which proved the gold/organic ratio. The approximately 10 nm nanoparticles
display cytotoxicity on Caco-2 cells similar to gold nanomaterials coated with other cationic surfactants,
mainly because of their bilayer coating. Instead, genotoxicity was proven to be low, and the gold
nanoparticles showed cell internalization being able to leave endosomes and without entering the
nuclei. The incorporation of piroxicam, a poorly water soluble drug that has anti-inflammatory and
antitumoral activity, was achieved thanks to anion binding by the amphiphile. Subsequently in vitro
release of piroxicam from these nanoparticles was demonstrated, indicating their potential in combined

www.rsc.org/advances chemotherapy,

Introduction

Gold nanoparticles (GNPs) are presently seen as powerful
components in the development of nanoscale-based platforms,
such as drug delivery vehicles, to be used in therapy'* or for
diagnosis.” The most commonly used methods for their
synthesis are the citrate method, developed by Turkevich to
prepare water-soluble GNPs," and the Brust-Schiffrin method,*
which consists of a two-phase system to synthesize GNPs that
have low polydispersity and are soluble in organic media, The
former are more suited for applications in nanomedicine,
because of their solubility in physiological media, while the
latter can be used in other fields, where the presence of organic
solvents in the synthesis does not compromise the contact of
the nanomaterial with the biological media.* Although the
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organic synthetic methodology generally allows a better control
over quality and polydispersity of the nanoparticles,” the fact
that the synthesis of lipophilic GNPs requires a transfer agent
that later has to be removed could result in a more complex
preparation, which could in turn affect their toxicity profile,
leaving room for improvement in the methodology. It is also
possible to generate water-soluble GNPs following the Brust
methodology,” although there is an increase in the complexity
of the systems generated. The need to obtain water-soluble
GNPs is driven by the fact that, when intended for biological
applications, they have to be re-suspended in the physiological
fluids. Besides, it is important that the synthetic method avoids
as much as possible using organic solvents, which are restricted
for final biomedical applications, as well as to maintain the
delivery platforms at their simplest composition, e.g. reducing
the number of their functional components.

However, the most common approach to obtain GNPs to be
used as delivery agents is to use a thiol-terminated or amine-
terminated ligands to which the molecule of interest to be
delivered is loaded in a covalent manner,**" or alternatively in
a non-covalent manner.*'*** The chemical nature of the coating
agent determines the properties of the nanaparticles. Despite
many articles in the literature describing the use of amphiphiles
to stabilize gold nanoparticles, examples focussing on their use
as drug delivery systems are scarce. Different types of ligands
have also been studied as alternative stabilizers in the synthesis
of water soluble GNPs, like water-soluble polymers,**"” some
based on imidazolium salts,"' but also amino acid based

RSC Adv, 2014, 4, 9279-9287 | 9279
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amphiphiles®™ or peptides.”” Some examples of amphiphilic
molecules are also used as templates, in the form of hydrogels,
in the synthesis and stabilization of GNPs.*** Jonic liquids
based on imidazolium salts have received attention as stabi-
lizers of metallic nanoparticles,™ but only some examples use
gemini amphiphiles as capping agents - such as bis ammonium
quaternary salts.*** We found only two examples of gemini-
type imidazolium surfactants with a flexible spacer giving water
soluble GNPs™ and flower-shaped gold nanostructures,” but
none directly related to the preparation of delivery systems.

In our group we developed™ a family of gemini-type
amphiphile molecules bearing a polar head incorporating two
imidazolium groups linked through a rigid 1,3-bis(methylene)-
benzene spacer, such as 1-2Br (Fig. 1). These easily synthesized
molecules showed a good ability to complex anions, particularly
carboxylates, and this feature could be exploited for the recog-
nition of anionic drugs, both in sensing applications and as
delivery vectors. Thus, bearing in mind their complexation
ability, and the fact that imidazolium salts were reported as
ligands for the stabilization of GNPs, our next step was the use
of this amphiphilic molecules in the synthesis of gold nano-
particles through a modified Brust-Schiffrin® without the need
for a transfer agent, which resulted in the formation of very
stable colloids. Besides this advantage, the fact that the ligand
can complex anionic molecules permits loading of the GNPs
with an anionic model drug in a non-covalent manner, which
means that no prodrug or chemical modification of the drug
was needed to incorporate it in the GNPs, making the whole
delivery platform much simpler and controllable.

However, the obtained nanomaterials* were only soluble in
organic media, which limits their applications in therapy. For
this reason, finding an alternative methodology to obtain water-
soluble gold nanoparticles using the same gemini imidazolium
amphiphilic ligand represented a challenge and the main
objective of this work, which could be faced by attempting the
formation of a double layer of surfactant around the metallic
gold core. In fact, examples in the literature** showed the
successful use of surfactant molecules, namely cetyl-
trimethylammonium bromide and didodecyldimethylammo-
nium bromide, to obtain GNP that are soluble in water,
stabilized through a double layer of the molecules on the
surface. In these cases, the surfactants used were quaternary
ammonium salts, which are known to be cytotoxic.™

. HNQ E} <\:j[

2Br
N
f\( “CHy [ s [<hs
o o
Piroxicam 1-2Br

Fig. 1 Molecular structures of piroxicam and the gemini-type
surfactant 1-2Br.
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In order to prepare water soluble GNPs with lower cytotox-
icity, we have explored the stabilization of gold nanoparticles
forming a bilayer of a gemini-amphiphile imidazolium salt
1-2Br. The GNPs obtained can be used as a vehicle for drugs
that have low solubility in water, such as piroxicam (Fig. 1) a
non-steroidal anti-inflammatory drug (NSAID) widely used in
inflammatory arthritis and osteoarthritits. Besides this appli-
cation, piroxicam already proved to be useful as a chemo-
preventive drug in the case of colorectal cancer.” In studies
performed with dogs with transitional cell carcinoma, which
can be considered a good model for human invasive urinary
bladder cancer, it showed ability to induce apopotosis.”® This
apoptotic effect is thought to be the responsible for its anti-
tumor activity, and the inhibition of Cyclooxygenase (COX)
activity can be one of the mechanisms,* as well as regulation of
proto-oncogenes,*

Consequently, in this work we have explored the preparation
of a delivery platform for non-water soluble drugs, based on
simple and stable, and easily prepared water soluble GNPs
consisting only of a gold core coated with a single type of ligand.
This ligand is a gemini amphiphile playing a triple role for the
preparation of the water soluble gold nanoparticles, their
stabilization through an imidazolium amphiphile bilayer
coating and the incorporation and release of non-water soluble
drugs, by means of non-covalent interactions. We have targeted
a potent anti-inflammatory drug as a proof of principle for the
delivery of compounds, given that the percentage of active
component in the delivery vehicle-drug complex in this work -
and in all the other work on nanoparticle carriers - is relatively
low so that high activity is required. The ultimate aim of the
nanoparticle vehicles is to provide greater selectivity in the
delivery process.

In this paper we report a method to synthesize GNP that were
soluble in water but not in organic solvents, by using the gemini
imidazolium amphiphile 1-2Br (Fig. 1) for their synthesis and
stabilization. The synthetic methodology directs the obtained
GNP to have a bilayer coat, in which the first layer stabilizes the
gold core, and the second is responsible for their solubility in
water. This type of GNP can therefore be used as vehicle for
anionic drugs that have low solubility in water, using the ability
of the imidazolium coating ligands to bind anions. As a proof of
principle, we studied the GNP incorporation of the drug pirox-
icam. It was observed that the amphiphile ligand maintained the
ability to complex this drug in a non-covalent way and to release it
at a sustained rate. Furthermore, the toxicity of the GNPs

Results and discussion
Synthesis and characterization of 1-GNP

We chose the gemini imidazolium-based amphiphilic ligand
1-2Br (Fig. 1) as the stabilizer for the formation of gold nano-
particles that disperse in water. Basically, the GNP preparation
consisted of the addition of a small amount (below 50 mg) of the
imidazolium based amphiphile stabilizer in water (because of
its low solubility in this medium) and then adding the aqueous
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Table 1 GNP prepared using different 1.2Br.gold ratio, and their
corresponding peaks of the SPR band, size of the gold core and PDI

1:2Br: UV-vis Size Stability
Experiment  Au ratio peak (nm)  (nm])* DI in water
1 0.5:1.0 547 L & Poor
2 1.0: 1.0 549 124+ 4 0.09 Poor
3 1.5:1.0 539 12+ 4 0.10 Poor
4 23:1.0 534 10 4+ 4 0.16 Good

“ Size of the gold core in the nanoparticle as determined by TEM. b ppi
was calculated as the square of the quotient of the standard deviation
divided by mean size. © Not analysed,

HAuCl, solution (the precursor of the metallic gold core) and
the reducing agent (NaBH,).

The formation of GNPs was monitored by UV-visible
absorption spectroscopy, following the appearance of a char-
acteristic peak around 530-550 nm (ESI, Fig. S17), originated
from the surface plasmon resonance (SPR) absorption of the
nanosized gold particles, which is responsible for their char-
acteristically coloured solutions (ESI, Fig. S2t). Table 1
summarizes the results obtained regarding the SPR peak and
the size of the different GNP obtained using different ligand to
gold proportions and their respective polydispersity index (PDI).

As shown in Table 1, 1-2Br could be successfully used for the
synthesis of water soluble GNPs in aqueous medium employing
NaBH, as the reducing agent. The UV-visible absorption anal-
ysis showed a characteristic peak that shifts with the proportion
of 1-2Br used. The average size (diameter) of the gold core,
measured by TEM, also shows variations. These differences can
be related to the fact that the different proportions of ligand
influence the size of the gold nucleus, and small variations in
the nucleus account for differences in the SPR peak that we
observe. Thus, as the 1-2Br/Au ratio increases, the size of the
gold core is reduced as indicated by the shift of the SPR peaks. If
we compare them with the previously obtained GNPs,* soluble
in organic medium, those presented an SPR peak at 519 nm.
This correlates well with the fact that the core size was slightly
smaller (8.8 nm) than the ones obtained in this synthesis in
aqueous medium.

The solubility and stability of the GNPs prepared using
different proportions of surfactant to metal were also clearly
dependent on the amount of surfactant (Table 1). To eliminate
any non-specifically bound 1-2Br from the colloidal suspension
of nanoparticles, an extraction was performed using dichloro-
methane. Interestingly, in the case of the GNP from experiment
1 (see Table 1) addition of dichloromethane induced a transfer
of gold nanoparticles from the aqueous to the organic phase.
This could be understood considering that in this experiment
we used the lower surfactant:gold ratio, and thus the amount of
1-2Br used for the synthesis was insufficient to form a complete
bilayer coating, and the removal of unbound stabilizer render
gold nanoparticles insoluble in water. Instead, the GNP from
experiments 2 and 3 were not stable, as they flocculated after
some time, showing a solid deposit after some days. The
synthesized GNP from experiment 4, referred to as 1-GNP, were

RSC Advances

the most stable nanoparticles in water solution, and for this
reason were further studied.

Morphological characterization of the synthesized 1-GNP
was performed by TEM. Fig. 2 shows a micrograph of the water-
soluble 1GNP where their spherical shape and uniformity can
be appreciated. The average size of their gold core is ca. 10 nm
(Table 1). Details of the size distribution are shown in ESI,
Fig. 83.F

1-GNP were further characterized by thermogravimetric
analysis. This allowed determination of the mass of ligand
1-2Br and gold in the analyzed GNP samples. With their
respective molecular weight, we could determine the number of
moles of each, and establish a ratio of surfactant:gold. Taking
into account the size of the gold nanoparticles, the number of
gold moles per nanoparticles was determined, and with the
ratio surfactant:gold we calculated the number of ligands per
nanoparticle. Furthermore, calculating the nanoparticles’
surface area we found the presence of approximately 72 mole-
cules of ligand per nm®. For comparison purposes we analysed
the gold nanoparticles synthesised in organic medium,* and
thermogravimetry indicated that those GNPs had ca. 30 ligand
molecules per nm” (ESI, Fig. S4 and Table S17). This data
confirms that the ligand forms a double layer around the gold
core, so that the formed nanoparticles have positively charged
heads from the first layer stabilizing the gold core, and the
charges from the second layer facing outwards and making the
particles soluble in water (Fig. 3).

Incorporation and release of piroxicam in 1-GNP

A model drug was used to be incorporated and released from
water soluble 1-GNP in order to set up the proof of principle

Fig. 2 TEM rmicrograph of the water-soluble gold nanoparticles
1.GNP.

RSC Adv, 2014, 4, 9279-9287 | 9281

115



Chapter 3 - Gold Nanoparticles for delivery of drugs and peptides

RSC Advances

Fig. 3 Schematic representation of GNP with (A) one layer of ligand
around the nucleus core, and (B] a double layer around the gold
nucleus core (water soluble).

and assess the potential application of these new GNPs as
delivery vehicles. The model drug used was piroxicam (Fig. 1),
which is a poorly water soluble drug, used extensively in cases of
arthritis and osteoarthritits for its anti-inflammatory activity, as
well as in cases of colorectal cancer due to its preventive prop-
erties. Piroxicam is an acidic molecule, but acidity is attributed
to the enolic group and not to a carboxylate group (as was the
case in our previous work™), and its binding to gold nano-
particles coated with imidazolium amphiphiles had yet to be
proven. Thus, extraction of piroxicam from an organic
(dichloromethane) solution to the aqueous phase, containing
the water soluble 1-GNP, was performed.

The mean value for the diameter of 1-GNP obtained by TEM
allows us to determine the concentration of synthesized nano-
particles.' eqn (1) is used to determine the number of atoms of
eold per nanoparticle, N:

_ wph?

7
oM Na (1)

where p is the fee density of gold (19.3 g em ™), D is the average
diameter of the AuNPs, M is the atomic mass of gold (196.97 ¢
mol ') and N, is the number of Avogadro (6 x 10** mel ).
Once N is known, eqn (2) is used to calculate the molar
concentration of the nanoparticles in solution (C):

Ny
NVN, @

C =

where Ny is the number of gold atoms added as HAuCl,
(assuming 100% reduction of Au) and V is the volume of solu-
tion. The GNP solution was centrifuged to concentrate it, and
using the equations, it was possible to caleulate the final
concentration of 1-GNP as 71.3 nM, which corresponds to
2.3 mg mL ™', After the extraction, the aqueous phase was
washed three times with dichloromethane, to remove any
unbound piroxicam. The aqueous phase with the 1-GNP and
piroxicam incorporated exhibits, besides the 1- GNP peak at 540
nm, the peak at 360 nm corresponding to piroxicam (ESI,
Fig. §5). This peak was not visible in the organic phases used to
extract piroxicam from the nanoparticles. This means that the
drug was well incorporated in the nanoparticles, and that the
imidazolium ligands are able to bind enolate incorporating
compounds. Also a slight change in the SPR peak of the GNP
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was registered, that initially was at 533 nm and shifted to
540 nm. It is known that the SPR peak depends not only of the
size of the GNPs but also of the ligand that is covering the metal,
so we could explain this shift because of the incorporation of
the piroxicam drug in the structure,

According to our calculations, we could incorporate 15 pg of
piroxicam per mg of 1-GNP. The release of piroxicam from the
GNPs was determined as previously described,* using Franz
cells system. The samples were resuspended in Sorensen Buffer
at pH 5.5 and 7.4, to simulate physiological conditions, and the
receptor solution used was NaOH pH 11, in which piroxicam is
soluble, as tested prior to the experiments, and thus complying
with the SINK conditions. Given the size of the gold nano-
particles, dialysis membranes were selected with a cut-off which
allows the pass of piroxicam (molecular weight 331.35 Da) but
prevents the passage of the nanoparticles (membrane dialysis
pore diameter is equivalent to 2.4 nm),

The amount of released drug was measured as deseribed in
the experimental section. Six different kinetic models (zero
order, first order, one phase exponential, Peppas-Korsmeyer,
Higuchi and Weibull function) were used to fit the experimental
data obtained in the drug release experiments.* The Akaike
Information Criterion (AIC) was determined for each model, as
it is an indicator of the model's suitability for a given dataset.*
The kinetic model that best describes the experimental data was
selected based on the lowest AIC value (see ESI, Table S2%).
From the AIC data, we can say that the kinetic model that best
describes the release of piroxicam from the gold nanoparticles,
for both pH values tested, is the one phase exponential. This
means that the release rate depends only on the amount of drug
present. Furthermore, the presence of a delay in the beginning
of the release means that the drug is well encapsulated by
the ligand 1-2Br, and suffers other diffusion processes from the
interior of the nanoparticle, specifically a partition between the
inner environment and the donor solution. This partition
favours the slow release of the drug, because the donor solution
must comply with the physiological conditions, opposite to the
receptor solution.

Regarding the amodelistic parameters medium dissolution
time (MDT), area under curve (AUC), and efficiency (Table 2), we
can see important differences between the releases at the two
pH values that were tested. At pH 7.4 the efficiency of the release
is higher than at pH 5.5 (95.4% vs. 43.5%, respectively),
meaning that it is more suited for delivery under physiological
conditions and not for an external application in the skin since
a higher amount of drug can be released from the GNP. On the
other hand, the value of MDT registered at pH 7.4 is also higher.

Table 2 Amodelistic parameters for release of piroxicam at pH 5.5
and 7.4

pH MDT (h) Auc? Y Effic.’
5.5 183.50 0.037 43.5
7.4 67.67 0.190 95.4

@ Medium dissolution time. ? Area under curve. © Efficiency (in
percentage).
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It can indicate that the release of this drug from the GNP
complex is favoured at this pH.

Fig. 4 shows the release profiles of piroxicam at pH 5.5 and
7.4 with the fitting of the kinetic model that better adjusts to the
release, along with the corresponding equation parameters.

Toxicity studies of 1-GNP

Along with the studies of the piroxicam liberation, the cytotox-
icity and genotoxicity of the synthesized 1:GNP were also
determined.

Comparison of values found in the literature for cytotoxicity
of gold nanoparticles is hampered by the different experimental
protocols reported as well as the differences in the composition
of the nanomaterials, for which a precise composition is not
always defined." Several reports indicate that interaction with
the biological media depends of many factors, such as size,
shape and charge of gold nanoparticles," Additionally, the
moderate toxicity of cationic particles has been evaluated,*’**
with the toxicity mainly attributed to the cationic surfactant
used as coating agent.** Interestingly, when cell damage is
evaluated in gold nanorods,* cytotoxicity is closely related to
the bilayer structure of the ammonium salt surfactant.

The cytotoxicity, expressed here as ECs,, was determined on
human colon carcinoma cell line Caco-2 using the MTT assay.
The cell line can be used in cytotoxicity assays because dedif-
ferentiated cancer cell lines provide a good rough estimation for
the toxic potential of the studied substance.™ From the results
obtained (ESI, Fig. §67), the value for the EC5p 0f 1-GNP is 30 pg
mL ', which is a much smaller than the ECs, value obtained for
the amphiphile 1-2Br alone, which is 13.2 pg mL '.*
Comparison with the organic media soluble GNP coated with a
monolayer of the same amphipile," which had an EC;, higher

3o 8
g 0.000501
H
-g 0.00025 1 //‘
H
— 100 200 300 400
Time (h)
Parameter pH7.4 pH5.5
S -0.0037 -0.0010
K 0.0367 0.0081
P 0.0006 0.0003
Half Life 18.88 85.09
R? 0.9979 0.9993

Fig. 4 Profiles and equation parameters for the release of piroxicam
incorporated in 1-GNP at pH 5.5 and pH 7.4
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Fig. 5 Genotoxic effect of the 1-GNP on Caco-2 cells, by the Comet
assay.

than >70 ug mL ", clearly indicates the higher toxicity of the
water soluble nanoparticles 1-GNP.

According to our model, and in good agreement with the
literature,* the disposition of a double layer around the gold
core favours a dense interface containing positively charged
polar heads to contact the cells, which explains the higher
toxicity of 1GNP, compared to the GNP with a single layer in
which the positive charge of the amphiphile is in contact with
the metal in the colloid or the isolated amphiphile which has a
low density of positive charges. However, this structural prop-
erty of the 1GNP had interesting effects regarding the inter-
nalization in cells (see later). Furthermore, the EC;, for the
surfactant indicates that toxicity should be mostly attributed to
the cationic nature of surfactant coat.

To evaluate the genotoxicity of 1- GNP, the Comet Assay was
also performed. It consists of extracting and running an elec-
trophoresis of the cells’ DNA, and analysing the amount of DNA
that forms a tail for each band. This tail indicates damage in the
genetic material. Only the concentration of 1-GNP that was
below the EC;, was tested. For statistical analysis, different
proportions of distilled water in culture medium were used,
along with the 1- GNP, and the results are shown in Fig, 4. It was
concluded that no significant genotoxicity was observed for
1-GNP (Fig. 5). The statistical analysis of the assay showed no
significant differences between water and 1-GNP. The DNA-
damaging alkylating-agent methylmethane sulfonate (MMS 400
mM) was used as positive control.

Cell penetration study

Cell uptake was studied in Caco-2 cells exposed to 0.4 nM of
1-GNP for 15 and 30 minutes, 1, 4 and 24 hours, Fig. 6 shows
TEM images of the internalization of 1-GNP in Caco-2 cells at
the aforementioned time-points.

Aggregates were not observed in any case. Instead 1GNP
were always observed as single nanoparticles. After 15 minutes
only single 1-GNP were found attached outside the cell
membrane (Fig. 6A). At 30 minutes the GNP could also be found
on the cell membrane (Fig. 6B) and inside the cell, in early
endosomes (Fig. 6C). The same was observed at 1 hour (Fig. 6D~
E). However, after 4 hours of exposure 1GNP were widely

RSC Adv, 2014, 4, 9273-9287 | 9283

117



Chapter 3 - Gold Nanoparticles for delivery of drugs and peptides

RSC Advances

Paper

Fig.6 TEM images from Caco-2 cells treated with 1-GNP after 15 minutes (A), 30 minutes (B, C), 1 hour (D, E), 4 hours (F-H) and 24 hours (I) of

exposure.

dispersed within the cell, located in cell membrane (Fig. 6F),
within vesicles (Fig. 6G), lysosomes and also free in the cyto-
plasm (Fig. 6H). In any case, though, 1:GNP have not been
observed in the nuclei at any exposition time. At the last time of
observation (24 hours) GNP remained as single particles within
vesicles, lysosomes and cytoplasm (Fig. 61). The fact that the
GNP can be found in the cytoplasm after a few hours of expo-
sure is important. In the first hour they could only be found
confined inside vesicles, which meant that the internalization
process is most likely to be through endocytosis. However, the
ligand around the gold nucleus favours in some way the exit of
the particles from the vesicles.

Piroxicam activity evaluation

Finally, we studied if the 1-GNP loaded with piroxicam could
express the drug bioactivity. We performed an assay which is
based in the colorimetric detection of the peroxidase activity of
the cyclooxygenase (COX) through the formation of the oxidized
form of N,N,N,N-tetramethyl-p-phenylenediamine (TMPD),
measured at 590 nm, using A549 p6 cell line. The final results of
COX-2 activity are shown in Table 3 (further data included in
ESI, Table S37).

The cells were exposed to 1-GNP, to 1-GNP with piroxicam,
and to 1GNP with piroxicam in the presence of LPS, which is
commonly used to induce inflammation, in order to increase
the COX activity, Regarding 1-GNP, it was observed that they
exert a certain level of inflammatory response in the cell line
that was used, because the COX-II activity increased from day 1
(10.04 U mL ') to day 10 (22.63 U mL ). Also, 1-GNP with
piroxicam had an effect in the inflammatory response, reducing

9284 | RSC Adv.. 2014, 4, 9279-9287

Table3 COX activity in cells exposed to 1-GNP, 1- GNP with piroxicam
(1-GNP-pxc) and 1-GNP with piroxicam and LPS (1-GNP-pxc + LPS).
LPS is used to induce inflammation

COX total COX-2
Legosure/days  activity/U” ml™"  activity/U” ml™*
1-GNP 1 9.92 10.04
10 24.79 22.63
1-GNP-pxe 1 8.96 9.22
10 19.83 18.18
1-GNP-pxc + LPS 1 9.85 10.11
3 12.27 11.44
5 17.23 17.23
8 22,31 19.70
10 22,95 21.93

“ Units of enzymatic activity.

it around 20%. In the assay with LPS, that induces inflamma-
tion, the reduction in the activity of COX-1I was around 3%.
However this is a good result, because it must be taken into
account that piroxicam had to reduce the inflammatory effect of
both LPS and 1-GNP. The overall results can hence be attributed
to the fact that the amount of 1- GNP dose that was used was too
high and that the amount of drug loaded was not enough to
reduce substantially the inflammation in the 10 days of the
assay.

Future work might include increasing the amount of pyrox-
icam incorporated into the gold nanoparticles, and further
proofs with different cell lines should be done in order to
determine if this response is transversal or is observed in
specific tissues.
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Conclusions

The use of novel delivery scaffolds for non-water soluble drugs
based on amphiphilic coated gold nanoparticles is proven.
Thus, it has been shown that the gemini imidazolium based
amphiphile 1-2Br can be used to form and stabilize GNP in
aqueous medium. The water soluble 1-GNP are spherical and
uniform, with an average core size of ca. 10 nm. They have a
well-defined structure, with the gold core coated with a bilayer
of gemini-imidazolium surfactant, as proved by thermogravi-
metric analysis. This bilayer coating has an influence in the
cytotoxicity of the nanomaterials based on 1-2Br and gold, since
their ECs, (ng mL ') is slightly lower than in the nanoparticles
stabilized by a monolayer of the same cationic surfactant.
Nevertheless, cytotoxicity seems comparable to that of other
cationic nanoparticles, Cell uptake studies indicated that
1-GNP do not enter the cell nuclei, as well as the capability of
these nanoparticles to escape endosomic vesicles, stressing the
potential of the surfactant 1-2Br as an anti-lysosomal agent.
More importantly, 1-:GNP showed the ability to incorporate
piroxicam and to release it in a sustained manner at pH 7.4,
indicating their suitability for delivery in physiological condi-
tions. However, the inflammatory response that 1-GNP
produces has to be taken into account, since the drug loaded
seems to be enough to reduce inflammation and inhibit cyclo-
oxygenase, but has to reduce both the initial inflammation and
the one that is being produced by the vehicle itself.

All these findings point out the potential of 1-GNP for
biomedical applications, mainly in combined therapies that
take advantage of the combination of their cytotoxicity and their
ability to incorporate drugs. Their usage in combined cancer
therapy is an area of particular interest.

Experimental section
Reagents

All reagents were of analytical grade. Piroxicam was purchased
from Sigma-Aldrich. Compound 1:2Br was synthesized as
described in literature.™

Instrumentation

UV-visible absorption spectra were obtained on UV-1800 Shi-
madzu UV Spectrophotometer. Thermogravimetric analysis was
performed on Mettler Toledo TGA/SDTA 851¢ from 30 °C to 600
°C with a heating rate of 10 “C min '. TEM images were
obtained with a transmission electron microscope JEOL 1010 at
80 kv. The images were captured by a Megaview 111 Soft Imaging
System camera. The size of the nanoparticles was measured
with the Analysis software (Olympus).

Synthesis of 1-GNP

The water-soluble gold nanoparticles 1- GNP were prepared as
follows: 30 mg (0.033 mmol) of 1-2Br were dissolved in 60 mL of
water and sonicated for 2 hours. The solution was mixed with
300 pL of an aqueous HAuCl, solution (different ratios of
HAuCl; were tested, see Table 1) under vigorous stirring.

RSC Advances

Freshly prepared NaBH, solution in water (200 pL, 4 equiva-
lents) was added dropwise to the previous solution. The colour
of the solution changed from yellow to dark within a few
minutes. The mixture was stirred for 3 hours, and the final
solution was purple. The aqueous solution was extracted with
dichloromethane (10 mL), to remove unbound 1-2Br, and
centrifuged at 13 400 rpm during 20 min and resuspended in
water, to remove the excess of NaBH,.

Encapsulation of piroxicam by 1-GNP

For the incorporation of drugs and release assays the 1-GNP
were centrifuged at 13 400 rpm during 20 min to concentrate
them. 2 mL of concentrated GNP solution were added to 2 mL of
a 0.05% (w/v) solution of piroxicam in dichloromethane. After
energic shaking, the phases were allowed to separate and the
organic phase was removed. The aqueous phase was washed
with dichloromethane (3 = 1.5 mL). The presence of piroxicam
was determined in the organic and agueous phases through
UV-vis absorption spectroscopy.

In vitro release of piroxicam

The study of the release of piroxicam from GNPs was performed
in a Microette transdermal diffusion system with vertically
assembled Franz-type diffusion cells with dialysis membranes
(Cellu Sep T3 dialysis membrane, MWCO 12 000-14 000 Da,
MFPI, USA). Sorensen buffer 67 mM pH 5.5 and 7.4 was used as
donor solutions. 250 pL of samples were placed on top of the
dialysis membrane, and 800 uL of the respective buffer were
added. The receptor compartment was filled with NaOH 67 mM
pH 11. The system was held at 32 + 0,5 °C (for pH 5.5) to mimic
skin conditions, and at 37 + 0.5 “C (for pH 7.4) to mimic in vivo
physiological conditions. The cells were sealed and 300 pL
samples were withdrawn at appropriate time intervals for 240 h
and were replaced with the same volume of fresh receptor
medium. The in vitro accumulated amounts of piroxicam were
assayed by HPLC in a Waters LC Module 1. The column used was
a Waters Spherisorb® 5 pym ODS-2 (4.6 mm x 150 mm). The
mobile phase was acetonitrile - acetic acid 4% pH 2.4 (65 : 35viv).
The flow rate was 1.0 mL min ', and the detection wavelength
was 361 nm. The data was collected using Millennium32
version 4.0.0 software from Waters Corporation. All data was
calculated as the average + standard deviation of three repli-
cates. A nonlinear least-squares regression was performed using
the WinNonLin® software (WinNonlin® Professional edition
version 3.3, Pharsight Corporation, USA), and the model
parameters caleulated. In addition, amodelistic parameter
values for area under the curve (AUC), efficiency and medium
dissolution time (MDT) were estimated. Both modelistic and
amodelistic parameters were statistically compared by using
StatGraphics software version 5.1.

Cytotoxicity and genotoxicity evaluation

Caco-2 cell line was were cultured in Dulbecco’s modified
Eagle’s medium (DMEM, Sigma-Aldrich) containing 10% foetal
calf serum (Hyclone), 2 mM glutamine (Sigma-Aldrich), antibi-
otics (Sigma-Aldrich, 50 U mL ' penicillin and 50 pg mL ™'
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streptomycin), Cells were exposed for 48 hours under 5% CO; at

37 °C and the viability was assessed by the MTT assay. Data was
statistically analysed by SPSS v15 using U of MannWihtney 1
statistic.
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Cell penetration study
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Figure S1: UV-vis spectra of 1 GNP, showing the typical SPR peak around 533 nm.

Figure S2: From left to right: GNP from experiments 2 to 4 (in Table 1) in aqueous phase
(organic dichloromethane phase below without any GNP), GNP from experiment 4 (after
centrifugation to concentrate them) and from experiment 1 (transferred to organic

dichloromethane phase).
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Figure S3: Histograms corresponding to the size distributions (measured in the TEM

micrographs) for the GNP from experiment 2 (A), experiment 3 (B) and experiment 4 (C).
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Figure S4: Termogravimetry curve obtained for the 1-GNP

Table S1:

Thermogravimetry results and calculations of amount of ligand per NP and per area of NP

surface based on the ratio of ligand to gold present in the GNP and their gold core size obtained

by TEM.
Total Ligand Average
Ligand:Au Moles . )
Sample  mass mass diameter Ligand/NP  Ligand/nm
(mmol) Au/NP
(mg)  (mg) (nm)
1-GNP 1.8605 1.2861  0.62969 11.6 8.0x10° 30255 71.57
GNP' 58230 3.1521  0.32610 8.8 3.5x10™ 6840 28.12

'L, Casal-Dujat, M. Rodrigues, A. Yagiie, A. C. Calpena, D. B. Amabilino, J. Gonzalez-Linares, M. Borras
and L. Pérez-Garcia, Langmuir, 2012, 28, 2368-2381
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Figure S5: UV/Vis spectrum of the 1-GNP after extraction of piroxicam, presenting the peak
corresponding to piroxicam at 360 nm and the SPR of the GNP, and the organic phases

(amplified scale included).
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Table S2:

Kinetic models used to fit the data for the release of Piroxicam from 1-GNP, and the respective

AIC parameter

Kinetic model Equation AlC

pHS55 pH74

Zero order Qt/Qoo= KO0*t -77.2 -95.1
First order Qt/Qoo=1-¢ ¥I™ -77.1 -107.7
One phase exponential Qt/Qoo= 1+(S/P)*e™ -96.1 -128.2
Higuchi Qt/Qoo= KH * t5 -72.1 -101.4
Weibull Qt/Qoo=1-¢ I8 -89.0 -118.0
Korsmeyer-Peppas Qt/Qoo= K*t" -80.7 -102.0

Qt is the amount of drug released at time t

Qoo is the total amount of drug released

Qt/Qoo is the fraction of drug released at time t

K is the release rate constant

P is the Plateau (Q at to) and S is the Span (the difference between Q, and P)

n is the diffusion release exponent that could be used to characterize the different release
mechanism (n<0.43 (Fickian diffusion), 0.43<n<0.85 (anomalous transport), and >0.85 (case Il
transport; i.e. zero order release)

td is the time in which the 63.2% of the drug is released and [ is the shape parameter
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Figure S6: Effect of the 1: GNP on the viability of Caco-2 cells, by the MTT method.

Table S3:

COX activity in cells exposed to 1-GNP, 1-GNP with piroxicam (1-:GNP-pxc) and 1-GNP with
piroxicam and LPS (1-GNP-pxc + LPS). LPS is used to induce inflammation.

tepomnd/days Optical density Activity/U* mL"! % activity
COX-total COX-II COX-total COX-II COX-I COX-II
1GNP 1 0.156 0.158 9915 10.042  -1.3 101.3
10 0.39 0.356 24788  22.627 91.3
1:GNP- 1 0.141 0.145 8.962 9.216 -2.8 102.8
pxc 10 0.312 0.286 19.831 18.178 8.3 91.7
1 0.155 0.159 9.852 10.106  -2.6 102.6
1:GNP- 3 0.193 0.18 12.267 11.441 6.7 93.3
pxc + 5 0.271 0.271 17.225 17.225 0.0 100.0
LPS 8 0.351 0.31 22.309 19.703  11.7 88.3
10 0.361 0.345 22.945 21.928 44 95.6
*Units
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3.5. Macrocyclic imidazolium-based amphiphiles for the synthesis of

gold nanoparticles and delivery of anionic drugs
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Summary

Within the family of the synthesized bis-imidazolium amphiphiles, it was found that the
analogues with a cyclic structure have higher affinity for anions. This suggested that GNP
synthesized with these ligands could have improved ability to incorporate anionic drugs,
translating into a higher loading capacity. Therefore, the synthesis using the biphasic system
based in the Brust-Schiffrin method was attempted. We proved that the macrocyclic amphiphile
could be successfully used to obtain GNP. Ligands with different alkyl chain lengths were

tested, and it was observed that the length has influence in their ability to form the
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nanoparticles: short alkyl chain (methyl) does not render the necessary characteristics to obtain

GNP, whereas longer (decyl and octadecyl) ones did.

The correct synthesis of the GNP was confirmed by the presence of the SPR peak around 520
nm by UV-visible absorption spectroscopy. They were further characterized by TEM and DLS
to assess their size, by SEM to study the morphology of the core and the amphiphilic layer, and
TGA, to determine the amount of ligand present per nanoparticles. By TEM it was determined
that he gold core had approximately 8 nm for the GNP with ligand with decyl chains, and 5 nm
in the case of GNP with octadecyl one, and DLS showed a hydrodynamic size of 34.8 nm and
73.5 nm respectively. SEM images confirmed that the gold core was spherical, as well as the

outer ligand layer, that was composed of around 240 ligands per particle.

Besides their physical characterization, their toxicity was also assessed. As before, the
incorporation and release of an anionic drug was also assessed, but it was found that the release
was much slower, which can be explained by the bigger affinity of the ligand, that can therefore

difficult the release of the drug.

o {\uNPs synthesis

'JJJJ A
N N
[y &

Drugrelease

Ov"‘%

CHs CO,Na

Figure 3.17: Schematic representation of the work: beginning with the synthesis of the compound, then the
synthesis of the GNP and finally the incorporation of sodium ibuprofenate (top), TEM micrograph of the GNP
(bottom left) and release profile of ibuprofenate from the GNP (bottom right).
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Abstract

In the present work, we have explored the use of amphiphilic bis-imidazolium based
macrocycles and an open chain analogue for the successful synthesis of gold nanoparticles
(AuNPs). The macrocyclic ligands incorporate hydrophobic chains of different lengths, and the
newly synthesized ligands were further used for the synthesis of AuNPs in a biphasic system.
The successfully synthesized AuNPs were thoroughly characterized. The sizes of the AuNPs
were ca. 8§ nm, using macrocyclic ligands bearing two 10 carbon atoms alkyl chains, ca. 5 nm in
the case of macrocyclic ligands with two 18 carbon atoms alkyl chains, and ca. 7 nm for the
open chain ligand with two 18 carbon atoms alkyl chains. Their possible application as vehicles
to load and release anionic drugs (such as sodium ibuprofenate) was also assessed and
compared with previously described open chain analogues. In this case, it was observed that the
AuNPs had high efficiency in extracting sodium ibuprofenate from an aqueous solution. The
application as a drug delivery vehicle was confirmed by in vitro release experiments at different

pH values.

Keywords: Amphiphiles; imidazolium macrocycles; gold nanoparticles; drug delivery anionic

drugs.

Introduction

Drug delivery systems (DDS) provide positive attributes to a ‘free’ drug by improving its
pharmacokinetic properties, controlling its sustained release and, very importantly, lowering its
systemic toxicity. The ideal nanoscale DDS ensures that the conjugated or bound drug—carrier
complex arrives and acts specifically at the selected target [1, 2]. The field of particle-based
drug delivery is currently focused on two chemically distinct colloidal particles: liposomes and
drug conjugated nanoparticles. Although liposomes have been studied for longer, AuNPs have
been widely explored in recent years, especially in the context of emerging biomedical
nanotechnology [3]. AuNPs, due to their unique physical and chemical properties, could be used
in almost all medical applications [4, 5] such as biosensors [6], target-specific drug delivery [7,
8], immunoanalysis [9], clinical chemistry [10, 11], photothermolysis of micro-organisms and
cancer cells [12, 13] and optical bioimaging [14]. AuNPs are also highly stable metal
nanoparticles [15]. Together with their unique subcellular size, that allows them to enter human
cells by endocytosis, and good biocompatibility, their low toxicity [16] and reduction of the

level of reactive oxygen species [17], makes them promising drug delivery vehicles [18-21].
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Numerous methods can be found in the literature for the synthesis of AuNPs [22], among which
the Brust-Schiffrin biphasic methodology [23] is commonly used. The gold precursor is
transferred from an aqueous phase to an organic phase — using a surfactant such as
tetraoctylammonium bromide — where the gold is reduced and the newly formed AuNPs are
frequently stabilized by a thiolate. Examples are also found in literature of imidazolium-based
ionic liquids being able to stabilize AuNPs through coordination with the imidazolium cation

[24].

Among all the potential surfactants one could consider for AuNPs synthesis, the gemini-type
amphiphiles possess at least two hydrophobic chains and two ionic or polar groups, linked
through spacers of varied flexibility [25]. The gemini structure presents some advantages when
comparing to a simpler amphiphile structure, such as lower Critical Micelle Concentration
(CMC) [26, 27], higher capacity for reducing oil/water surface tension, and better wetting,
solubilizing and foaming properties, which makes them attractive for drug entrapment and

release applications.

Our group has developed a family of gemini-type imidazolium-based amphiphiles formed by
two imidazolium rings linked by a 1,3-dimethylenebenzene spacer, and having an open chain
structure [28] or cyclic structure [29]. This family of imidazolium-derived ligands are known to
have the ability to recognize anions and also to behave as ionic liquid crystals [29]. The
propensity of the imidazolium moiety to anion coordination has been studied by the ability of
forming weak hydrogen bonds with their corresponding counterions [29-31]. This is important
since anions are ubiquitous throughout biological systems, for example nucleic acids and also,
the majority of enzyme substrates and co-factors are anionic [32]. Furthermore, from the
synthesized compounds, the open chain structure 1-2Br was found to interact with valproate
[30] and 2-2Br with valproate and ibuprofenate [28], two model drugs used to assess their
possible use in DDS.

We have previously developed AuNPs synthesis based on a modified Brust-Schiffrin method
using the open chain bis-imidazolium amphiphile 2:2Br (Figure 1) where the imidazolium rings
bear alkyl chains of 18 carbon atoms. In the reported synthesis of the AuNPs, the bis-
imidazolium 2-2Br amphiphile played two roles: transfer agent and stabilizer of the AuNPs,
which resulted in the advantageous simplification of the synthetic process and subsequent
purification [28]. Furthermore, our group successfully developed water soluble gold
nanoparticles using the same ligand, that formed a double layer around the gold core [33].
Finally, in order to study their potential application as DDS, different anionic drugs such as
sodium ibuprofenate [28] and piroxicam [33] were incorporated in the bis-imidazolium

amphiphile particles. Successful incorporation and release of the anionic drugs from different
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nanostructured particles with this imidazolium ligand confirms their possible use as DDS for

anionic compounds.

Now we are going to explore how structural variations could affect their behavior as ionophores
and in the synthesis of AuNPs. For this purpose, macrocyclic analogues 3:2Br - 5:2Br (Figure
1), with benzene rings bearing alkyl chains of either 1, 10 or 18 carbon atoms respectively, were
used to study the influence of the polar head and the length of the alkyl substituent. 4:2Br and
5-2Br are known to behave as macrocyclic ionic liquid crystals [29]. The open chain analogue
6-2Br, isomer of 2:2Br but with a 1,4-dimethylenebenzene spacer, was also studied to assess
how this change in the molecular constitution would influence the behavior of the ligand.
Macrocycles have more rigid conformations than open chain compounds and in principle could
be useful for DDS because it is more likely to show slow and sustained drug release due to its
stronger affinity with the drug. The aim of this work was to prepare AuNPs coated with bis-
imidazolium amphiphilic macrocycles, in order to explore the ability of the colloids towards
anion recognition, and their potential use in nanomedicine. Thus, we describe the synthesis and
characterization of 3:2Br and 6:2Br, anion binding studies of the bis-imidazolium compounds
1:2Br - 5-2Br, and the synthesis and characterization of AuNPs using imidazolium macrocyclic
compounds 3:2Br - 5:2Br and open chain compound 6-2Br.The successfully synthesized
AuNPs were characterized using UV-Visible Absorption Spectroscopy, X-ray Photoelectron
Spectroscopy (XPS), Matrix Assisted Laser Desorption lonization — Time-of-Flight Mass
Spectrometry (MALDI-TOF-MS), Thermogravimetric Analysis (TGA), Dynamic Light
Scattering (DLS), Transmission Electron Microscopy (TEM) and Scanning Electron
Microscopy (SEM). We also report on the molecular recognition ability towards sodium
ibuprofenate, a model anionic drug, which could be successfully incorporated in the synthesized

AuNPs, and the in vitro release studies of the incorporated drug.
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Figure 1: Structure of bis-imidazolium derivatives 1-2Br — 6-2Br.
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Experimental Section

Commercial compounds: 1,4-bis(bromomethyl)benzene, hydrogen tetrachloroaurate(IlI),
sodium borohydride, ibuprofen sodium salt, tetrabutylammonium chloride, tetrabutylammonium
acetate and tetrabutylammonium dihydrogen phosphate were purchased from Sigma-Aldrich.
Compounds 1,3-bis(bromomethyl)-5-methoxybenzene [28], 1-octadecyl-1H-imidazole [28],
1,3-bis(imidazolylmethyl)-5-methoxybenzene [28], 4:2Br and 5-2Br [29] were synthesized
according to literature methods. General methods, synthesis of 3:2Br and 6+2Br, and anion

exchange protocol are included in the Supporting Information.

Anion binding properties

Titration experiments were carried out as follows. First, the 'H NMR spectra were acquired for
the bis-imidazolium salts 1:2Br, 3-2PFs, 4:2Br (0.5 mM in 0.7 mL of (CD;),SO) and 2-2PFs,
5:2PF¢ (0.5 mM in 0.7 mL of CDCI;). Consecutive additions of 10 pL of tetrabutylammonium
salts (TBA-X, X= CI', H,PO4, AcO") corresponding to 1 equivalent were done to the initial
solutions, with bis-imidazolium:TBA-X ratios of 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15, 1:20.
The spectra were interpreted and the increment in chemical shifts was plotted as a function of
salt concentration. The degree of anion binding was determined by nonlinear curve-regression
fitting using Origin 7.0 software. The fitting procedure allowed the calculation of the stability
constant (K,) from the best approximation curve for experimental points, which corresponded to
a one-site binding model. Additionally, the complexation free energy (AG°®) was deduced using

the equation: AG® = - RTInK,.

Toxicity Study

The cytotoxicity assay was evaluated wusing the protocol Invittox 17 "MTT
(Methylthiazolyldiphenyl-tetrazolium bromide) assay" following PNT TOX-EXP-045 and the
study of DNA damage follows the standard ASTM-E2186 and PNT TOX-EXP-007. The
products were treated by dissolving in DMSO at various concentrations, but were insoluble and
therefore dissolved directly in the culture medium. For that, the highest concentration was
prepared and the solution was sonicated to 80 Hz with 10 pulses for 0.5 seconds. The
concentrations were prepared by serial dilution. A detailed protocol for cytotoxicity and

genotoxicity assays is included in the Supporting Information.
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Synthesis of AuNPs

For the preparation of the AuNPs, a solution of HAuCl4.H,O (0.12 g, 0.32 mmol) in water 10
mL was added to an extraction funnel containing 10 mL of a chloroform solution with 0.24
mmol of the imidazolium derivatives 3:2Br - 6-2Br. The shaken organic phase was separated
and collected in a round bottom flask to which a freshly prepared solution of NaBH, (1.28 g,
6.40 mmol) in water (5 mL) was added drop wise under constant stirring. The stirring continued
for 4 hours in the dark at room temperature. Later, the organic phase was separated using an
extraction funnel and the solvent were evaporated in a rotary evaporator. The residue was
washed with ethanol (2 x 1 mL), and with acetone (2 x 1 mL) and centrifuged at 13400 rpm for

10 minutes after each washing.

Drug incorporation with 5-AulNP and in vitro release study

The drug incorporation and release was done as described previously [28]. Briefly, to 5 mL of
5- AuNP solution in chloroform, 5 mL of an aqueous solution of 10 mM sodium ibuprofenate
were added and mixed in an extraction funnel. The organic phase was collected and was
extracted with water (2 x 5 mL) to remove the excess ibuprofenate. The presence of
ibuprofenate was determined in aqueous and organic phases through UV/Visible absorption
spectroscopy. The release of the drug incorporated in the AuNPs was performed in a Microette
transdermal diffusion system with vertically assembled Franz-type diffusion cells. The dialysis
membrane (Cellu- Sep T3 dialysis membrane, MWCO12000-14000Da, MFPI, USA) was treated
overnight in a solution of water:methanol 2:1 to hydrate the membrane and remove grease prior
to the start of the experiment. The membranes were then placed in the Franz-type diffusion cells
and 260 pL of the nanoparticle solution loaded with the drug was placed on top of the
membranes. The solutions were air dried and resuspended with 250 uL of Sorensen buffer 1/15
M pH 5.5 that was used as the donor solution. NaOH 71 mM solution was taken as a receptor
solution. The Franz-type cells were connected to a controlled heating water bath set to 32°C.
The cells were sealed and samples were taken along 2 weeks at 24 hours intervals. The same

protocol was followed to study the release at the physiological pH 7.4 at 37°C.

Drug determination in samples

Drug determination in samples was done by HPLC in a Waters LC Module I. The column used
was ODS-2 5 um (4.6 mm x 150 mm) from Waters Spherisorb®. The mobile phase was
acetonitrile-water pH 3, adjusted with orthophosphoric acid (65:35 v/v). The flow rate was 1.5
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mL min" and the detection wavelength was 220 nm. The data was collected using the software

Millennium 32 version 4.0.0 from Waters Corporation.

Results and Discussion

Synthesis and characterization of bis-imidazolium salts

The macrocyclic bis-imidazolium compound 3+2Br consists of two imidazolium rings linked by
two 1,3-dimethylenebenzene spacers, whose phenyl rings bear a methoxy group. 3-2Br was
obtained with good yield by means of a convergent synthesis by coupling 1,3-
bis(imidazolylmethyl)-5-methoxybenzene [28] with 1,3-bis(bromomethyl)-5-methoxybenzene
[28] in acetonitrile under reflux (Scheme 1) under anion-templated conditions, meaning the
synthesis is controlled by the bromide generated in the reaction, which involves interaction
established between the bromide and the acidic hydrogen atoms in the aromatic rings by non-
covalent bonds, both hydrogen and ionic bonds, which explains the high yield obtained (90 %)

for the macrocyclization step.

Scheme 1. Synthesis of 3-2Br

OCH,
OCH,

DCH,
3-2Br
The open chain bis-imidazolium amphiphile 6:2Br consists of two imidazolium rings linked by
one 1,4-dimethylenebenzene spacer, and N-alkyl chains of 18 carbon atoms bearing on the
imidazolium rings. Compound 6:2Br was obtained by halogen substitution of 1,4-
bis(bromomethyl)benzene in acetonitrile under reflux with 1-octadecyl-1H-imidazole [28]
(Scheme S1, Supporting Information). 6-2Br was obtained with 60 % yield and needed no

further purification.

The newly synthesized bis-imidazolium compounds had a high degree of purity as seen by
TLC, and were characterized by 'H and *C NMR spectroscopy in (CD3),SO or CDCl; to study
their structural properties in solution (Figure S1-S4, Supporting Information), and ESI-MS to
examine the charged compounds. Several peaks are observed by ESI-MS (Table S1, Supporting

Information); in the case of 3:2Br the most important peak corresponds to a dication resulting
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**_ and other characteristic peaks found, with

from the loss of two counter-ions [(M-2Br)/2]
lower intensity, are singly charged ions that correspond to the loss of one or two counter-ions
(IM-H-Br]" and [M-H-2Br]" respectively) and of one proton, which indicates the formation of
N-heterocyclic carbenes under these experimental conditions. Instead, 6:2Br showed only one
peak that corresponded to [(M-2Br)/2]*", and no additional peaks could be seen, showing
therefore no evidence of the formation of carbenes, as similarly reported for the 2-2Br analogue

[28].

Anion binding properties of bis-imidazolium salts

We have previously reported the anion binding properties of bis-imidazolium based open chain
compounds, revealing the importance of weak hydrogen bonds (C-H:--X") controlling the anion
binding specially for organic carboxylates [28]. Here, we study the binding affinity in solution
of the bis-imidazolium salts for three different anions (chloride, dihydrogen phosphate and
acetate) to have general data on the affinity for different anions found in biological systems. To
do so, titration experiments were performed and the solutions were analyzed using 'H NMR
spectroscopy. It is possible to determine the anion complexation with the bis-imidazolium salts
through this technique by observing changes in the chemical shifts (Ad) of the acidic protons
that are more involved in the anion binding. Different bis-imidazolium salts were chosen for the
study, in order to determine how the structural differences in the alkyl chain length and head
spacer can affect the compound’s affinity. The open chain amphiphiles 1:2Br and 2-2Br, and
the macrocycles 3:2Br, 4:2Br and 5:2Br were chosen. To study the anionic interaction, in some
cases (2:2Br, 3:2Br and 5-2Br), the first step was to replace the bromide counter ions in the
molecules with hexafluorophosphate, as this anion associates weakly with the imidazolium units
and therefore does not have a competitive binding scenario. TBA salts TBA-X (X= CI’, H,PO,,
AcO") were used as the source of the target anion. '"H NMR analysis of the bis-imidazolium salt
solutions (0.5 mM) were performed in CDCl; or (CD;),SO, containing increasing
concentrations of TBA salts and observing the chemical shifts of the acidic protons (C(2)-H and
C(2)’-H) in the '"H NMR spectrum of the solution (selected examples are included in Figure S5-
S11, Supporting Information). The chemical shifts were then plotted as a function of the anion
concentration (Figure S12-S16, Supporting Information) and the stability constant (K,) were
calculated. The values are shown in Table 1. The complexation free energy (-AG°) was
calculated and the values can be seen in Table S2 in Supporting Information. The first remark is
that for the anions Cl" and AcO’, upon addition of the inorganic salts a moderate to strong NMR
shift of the protons corresponding to the imidazolium moieties C(2)-H and xylyl units C(2)’-H
was observed. As shown in Table 1, for the two ligands with 18 carbon alkyl chain it was found

that 2-2PF has more affinity than 5-2PF, for acetate, but 5:2PF¢ has more affinity for chloride
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than 2-2PFg. Regarding the two ligands with 10 carbon alkyl chain, for both acetate and
chloride the macrocycle 4:2Br shows more affinity than 1:2Br, and both show more affinity for
acetate than for chloride. When comparing the macrocycle compounds, we can see that there is
a trend for the affinity to increase with increase in the alkyl chain. Although the constant for
4-2Br is lower than the one for 3:-2PFg, one must take into account that the counterion is
different. Also importantly, the solvent used for 5:2PF¢ was CDCl; and because 4-2Br and
3:2PF¢ were not soluble, (CDs),SO was used. Comparing the two open chain compounds, we
can see the same trend in the affinity with increasing alkyl chain: the affinity of 2:2PF, for both
chloride and acetate is higher than the found for 1:2Br. Again the compound 1:2Br has
different counterion, and the solvent was (CDj;),SO, however the difference in the affinity
constants is one order of magnitude higher. Finally, except 5:2PF¢, which showed more affinity
for chloride than for acetate, the remaining ligands showed more affinity for acetate than for

chloride.

On the other hand, in the case for dihydrogen phosphate, the '"H NMR spectra had no signal
from the bis-imidazolium compound upon increasing additions of TBA-H,PO, salt. The solution
had a cloudy appearance as the concentration of the salt increased. One of the solutions, 5:2PF,
was further studied using DLS and particles with 2000 nm were detected in the sample, which
might indicate the formation of solid particles thus explaining the absence of signal in the

spectra.

Synthesis and characterization of AuNPs using imidazolium derivatives

AuNPs can be readily obtained in a biphasic system using the appropriate transfer agent and

stabilizer [23]. In our case, the bis-imidazolium amphiphiles play these two roles.

We tested the macrocyclic gemini surfactants with different chain length: 3:2Br (1 carbon
atom), 4:2Br (10 carbon atoms) and 5-2Br (18 carbon atoms) (Figure 1). In addition, to test the
influence of the spacing between the imidazolium rings we also tried synthesizing AuNPs using
6-2Br, where the bis-imidazolium rings are linked by a 1,4-dimethylenebenzene spacer instead

of a 1,3-dimethylenebenzene spacer.

The solution obtained using 3-2Br did not present the typical red-colored solution of colloidal
AuNPs; instead, a precipitate was formed. Presumably the lack of alkyl chains means that the
colloids agglomerate to form higher aggregates. A possible explanation is that 3-2Br has high
CMC value [30], because of the shorter alkyl chain, and therefore lacks the needed amphiphilic
character that allows it to stabilize the gold nanoparticles. On the other hand, synthesis of

AuNPs using longer chain macrocycles 4-2Br and 5-2Br resulted in red-colored solutions, and
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those nanoparticles were named as 4-AuNP and 5-AuNP respectively. Additionally,

preparation of AuNPs using 6:2Br was also successful and they were named as 6: AuNP.

UV-Visible absorption spectra were recorded for all the above solutions. The solution obtained
for the synthesis using 3:2Br did not show any characteristic band of AuNPs, originated from
Surface Plasmon Resonance (SPR) on the UV-Visible spectrum, confirming that no AuNPs
were obtained. Consequently, the use of 3:2Br for the synthesis of AuNPs was not further
studied. Instead, 4- AulNP solution in dichloromethane showed the characteristic SPR peak for
AuNPs at 527 nm, the 5+ AuNP solution in chloroform showed the peak at 524 nm and the

6 AuNP solution in chloroform at 525 nm (Figure 2).
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Figure 2: UV-Vis absorption spectra of 4-AuNP in dichloromethane, and 5-AuNP and 6-AuNP in

chloroform solution.

MALDI-TOF-MS was used to study 5:AuNP. The data was obtained using 2,5-
dihydroxybenzoic acid (DHB) as matrix. The sharpest peaks were at m/z = 1073.7,
corresponding to loss of two bromide [M+Au-2Br]". A peak with very low intensity was found
corresponding to loss of one bromide ([M+Au-Br]") at m/z = 1153.6, whereas in the case of
2-AuNP [28] the peaks for loss of each bromide were not present. Additionally, peaks
corresponding to the macrocycle with gain of one hydrogen and loss of two bromides ([M+H-
2Br]") at m/z = 877.7 was also observed with very low intensity (Table S3, Supporting
Information). The same peak did not appear in the 2: AuNP mass spectrum [28]. We found

therefore that the particles 5- AuNP show peaks corresponding to carbene species.

The oxidation state of gold in the synthesized nanoparticles was determined by XPS. Sputtering
of the sample was necessary to identify clearly the peaks corresponding to gold (Au”) in the

5- AuNP. The obtained XPS spectrum (Figure S17, Supporting Information) shows the binding
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energy of the typical peaks of 4fs,, and 4f;, at 88.2 eV and 84.5 eV respectively for gold in the

reduced state thereby confirming there are no residues of Au (III) precursor.

The AuNPs solutions were further characterized using TEM, DLS, and SEM. Figure 3 shows
TEM micrographs obtained for 4:AuNP, 5-AuNP and 6:AuNP colloidal solutions. All the
AuNPs are spherical, and present low dispersity. 4 AuNP shows an average size of 8.2 + 3.7

nm, 5 AulNP present an average size of 5.3 + 3.0 nm and 6: AulNP an average size of 6.5 £ 2.3

nm.
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Figure 3: TEM micrographs for (a) 4:AuNP and (b) 5 AuNP and (c) 6: AuNP and their corresponding

size distribution histograms.

The size of 4:-AuNP, 5:AuNP and 6-AulNP was also assessed by DLS at 25°C. The
hydrodynamic diameter and Polydispersity Index (PDI) of the AuNPs, and also the SPR
absorption band determined by UV spectroscopy and gold core sizes determined by TEM are
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summarized (Table S4, Supporting Information). Regarding the sizes obtained by DLS, the
average size in the case of 4: AuNP was 35 nm, for 5 AuNP was 74 nm and for 6: AuNP was 37
nm. The sizes measured by DLS are higher than those observed by TEM because this technique
gives the hydrodynamic size of the particles that includes not only the core but also the alkyl
chains of the coating ligands; instead TEM only indicates the gold core size, because no contrast
agent was used. Knowing that the ligand 5:2Br has a longer chain, it is normal that the
hydrodynamic diameter is higher in the case of 5*AuNP. On the other hand, in the case of
2:-AulNP the hydrodynamic diameter was around 20 nm, which is lower than that of the
macrocycles. A possible explanation could be the structural orientation of the macrocycles that

are more bulky than the open chain.

SEM was used to study the topography and morphology of the AuNPs, through secondary
electron image, as well as their composition, using the backscattered image, which allows
detecting the presence of metals (in our case, the reduced gold from the core). Figure 4 shows
the SEM micrographs of 4: AuNP and 5- AuNP. The samples were drop casted on carbon tabs,
and selective areas with good contrast were sampled to record both the secondary and the
backscattered images. In Figure 4a) spherical particles are visible, whereas in the backscattered
image shown in Figure 4b) the gold core is visible, confirming that gold is present in its reduced
form, as seen by XPS, and that the gold core has a spherical shape, which is in agreement with
the observed by TEM. Since in the secondary electron image the gold is not visible, the
spherical particles seen correspond to the macrocycle layer around the gold core, thus
confirming the presence of the coating. In the case 4: AuNP, it is visible that the nanoparticles
show a spherical morphology but formed aggregates in these experimental conditions. However,
it was also possible to see the presence of the macrocycle layer around the core in Figure 4c),
and the core of gold in reduced form with spherical shape in the backscattered image in Figure

4d).
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Figure 4: SEM micrographs obtained for 4- AuNP of a) secondary electron image and b) backscattered

electron image; and for 5- AuNP of ¢) secondary electron image and d) backscattered electron image.

5-AuNP and 6:AuNP were further analyzed using thermogravimetric analysis (Figure S18,
Supporting Information), in order to assess the amount of organic material present in the AuNPs
sample. Together with the size of the gold core measured by TEM, is possible to calculate the
amount of ligands per nanoparticles (Table S5, Supporting Information). In the case of 5- AuNP
the amount of ligands resulted in ca 3 ligand molecules per nm*> whereas 6: AuNP resulted a
high value of ca 30 ligand molecules per nm”. In the case of open chain 2 AuNP synthesized by
the same biphasic method, ca 28 ligand molecules per nm” were observed [33]. Therefore there
is no significant difference in the number of ligand molecules between 6: AuNP and 2:- AuNP.
The higher number of ligands can be due to the non-bulky and open chain structure of these two
ligands, since the open chain structure confers molecular flexibility and both must adopt similar
conformations on the surface of the AuNPs. Instead, the number of ligand molecules in 5: AuNP
is dramatically reduced to ca 3 ligand molecules per nm® as a consequence of the conformational
rigidity of the macrocyclic structures, as well as of the larger dimensions of the polar head on

the amphiphilic macrocycle.

143



Chapter 3 - Gold Nanoparticles for delivery of drugs and peptides

Cytotoxicity and genotoxicity studies

The toxicity of 5:2Br and 6-2Br were studied in vifro on mouse fibroblast cell line 3T3/NIH.
The cells were exposed to a range of concentrations of ligands 5:2Br and 6:2Br for 24 hours.
After exposure, the viability of the cell culture was calculated using the MTT Assay, which is
based on the conversion of yellow tetrazolium salts to purple formazan crystals in the
mitochondria of active, viable cells, and the percentage of viable cells was determined and
plotted against the ligand concentrations. The ICs, concentration values calculated for both
ligands are shown in Table S6 in Supporting Information. As can be seen, the ICs, values that
were found were 66 upM for 5:2Br and 45 uM for 6-2Br, whereas in the case of 2:2Br the
previously determined ICs, is 14.6 uM [28], meaning that the tested macrocycle 5:2Br and its

1,4—open chain analogue 6:2Br are less toxic when compared to the open chain 2+2Br.

Additionally, to study the genotoxicity of 5-2Br and 6+2Br, the Single Cell Gel Electrophoresis,
also known as Comet Assay, was used. This assay consists on determining DNA damage and
repair by the analysis of its fragmentation, which translates in the formation of a tail of DNA
when performing electrophoresis of the DNA samples. Figure 5 shows the percentage of tail
intensity referring to the DNA fragmentation in both bis-imidazolium ligands 5-2Br and 6:2Br
at the same range of concentrations used for testing their cytotoxicity. It was observed that
neither 5-2Br nor 6:2Br show any significant formation of a tail of cellular DNA fragments
within the studied concentrations, which mean that below the ICsy no genotoxicity is observed

(Table S7-S8, Supporting Information).

We already know that during the formation of the AuNPs the polar head of the ligand binds to
the AuNPs and the alkyl chains are facing outwards, and that even though 2:2Br had
determined toxicity, its corresponding AuNPs showed no toxicity within the range of
concentrations that were studied [28], meaning that the 2- AuNP were safe. From this we can
expect that in the case of 5:2Br and 6+2Br, which present slightly lower ICs, values than 2-2Br,
their AuNPs will exhibit similar safety.
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Figure 5: Comparison chart of the effect on DNA of 5-2Br and 6-2Br.

Interaction_of carboxylate _incorporating drugs and AulNPs: loading and release of sodium

ibuprofenate

In vitro experiments were performed in order to study the interaction of an anionic drug with the
AuNPs and to obtain the release profile of the drug incorporated in the AuNPs. The
macrocycles used in the preparation of the AuNPs had already proven to have good recognition
ability towards anions (see before, binding studies section). Thus, to evaluate the anionic
incorporation ability of the macrocycles, 5:2Br was chosen in order to compare with 2-2Br, that
has the same alkyl chain present in the gold nanoparticles [28]. Sodium ibuprofenate was used
as a model drug because it has a carboxylate group, and also because previous reports showed
that this drug could be successfully incorporated in AuNPs with imidazolium ligands [28].
Sodium ibuprofenate dissolved in water could be successfully extracted from the aqueous phase
into the organic phase containing the 5-AuNP. This was confirmed by the UV-Visible
absorption spectrum of the organic phase (Figure S20, Supporting Information). The organic
phase was then further washed twice with milliQ water in order to remove the free ibuprofenate
molecules that were not incorporated in the 5 AuNP. Following each washing step, both the
organic and aqueous phases were analyzed by UV-Visible absorption spectroscopy. In the
organic phase there was a slight decrease in the absorption peak of ibuprofenate, whereas in the
collected aqueous phases the peaks corresponding to ibuprofenate were visible, meaning
recovery of unbound ibuprofenate from the organic phase. The total amount of ibuprofenate that

was extracted into the aqueous phases during the washing steps allowed us to determine the
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amount of ibuprofenate that remained specifically bound in the ibuprofenate-5-AuNP
complex. Since we know the initial mass of ibuprofenate, we can therefore say that we loaded
9.8 mg of ibuprofenate in the AuNPs, which was calculated to be ca 85% of the total sodium

ibuprofenate.

After it was confirmed that ibuprofenate could be incorporated in 5 AuNP, the release rate of
ibuprofenate from the ibuprofenate-5- AuNP complex was assessed using Franz-type diffusion
cells with dialysis membranes, as described previously [34]. The samples were tested at pH 7.4
and 5.5, the first one corresponding to physiological pH and the second one to simulate the
human skin pH. The samples were resuspended in Sorensen buffer with the appropriate pH and
the release took place at 32°C for pH 5.5 and at 37°C for pH 7.4. The receptor solution used was
NaOH 71 mM to ensure the ibuprofenate solubility, thus complying with the SINK conditions,
so that the rate of release and diffusion across the dialysis membrane was only due to the release
from the AuNPs and not because of low solubility of the drug in the receptor solution. Figure 6
shows the plot of cumulative amount of ibuprofenate versus time, and Table 2 the respective

dissociation constant Ky and half life time t,,.
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Figure 6: Release profile of ibuprofenate from sodium ibuprofenate-5- AuNP at (a) pH 5.5 and at (b) pH
7.4.
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The analysis of the data showed that the release at pH 5.5 followed a first order kinetics, with a
value of the dissociation constant K, of 0.0085 h™'. At physiological conditions, the same
kinetics was observed, and the dissociation constant found was 0.0060 h™'. Additionally, the
amodelistic parameters were calculated and are also shown on Table 2. The calculated half life
time and mean release time (MRT) were lower in the case of the release at pH 5.5 (82.8 h and
72.9 h respectively at pH 5.5 versus 116.3 h and 108.5 h at pH 7.4). The release efficiency
shows similar results in both cases. Therefore, Student’s t-test analysis was performed and no
significant differences were found between the release at pH 5.5 and 7.4 (Table S9, Supporting

Information).

The kinetic profiles obtained in both cases are typical of Fickian diffusion. Hence, they can be
potentially used in local drug delivery system. When comparing with the previous work with
2-AuNP [28], in the same conditions, ibuprofenate release kinetics changed in function of the
pH, which means that the interaction of the drug with the macrocyclic ligand is different. Thus,
it is clear that the limiting factor in this case is the strong interaction of the macrocycle with the
drug whereas in the case of the open chain analogue was the pH of the surrounding media. The
fact that the pH does not significantly influences the release can be seen as an advantage,
because although the skin pH is 5.5, it can present some variations that in the case of the
macrocycle will not affect the release rate of the drug from the formulation. This same study
was performed with 6 AuNP. However, the amount of ibuprofenate released was very low, and

no signal could be obtained from the collected samples analyzed by HPLC.

Conclusions

With this work we proved that the synthesis of AuNPs can be performed using new
imidazolium based amphiphilic macrocycles 4:2Br and 5:2Br, and 6:2Br, an open chain
analogue, following a described biphasic system [23, 28]. The macrocycles used play a double
role in the synthesis and stabilization of the AuNPs, making the synthesis easier than the
habitual two-step process. It is interesting to note that the structural difference on the polar head
of the amphiphiles did not have an influence on the synthetic process, when comparing with
previous work [28], and this feature opens up the possibility to introduce new recognition sites
near the surface of the colloid. However, care in the molecular design is required: an influence
of the chain length on the stabilization process was observed, because 3-2Br, which has shorter
chain length than 4:2Br and 5-2Br, could not stabilize the AuNPs. This situation might be
explained by its low CMC [30], implying that the amphiphilic character of the molecule is an
important factor in the synthesis and stabilization of the AuNPs. The release of ibuprofenate

from ibuprofenate-5- AuNP complex follows Fickian diffusion and is slower when compared
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with the open chain analogues [28]. When correlating these findings with the studied stability
constants of the amphiphiles, it is clear that the lower release rate observed for the
ibuprofenate-5- AuNP complex is governed by the high affinity of the macrocyclic moiety for
anions, whereas with the open chain imidazolium compound the affinity is relatively lower.
This finding suggests a balance between the binding affinity of the specific local moiety near
the colloid surface and other forces (probably electrostatic). In any case, we have shown how
the topology of the head group can influence in the release of any bound drug. This study may
aid in the understanding of the release of other anionic molecules of interest from the AuNPs

complexes.

This newly synthesized AuNPs can be used as vehicle for delivery of drugs that requires long-
term release. The next step in this research would be the incorporation of other anionic drugs of
higher therapeutic interest and testing the in vivo efficacy through alternative routes to oral
administration. Clearly, ibuprofenate serves here as an example and future work would involve
in vivo testing where we include the use of more biologically active drugs where — because of
the proportion of drug per carrier (the AuNP) is low — the dose required for therapeutically
significant effect is low. We envisage physical application of the system or selective uptake for
certain maladies. The incorporation of a second anionic molecule capable of sensing would also

be assessed in order to convert the AuNPs from a delivery vehicle into a theranostics tool.
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Tables

TABLE 1: Values of K, from anion binding studies with chloride and acetate for bis-
imidazolium salts 1:2Br, 2:2PF, 3-2PF¢, 4:2Br and 5-2PF

TBA Salts
Cr AcO’
K,/ M K,/ M
1-2Br!" C(2)-H 53.59 120.63
C2)y-H [a] [a]
2:2PF“ C(2)-H 473.5 1636.6
C(2)-H 307.8 1310.7
3-2PF" C(2)-H 80.65 401.61
C(2)-H 92.42 389.11
4-2Br" C(2)-H 96.15 364.96
C(2y-H [a] [a]
5-2PF"! C(2)-H 11,308 752.4
C(2)-H 10,133 [a]

[a] no significant shift is observed; [b] solution in (CD3),SO; [¢] solution in CDCl;

TABLE 2: Modelistic and amodelistic parameters for the release of ibuprofenate from the

ibuprofenate-5- AuNP.

Modelistic Amodelistic
pH Kp t,,1% MRT!! Efficiency
(h") (h) (h) (%)
5.5 0.0085 82.8 72.9 72.4
7.4 0.0060 116.3 108.5 67.7

[a] Dissociation constant; [b] Half life time; [c] Mean Release Time
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General methods

'"H NMR were performed on Varian Mercury 400 spectrometers (400 MHz) and >C NMR on
Varian Mercury 400 spectrometers (100 MHz) from the Centres Cientifics i Tecnologics of the
Universitat de Barcelona (CCiTUB). NMR spectra were determined in CDCl; or (CD3),SO, and

chemical shifts are expressed in parts per million (9) relative to the central peak of the solvent.

Thin layer chromatography (TLC) was performed on Merck coated 60 F,s,4 silica gel plates; the
spots were located with UV light and developed with an iodine/silica or potassium
permanganate solution (1% w v™'). Chromatography was performed on SDS silica oxide 60

ACC (30-75 pm).

The melting points were determined using CTP-MP 300 hot-plate apparatus with ASTM 2C

thermometer.

Electrospray lonization Mass Spectra (ESI-MS) and Electrospray lonization High Resolution
Mass Spectra (ESI-HRMS) were performed on an LC/MSD-TOF mass spectrometer from
Agilent Technologies (CCiTUB). The electrospray interface had the following conditions:
nebulizing nitrogen gas flow at 15 psi, drying nitrogen 7 L min”, source temperature was
maintained at 300°C with a capillary voltage of 4 kV and fragmentor voltage of 80 or 215 V.
The eluent flowing through the probe was H,O: Acetonitrile (1:1) at a flow rate of 200 uL min™.

UV-Vis absorption spectra were obtained on a UV-1800 Shimadzu UV Spectrophotometer.

MALDI-TOF-MS analysis was performed using a Voyager-DE-RP mass spectrometer (Applied
Biosystems, Framingham, USA) from CCiTUB. A 3 ns pulse nitrogen laser (337 nm) was used
for desorption and ionization with an accelerating voltage of 20 kV. Positive ions were detected
in a time-of-flight mass detector in the reflector mode. The matrix used was 2, 5-

dihydroxybenzoic acid (DHB).

XPS spectra were obtained in a PHI 5500 Multitechnique System (from Physical Electronics) at
the CCiTUB, with a monochromatic X-ray source (Al Ka line of 1486.6 eV energy and 350 W),
placed perpendicular to the analyzer axis and calibrated using the 3 ds/, line of Ag with a full
width at half maximum (fwhm) of 0.8 eV. The analyzed area was a circle of 0.8 mm diameter,
and the selected resolution for the spectra was 187.5 eV of pass energy and 0.8 eV/step for the
general spectra and 23.5 eV of pass energy and 0.1 eV/step for the spectra of the different
elements. All measurements were made in an ultra high vacuum (UHV) chamber pressure

between 5 x 10” and 2 x 10 Torr.

TEM images were obtained with a JEOL JEM-1010 transmission electron microscope at 80 kV,
from CCiTUB. The images were captured by a Megaview III Soft Imaging System camera and

the size of the nanoparticles was measured with Analysis software (Olympus).
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The hydrodynamic size of the AuNPs was determined by Dynamic Light Scattering using a

Malvern Zetasizer Nano ZS series from Malvern Instruments.

SEM images were obtained using a JEOL JSM-7100F field emission scanning electron
microscope at 5 kV, at CCiTUB. Samples were mounted on microscope holders using carbon
tabs and then they were coated with a thin film of amorphous carbon. The images were captured

using the software PC-SEM version 5.1.

TGA was performed on a Mettler Toledo TGA/SDTA 851e, at CCiTUB, with a temperature
ramp from 30°C to 600°C and a heating rate of 10°C min™.

Synthesis of 3:2Br

A solution of 1,3-bis(bromomethyl)-5-methoxybenzene (0.68 g, 2.31 mmol) in dry acetonitrile
(50 mL) was added to a solution of 1,3-bis(imidazolylmethyl)-5-methoxybenzene (0.62 g, 2.31
mmol) in dry acetonitrile (60 mL) at 80°C under argon atmosphere. The stirring was continued
for 21 hours. The white precipitate was filtered off, washed with acetonitrile (10 mL) and dried
to give 3-2Br as a white solid (1.17 g, 90 %). The NMR chemical shifts in (CD;),SO are listed

below. Imidazolium and phenyl rings are referenced as (Im) and (Ar) respectively.

3-2Br: 'H NMR (400 MHz, (CD5),SO): 3.82 (s, 6H, OCH,); 5.38 (s, 8H, CH,); 6.61 (s, 2H, Ar-
H(2)); 7.21 (s, 4H, Ar-H(4,6)); 7.85 (s, 4H, Im-H(4,5)); 9.34 (s, 2H, Im-H(2)). C NMR (100
MHz, (CD;),S0): 51.7 (CH,); 55.2 (OCHj;); 114.7 (Ar-C(4,6)); 117.7 (Ar-C(2)); 123.1 (Im-
C4,5)); 136.0 (Im-C(2)); 137.7 (Ar-C(1,3)); 159.5 (Ar-C(5)). ESI-MS m/z: (201.1, [(M-
2Br)/2]*, 100 %); (401.2, [M-2Br]", 37 %); (481.1, [M-Br]", 26 %). ESI-HRMS (m/2):
(Co4HyN,Br,0, -Br, -H)" calculated 481.1, found 481.1. Rf: 0.44 (MeOH:NH,Cl 2M
H,0:MeNO,, 7:2:1). mp: 200°C. (dec.)

Synthesis of 6:2Br

A solution of 1,4-bis(bromomethyl)benzene (0.50 g, 1.88 mmol) was dissolved in dry
acetonitrile at room temperature (5 mL). To this, a solution of 1-octadecyl-1H-imidazole (1.20
g, 3.70 mmol) was added at 80°C through a syringe and the mixture was kept under argon
atmosphere with continuous stirring for 26 hours (Scheme S1). A yellow colored solution with
white precipitate was obtained and allowed to cool down to room temperature. The solution was

then filtered and the solid was washed with methanol (40 mL) and dried to give 6:2Br (1.0 g, 60
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%). The NMR chemical shifts in CDCI; are listed below. Imidazolium and phenyl rings are

referenced as (Im) and (Ar) respectively.

Scheme S1. Synthesis of 6-2Br

_ Waval (Q\
NQN % - [ﬁ’> <‘N~]

MeCN

B0*C 2Br-
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6:2Br: 'H NMR (400 MHz, CDCl;): 0.88 (t, 6H, CH;), 1.26-1.32 (m, 60H, (CH,),s), 1.88 (m,
4H, N-CH,-CH,), 4.3 (t, 4H, N-CH,), 5.67 (s, 4H, CH,), 7.34 (s, 2H, Im-H(4)), 7.49 (s, 4H, Ar-
H(2,3,5,6)), 7.92 (s, 2H, Im-H(5)), 10.33 (s, 2H, Im-H(2)). *C NMR (100 MHz, CDCl,): 14.11
(CH3); 22.67-31.91 ((CHy)16); 50.19 (N-CHy); 52.45 (CH,); 121.69 (Im-C(4)); 123.15 (Im-
C(5)); 130.16 (Ar-C(2,4,5,6)); 134.23 (Ar-C(1,3)); 136.67 (Im-C(2)). ESI-MS m/z: (372.4, [(M-
2Br)/2]*, 100%), (573.6, [M- (Br, ((CH,);7CH3)]", 7%), (825.6, [M-Br]+, 17%). ESI-HRMS
(m/z): (C50H88N4Br2—2Br)2+ calculated 372.3499, found 372.3494; (CsoHgsN4Br, -Br)" calculated
823.6186, found 823.6189. Rf: 0.55 (CH,Cl,:MeOH, 4:1). mp: The phase behavior is similar to

that described in [29] for related compounds where liquid crystal behavior was seen.

Anion exchange protocol

A solution of silver hexafluorophosphate (0.11 g, 0.42 mmol) in dry acetonitrile (2 mL) was
added to a solution of 2:2Br (0.13 g, 0.14 mmol) in dry acetonitrile (54 mL) at 40°C. The
stirring was continued in darkness for 1 hour. A yellow solid precipitated, which was filtered off
and the solvent was evaporated. The white residue was washed with water (10 mL) and filtered
off to give 2:2PF¢ as a pale brown solid (0.13 g, 93 %). The same protocol was followed for
compounds 3:2Br and 5-2Br.

Toxicity Study

The cells were cultivated in DMEM supplemented with 10 % Fetal Bovine Serum (FBS), 2 mM
Glutamine and 0.5% penicillin/ streptomycin (a stock of 10000 IU/10 mg respectively). The
cells were incubated (ThermoForma) at 37°C in a humid atmosphere of 5% CO, in culture T75

(Nunc) flascones. Cells were seeded in a density of approximately 1x10° cells mL™' on the plate
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with 96 wells. The cells were exposed to 9 concentrations for both 5-2Br and 6-2Br separated
by a factor of \ 10: 1000, 316, 100, 32, 10, 3,1, 0.3 and 0.1 pug mL™". The culture medium was
used as negative control for the test. SDS 0.02 % was used as a positive control in the case of
MTT Assay and to assess genetic damage, as a positive control, MMS 400 uM was used. The
plates were incubated for 24 hours before the start of the experiment followed by ligand
exposure for 24 hours. The cells after exposure were washed with PBS. The treatment was
followed by adding MTT (5 mg mL™") to the growth medium solution and incubated for 2 hours.
Later, the media was removed and DMSO was added 100 pL per well. Finally the absorbance at
550 nm was read using spectrophotometer. The cell viability under the different conditions was

assessed by comparison of optical density obtained with the control.

For the evaluation of DNA damage, some of the cells were collected in microtubes. The cells
collected were mixed with a suspension of agarose with low melting at 0.9 % and were spread
on the slides previously coated with a layer of 1 % agarose. After solidification of the agarose,
the slides were dipped in liquid lysis for 1 hour to break the membranes and sequester proteins,
followed by treating with electrophoresis buffer at 4°C for 40 minutes to allow DNA unwinding
and finally electrophoresis was carried out at 25 V and 300 mA (at 4°C) for 30 minutes. The
DNA was then washed thrice with Tris buffer to bind the DNA. Then, they were allowed to dry
and were protected from light until analysis. For analysis, the slides were stained with the
fluorochrome DAPI (4,6-Diamidin-2-phenylindole, at a concentration of 5 mg mL™) and the tail
Intensity was analyzed, whose fluorescence was analyzed using Comet software Assay IV. Tail
intensity was measured by treatment of 50 cells and was expressed as the percentage of

fluorescence intensity with respect to the total fluorescence in the tail.
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Figure S1: 'H NMR spectrum of 3-2Br
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Figure S2: °C NMR spectrum of 3-2Br
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Figure S5: NMR spectra of 2:2PFg 0.5 mM solution in CDCl; show the chemical shifts,
depicting the downfield effect of the proton signals C(2)-H () and C(2)’-H (=), with increasing
2-2PF: chloride ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15, 1:20, 1:25
and 1:30).
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Figure S6: NMR spectra of 2:2PF¢ 0.5 mM solution in CDCl; show the chemical shifts,
depicting the downfield effect of the proton signals C(2)-H (s) and C(2)’-H (), with increasing
2-2PFg: acetate ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15 and 1:20).
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Figure S7: NMR spectra of 2:2PF¢ 0.5 mM solution in CDCIl; show the disappearance of the
peaks with increasing 2-2PFg: dihydrogen phosphate ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3
and 1:7).
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Figure S8: NMR spectra of 3:2PF¢ 0.5 mM solution in (CD;),SO show the chemical shifts,
depicting the downfield effect of the proton signals C(2)-H (s) and C(2)’-H (), with increasing
3:2PF: chloride ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15 and 1:20)
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Figure S9: NMR spectra of 3:2PF¢ 0.5 mM solution in (CD3),SO show the chemical shifts,
depicting the downfield effect of the proton signals C(2)-H () and C(2)’-H (=), with increasing
3-2PF: acetate ratio. 3-2PF¢ (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15, 1:20,
1:40 and 1:60).
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Figure S10: NMR spectra of 5:2PF¢ 0.5 mM solution in CDCIl; show the chemical shifts,
depicting the downfield effect of the proton signals C(2)-H (s) and C(2)’-H (), with increasing
5-2PFg: chloride ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15 and 1:20).
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Figure S11: NMR spectra of 5:2PF¢ 0.5 mM solution in CDCI; show the chemical shifts,
depicting the downfield effect of the proton signals C(2)-H () and C(2)’-H, with increasing
5-2PFg: acetate ratio (from bottom to top: 1:0, 1:1, 1:2, 1:3, 1:7, 1:10, 1:13, 1:15 and 1:20).
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Figure S15: Experimental points and fitting (line) data from titrations with bis-imidazolium and

TBA salts: a) 4:-2Br: chloride, b) 4:2Br: acetate.
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TBA salts: a) 5:2PFg: chloride and b) 5:2PF: acetate
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Figure S17: XPS spectrum of 5-AuNP showing the Au 4f;, and 4fs, peaks with binding
energies of 84.5 eV and 88.2 eV, respectively.
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Figure S18: Thermogravimetry curve obtained for a) 5: AuNP and b) 6: AuNP.
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Figure S19: Dose-response curve for (a) 5-2Br and (b) 6:2Br.
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Figure S20: UV-Vis absorption spectrum of sodium ibuprofenate-5- AuNP from the organic

phase
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TABLE S1: Positive-lon Mode ESI-MS data for 3-2Br and 6:2Br

MW [(M-2Br)2]*"  [M-H-2Br]" [M-H-Br]"

(g mol™) (m/z) (m/z) (m/z)
32Br 5623 201.1 401.2 481.1
100 % 37 % 26 %
6:2Br 3723 372.4 - -
100 % . _

TABLE S2: Values of K, and AG® from anion binding studies with chloride and acetate for bis-
imidazolium salts 1:2Br, 2:2PFg, 3:2PFg, 4-2Br and 5-2PF;

TBA Salts
Cr AcO’
K,/ M -AG® /kJmol K,/ M -AG® /kJmol

1-2Br™" C(2)-H 53.59 9.86 120.63 11.87

C(2y-H [a] [a] [a] [a]
2-2PF“ C(2)-H 473.5 15.3 1636.6 18.3

C(2)y-H 307.8 14.2 1310.7 17.8
3-2PF," C(2)-H 80.65 10.88 401.61 14.85

CQ2)y-H 92.42 11.21 389.11 14.78
4-2Br" C(2)-H 96.15 11.31 364.96 14.62

C2y-H [a] [a] [a] [a]
5-2PF“ C(2)-H 11,308 23.1 752.4 16.4

C(2y-H 10,133 22.9 [a] [a]

[a] no significant shift is observed; [b] solution in (CD3),SO; [¢] solution in CDCl;
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TABLE S3: Values of peaks from MALDI-TOF mass spectrometry for 5 AuNP

[M+Au-2Br]" [M+Au-Br]"  [M-2Br+H]"
(m/z) (m/z) (m/z)
1073.7 1153.6 877.7
100% 2% 2%

Matrix — DHB

TABLE S4: Size of the gold core using TEM, and hydrodynamic size using DLS

Sample A (nm) Size/nm Size/nm pDI™
(TEM) (DLS)

4:- AuNP 527 8.2 £3.6 34.8 0.1

5-AuNP 524 53+£3.0 73.5 0.2

6: AuNP 525 6.5+2.3 36.9 0.1

[l polydispersity Index
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Together with the size of the gold core measured by TEM, it is possible to calculate the number

of moles of ligands per nanoparticle, N using the following formula:

3
wpD

N =
6 M

Where,
p = face centered cubic (fcc) density of gold (19.3 g cm™),
D = average diameter of the nanoparticles gold core and

M = atomic mass of atomic gold (196.97 g mol™).

TABLE S5: Thermogravimetry results and calculations of amount of ligand per nanoparticle
and per area of nanoparticle surface based on the ratio of ligand to gold present in the AuNPs

and their gold core size obtained by TEM.

A
Total Ligand . . Verage[ Auw/NP"! . .
Ligand:Au diameter . Ligands per Ligands

Sample mass mass al ratio bl 2

(mg) (mg) (mmol) (mol mol'l) NP per nm

g g (nm)

5-AuNP 1.5 0.3 0.05 5.3 7.6x 107 242 2.7
6:AuNP 7.3 4.6 0.46 6.5 1.4x 107 396 29.9

[a] measured by TEM; [b] Nanoparticle
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TABLE S6: ICs, values of 5-2Br and 6:2Br

Ligand ICsy

ugmL”’  uM
5-2Br 68.7 66.1

6-2Br 40.7 45.0

TABLE S7: Results obtained for Cell viability and genotoxicity results for 5-2Br

Concentration Viability Cell death Tail moment

(ugmL")

C- (Media) 100 0.0 2.9
1000 6.1+1.6 939+1.6 8.9
316.2 8.5+59 91.6+59 4.2
100.0 31.8+22.5 68.2+22.5 53
31.6 72.7+25.7 27.3+£257 42
10.0 95.3+6.9 47+7.0 4.2

32 105.1+5.9 51+6 42
1.0 96.9 +8.4 3.1+84 2.8
0.3 106.3+£0.1 -6.3+0.1 2.5
0.1 83.5+7.8 16.5+7.8 4.1
C+ (SDS/ MMYS) 1.8+0.2 98.2+0.2 45.7

TABLE S8: Results obtained for Cell viability and genotoxicity results for 6:2Br

Concentration Viability Cell death Tail moment

(ngmL")

C- (Media) 100 0.0 3.0
1000 7.7+4.2 92.3+42 5.3
316.2 6.9+4.9 93.1+49 2.9
100.0 228+11.3 772+ 11.3 6.2
31.6 63.8+15.8 36.2+15.8 5.6
10.0 83.4 £20.7 16.6 +20.7 2.8

32 92.1+11.1 79+11.1 33
1.0 954+6.5 46+6.5 3.5
0.3 97.6+34 24+34 1.7
0.1 100.3+0.4 -03+04 1.5
C+ (SDS/ MMS) 26+1.6 97.5+0.6 457
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TABLE S9: Results obtained from Student’s t-test

Kp™ MRT™" Efficiency
N 3 3 3
pl 0.37 0.06 0.2
Mean + SEM"! 0.01 £ 0.002 729+12.12  72.40+3.00
(pH 7.4)
Mean £ SEM  0.01 + 0.0004 108.5+£5.77  67.70 = 1.04
(pH 5.5)
Significant No No No
difference

[a] Dissociation constant; [b] Mean Release Time; [c] Number of replicates; [d] probability; [e]

Standard error of the mean (SEM)
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3.6. Gold nanoparticles decorated with cyclic peptides with

antimicrobial and anticancer applications

Manuscript in preparation

Summary

GNP can also be used as delivery vehicles for bioactive molecules that are covalently attached,
as in the case of peptides. In this work, we present the covalent immobilization of decapeptides
with cyclic structure that are known to possess antimicrobial and antitumor activity. The cyclic

peptide was chosen based on the high antitumor activity and low haemolytic action.

Three different strategies were used to perform the immobilization of the peptides on the GNP:
through EDC/NHS activation, through azide-alkyne Huisgen cycloaddition and using a peptide

containing an alkyl chain with a thiol.

It was concluded that the best strategy is using a thiol-containing peptide, because is the most
straightforward method, however is necessary to mix the peptide with another thiol with
hydrophilic groups. The methodology that presented more problems during the optimization of
the process was through EDC/NHS activation.

The GNP obtained were analysed by TEM, DLS, and also the zeta potential was measured, to
assess the correct immobilization of the peptides: In the case of the GNP functionalized though
Huisgen cycloaddition, the hydrodynamic size increased from 35 nm to 57 nm, accompanied by
an increase in the zeta potential from -24 mV to -5 mV. The GNP synthesized with a thiol-
bearing peptide showed an hydrodynamic size of 46.12 nm, and the found zeta potential was -

29.6 mV
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Gold nanoparticles decorated with cyclic peptides for antimicrobial and anticancer

applications

Mafalda Rodrigues,™” Silvia Vila,® Lidia Feliu,® and Lluisa Pérez-Garcia.*>*

a Departament de Farmacologia i Quimica Terapéutica, Universitat de Barcelona, Av. Joan
XXIII, s/n 08028 Barcelona, Spain; Fax: +34 934024539, Tel: +34 934035849, E-mail:
miperez@ub.edu
b Institut de Nanocieéncies i Nanotecnologia IN2UB, Universitat de Barcelona, 08028
Barcelona, Spain.
¢ Laboratori d’Innovacio en Processos i Productes de Sintesi Organica (LIPPSO),

Departament de Quimica, Universitat de Girona, Campus Montilivi, 17071 Girona, Spain

1. Introduction

In the research for strategies in cancer therapy, peptides rise as promising tools. Cell-penetrating
peptides are being used to target tumours and improvement in the internalization of markers or
chemotherapeutic drugs can be obtained by using cyclic peptides that can enhance the uptake
and selectivity.' Additionally many antimicrobial peptides appear as promising anticancer
agents. Antimicrobial peptide is a term that generally described the small peptide molecules that
are able to kill or inhibit the growth of microorganisms. They normally are composed of 10-50
amino acid residues and possess positive charges which are the responsible for the interaction
with the membranes from the microorganisms. They can show activity against bacteria, virus
and fungi.” This is important as they appear as an alternative against bacteria which nowadays
present multi-resistance against many known antibiotics.” These peptides can be found in nature
(many have been isolated from plants, insects, amphibians, humans and bacteria),” where they
compose one of the defence mechanisms. Peptides that possess anticancer activity found in
nature can be easily synthesized in solid-phase,* but the screening of libraries of synthetic
peptides is also performed in order to discover new molecules that have anticancer activity.’
Recent examples of peptides with anticancer activity found in literature include, among others,
cyclic peptides that showed high cancer activity against a human Burkitt’s lymphoma cell
comparing with their linear counterparts,® peptides able to specifically bind to LDL receptor
present in acute myeloid leukemia,” cationic antimicrobial peptides with activity against
squamous skin cancer cells and also human keratinocytes,® peptides synthesized in the human
heart that inhibit cancer cell proliferation in vivo,” peptide derivatives from a known
antimicrobial peptide Ixosin-B-amide that inhibit the proliferation and cell migration of breast
cancer cell line MCF-7."

The advantage of using anticancer peptides in therapy is that peptides can recognize membrane
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proteins in tumours and bind to them. They can also penetrate the cells and present better
pharmacokinetic profiles when comparing with monoclonal antibodies which are used to target
and treat cancer.” The mechanisms of action of the peptides include inhibition of angiogenesis,
induction of apoptosis, induction of necrosis, immunomodulatory, inhibition of
kinases/proteases activities and interference with functional proteins. It is thought that the
anticancer activity presented by antimicrobial peptides can be linked to the glycosylation of the
cell membrane of cancer cells."'

However, the in vivo delivery of the peptides to the cancer cells can be a drawback. One of the
most studied solutions is the conjugation of the anticancer agents to vehicles that can target and
improve the delivery to the correct site of action.'”" One of such vehicles that are widely
studied is the gold nanoparticles (GNP). Due to their good biocompatibility and low toxicity,
they are seen as good candidates for delivery systems for cancer treatment.'*"” Besides the

16,17

ability to incorporate drugs, they can also be conjugated with antibodies to target specific

cancer cells,'>"

or rely on the enhanced permeability and retention effect to accumulate in the
tumour tissues.”’

In this work, we chose from a library of cyclic decapeptides, found to have antimicrobial
activity and high cytotoxicity against HeLa cells,”' the sequence that presented the best results
in terms of anticancer activity while showing low haemolytic activity and also low cytotoxicity
to normal fibroblasts. The aim was to immobilize them in gold nanoparticles (GNP) that would
act as vehicle and also to improve the action on tumours through accumulation on the cancer

tissue. To achieve so, different methodologies for the conjugation of the peptides to the GNP

were used assessed, in order to determine the best strategy for the peptide immobilization.

2. Results and Discussion

In this work the main goal was the decoration of GNP with cyclic peptides, which are known to
have antibacterial and antitumor activity.”’ We sought to improve their bioavailability through
the immobilization on GNP, and after that, the next step would be targeting of specific cells or
tissues by the GNP, through the conjugating with the adequate antibody or other biomolecules.
Since these are synthetic peptides, we can tailor them in order to introduce certain
modifications. However, the first approach pursued took advantage of the fact that the peptides
already have amine groups on their structure, that could be further used for their immobilization
to an adequate functional group on the surface of the GNP. The used cyclopeptides are
composed of 10 amino acid residues, with a cyclic conformation and the following amino acid
sequence: K-K-L-K-K-F-K-K-L-Q.

Two different strategies to obtain water-soluble GNP were used for this study: in the first one,

the GNP were synthesized by the citrate reduction method and then the citrate was exchanged
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by the desired thiol. The citrate, which stabilizes the gold core through electrostatic interactions,
is replaced by the thiols because they have high affinity for gold, which forms a monolayer
through quasi-covalent bond. The second GNP were synthesized by a modification of the
method developed by Kimura e al.*** The synthesis is performed in methanol in the presence
of the thiol that stabilizes the GNP. The difference between both of them is mainly in the
synthetic strategy, and the fact that the second method avoids the additional step of replacing
the citrate by the thiol. Both synthesized GNP were observed by TEM, to assess their shape and
size. Figure 1 shows the micrographs obtained for the GNP synthesized by the citrate reduction
method and the ones obtained by direct synthesis with MUA in methanol.

Figure 1: TEM micrograph of GNP synthesized by citrate reduction (A) and synthesized with MUA in
methanol (B).

We can see from the images that both GNP have spherical shape, but the GNP synthesized in
methanol present some GNP with bigger sizes than the average. The measured sizes of the gold
cores of the GNP synthesized by citrate reduction and with MUA in methanol are 18 = 3 nm and
7 £ 2 nm, respectively. The GNP obtained by citrate reduction were also used for citrate

exchange with the other thiols.

Immobilization of peptides through EDC/NHS activation

The first approach that was tested was based on using a thiol with a carboxylic acid group
(MUA). After the stabilization of the GNP with this thiol, the carboxylic acid group of the
MUA is activated with NHS to later react with free amines from amino acid residues from the
peptides (Scheme 1). The concentration of the coupling agents (EDC and NHS) is an important
factor because if too many carboxylic groups react, the equilibrium is disrupted and the GNP
end up precipitating or aggregating. Different amounts of EDC/NHS were tested until the

conditions were found where the GNP solution maintained its stability.
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Scheme 1: GNP with MUA, activation of the carboxylic group with EDC and NHS, and immobilization
of peptide through amine group.

Initially two peptides were tested. One of the peptides has a lysine group modified with

fluorescein, and their structures are shows in Figure 2.
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Figure 2: Cyclic peptides with free amines without fluorescein BPC194 and with fluorescein BPC608.

Upon addition of the peptides, the GNP would aggregate, and therefore we could not obtain
stable GNP with these peptides after activation. The fact that they are small molecules with a
great number of amines per molecule of peptide could caused the aggregation of the
nanoparticles, as the same peptide molecule is thought to act as cross-linker between different
GNP and thus causing the aggregation. Figure 3 shows a schematic representation of the

possible assembly of the GNP due to the cross-linking performed by the cyclopeptides.
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Figure 3: Schematic representation of GNP (in yellow) cross-linked by the peptides (in blue).

For this reason, after some preliminary experiments, this reaction, as it was designed, was put
aside. A new strategy was devised using cyclopeptides with the same sequence as before, but
with the amines from the lysine residues protected with ivDde group except the amine from the
second lysine residue, left free to react with the hydroxysuccinimide group present in the GNP,
thus trying to avoid the possible cross-linking between the nanoparticles. Figure 4 shows the

structures of the new peptides.
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Figure 4: Cyclic peptides with ivDde-protected amines without fluorescein BPC734 and with fluorescein
BPC732.

Apart from testing these new cyclopeptides, in order to assure that the conditions from the
previous steps were not influencing the stability, different amounts of MUA were tested to
exchange with the citrate. The solutions were analyzed by UV-visible absorption spectroscopy
(UV-vis) and the size was measured by DLS, before and after the activation and addition of the
peptide BPC734, and the stability of the solutions was assessed macroscopically by watching

the overall appearance of the solutions along 1-2 weeks. The results are summarized in Table 1.
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Table 1: Final concentrations of MUA for exchange with citrate, SPR absorbance peak measured by UV -
visible absorption spectroscopy, hydrodynamic size measured by DLS, and peaks observed 1 hour after

the addition of the peptide, and overnight (ON), size measured by DLS and stability.

MUA UV-vis UV-vis
Aspr Size (nm) Size (nm) stability
(% m/v) 1h ON
528,0 536,0
0.022 524.0 31,7+1,2 flocculation
259,0 343,0
527.5 535.,5
0.066 524.0 23,8+ 1.4 flocculation
259,0 259,0
528,0 527,5 )
0.10 527.5 24,6 £0.1 452+0.2 flocculation
259,0 260,5
528,0 528,0
0.20 527.5 26,6 £0.9 37.8+1.0 transparent
259,5 258,5
528,0 527.5
0.40 525.5 33,4+0.1 4732+1.7 transparent
258,5 259,5

As it could be observed, the amount of MUA used is important for the final stabilization of the
GNP; when lower concentrations of thiol were used, the final solution appeared red and
transparent, but after activation by the end of some days the solution would show aggregates.
We concluded that a final concentration of MUA in solution for the exchange process had to be
at least 0.2%. The solution with 0.1% appeared more stable, but through a longer time length
also presented flocculation. The fact that the peak typically found in peptides around 250 nm is
found and that the hydrodynamic size of the nanoparticles increased by approximately 12-14 nm
suggests that the peptides was immobilized.

Because the lysine groups are protected, the peptide does not have enough ionisable groups that
contribute to the electrostatic stabilization of the solution. We thus tried resuspending them in
the solvents in which the peptides are more soluble such as DMF and DMSO. This however did
not help increase the stability.

We also assessed the exchange of citrate with MUA dissolved in THF with success.

Regarding the GNP that were synthesized in methanol with MUA, the activation was performed
and the two peptides BPC732 and BPC734 were added to the solution. Analysis of the UV-
visible spectra of the peptides, free in solution and coupled to the GNP, shows that the typical
peaks of the peptides are present in the GNP solution the UV-visible absorption spectra are

shown in Figure 5.
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Figure 5: UV-visible spectra of peptide BPC734 (A) and fluorescein-conjugated peptide BPC732 (B),

free in solution and coupled to GNP.

Observing the spectra of the free and coupled peptides, it is visible the peaks of the peptides
present in the samples of GNP. These results make us think that the peptide was successfully
immobilized on the GNP. In the case of the peptide with fluorescein, the peak of the
fluorophore overlaps the SPR peak of the GNP (= 520 nm).

Immobilization of peptides through “click” chemistry

The second strategy for the immobilization of peptides was through an azide-alkyne Huisgen
cycloaddition reaction between a peptide with an alkyne group with a thiol, previously
immobilized, that has an azide function at the terminal end. The structure of the used
cyclopeptide is shown in Figure 6. The structure is very similar to the previously ones, except

that in this case an alkyne group was introduce.

SVR205-B
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Figure 6: Cyclic peptide with alkyne group: SVR205-B.

GNP were synthesised by two different methods: the Brust-Schiffrin method and by the citrate
reduction method. The first ones are synthesized with hexadecanethiol, and some molecules of
thiolate are exchanged with a second thiol (in our case, the thiol with the azide function).
Previous analysis by nuclear magnetic resonance (‘"H NMR) showed an approximate rate of

1:6.5 of thiol-azide/hexadecanethiol on the GNP surface. However these GNP were not soluble
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in aqueous medium, and therefore this strategy was no longer followed. In the second case, the
GNP were synthesised by the citrate reduction method and afterwards were modified with two
different thiols bearing the azide group, as described previously with MUA. The alternative
synthesis in methanol could not be performed with the thiol with azide group because the
reducing agent that is used for the formation of the GNP also reduces the azide group.

Scheme 2 shows the main strategy for the peptide immobilization on the GNP surface. Two
different thiols were used: without PEG (AUT) and with PEG (MEG), to see if the PEG groups
would influence in some way the solubility of the GNP in aqueous medium, but no differences
were observed. After the functionalization of the GNP with the thiols, both proved to be water
soluble. However, the GNP functionalized with MEG presented lower stability after addition of

the peptide.
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Scheme 2: Immobilization of the peptide bearing an alkyne group onto GNP (obtained by citrate

reduction) using two different thiol molecules with azide group: one without PEG and other with PEG.

In the case of these peptides, there are no characteristic peaks that can be detected by UV-
visible absorption spectroscopy. So we used other techniques to assess the immobilization of the
peptides on the GNP. Dynamic Light Scattering (DLS) was used to detect the hydrodynamic
size before and after functionalization, and in replicate samples, we observed an increase of the
diameter from around 35 nm to 57 nm. The change in the size was accompanied by an increase
in the zeta potential which changed from -24 mV to -5 mV.

Additionally, we also attempted to increase the amounts added of catalysers in order to obtain
an improved immobilization of the peptide. Therefore, different conditions from the ones used
initially were tested. The summary is shown in Table 2.

The results obtained with different amounts of catalyst showed us that, as in the case of the
activation with EDC/NHS, it is also important that the amount added is not very high. The GNP

from experiment 1 were analysed and showed an hydrodynamic size of 73 nm, that was bigger

181



Chapter 3 - Gold Nanoparticles for delivery of drugs and peptides

than the obtained previously with lower amount of catalysts, but the increase in the zeta

potential was lower (-12 mV).

Table 2: Experiments performed with different amounts of CuSO4.5H,0O, sodium ascorbate and
SVR205-B for optimization of conditions. CuSO4.5H,0 20 mM, 90 pL of sodium ascorbate 10 mM and
75 uL of SVR205-B

CuS0O4.5H,0 sodium ascorbate SVR205-B

Experiment Stability
20 mM 10 mM 300 pg/mL
1 75 270 60 Stable
2 150 540 120 Aggregated
3 225 810 180 Aggregated
4 300 1080 240 Aggregated

Besides the peptides, the addition of PEG with an alkyne group was also attempted. The aim
was to prove that we could use one thiol with azide for the functionalization of the GNP and
later introduce a mixture of peptide and PEG, both with alkyne groups, to obtain GNP with two
different molecules on the surface. Surprisingly after some trials we could not obtain GNP that
were stable in aqueous media after the reaction with the PEG containing molecule. We therefore
tried an alternative: we exchanged the citrate in the GNP with a mixture of MUA and AUT. The
obtained GNP appeared stable and showed and hydrodynamic size around 36 nm, which is in
agreement with the sizes obtained so far for similar GNP with MUA or AUT alone. AUT would
be used to immobilize PEG with an alkyne and MUA to immobilize a peptide. The outcome
was the same as before: the addition of the PEG along with the catalyser resulted in the
aggregation of the GNP. We tried adding first the peptide to the MUA, but the addition of
EDC/NHS also caused the aggregation of the GNP.

Immobilization of peptides through thiol group

The final and more straightforward strategy was the synthesis of GNP with peptides with thiol
group. This strategy was the most direct one, because it would allow obtaining the GNP with
the peptides directly, without any additional immobilization steps. Two peptides were also
synthesized, one with fluorescein (BPC736) and other without fluorescein (BPC738). Their

structures are represented in Figure 7.
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Figure 7: Cyclic peptides with a thiol group and with ivDde-protected amines without fluorescein

BPC738 and with fluorescein BPC736.

Initially the same strategy was used consisting of the interchange between citrate and the thiol.
However, because a big amount of thiol is necessary to obtain a satisfactory covering of the
GNP meaning that a part of the thiol is discarded, which is not desired. Therefore, the synthesis
was performed in methanol using the same method developed by Kimura et al as described
before.*** The thiol with the peptide was mixed with a thiol with PEG (MEG). The process was
performed using the peptide and the PEG-containing thiol with ratio of 1:20 and 1:10. This way,
we assure the presence of hydrophilic groups (PEG) that will render water-soluble GNP. We
also performed the synthesis with other thiols without PEG, to assess alternatives in the
synthesis, due to the fact that the purification was hard due to very good solubility in water.
Therefore, the synthesis was performed changing MEG with MUA and with 11-
mercaptoundecanol. The GNP obtained with MUA and BPC738 tended to aggregate with time,
and the GNP obtained with BPC738 and 11-mercaptoundecanol showed poor solubility in

water.

The GNP obtained with MEG and BPC738 were observed by TEM, to determine the size of the
core. Figure 8 shows a micrograph of the GNP. It is visible that the obtained GNP appear
monodisperse, and present a spherical shape. The measured size of the gold core was 4 £ 1 nm,
which explains why no evident peak of SPR was visible by UV-visible absorption spectrosocpy.
The hydrodynamic size determined by DLS was 46.12 nm, giving evidence of the presence of

the thiols on the surface of the GNP, and the found zeta potential was -29.6 mV.
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Figure 8: TEM micrograph showing GNP synthesized in methanol with BPC738

3. Conclusions

From all the alternative methods, it is clear that the direct immobilization of peptides with thiol
group is the better strategy, because less amount of peptide can be used (and also avoiding
waste of peptide) and is also faster. The purification is however less straightforward, due to their
high solubility in water, which makes it difficult to purify by centrifugation and washing. The
second method that also showed good results with fewer drawbacks is through “click”
chemistry. The process was repeated many times and the results obtained by DLS are
reproducible. The process which presents more drawbacks is the activation with EDC/NHS. The
GNP functionalized with MUA and conjugated with the peptides with free amines showed no
stability, which forced us to use peptides with protected amine groups except one to react with
the thiol. The absence of charges leads to sedimentation of the GNP with time, and also means
that the GNP need additional processing for the deprotection of the amine groups, which are
protected with ivDde groups. This process is normally performed by adding hydrazine.

The next step would be testing the activity of the peptides immobilized on the GNP, by

performing in vivo assays which are yet to be done.

4. Materials and methods

All reagents were of analytical grade. CuSO,.5H,0, HAuCl,3H,0, NaH,PO,.2H,0,
Na,HPO,.12H,0, phosphate buffered saline (PBS), sodium ascorbate, sodium azide, sodium
borohydride, sodium citrate tribasic dihydrate, Tween 80, (N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide = hydrochloride = (EDC),  N-hydroxysuccinimide = (NHS),  S-(11-

bromoundecyl)thioacetate, 2-(2-aminoethoxy)ethanol and 11-mercaptoundecanoic acid (MUA)
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were purchased from Sigma-Aldrich. (1-Mercaptoundec-11-yl)hexa(ethylene glycol) (MEG)
and (1-Mercaptoundec-11-yl)hexa(ethylene glycol) azide (MGA) were purchased from
Prochimia. Phosphate buffer (PB) 10 mM pH 6.8 was prepared by mixing stock solutions of
NaH,P0,.2H,0 and Na,HPO,.12H,O in distilled water. The cyclopeptides were prepared
following the solid-phase method using standard Fmoc chemistry as described elsewhere.**
11-azidoundecilthiol (AUT) was prepared as described elsewhere.”

UV-visible absorption spectra were obtained on UV-1800 Shimadzu UV Spectrophotometer.
Transmission electron microscopy (TEM) images were obtained with a transmission electron
microscope JEOL 1010 at 80 kv. The images were captured by a Megaview III Soft Imaging
System camera. The size of the nanoparticles was measured with the Analysis software
(Olympus). The hydrodynamic size of the nanoparticles was detected by Dynamic Light
Scattering (DLS) and the zeta potential was determined by Electrophoretic Light Scattering
(ELS), using a Zetasizer Nano ZS series (Malvern Instruments, UK).

All the glassware was cleaned with aqua regia (3:1 HCI/HNO;) prior to its use with the GNP.
MilliQ water (Millipore system) was used throughout the work.

4.1. Preparation of Gold Nanoparticles by citrate reduction method (GNP)

GNP were prepared using the citrate reduction method. Briefly 20 mg of HAuCl,;3H,0 were
added to 35 mL of water and the solution was heated until reflux. Then, 50 mg of sodium citrate
in 2 mL of water was added with vigorous stirring and the reflux was continued for 15 minutes.

The solution was then left to cool to room temperature before further use.

4.2. Functionalization of GNP with thiol

To functionalize the GNP with MUA, the as prepared GNP were dissolved to a concentration of
0.8 nM and final volume of 2 mL with water, and 2 mL of PB with 2% Tween 80 were added.
After stirring for 15-20 minutes, 3 mL of MUA solution in 1:2 ethanol/water were added and
left stirring overnight. The solution was then centrifuged 15 minutes at 13400 rpm, washed with
PB with 2% Tween 80 and resuspended in equal volume of PB. The same process was used

with BPC738 and BPC 736, using 2 mg of thiol in 3 mL of 1:2 ethanol/water.

4.3. Preparation of GNP with MUA in methanol

The synthesis was done as described elsewhere.”>* Briefly 44 mg of MUA were dissolved in 5
mL of methanol and 39.4 mg of HAuCl,3H,0 in 10 mL of methanol were added. After stirring
for 20 minutes, 5 mL of an aqueous solution of NaBH, (0.3 M) was added dropwise with

continuous stirring. The stirring was continued for 1 hour, and the solution was centrifuged 15
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minutes at 13400 rpm. The supernatant was discarded and the pellet was washed with methanol
and then resuspended in water. To further purify the GNP solution, the solution was dialysed for

4 days.

4.4. Immobilization of peptides in GNP with MUA using EDC/NHS

The immobilization was performed as follows: the GNP solution was diluted with PB pH 6.8
with 2% Tween 80 until the SPR peak showed an absorbance of 0.5; then, for each mL of GNP
solution, 0.43 mg of EDC and 1.5 mg of NHS were added and the solution was stirred for 30
minutes. The solution was centrifuged at 13400 rpm for 15 minutes and the pellet resuspended
in PB. 5.6 pg of BPC734 was added, and after 3 hours with stirring 250 ng of 2-(2-
aminoethoxy)ethanol were added. The solution was left stirring overnight, then Tween 80 was
added for a final concentration of 2%, and the solution was centrifuged 15 minutes at 13400

rpm, washed with PB pH 6.8 with 2% Tween 80 and resuspended in PB.

4.5. Preparation of GNP with peptides in methanol

GNP with peptides BPC738, bearing thiol groups, were prepared as follows: 4.6 mg of BPC738
together with 18.7 mg of MEG were dissolved in 1 mL of methanol and 7.8 mg of
HAuCl;3H,0 in 2 mL of methanol were added under stirring. After 20 minutes, ImL of an
aqueous solution of NaBH, (0.3 M) was added dropwise with continuous stirring. After stirring
for 1 hour, the solution was dialyzed. The same procedure was followed using 9.2 mg of

BPC738.

4.6. Functionalization of GNP with AUT and immobilization of peptides by “click” chemistry

To functionalize the GNP with AUT, the prepared GNP by citrate reduction were dissolved to a
concentration of 1.6 nM and final volume of 2 mL with water, and 2 mL of PB with 2% Tween
80 were added. After stirring for 15-20 minutes, 0.250 mL of AUT solution 20 mg/mL in 1:1
ethanol/water were added and left stirring overnight. The solution was then centrifuged 15
minutes at 13400 rpm, washed with PB with 2% Tween 80 and resuspended in equal volume of
water. To 3 mL of the functionalized GNP solution in water, it was added 22.5 pL of
CuS04.5H,0 20 mM, 90 pL of sodium ascorbate 10 mM and 75 pL of SVR205-B 300 pg/mL.
The solution was left stirring overnight, then 40 uL of Tween 80 were added prior to
centrifugation at 13400 rpm for 15 minutes. The pellet was washed with PB with 2% Tween 80

and the pellet was resuspended in PB.
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3.7. Appendix: Functionalization of surfaces with cyclic peptides

Prior to the immobilization of the synthetic cyclopeptides in the GNP (Chapter 3.6), some
experiments performed on surfaces were done to assure that it could be possible to perform the
reactions between the thiols’ and peptides’ functional groups in the surface of the gold
nanoparticles. All these preliminary studies were not included in the manuscript in preparation,

for they would not fit entirely in the main goal of the work.

The first peptides that were tested had only amine groups, from the lysine amino acid residues.
Has we had no means of detecting them easily on surface, the cyclopeptides were conjugated

fluorescein and the surfaces observed under an optical fluorescence microscope.

Silicon surfaces with patterned polysilicon squares were initially used. The procedure is the one
described in Chapter 4 of this work, for the immobilization of proteins through their amine
groups from amino acid residues, using TESUD. Figure 3.18 shows images obtained by optical
fluorescence microscopy of surfaces that were functionalized with the fluorescein-conjugated

cyclopeptide and its non-conjugated counterpart, which would serve as negative control.

Figure 3.18: Optical microscopy images of silicon surface with cyclopeptide BPC194 (left) and

fluorescein-conjugated cyclopeptide BPC608, with 400x magnification and 30 seconds of exposure time.

It can be clearly seen the fluorescence in the case of the conjugated cyclopeptide but not on the
non-conjugated, which confirms that is not due to auto-fluorescence of the material, and also
indicating that the amine groups are available for covalent binding. The next step was the
immobilization of the peptides on gold surfaces and analysis by MALDI-TOF-MS, but due to

the small molecular weight of the molecule, the results obtained were never conclusive.

The second class of cyclopeptides that were provided had an alkyne group in one of the amino
acid residues, to immobilize through a Huisgen cycloaddition reaction with azide group from
the thiol. Because it was synthetically complicated to conjugate these cyclopeptides with a
fluorophore, the first proofs were done with an alternative molecule from the coumarin family,
that was modified in order to bear also an alkyne group (Figure 3.19).**° This compound

presented fluorescence in the ultraviolet range, which could not be observed through the
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fluorescence microscope due to lack of appropriate filters. Therefore, the fluorescence was

detected using a spectrofluorometer.

o0

Figure 3.19: Structure of the Coumarin molecule bearing an alkyne group

The surfaces used were again the silicon surfaces with patterned polysilicon squares, which
were functionalized with a silane beairng an azide group, and through a Huisgen cycloaddition

the coumarin was immobilized. Figure 3.20 show the fluorescence emission spectrum obtained.
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Figure 3.20: Fluorescence emission spectrum of coumarin immobilized on silicon surface through a

Huisgen cycloaddition reaction.

Besides this experiment, after each step, the surface was analysed using a goniometer
(THETALITE100 with the software One Attention, Finland)to measurethe static contact angles
in order to determine the hydrophobicity of the modified surfaces. Values of the contact angle
on at least three samples were measured to give statistical significance. The results are shown on

Table 3.1
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Table 3.1: Contact angle measurements for the different surfaces, after each of the steps required for the

coumarin immobilization.

Contact angle

Activation 182+ 1.7
Silane (Functionalization) 71.3+£29
Coumarin (Immobilization) 629+14

It is clear the presence of the silane, due to the drastic change in the contact angle, that rose
from 18.2 (highly hydrophilic surface) to 71.3 (hydrophobic). However, after immobilizing
coumarin, the contact angle showed a lower value. The next step was to perform the same
functionalization and immobilize the cyclopeptide SVR205-A (Figue 3.21) also on silicon

surface.
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Figure 3.21: Structure of the cyclopeptide SVR205-A.

The successful immobilization was assessed again through contact angle measurements. The

results are shown in Table 3.2.

Table 3.2: Contact angle measurements for the silicon surfaces, after each of the steps required for the

cyclopeptide SVR205-A immobilization.

Contact angle

Activation 823+0.2
Silane (Functionalization) 723+24
SVR205-A (Immobilization) 45.1+2.6

It is visible from these results that the contact angle decreased after the cyclopeptide

immobilization, and the decrease was higher than the one obtained for the coumarin, possibly
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because the cyclopeptide, unlike the coumarin, has polar groups that are more hydrophilic. After
having this positive result, the cyclopeptide SVR205-A was then immobilized on top of a gold
surface. The contact angle measurements were also performed for these surfaces and the results
are shown on Table 3.3. Two different thiols were used, one that contained an ethylene glycol
before the terminal azide, and other that had an alkyl chain of 11 carbons and the azide

functional group.

Table 3.3: Contact angle measurements for the gold surfaces, after each of the steps required for the

cyclopeptide SVR205-A immobilization, with two different thiols.

Contact angle

Blank 574+23

Thiol® (Functionalization) 65.9+3.0
SVR205-A (Immobilization) 454+0.9
Thiol” (Functionalization) 73.8+1.6
SVR205-A (Immobilization) 46.1+3.4

* thiol with ethylene glycol; ° thiol without ethylene glycol

As can be observed, there are slight differences between the surfaces functionalized with each
of the thiols, the one with ethylene glycol having a slightly lower contact angle value. The

presence of the ethylene glycol renders some hydrophilic character to the surface.

Due to the poor results obtained with MALDI-TOF-MS, the surfaces were analysed by XPS.
Although no quantification is possible, it can be seen the differences in each element’s

percentage after each immobilization step. The results are shown in Table 3.4.

Table 3.4: Atomic percentage for selected elements calculated from XPS spectra results.

Atomic % Au surface Thiol Peptide Peptide (2)
Audf 53.0 34.9 13.4 15.2
Cls 425 55.5 64.2 61.7
Ols <0.1 1.9 15.2 11.8
S2p - 1.8 1.3 1.6

It is noteworthy that sulphur (from the thiol) was only detected after the functionalization with
the thiol, and that the detected percentage of gold decreased with each layer of molecules on top

of the surface, indicating a correct immobilization of the peptide onto the surface.
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Chapter 4

Functionalization of microtools for sensing temperature and

biomolecular interactions

4.1. Introduction

One can define self-assembly, in a material point of view, as the arrangement of building blocks
into complex hierarchical structures in a spontaneous fashion. A self-assembled monolayer
(SAM) is, therefore, the spontaneous ordered assembly of molecules through their adsorption
into a surface for which it has some degree of affinity (Figure 4.1).**' In the case of the silanes,
the SAM is formed through covalent bond, whereas thiols will form the monolayer through

chemisorption.

Figure 4.1: Formation of a SAM: the molecules are free in liquid or vapour phase (a), and due to their
movement, they approach the surface and start adsorbing in a random way (b). Given more time, the layer

of molecules packs itself on an ordered way (c).

SAM has important advantages: the preparation is rather easy, because it can be done in
solution (wet chemistry) and thus no specialized equipments are necessary (for example Ultra
High Vacuum or Langmuir-Blodgett Troughs) and they can be assembled on objects with
different sizes and shapes, adding them specific functions (for example, Force Microscopy
probes, nanowires or nanoparticles). Besides this, they make the connection between the

external media and the surface’s electronic or optical properties.*?

The approach used in flat surfaces, is similar to the adsorption of ligands on the surface of

metallic nanoparticles to stabilize them (like thiols on GNP).***** Figure 4.2 shows the
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schematic representation of a SAM: the substrate is a surface of a specific material, on top of

which the molecules assemble.

End group

Backbone

JUUUWUUWUUWUY Head group

Surface

Figure 4.2: Schematic representation of a Self-assembled monolayer on a surface, with its different functional

parts.

The assembly is spontaneously made by the interaction of the head group of the molecules with
the substrate. The backbone is normally composed of an alkyl chain with the desired length to
be used as spacer, and finally an end group, which may also have a functional group that can be

used to attach molecules to the SAM.**!

This type of supramolecular assembly has been vastly exploited for sensing and diagnostic, due
to the possibility of the deposited molecules to have specific functional groups that allow them

to react and thus immobilize other molecules of interest.

R
SH é
Q ‘-! \-! \-' o
T T ’
| Gold surface

Scheme 4.1: Representation of free thiols in solution and immobilized on top of a gold surface forming

=
—n
—n

the SAM through a quasi-covalent bond between sulphur and gold.

The functionalization can be made with different surfaces and molecules: one of the most
commonly used are thiols, for their good affinity for gold surfaces where they form compact

and well-ordered layers (Scheme 4.1); silicon surfaces can be activated to bear either hydroxyl
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groups, to react with alkylchlorosilanes or alkylalkoxysilanes, or hydrogen, to react with 1-

alkenes and 1-alkynes ****°

R = Cl, OCH,CH; OCHj

% X
% S X X
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Scheme 4.2: Schematic representation of the silanization mechanism of a silicon surface, activated to
bear hydroxyl groups, and a silane which can be alkylchlorosilane or alkylalkoxysilane. The silane
establishes hydrogen bonds with adjacent hydroxyl groups from the surface or other silane, and water is

eliminated on order to obtain a reticular network.

We can see in Scheme 4.2 that a layer of water present on the silicon surface is responsible for
the hydrolysis of the R group (which can be chloride or an alkoxy, normally methoxy or ethoxy)
and the silane molecules establishes hydrogen bonds with the hydroxyl groups on the silicon
surface but also with adjacent silane molecules. Upon heating, water molecules are eliminated,

resulting in the formation of a reticular network.

After the SAM is formed, with an appropriate end group, the immobilization of the molecule of
interest can be performed. It is noteworthy that the end group is chosen according to the
functional groups present in the molecule of interest and the strategy to follow. A selection of

. 2225226
the most common examples is described:*™

- Activation with carbodiimide

In this case, the SAM has a carboxylate as end group. The carboxylate is activated with a
carbodiimide, normally N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
which is water-soluble. The formed O-acylurea intermediate is however prone to hydrolysis,
and N-hydroxysuccinimide (NHS) is used to react with the intermediate forming a succinimide
ester. The molecule of interest is then immobilized through reaction of amine groups with the
formed succinimide ester (Scheme 4.3). An alternative is the formation of a SAM where the end

group is already the succinimide ester.”
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Scheme 4.3: SAM with carboxylate end group that is first activated with EDC, forming an intermediate

that then reacts with NHS, and the formed ester reacts with amines forming an amide bond.

- Coupling with heterobifunctional linkers

One of the most used heterobifunctional linkers is N- [e-maleimidocaproyloxy]sulfosuccinimide
ester (sulfo-EMCS). This cross-linker has two groups: the sulfosuccinimide ester reacts with

amines (normally present in the SAM) and the maleimide moiety reacts with thiols (Scheme

4.4).7

HoN HN  HS HN

sulfo-EMCS \Q

Scheme 4.4: SAM activated with the heterobifunctional linker sulfo-EMCS, which reacts with the amine

through the NHS moiety forming an amide bond, and reaction of the maleimide moiety with a thiol.

“Click” chemistry

This strategy relies on the Huisgen 1,3-dipolar cycloaddition between an alkyne and an azide

group. The reaction results in the formation of a triazole, and although generally is necessary the
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presence of copper Cu(l) as catalyst, strategies are being developed where instead of the alkyne
being present in a linear alkyl chain it is in the cyclic form, and thus the presence of copper is

. . 22
not required for the reaction to occur.”®

Scheme 4.5: SAM with terminal azide group, and reaction with an alkyne group on a linear alkyl chain

and on a cyclic alkyl chain.

- Reaction between amine and aldehyde-derivatized surface

In this example, the surface presents a SAM with aldehyde terminal group that reacts with
amines, forming an imine. The presence of a reducing agent (for example, sodium

cyanoborohydride) reduces the imine to amine (Scheme 4.6).*

R
0

NaCNBH,

2 1

Scheme 4.6: SAM with an aldehyde group, reaction with an amine forming an imine and posterior

reduction of the imine to amine by addition of the reducing agent sodium cyanoborohydride.

197



Chapter 4 - Functionalization of microtools for sensing temperature and biomolecular

interactions

- Protein immobilization

Even though protein possesses amine and thiol groups on the amino acid residues, there are
strategies developed specifically for their immobilization. For example, the strong interaction
between biotin and avidin allows the later to be immobilized on a surface functionalized with
biotin molecules; also specific is the interaction between Protein A or Protein G and antibodies
from the IgG family. The recognition allows the immobilization to be oriented, because these
proteins recognize specifically the region of the IgG molecules that are not involved in the

antigen recognition.

It is important to characterize the SAM, whether it is after the formation of the monolayer or
after the immobilization of other molecules, to assure that the process is occurring as desired.
One of the simplest methods to assess changes in the surface is to determine the wettability of
the surface through contact goniometry, which consists of measuring the contact angle formed
by a drop of water on the surface. This method is based on the fact that the surface has different
affinities for water, depending if the groups on the surface are hydrophobic or hydrophilic: more
hydrophobic surface will present less “wettability” and therefore will present higher contact

3

angles, whereas hydrophilic surfaces will have better “wettability” and thus lower contact
angles.”’ Figure 4.2 shows a clear example of a silicon oxide surface that was activated to bear
hydroxyl groups, and therefore is very hydrophilic (a) and how this character changes upon the
formation of a SAM of triethoxyundecanal, a silane that has an 11 carbon alkyl chain with an

aldehyde function as end group, and renders the surface hydrophobic (b).

a) b)

Figure 4.3: Contact angle measurement on hydrophilic (a) and hydrophobic (b) surfaces. The hydrophilic
surface presents a better wetting that translates into a lower contact angle between the water drop and the

surface. The opposite happens in a hydrophobic surface.

Mass spectrometry can also be used to analyze surfaces. Mrksich’s group has proved this
technique to be useful in the determination of the structure of the molecules that are

immobilized on the surface.” Additionally, when the SAM was further functionalized with
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other oligonucleotides, this technique can also be used to determine their presence and the

hybridization with their complementary strands.”’

the advantage presented by the technique
was the fact that it did not require the complementary oligonucleotides to be labelled in order to
be detected. Through XPS it is possible to determine the elemental composition of the formed
layers, and further analysis can highlight the nature of the bond that the elements are
establishing.*” This information is important to determine the reactions through which the
molecules are immobilized. Ellipsometry measurements can be performed to determine the
coverage of a surface. This technique allows the determination of the thickness of the layer
being deposited, and can be used both in gold™* and in silicon™ surfaces. AFM is also a
valuable tool in the characterization of SAM. In this technique, a probe located in a cantilever
scans the surface, sensing the topography of the sample. The data obtained can be used to form
an image of the surface and to determine its roughness.””’ Recently, techniques such as Quartz
Crystal Microbalance (QCM) can also be used to determine not only the coverage but also the
kinetic of the binding. The measurement is performed with a quartz crystal that has a
determined resonation frequency. Upon addition or removal of mass on top of the resonator, the
frequency changes, and the changes can be translated into mass, thus allowing the determination
of the mass per unit that is adsorbed on the surface. Because the measurement can be made
across time, it is possible to determine the kinetic of the adsorption process of the molecules on

234
the surface.”

One of the main applications of the SAM is their use to build sensors. Different types of sensors
can be found in literature, and the detection can be made by different approaches: the detected
ligand can be conjugated with fluorophore, or can cause a change in the sensing group of the

SAM (fluorescence, electrochemical signal, among others).

DNA chips are one of the best known examples. In this case, a substrate is functionalized with
an appropriate molecule that serves as base for the synthesis of ssDNA with different sequences.
Among the first ones to be commercialized we find the high-density DNA chips from the
company Affymetrix.”*> The drawback is the need to conjugate the complementary ssDNA with
a fluorophore (Figure 4.5), and the detection is done optically, requiring specific equipment.
Recently the immobilization of DNA on surfaces was reviewed,”® and examples are given of
the use of the biotin-streptavidin system, where biotin is immobilized on the surface, then
conjugated with streptavidin. Because each streptavidin molecule can bind at least four biotin
molecules, the immobilized protein acts as the intermediary to bind biotin-conjugated

oligonucleotides. Immobilized DNA can also be used to sense proteins, as in an example found

199



Chapter 4 - Functionalization of microtools for sensing temperature and biomolecular

interactions

in literature of a silicon nanowire biosensor, where a SAM with vinyl group is used to

immobilize specific dsDNA to bind and detect estrogen receptor present on breast cancer cells.*

Hybridization

Figure 4.4: Schematic representation of a SAM with an immobilized oligonucleotide. The detection of
the hybridization is done because of the presence of a fluorofore conjugated with the complementary

oligonucleotides.

Many label-free approaches are currently found in literature. For instance, an electrochemical
sensor was developed for the detection of antibodies against proteins found in peanut that are
known to trigger allergic response. The sensor is produced through SAM formation and using
click chemistry to achieve immobilization.”’ The same electrochemical approach can be found
in recent examples, to detect the antibody for the human Influenza virus hemagglutinin,® or the
PTEN gene from prostate tissue, which is a tumour suppressor gene.”’ Electrochemical sensors
are also found for applications other than in diagnostics, for example, the detection of bisphenol
A, a compound which can be released in the wastewater from plastic industries into the
environment and is associated with higher cancer risk.** The Schiff’s base of 2-{[(Z)-1-(2-
methoxyphenyl) ethylidene] amino}-1-benzenethiol has been reported for electrochemical
detection of uranyl cations.**' The electrochemical detection of reactive oxygen species such as
superoxide radicals can be performed through biosensors composed of immobilized redox
proteins such as superoxide dismutase or cytochrome ¢.*** SAM of rotaxanes or catenanes were
obtained and studied for the detection of anions. When these discrete anion-receptor units are
conjugated with transition metals, lanthanides, and organic fluorophores, the binding of the
anion guest causes a change in the emission profile of the reporter conjugate. By integrating

redox-active ferrocene group, the detection of the binding can be performed
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electrochemically.** One recent publication reviews the formation of self-assemblies containing

lanthanides that are being explored as biological probes or sensors for gas and temperature.**

The sensors can also be based in fluorescence. For instance, a pyrene-based fluorescent sensor
was used the detection of nitroaromatic compounds such as picric acid, 2,4,6-trinitrotoluene,
2,4-dinitrotoluene and nitrobenzene,** and other example describes a pyrene-based sensor for
Cu®*** Chemosensors based on fluorophores have also been described to detect, like

2+ 247

rhodamine-based sensors for Hg*",**" or for Pb** **

[ 4

Figure 4.5: Example of a SAM with a chemosensor. The binding of the ligand to the host sensor causes a

conformational change that translates into a signal that can emission of radiation (fluorescence) or

electrical.

SAM are also found in mechanical sensors. For example, a cantilever for the detection of
endotoxins produced by sepsis-associated Gram-negative bacteria. The cantilever has
immobilized antibodies that are specific for specific toxins.”** The QCM can also be used for

the detection of molecules such as, for example, kaempferol.>*

Aditionaly, the correct biofunctionalization of a surface can have applications other than
sensing, as in this example where microscopic codes were functionalized with a lectin that
recognized carbohydrates present in the zona pellucid of the embryos and were used to tag

them, for identification of each individual embryo.*’

Among the characterization techniques that can be used to study the SAM, AFM can be used
together with functionalization of the probe for detection of molecules or interactions between

molecules. The probe is functionalized through the same techniques used to obtain a SAM on a
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surface,

and then a host or guest molecule is immobilized, and the surface to probe is
functionalized with its corresponding pair that is to be studied. The use of modified AFM
probes to determine the affinity between molecules is also known as Chemical Force
Microscopy. The forces, established between the tip and the surface, are the result of the affinity
between both molecules.”' For example, the interaction between Concanavalin A and its guest

has been widely studied,”*****

or between another lectin, the wheat germ agglutinin and its
guest N-acetyl-D-glucosamine.”’ This type of interaction study can also be performed with
membrane proteins under physiological conditions.”>> Recently, QTF probes, an alternative to
AFM cantilever probes, were also described for the detection of molecular interactions.”**’
These probes are similar to the ones used in the tuning of musical instruments: they are
composed of two prongs that are connected to one another in one of the extremities. Their
resonance frequency depends on the properties of the material from which they are built and

also from their geometry.

Figure 4.6: Micrograph of a quartz tuning fork with a cantilever mounted on its tip

(http://machinedesign.com/archive/using-microtechnology-get-nanotechnology).

Another technique that recently has been used for sensing is based in the Surface Plasmon
Resonance (SPR). The functionalized surface must be a metal that can be produce surface
plasma waves of electrons at the surface of the metal through the excitation with an appropriate
light wave. These surface plasmons propagate with a specific constant, which depends on the
medium on top of the metal. Alteration in the medium causes changes to occur between the
surface plasmons and the optical wave that interacts with them. The interaction between the
surface plasmons and the optical wave can be measured in terms of wavelength, angle, intensity
or phase modulation.”® The medium refractive index is influenced by some factors, such as the
solvent and the molecules on the surface. For this reason, SPR sensors can be used to study
interactions between molecules, due to the fact that molecular interactions near the metal
surface cause the local refractive index to change, and these changes can translate into shifts in
the SPR peak, which can be determined.”*® Figure 4.7 shows a typical graphic of the light

intensity as function of the angle or wavelength detected by the SPR sensor.
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Light intensity

Angle or wavelength

Figure 4.7: Graphic showing the intensity of light in function of the light angle or wavelength, for gold
surfaces with different media in contact with the metal surface. Image adapted from
http://upload.wikimedia.org/wikipedia/commons/d/d0/SPR-adsorption-data.png (licensed under Creative

Commons license http://creativecommons.org/licenses/by-sa/3.0/)

The gold surfaces of the sensors are modified in order to immobilize the biomolecules.™
Examples are found of the use of SPR sensors to detect proteins and DNA molecules,”” for the
detection of antigens by antibodies immobilized on the sensor,** and for the determination of
antibody-antigen binding constants.®' An example of a typical sensorgram of the response as

function of the immobilization of a molecule on the surface is shown in Figure 4.8.
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Figure 4.8: Example of a sensorgram showing the response units in function of time obtained for the

immobilization of a molecule on the sensor chip surface.

The response increases with the presence of the molecule that comes into contact with the chip.

A buffer washes the unbound molecule and the difference between the initial baseline response
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(before immobilization) and the response after washing corresponds to the response units
obtained due to the molecule that remained immobilized on the surface. In the case of an
interaction between molecules, the ligand is immobilized, and the analyte is brought into contact
with the ligand. In the typical case of an SPR-based system, the sensor chip is regenerated after
measuring the response units obtained due to the interaction ligand-analyte. The sensorgram

obtained along with the scheme of the corresponding events are shown in Figure 4.9.
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Figure 4.9: Example of sensorgram showing the response as function of time for the affinity binding

between ligand and analyte with schematic representation of each step.

The analyte (in run buffer) is flown through the sensor, with the corresponding increase in the
response due to the association between the analyte and the ligand; run buffer is then flown to
dissociate the analyte from the ligand. This dissociation is limited by the higher or lower affinity
of the analyte for the ligand and causes a decrease in the response level, and finally the analyte
is completely removed by a regeneration solution, with an acidic pH, to force the dissociation of
the analyte from the ligand. For the affinity study between ligand and host, like for example
antibody-antigen, interaction, different concentrations of the analyte are flown into the sensors,
and the response curves are recorded.”” Figure 4.10 shows a typical sensorgram of the

interaction between ligand and different concentrations of an analyte.
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Figure 4.10: Example of sensorgram of response in function of time obtained for different concentrations

of the guest molecule.

Because more analyte is brought into contact with the ligand, increasing responses are obtained,
until saturation occurs, corresponding to the binding to all available sites of the ligand, meaning

that a steady-state was achieved.
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4.2. Objectives

This chapter focus on the supramolecular assembly of monolayers for sensing purposes, through

different techniques. The main goals are:

a) Functionalization of surfaces for temperature sensing;
b) Functionalization of Quartz Tuning Fork probes for the study of molecular interactions;

c) Study of antibody/antigen affinity through Surface Plasmon Resonance.

Each of the different methods and its application is listed separately below:

4.2.1. Functionalization of silicon surfaces with chimiosensors for temperature

measurements

L

IL.

II1.

Iv.

Functionalization of three different silicon surfaces with alternative methods for surface
activation and their silanization with aminopropyltriethoxysilane;

Immobilization of the polymeric ligand with PEG and coordination with the
temperature sensor;

Characterization of the functionalized surfaces through: contact angle measurement,
AFM and XPS;

Study of the temperature sensing with the prepared surfaces.

4.2.2. Study of biotin/streptavidin interactions using biofunctionalized QTF probes

I

IL.

III.
Iv.

Functionalization of silicon patterned surfaces with different silanes and different
solvents to choose best conditions;

Functionalization of substrate and QTF probes and immobilization of biotin on QTF
probe and streptavidin on the substrate;

Characterization of the surfaces by fluorescence optical microscopy;

Assessment of the interaction between avidin and biotin through Scanning Force

Microscopy.
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4.2.3. Study of interactions between anti-EGFR monoclonal antibodies and their

antigen EGFR using SPR
I.  Study of two different methods for anti-EGFR antibody immobilization on SPR sensor
chips;
II.  Determination of binding affinities of the immobilized antibodies for their antigen

EGFR.
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4.3. Implementing thermometry on silicon surfaces with a molecular

thermometer working in the physiological range
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Summary

In this work, we studied the ability of lanthanide complexes to be used as temperature sensor
after being immobilized on surfaces. The first step was to determine the best activation
conditions. Afterwards, the silanization was performed in gas phase, which according to some
examples in literature renders a more homogeneous layer. The successful silanization through
this method was determined by contact angle measurement. The polymer that will form the
complex with the lanthanides was then immobilized on the surface, and the lanthanides and
remaining molecules that complete the coordination sphere were added. The surfaces were
characterized by AFM and by XPS, to determine the homogeneity of the samples and also to
assure the complex was formed. With the whole assembly formed, the surfaces were then used
in the sensing of temperatures through changes in the emission of the complexes. This was done
along with an AFM analysis, to determine if there are structural changes in the coating while

heating. The emission spectra were recorded between 298 K and 338 K with 5K steps and an
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excitation wavelength of 280 nm. The integrated areas of Eu’" transition "Dy—'F,) and Tb*"
transition ’D4 — 'Fs) in this range showed a sensitivity about 0.3%: K™ for temperatures above

325 K, and hysteresis was observed between 298 and 330K.
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Introduction

Surface functionalization is a recurrent way for endorsing a substrate with additional
properties'. Among the wide scope of possible surface functionalities, thermometry is probably
one of the most universal and useful. And among the possible substrates silicon is one of the
most employed materials in device construction.”* It is thus worthy to develop thermometric
coatings for silicon devices®. However, from our knowledge, there are no precedents of such

coatings in the literature.

The strategy for implementing thermometry is based on the use of a molecular dual-lanthanide
coordination compound system that has already been proved successfully in bulky and
nanoparticle materials.”” The sensing part is a molecule, and the reading is optic. The molecule
can be covalently attached to the silicon surface so that the whole surface is accessible for
temperature screening with a spatial resolution just limited by the optical detector. The
thermometric process is based on electronic interactions between the lanthanide ions, the
coordination ligands and the substrate. In this case, the lanthanide ions are Eu’" and Tb>" that
are linked by diketonate chelate bonds to the end of polyethylene glycol (PEG) chains attached
to the silicon surface. The coordination sphere of lanthanide ions is completed with aromatic

ligands (DPA or fenantroline) that act as antennas for light harvesting®. The PEG host presents
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an excited triplet state with energy slightly above that of the Tb®" °D, emitting state, thus
permitting the occurrence of thermally-driven *D,—host energy transfer and, consequently, the
determination of the temperature dependence of the °D, emission. Whereas, the energy

* 3Dy, emitting level is too large for thermally-

difference between that triplet state and the Eu
driven depopulation, and therefore the absolute temperature can be obtained from the Tb*"/Eu’"

relative intensity”.

As pointed out above, silicon surface must be coated with a PEG monolayer before the
molecular thermometric molecules can be incorporated to the silicon surface. There are several
strategies to functionalize silicon surfaces with organic monolayers, usually with the purpose to
develop chip-based chemical or biological sensors.”® Some of them work directly on Si(111) or
Si(100) surfaces. The functionalization is usually achieved by formation of Si-C bonds with
alkenes or alkynes.'’ Others are based on the formation of Si-O-C bonds and require a previous
surface oxidation to form a thin SiO, layer. The functionalization is then performed by sol-gel
chemistry routes. This is the choice here for an initial activation of the surface with NH, groups.
The silicon substrate is oxidized and then it is reacted with APTES precursors to leave NH2
groups on the surface. In a second step, PEG-acrylate chains are attached by Michael addition of
the acrylate onto the amine surface groups. This strategy works at room temperature, does not
leave by-products, and it has been used in our group for the production of aqueous suspensions

of magnetic nanoparticles.'" "2

One of the most interesting applications of the materials presented in this report is
biotechnology. The use of nanomaterials such as quantum dots metal or metal oxide
nanoparticles as multifunctional probes for cell studies is an emergent area in
nanobiotechnology. These materials are prepared by chemical methods. As an alternative,
microfabrication opens up huge opportunities to obtain new materials with a controlled
structure. This concept has been recently demonstrated” with the fabrication of
biofunctionalized silicon barcodes for extracellular tagging. The polysilicon barcode surface
was biofunctionalized using a self-assembled monolayer (SAM) as the connector with a lectin
(wheat germ agglutinin, WGA) biomolecule capable of recognizing some specific

carbohydrates present on the surface of most mammalian cells.

The thermometric system proposed in this report yields absolute temperatures by reading the
optical emission of the material. It provides a high precision and a spatial resolution only
limited by the optical detection system, and it works in the physiological temperature range. The
thermometric system shows an interesting physical phenomenon consisting on a hysteresis of

optical emission with temperature variation.
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All chemicals were purchased from Sigma-Aldrich and used as received. Three types of
substrates were used for the coatings: 1) monocrystalline silicon; 2) monocrystalline silicon

with a 1pum external layer of Si02; and 3) polycrystalline silicon with a domain size of 500 nm.

Synthesis of precursors

: PEG acrylate ligands, lanthanide coordination compounds

Film deposition

All the substrates used to obtain the different surfaces were P-type monocrystalline silicon
wafers of 100 mm of diameter and 525 + 15 pm thick (Okmetic) which were considered as the
first substrate type for the present study. Then, in two different wafers, a 1083.0 + 11.3 nm layer
of silicon oxide TEOS (tetracthylorthosilicate, Si(OC,Hs),) was deposited by Plasma-Enhanced
Chemical Vapor Deposition (PECVD) at 380°C, and a pressure of 1000 mTorr, to form the
second substrate type. Finally, the third substrate type was obtained by depositing a 518.8 + 3.9
nm layer of polycrystalline silicon by Chemical Vapor Deposition (CVD) at 580°C and a

pressure of 350 mTorr, on top of the previous silicon oxide layer.

Surface activation

The different surfaces were cut in 1x1 cm squares. Two different methods were used for
activation. In the first one the surfaces were washed with ethanol and acetone and dried under
nitrogen. The hydroxylation of the surface was performed by ozone for 10 minutes using a
UVO-cleaner Model 342 (Jelight Company Inc., USA). Alternatively the activation was
performed as described elsewhere:'* the surfaces were immersed in piranha solution
(H,SO4/H,0, 7:3) for 1 hour at room temperature, and then washed thoroughly with distilled
water and immersed in a solution of (NH4/ H,O,/H,O 1:1:5) for 30 minutes at room

temperature. The surfaces were washed with distilled water and dried under nitrogen.

APTES deposition

The APTES covering was done by vapour deposition, as described elsewhere."” Briefly, a
desiccator was connected to a vacuum pump and the temperature was raised to 80°C. Then, the
surfaces were placed inside the desiccator, together with 1 mL of APTES, and the desiccator
was pumped down and sealed off. The samples were left in contact with the APTES vapour for
3h. Afterwards, the samples were washed with acetone, dried under nitrogen, and cured on an

oven at 50-60°C for 20 minutes.
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Functionalization with PEGA

To introduce the PEG-acrylate group, the surfaces were brought into contact with a solution of
PEG-acrylate 0.3% in water with pH adjusted to 8.5, and left for 24, 48 and 70 hours at 60°C,
washed with distilled water and dried under nitrogen. The same procedure was performed with
PEG-acrylate 0.3% in dioxane (24, 48 and 70 hours) and in ethanol (70 hours). The
functionalized surfaces were used to form complexes with DPA, or alternatively with

fenantroline.

Complex formation with DPA

To form the complex with the lanthanides, each surface was placed in individual vials with 2
mL of water, to which it was added 15.8 pL of NaOH 1M, 100 pL of a solution of EuCl;.6H,0O
1.44% and 100 pL of a solution of TbCl;.6H,O 4.42%, and the pH was adjusted to 6.7. After3
hours, 84 pL of a solution of 2,6-pyridinedicarboxylic acid (DPA) 63mg/mL pH 6.76 were
added. The complex was allowed to form overnight. The surfaces were then thoroughly washed

with distilled water and dried under nitrogen.

Complex formation with fenantroline

The procedure was the same as above, but instead of DPA, 4 mg of ethylacetoacetate were
added. After 1 hour, the whole solution was discarded, and 1 ml of ethanol containing 2.8 mg of

fenantroline was added to each surface.

Instrumental and characterization of the samples

Contact angle experiments were performed using a contact angle goniometer (THETALITE100
with the software One Attention, Finland). Values of the contact angle on at least three samples
were measured to give statistical significance. AFM observations were carried out with a Ntegra
Aura (NT-MDT) equipment. SEM observations were carried out in a Quanta FEG 250 equipped

with a Peltier sample heating/cooling system.

X-ray photoelectron spectroscopy analysis

All XPS analysis was carried out using a Kratos Axis Ultra spectrometer employing a
monochromatic Al Ka (1486,6 ¢V)10 mA, 15 kV) X-ray source and a power of 150 W. All
samples were introduced in the analysis chamber simultaneously and were analyzed in the same
experimental conditions. Pressures near 1x10™* Torr were observed in the analytical chamber
during surface analysis. All XPS analysis employed an analysis area of 700um>300um. Survey

spectra were recorded using an analyzer pass energy of 160 eV and a 1.0 eV energy step. High
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resolution spectra of C 1s, O 1s, N 1s, Si 2p Eu 3d and Tb 3d regions were collected using a
pass energy of 20 eV and 0.1 eV energy step. Differential surface charging was minimized
using charge a neutralizer system (flood gun). A degradation control test was carried out in
every sample by registering High Resolution C 1s spectra before and after the completion of

data acquisition process. No significant differences were observed.

Spectra were analyzed using Casa software. The background for all spectra was substracted
using a Shirley baseline. Due to the use of charge neutralizer spectra need to be calibrated.

Binding energies (BEs) were referenced to the C 1s (C-C) peak at 284.9 eV.

Photoluminescence and Temperature Control

Photoluminescence. The photoluminescence spectra were recorded with a modular double
grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-3,
Horiba Scientific) coupled to a R928 Hamamatsu photomultiplier, using a front face acquisition
mode. The excitation source was a 450 W Xe arc lamp. The emission spectra were corrected for
detection and optical spectral response of the spectrofluorimeter and the excitation spectra were
corrected for the spectral distribution of the lamp intensity using a photodiode reference

detector.

Temperature controller. The temperature was controlled using an IES-RD31 controller and a
Kapton thermofoil heater from Minco mounted on a copper holder and monitored using a
thermo-couple thermometer Barnant 100 (model 600-2820) with a temperature accuracy of

0.1K, accordingly to the manufacturer.
Results and Discussion

Surface functionalization and characterization

To obtain surfaces with the functional thermometers based on lanthanides, different materials
were used: monocrystalline silicon, silicon oxide deposited by PECVD, and polycrystalline
silicon deposited by CVD. Schemel shows the different steps of the functionalization of the
surfaces. The first step to obtain a functional surface was to activate it so that hydroxyl groups
are present on the surface. This activation was done by two different methods: one in solution,
through a method already described* that affords good activation. The second consists of
plasma activation by treatment with ozone. It was of our interest to see if the plasma activation
with ozone could deliver similar results, since it is simpler method. The activated surface was
then put into contact with APTES so that a layer of the silane could assemble. The

functionalization with the polymer occurs through the reaction between the acrylate group of the
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polymer and the amine from the monolayer, through an aza-Michael addition. In the case of the

used polymer, it is known that it can successfully react through Michael addition in water with a

slightly basic pH.
g:o
o
fo)
2 o{/\a}\,o
s e/ 01
54 7
n
o
NH; 2 NH
0
D o ¢
si p 5
AN AN
Activation QHQHOH  ppres §99Q 4 [? Q0 |
[ ] | ] = I
Si surface
LnCly.6H,0
ethylacetoacetate DP A

phenantroline

_*ﬂ .*O»»

2
(s“’)n .

Zi /Sul\
o’o0o o) OF o

Scheme 1: Functionalization of the Surface with PEG polymer: 1) activation; 2)
functionalization with APTES; 3) reaction with PEGA-polymer; 4) formation of the lanthanide

(Ln = Eu or Tb) complex.

Apart from this solvent, ethanol (also protic solvent) and dioxane (apolar solvent) were also
tested as alternatives to water. The different parameters that were tested, such as the initial
surface activation process, the solvent in the Michael addition reaction and the time of reaction

are described in Table 1.

The characterization of the surfaces after the functionalization process was performed initially
by determining the wettability of the surface, through contact angle measurement, as a rough
indication of the changes in the hydrophobicity (derived from the different reaction steps), then
by atomic force microscopy (AFM), to determine the roughness of the surface after each step,
and finally by XPS, that allowed us to determine the composition of the surface, and detect if

the lanthanides from the complexes were present in the samples.
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Table 1: Different conditions used for the immobilization of the PEG-polymer on silicon

surfaces
Functionalization step Time
Activation Plasma 10 min
Piranha // NH4/ H,0,/H,0 1 hour // 30 min
24 hours
water 48 hours
70 hours
Reaction with PEG-polymer 24 hours
dioxane 48 hours
70 hours
ethanol 70 hours

All the surfaces, after activation, presented a more hydrophilic character, which translated into
smaller contact angles. Depending on the material, we found some differences, ranging from
46° in the case of SiOx surfaces to 67° in the case of the polysilicon surfaces. For all surfaces,
after the deposition of APTES, the found contact angle was between 91° and 95°. This was
expected, because the presence of the silane gives a hydrophobic character to the surface, and
therefore the contact angle increases after the deposition when compared to the one we had after
activation, where the surface is rich in hydroxyl groups. However, the reaction with the polymer

also reflects in a change in the hydrophobicity, and the contact angle decreases to around 46°.

The characterization of the surfaces by AFM gives us important information about the
roughness and its changes derived by the different layers of molecules that are being added. We
can therefore determine if the layers are homogeneous, which is of particular interest in the case
of APTES deposition. This step is critical because depending on the deposition conditions,
heterogeneous layer with islands can be formed, especially when depositing APTES in
solution.'® This was the main reason why a vapour deposition of APTES was chosen. Figure 1
shows the AFM images of the monocrystalline silicon surfaces treated with piranha, before and
after APTES deposition, and monocrystalline silicon with a 500 nm layer of polycrystalline

silicon surfaces treated with ozone, before and after APTES deposition.
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Figure 1: AFM images of monocrystalline silicon surfaces treated with piranya, before (A) and
after (B) APTES deposition, and surfaces treated with ozone, before (C) and after (D) APTES

deposition.

There are almost no visible differences in the surface morphology between the surfaces that
were activated by the two different methods. Table 2 shows the roughness of the different

materials, activated by the two different methods, and after the deposition of the silane.

Table 2: Roughness (RMS) of the different surfaces after the initial activation step, and after the
deposition of the APTES film

Material Surface RMS
(nm)
no activation 0.13
-OH (piranha) 0.10
Monocrystalline Si ~ APTES 0.10
-OH (plasma) 0.12
APTES 0.18
no activation 0.30
o . -OH (piranha) 0.33
Silicon oxide APTES 0.34
1000 nm
-OH (plasma) 0.73
APTES 0.47
no activation 0.78
. . -OH (piranha) 0.23
Polycrystalline Si APTES 0.14
500 nm
-OH (plasma) 0.30

APTES -
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There are no differences in the roughness after the activation with plasma or with piranha,
except for the surfaces with a silicon oxide film, where apparently the activation with plasma
has some effect in the material. The RMS measured was bigger in the case of the plasma
activated surface. Other important feature is that after the deposition of APTES, the roughness
suffers little changes in the case of surfaces activated with piranha. This means that a rather

homogeneous layer of APTES was grown on the surface by vapour deposition.

Because the roughness of the surfaces depends on the initial smoothness of the surface, and the
density and shape of the molecules instead of their functional groups, it is not possible to

establish a relation between the contact angle values and the RMS measured.

X-ray photoelectron spectroscopy analysis

XPS analysis of samples along the whole the functionalization process has been performed.
Table 3 presents the relative quantifications of Cls, O 1s N 1s and Si 2p peaks from the survey

spectra.

Table 3. XPS analysis at every step of the functionalization process.

Sample Cls% N1s% O1s% Si2p%
Si-Si02 (C2) 11,9 0,6 50,3 37,2
Si-Si02-APTES (C1) 21,9 2,5 50,3 25,3
Si-SiO2-APTES- PEGA (C3c¢) 43,0 1,0 32,5 23,5
Si-SiO2-APTES- PEGA (C4c¢) 33,9 2,4 36,1 27,5
Si-SiO2-APTES- PEGA (C5c¢) 51,7 1,2 30,5 16,5
Si-SiO2-APTES- PEGA-Ln(DPA) (C3b) 38,2 1,2 35,9 24,7
Si-Si02-APTES- PEGA-Ln(DPA) (C5a) 38,5 2,0 37,4 22,2

The presence of C in the silicon wafer after activation of the surface with plasma (Table 3,
sample C2) may be explained by adsorption of hydrocarbon in the surface (adventitious
carbon). A small amount of N contamination is also detected. Si 2p presents two distinct
doublets characteristic of bulk silicon (98,8 eV) and Silicon bonded to oxygen (103,3 eV).
Some contribution of Intermediate oxidation states of Si is also detected. After deconvolution of
the spectra it is possible to estimate relative concentration of Si species: 48.2% Si’ and 48%

Si0O, (Figure 2).
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Figure 2: X-ray photoelectron spectrum of the Si 2p signal of initial oxidized silicon wafer
(sample C2). The peak near 99¢V represents bulk silicon and the peak near 103 eV represents

Si02.

After APTES deposition (Table 3, sample C1), the presence of APTES on the surface is
corroborated by the N 1s spectrum. The C:N ratio = 8.8, is higher than expected for a fully
polymerized APTES molecule perfectly adsorbed to the surface (3 C:N ratio = 3). This ratio
may indicate partial hydrolysis of APTES. An unknown amount of contaminating hydrocarbon

overlay also contributes to increase the C:N ratio.'” '®

High resolution N 1s spectrum (Figure 3) presents two peaks at 399.7 eV and 401.6 eV. The
lower energy peak is attributable to free amines (NH,) and the higher energy peak to protonated
(NH;") and hydrogen bonded amines. These components are consistent with an APTES
modified surface."” From the deconvolution of the spectra it is possible to estimate that the

fraction of free amines in the surface is 53.5%.
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Figure 3: X-ray photoelectron spectrum of the N 1s signal after deposition of APTES (sample C1.)
Lower BE peak corresponds to free amines and Higher BE peak corresponds to hydrogen bonded /

protonated amines.

220



Chapter 4 - Functionalization of microtools for sensing temperature and biomolecular

interactions

Photoemission spectra of surfaces after reaction with PEG-acrylate in three different media
(water, dioxane and ethanol; samples C3c, C4c and C5c respectively) are qualitatively similar.
The two main signals on Si 2p and N 1s previously explained are still present. In the case of Si
2p signal, several intermediate oxidation states are detected with concentration dependent upon
the samples. Deconvolution of C 1s spectra requires four main differentiated peaks at 284.9 eV
(C-C, calibration), +1.6(2) eV, +3.2(2) eV and +4.2(2) eV, which can be assigned to C-O, C=0
/ O-C-O and O-C=0 respectively. Carbon — Nitrogen bonds are convoluted with previous
signals but low concentration of Nitrogen in samples and proximity to oxygen bonded carbon
signals makes it difficult to deconvolute.' As expected, the relative concentration of C increases
in a ratio that increases when the reaction medium changes from dioxane to water and then to
ethanol (see Table 4). Figure 4 shows a comparison of high resolution spectra of Si 2p, N1s and

C 1s regions, deconvolution of Cls, N1s and Si 2p as an example.

j\j \ //LMNM
ettt

Figure 4: Comparative spectra of Cls, Nls and Si2p photoemission region of the studied
samples (up from left to right). Deconvolution of XPS signal of sample C5c. Regions Cls, Nls
and Si 2p. (Down)

XPS analysis of samples after the addition of the lanthanide compounds show the presence of
Terbium and Europium in Samples C3b and C5a. Figure 5 shows comparative spectrum of Eu

3d and Tb 3d core levels in the samples. A sample prior Ln conjugation (Cla sample) is also
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included as a reference. From Tb 3d and Eu 3d spectra is possible to estimate that the ratio of

Tb:Eu in sample C5c¢ is 2.7, which is close to the nominal ratio (3).

Table 4: C 1s and N 1s relative emissions in samples after PEGA addition.

Cls N 1s
Ref/BE

284,9 eV +1,6 eV +3,2 eV +42eV  3998(2)eV 401,82) eV
Cla 61,1£0,5% 30,6+£0,5%  2,9+0,5%  5,6+0,5% 83,5+0,5% 16,5+£0,5%
Clb  68,7£0,5% 24,3+0,5%  3,4+0,5%  3,6+0,5% 87,4+0,5% 12,6+0,5%
C3¢c  60,6£0,5% 31,9+0,5%  2,5+0,5%  5,1+0,5%  65,7+0,5% 34,3+0,5%
C4c  55,6£0,5% 34,240,5%  4,9+0,5%  5,3+0,5% 88,6+0,5% 11,4+0,5%
C5¢  49,9+0,5% 40,6+0,5%  2,6£0,5%  6,8+0,5%  65,8+0,5% 34,2+0,5%

Typical Eu 3d core level XPS spectra of Eu’" presents four main peaks assigned to Eu’™ 3ds,
end Eu’" 3ds), and their corresponding shake down satellites.'” It is also reported that the relative
intensity of the satellites versus the corresponding main peaks seems to be correlated with the
chemical environment of europium ion.'” Tb 3d spectrum of sample C5a is shown in Figure 5.
The peaks at 1134.7 eV and 1124.8 eV may be assigned to main peak and satellite of Eu 3ds,
(see table 5 comparing present work with published data) and the corresponding peaks at
1164.4 eV and 1154.4 eV main peak and satellite of Eu 3d;,. We can conclude that XPS data
in sample C5a is consistent with the reported data for Eu(Ill). It is worth to note that as shake
down / shake up signals of Eu’"/ Eu>" overlaps respectively with the corresponding main peaks
of the other oxidation state, is not possible just with XPS to discard the possibility of any Eu**

contribution.

Table 5: Comparison on XPS energy data for Eu main peaks.

Eu(III) Eu 3ds), Eu 3ds), Ref
compound Main peak Shake down sat

Eu,0; 1133.7 1123.5 1
Euy(C,0,); 1133.9 1124.0 Y
Eu(acac)s 1135.0 1124.9 Y
Eu,(COs); 1135.3 1125.2 7
Euy(SO,); 1135.9 1125.7 Y
Eu(NOs); 1136.4 1126.0 Y

C5a 1134.7 1124.8 This work
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Figure 5. (Left) Eu 3d core level XPS spectra in Cla.C3a, C3b, C5a samples. (Right)Tb 3d
core level XPS spectra in Cla.C3a, C3b, C5a samples. In the insert THE-XPS spectra of two
pure terbium oxides (a) TbO, s (100% Tb*"), and (b) TbO, 5, (36% Tb*"/ 64% Tb*")."”

In the case of Terbium, the most intense core level in photoemission spectra is Tb 3d. Several
combined facts make it difficult to accurately distinguish the chemical oxidation states of Tb:
the high binding energy of the region (1230 — 1290 eV) (traduced in an intense energy loss
spectra in the region and energetically unsuitable for Mg Ka X-rays), the proximity of Auger
CKLL (when using Al Ka X-rays), the similar binding energy for the different oxidation states

and the presence of shake up / multiplet structure in the signal.

Tb 3d core level XPS spectra presents two principal components related to Tb 3ds, and the Tb
3ds;, binding energy peak positions. Previously published data reports in case of Tb>" two
doublets, one at 1239.1 and 1274.0 eV (for 3ds;, and 3d;,, respectively), and the corresponding
satellites at 1250.4 and 1286.3 eV. Tb*" signals appear at 1241.4 ¢V and 1276.0 eV. Terbium in
the tetravalent state shows relatively intense satellites at 1251.5 and 1287.7 eV for the 3d5/2 and
3d3/2 components respectively, and weaker doublets at 1262.1 and1294.1 eV." In figure 5, the
spectra show two main peaks at 1241.6 eV and 1276.7 eV (between these main peaks, two main
satellites are detected around 1250 eV and 1262 Ev.). These values are shifted to the high
energy binding side respect to the reported values for Tb’" These results suggest that that both
oxidation states (Tb*" and Tb*") are present in the sample. Deconvolution of the 3ds, region
shown in figure 5 makes it clearer. 3d;, signal shows the presence of two main peaks at 1240.1
eV and 1243.0 eV, which could be assigned to the coexistence of both oxidation states.'”** The
detected satellites at 1249.5, 1250.8, 1262.4 eV, also seem to corroborate it (see table). The

complexity of the Tb 3d spectrum (presence of shake up and/or multiplet structure*') do not
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allow us to be confident in any temptative estimation of the fraction of these oxides. However,
according to published data pointing out that the higher the relative intensity of the satellites, the
higher the tetravalent terbium content in the sample it is most probable that Tb*" is not
dominant in the sample. The presence of Tb*'might be explained by and oxidation process of

Tb*" induced by XPS analysis.

Table 6: Comparison on XPS energy data for Tb main peaks.

Tb" 3ds, Tb* 3ds, Tb" 3dsp, Tb* 3dsp, Tb* 3dsp

Main peak  Main peak Sat 1 Sat 1 Sat 2
ref” 1239.1eV  1241.4eV  12504eV  1251.5eV  1262.5eV
C5a 1240.1 eV 1243.0eV  12495eV  12508eV 12624 eV

Temperature Dynamics

The setup used in the temperature cycling experiments is schemed in Figure 6. The setup
consists on a heater, an excitation source and a detection system. Inside the sample chamber of
the spectrofluorometer a Kapton thermofoil heater was put in contact B6B — DPA and the
temperature controlled with accuracy up to 0.1 K. The excitation source was a 450 W Xe arc
lamp coupled to a TRIAX 320 emission monochromator and the emission spectra measured as

function of the temperature using the R928 Hamamatsu photomultiplier.

a . VIS

Si- Chip

Heater

Figure 6: Scheme of the experimental setup used for the temperature control. Upon 280 nm UV

excitation the functionalized Si-chip presents the typical transitions of Eu3+ and Tb3+ ions.

First, the B6B — DPA emission and excitation spectra were recorded at 300 K. The excitation

spectrum (Figure 7A) in the range 280—350 nm presents a band of centered at 285 nm, for Eu®"
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and Tb*>"ions. The emission spectrum (Figure 7B) presents the straight lines characteristic of the

lanthanide ions.

B D,~F,
Lo
= 2 7 K N
= = o~
= E
= =
[1H] F]
N N
T ©
E £
o} S
pd =z
T T T T 1T T T "1
280 290 2300 310 320 330 2340 350 420 495 570 645 720
Wavelength (nm) Wavelength (nm)

Figure 7: Excitation and emission spectra of B6B—DPA at 300 K. (A) Excitation spectrum of
B6B-DPA. The red and green lines corresponds to the monitoring of the Tb* °D,—~'F; (542.5
nm) and Eu’" *Dy—'F, (612.5 nm) transitions, respectively. (B) Emission spectrum of B6B—
DPA. The Tb*" *Dy—’F; (J=5,6) and the Eu’" *Dy—'F; (J=2—4) transitions are identified. The
asterisk marks the region were the overlap between the Eu’" >Dy—'F 12 and the Tb’" °Dy—'F,

transitions is observed. The excitation wavelength is 280 nm.

Then, the temperature of B6B—DPA was changed at constant heating rate (I K/min) in the
temperature range 295-335-295-335K. Figure 8 shows the integrated areas /; and /, in the
295-335-295 K temperature cycling. As the temperature increase, the integrated intensity of
Tb*" °D,—’Fs (I)) and Eu*" °Dy—’F, (I,) transitions decrease smoothly until 325 K. Between
325 and 335 K a stepper decrease on both integrated areas is observed (Figure 8). When the

temperature decreases down to 295 K the integrated areas are restored to the initial values.
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behavior of the integrated areas I1 and I2 in the temperature range

295-355-295 K. The emission spectra of BoB-DPA were recorded upon 280 nm excitation.

Taking advantage of the well-known® local environment probing of the Eu®" °Dy—'F,, it is

possible to follow even minor changes in the local environment of the ion by simple analysis of

the emission spectra.
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Figure 9: Emission spectra of B6B-DPA upon 280nm excitation. The red and blue lines

correspond to the emission spectra recorded at 297 and 330K, respectively. The SD0—7F2

transition is not significantly affected by the temperature increase, meaning that the local

symmetry of the Eu3+ ion does not change significantly.
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The definition of A=[/I, makes the analysis of each emission spectrum straightforward and
independent of the excitation power. The evolution of A in the temperature range 295-340 K in
four consecutive cycles is presented in Figure 10. The A parameter follows essentially the same
hysteretic cycle presented in Figure 8 for the integrated areas of /; and /,. Moreover the heating

and cooling cycles present the same dynamics.
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Figure 10: Temperature cycling in 295-335 K temperature range. The thermometric parameter
was computed when the temperature was increased (squares) and decreased (circles). Solid
symbols identify the first and the second cycles whereas the third and the fourth cycles are
represented using open symbols. The error bars result from the propagation of the errors in the

determination of I1 and 12.
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4.4. Biofunctionalization of Quartz Tuning Fork Probes for the study of

avidin-biotin interaction
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Summary

Interaction between hosts and their respective ligands can be performed using Force
Microscopy. For that, the probes and substrates have to be correctly functionalized with the

appropriate biomolecules.

In this work, the functionalization of a recently developed Quartz Tuning Fork probe was
performed, to be used as sensor to determine the binding force between streptavidin and biotin,
a system that is well known. In order to do so, the best conditions were previously studies in
patterned silicon surfaces, to allow and determine with which silane/solvent system the best
coverage was achieved. The analysis was performed by immobilizing biomolecules that were
conjugated with fluorophores and using fluorescence microscopy to determine the intensity of
the fluorescence obtained with the different approaches. Two different silanes (APTES and
TESUD) were used to immobilize biotin and streptavidin, respectively. Besides these silanes,
with functional groups, other silanes were used, with no functional group where the
biomolecules would bind, in order to have less density of biomolecules in the surface of the

probe and substrate.

The QTF probes could be successfully used to study the interactions between biotin and

streptavidin.

229



Chapter 4 - Functionalization of microtools for sensing temperature and biomolecular

interactions

Functionalization of tuning fork probes with biotin for molecular

recognition of streptavidin

Mafalda Rodrigues,” Laura Gonzalez,” Manel Puig-Vidal,b Lluisa Pérez-Garcia.”

a Department of Pharmacology and Therapeutic Chemistry, Universitat de Barcelona, Av. Joan XXIII s/n
08028 Barcelona, Spain.
b Department of Electronics, University of Barcelona, C/Marti i Franques 1, 08028 Barcelona, Spain

Abstract Force microscopy is nowadays gaining much attention for the study of molecular
interactions on the biological level. In this study, different approaches were followed in order to
achieve the biofunctionalization of tuning fork probes for the study of the binding forces
between avidin and biotin. From the tested conditions, we chose APTES 2% in acetone and
TESUD 2% in ethanol, which appeared as the systems showing better results. The study of the
binding between ligand and host were performed. A hysteresis between the approach and the
retraction curves is observed, as result of the interaction between the biotin and streptavidin.

The area between approach and withdrawal curves is related to bond energy.
1. Introduction

The molecular interactions are a key process in biological processes. It is important to determine
certain parameters in biological soft samples, whether they are affinities and bindings forces
between ligands and host systems' or rigidity of cells.”> Nowadays, many techniques can be used
for that matter; one of them relies on using AFM to measure the binding forces between
molecules on the tip and on a surface. To performed this study, it is of paramount importance to
achieve correctly the immobilization of molecules on the AFM probe, which can be done by
functionalization of the tip with a SAM where the molecules to be studied are later
immobilized.” Recently, Quartz Tuning Fork (QTF) probes are gaining attention. QTF probes
have already been used for the photoacoustic detection of gases,” or as force sensor for the

imaging of surfaces with atomic resolution.’

Its original application was in the fabrication of apparatus that require high precision control,
like clocks or watches. However it was found that the QTF could be used in scanning probe
microscopy, due to their piezoelectric properties. When the QTF oscillates, it generates current
which is linearly proportional to the oscillation amplitude.® The quality factor Q is defined as

the ratio between the energy stored in the resonator and the energy lost during each oscillation
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period.” The most direct benefit of using QTFs is their high quality factor Q when operating in
liquid, which means high frequency stability in this media. As demonstrated before,® the QTF
appears appropriate to use with soft samples in liquid as demonstrated before. The immersion of
the tip in liquid causes a recovery of the vibration amplitude, and allows obtaining images of the
soft samples with high resolution. Advantages in the potential applications are wide due to the
fact that it is self-sensing, meaning that there is no need to use a laser and a photodiode to
measure the interaction as in the case of AFM cantilevers.’ It can be easily integrated with
optical techniques and it opens a wide range of applications in biomedical research. The tip is
millimetre long, so the sample access is much better than with standard cantilevers; and finally,
with QTF the experiments can be performed in Petri dishes, well-plates and other array-like

sample preparations.

For those reasons, recently QTF has been studied as an alterantive to AFM probes for use with
biological samples. Atomic force microscopy using QTF was successfully used for recognition
between the enzyme glucose oxidase and the ligand glucosamine. The process is self-sensing
and the recognition was performed with the probe immersed in a selected buffer to optimize the
interactions.” QTF probes were also used to detect Gram-negative bacteria and their endotoxins.
The differences in the amplitude of oscillation of the QTF were used to detect viscosity changes
in the medium upon the coagulation of the Limulus Amebocyte Lysate, an assay currently used
to determine the levels of endotoxin.'” QTF have also been used as impedance sensors for the
monitorization of the formation of Pseudomonas aeruginosa biofilm. The formation of the

biofilm was detected through changes in electrical properties of the sensor."'

Additionally, QTF using shear mode has already proved a useful tool for the imaging of
biological samples such as antibodies patterned on a silicon oxide surface'’or Pseudomonas
aeruginosa bacteria.”” Using shear mode was also possible to detect the morphology of

. . . . . 14
Pseudomonas aeruginosa and changes in their mechanical properties.

Molecular recognition between avidin and biotin and between lysozyme and an anti-lysozyme
antibody was studied using a QTF and transverse dynamic force microscopy.'’ In this work we
aimed at using shear force microscopy for the detection of the interactions between molecules.
We performed the functionalization of the QTF probes with biotin and of glass substrates with

streptavidin to use as model.
2. Results and Discussion
Force microscopy is an important tool in the study of biological interactions. In this work, QTF

probes were functionalized with biotin and corning glass slides with avidin for the study of
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intermolecular ligand/host interactions. To achieve the functionalization of the surfaces, we
started by activating them with piranha and then with a solution of NH4/H202/H20, in order to
obtain hydroxyl groups. These groups then react with an appropriate silane, with a functional

group that would allow us the reaction with the intended biomolecule (Scheme 1).

? i

T TR

activation i i

Si
; S AN
Piranha Silanization/ o/é\o O/b\o Immobilization O/O 0] O/C\) O

NH,/H,0,/H,0 _ HOHQ OHOHOHOH £\ nctionalization (biomolecule)

Scheme 1: Activation of silicon surfaces to introduce hydroxyl groups, silanization and

immobilization of the biomolecules (avidin or biotin).

According to the functional group present in the biomolecules that was used to immobilize them
on the surface, different silanes were chosen: a) TESUD was used to react with amine groups
present in avidin-TR and streptavidin, and b) APTES, that has an amine that reacts with

hydroxysuccinimide group, to immobilize the NHS-biotin.

Initially the surfaces used to study the correct functionalization were silicon wafers with an area
of approximately 1cm2 and a pattern with 3x3 um polysilicon particles on the thermal silicon
oxide layer. These surfaces were previously described for biomolecules immobilization

17 and due to the pattern, is easier to measure the fluorescence from the fluorophore-

studies,
conjugated biomolecules. The first step was to prepare monolayers of TESUD and APTES and
immobilize avidin-TR and NHS- biotin respectively. Since biotin was not conjugated with any
fluorophore, its presence in the surfaces was detected by adding avidin-TR, which would bind
the biotin. This complex is very strong and requires very harsh conditions to dissociate them.
Therefore, the surfaces were washed with PBS containing EDTA and Triton X-100 in order to

eliminate the molecules that were adsorbed on the surface and not bound.

Two different processes for the silanization process, described in literature, were tested, in order
to see which showed more homogeneous covering with biotin. APTES or AUTES were used
5% in ethanol with 5% water, 2% in acetone, and APTES, AUTES or APDEMS were used 2%
in toluene. After immobilizing biotin on the surface, avidin-TR was added, to bind to the biotin
and the surfaces were observed on the fluorescence optical microscope. The results are shown in

Figure 1, where the images from the fluorescence and a 3D representation of the fluorescence
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intensity can be seen. The surfaces functionalized in toluene and with avidin-TR conjugated to
the immobilized biotin showed some irregular coverage. Apart from this, the process was later

discarded because the solvent also caused the QTF tip detachment from its holder.

Figure 1: From left to right: fluorescence optical microscope image with 100x magnification
and 3 seconds of exposition, 100x magnification and 6 second of exposition, 400x
magnification and 1 second of exposition and corresponding surface plot showing the
fluorescence intensity (right) of silicon surfaces with 3x3 pm polysilicon particles
functionalized with: 2% in ethanol with 5% water, ¢) APTES and d) AUTES 2% in acetone; and
e) APTES and f) AUTES 2% in toluene.
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Functionalized surfaces with silane but without immobilized biotin were placed on the same
avidin-TR solution, as negative control (Figure 2). The negative controls showed very low
fluorescence, even though the images were taken with more exposition time, so that the square

pattern could be appreciated.

Figure 2: Fluorescence optical microscope image with 400x magnification and 3 seconds of
exposition of silicon surfaces with 3x3 pm polysilicon particles functionalized with a) APTES
2% in toluene with avidin-TR conjugated with biotin and b) with avidin-TR (negative control);

and ¢) APDEMS 2% in toluene with avidin-TR conjugated with biotin and d) with avidin-TR

(negative control).

Additional silanes were introduced to form mixed monolayers: MTMS with polyethylene glycol
(PEG) groups to form mixed monolayers with TESUD, and TEMS mixed with APTES, to
decrease the density of the functional silanes in the surface. This is important because in the
case of multivalent proteins, like avidin and streptavidin, they are present in tetrameric form and
each of the subunits binds one biotin, meaning that one molecule can bind more than one ligand,
and the force results would not be of the binding between the protein and one biotin. By
forming the mixed monolayers, the biotin and protein molecules will be further apart, and the
protein will bind just one ligand."'® The mixed monolayer with APTES and TEMS has already
been reported elsewhere,'® but before the study of the interactions, monolayers with TEMS were

prepared to assure that the NHS- biotin could not bind or adsorb on its surface.

Additionally, because avidin is a large protein with charges, is more likely to adsorb by
electrostatic interactions to the surfaces. We proved also a mixed monolayer of TESUD (to bind
avidin-TR) with TEMS, but it was found that avidin would also attach to the surface with the

mixed monolayer by non-specific interactions. This was confirmed by placing a surface
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funcitonalized with TEMS only, which showed the same fluorescence as the surface with

TESUD or the surface with the mixed monolayer (Figure 3).

Figure 3: Fluorescence optical microscope image with 100x magnification and 2 seconds of

exposition of silicon surfaces with 3x3 um polysilicon particles functionalized with a) TESUD
and avidin-TR, b) mixed monolayer of TESUD/TEMS 1:100 and avidin-TR, and c) TEMS and
avidin-TR.

The functionalization with TEMS was repeated and apart from avidin-TR, wheat germ
agglutinin (WGA) also conjugated with Texas Red was also tested. It was verified that between
both, the fluorescence intensity observed was big, indicating that avidin is more prone to attach
non-covalently to the surface covered with TEMS, as shown by the results from Figure 4.
Therefore, to avoid the unspecific interactions, we chose MTMS, because the PEG groups
prevents non-specific protein adhesion.! The mixed monolayers were also initially studied with

the silicon wafers with the patterned polysilicon particles.

a) b)

Figure 4: Fluorescence optical microscope image with 400x magnification and 4 seconds of
exposition of silicon surfaces with 3x3 um polysilicon particles functionalized with a) TEMS

and avidin-TR, and b) TEMS and WGA-TR.

After the correct functionalization of the surfaces and QTF tips, the next step was the
immobilization of strepavidin on the surfaces and of biotin on the tips. Scheme 2 shows the final
conditions for the immobilization of the silanes APTES and TEMS and the functionalization
with biotin, and the immobilization of TESUD and MTMS and the functionalization with
streptavidin/avidin-TR through the amine groups present in the protein. Figure 5 shows the QTF

functionalized with biotin and conjugated with avidin-TR. The presence of fluorescence
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indicates that avidin is interacting with biotin on the surface, confirming the successful
functionalization with biotin. The QTF probe functionalized with biotin was used to detect its

interaction and binding with streptavidin, immobilized on a glass surface.
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Scheme 2: a) Immobilization of APTES and TEMS, and functionalization with NHS-biotin,
and b) immobilization of TESUD and MTES, and the functionalization with biomolecules

containing amine groups.

Figure 5: QTF functionalized with biotin and then conjugated with Avidin-TR. Optical

microscopy images with normal light (left) and fluorescence filters (right); 200x magnification.

Amplitude versus tip—sample distance curves were performed by measuring the current, Irms,
through the QTF when the functionalized biotin QTF probe was approaching onto the
immobilized streptavidin on the sample surface at different retraction speeds. The QTF was
driven at the resonance frequency; Irms was constant when the probe was far from the sample
surface and diminished as the QTF approached the sample. Figure 4.a shows a representative
graph of an amplitude-displacement curve for the biotin-streptavidin system for a retraction
speed of 300 nm/s. The specificity of the interaction adding free biotin which cancels the
adhesion forces was checked. The approach and withdrawal curves are almost identical without

showing any distinct nonlinear jump. Interestingly, however, we observed hysteresis between

236



Chapter 4 - Functionalization of microtools for sensing temperature and biomolecular

interactions

the approach and the retraction curves, indicating there is an interaction between the biotin-
streptavidin system. The area confined between approach and withdrawal curves is related to
bond energy and it is increased with retraction speed. However, it is difficult to quantify the
unbinding force because there is no a complete mechanical model of the QTF sensor to obtain
the magnitude of the forces when working in shear mode. Control curves over a non-
functionalized bare glass surface were performed to confirm that the measured hysteresis was
due to the specific interaction between biotin-streptavidin system and no hysteresis is observed

in this case (Figure 6.b).

6 6 1
5 N i B “m“"‘"’m'\\ 5
4 \ <4
g 2 v =300 nm/s \ g ] v =300 nm/s
°| = M=
1 —— Retrace \ 1 | |——Retrace
0 T T T T T T T -‘I 0 ¥ T T 1
-15 -10 -5 0 5 -15 -10 -5 0 5
Distance (nm) Distance (nm)

Figure 6: a) Representative amplitude-distance curve of the interaction between biotin
functionalized QTF probe over streptavidin immobilized on the sample surface at retraction
speeds of 300 nm/s, and b) Amplitude versus tip—sample distance control curve over a non-

functionalized bare glass surface.
3. Conclusions

With this work it was confirmed that these newly developed QTF probes can be successfully
functionalized to measure interactions between biomolecules. First results on molecular
interaction measurements, as well as a recent publication19 show the ability of QTF to perform
molecular recognition experiments. Using a well-known biochemical interaction
(biotin/streptavidin or biotin/avidin®), the feasibility of the interaction detection with the tuning

fork can be determined.
4. Experimental Section

3-aminopropyltriethoxysilane (APTES), 3-aminopropyldiethoxymethylsilane (APDEMS),
triethoxymethylsilane (TEMS), Avidin-Sulforhodamine 101 (Avidin-Texas Red®), Streptavidin

and (+)-Biotin N-hydroxysuccinimide ester (NHS-biotin) were purchased from Sigma,

237



Chapter 4 - Functionalization of microtools for sensing temperature and biomolecular

interactions

Triethoxysilylundecanal (TESUD) from ABCR and (6-{2-[2-(2-Methoxy-ethoxy)-ethoxy]-
ethoxy}-hexyl)trimethoxysilane (MTMS) from Sikemia.

The functionalized surfaces and QTF probes were observed using a Leica DMIRB wide-field
transmitted light and fluorescence microscope at the CCiTUB, and the images were processed

using ImagelJ 1.48v.

In the experiments we used QTFs with a resonance frequency of 32,768 Hz (AB38T model,
AbraconCorp., USA). The sensor was mounted on an adapted STM head integrated into a
commercial AFM microscope (Cervantes model, Nanotec Electronica, Spain) and
measurements were done using a transimpedance amplifier (TIA) (model OPA656, Texas

Instruments, USA).
4.1. Functionalization of the QTF and surfaces

Activation of the surfaces

The substrates (glass slides and QTF probes) were prepared as described elsewhere.16 Briefly,
the surfaces were immersed in piranha solution (3:1 concentrated H2SO4 and 30% H202
solution) for 1 hour, rinsed with MilliQ water and dried under nitrogen. To activate the surface
in order to obtain hydroxyl groups required for the functionalization step, the substrates were
placed in a mixture of NH4/H202/H20 (1:1:5) for 30 minutes, then rinsed with MilliQ water

and dried under nitrogen stream. The functionalization was done as follows:

Immobilization of streptavidin

The substrates were immersed overnight in a solution of TESUD/MTMS (1:100) 2 % in ethanol
containing 2% acetate buffer pH 5.2, washed thrice with ethanol and dried under nitrogen, cured
at 90°C for 20-30 minutes and placed in a 20 pg/mL solution of streptavidin in PBS (100 mM,
pH 7.4) and with 5mM of sodium cianoborohydride for 6 hours, and then washed twice with a
solution of EDTA 0.1% and triton x-100 1% in PBS, for 15 minutes, and in PBS for another 15

minutes, and dried with nitrogen.

Immobilization of biotin

The substrates were immersed overnight in a solution of APTES/TEMS (1:100) 2 % in acetone,
washed thrice with acetone, cured at 90°C for 20-30 minutes and dried under nitrogen, and
placed in a solution of NHS-biotin 20 pg/mL in PBS (100 mM, pH 7.4) (prepared from a stock
of Img/mL in DMSO) for 6 hours, and then washed twice with a solution of EDTA 0.1% and
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triton x-100 1% in PBS, for 15 minutes, and in PBS for another 15 minutes, and dried with

nitrogen.
4.2. Sensors production and data adquisition

The QTF probes were custom made by attaching a chemically sharpened optical fiber (SiO2) to
one of the prongs of a previously decapsulated commercial device. To sharpen the probes, a 125
pum optical fiber was immersed in a 40% HF solution, with an organic solvent on top to act as a
protective layer (C8H18); then, at the interface between the acid and the solvent, a meniscus
formed thereby creating a reaction gradient. The radius of the fiber decreased due to HF etching
until the process automatically stopped, resulting in a 100 nm tip radius. The length of the part
of the fiber protruding from the fork was between 3 and 4 mm, which was the minimum length
necessary to work within the microscope liquid cell, while maintaining the QTF resonating in
air. The QTFs were operated in shear mode: oscillating parallel to the sample surface. The
probes were electrically driven to resonance and the amplitude of oscillation was obtained by

measuring the current flowing through the sensor with a TIA amplifier.

For the experiments presented in this work, a QTF with a quality factor, Q, of 1500 and
resonance frequency, f, of 34830 Hz was used (once the fiber was attached and immersed in the
buffer solution). A driving amplitude of 20 mV was selected and the measured current at
resonance was 5.2 nA. Force measurements were acquired bringing the biotin-coated QTF
probe into contact with the substrate functionalized with immobilized avidin in phosphate-
buffered saline (PBS) at room temperature. The retraction speed was varied from 200 to 1000

nn/s. The maximum indentation was controlled to minimize the contact area.
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Summary

In the same line of work of the study of molecular interactions using sensors, we aimed at
studying the binding force and affinity between newly developed monoclonal antibodies, and
their respective antigen EGFR. The binding affinities were determined using SPR. This
technique also requires the immobilization of the biomolecules on a pre-prepared sensor chip. In
this case, the immobilized molecule was the monoclonal antibodies, and their antigen was flown
through the channels. Two different strategies for the immobilization of the monoclonal
antibodies were tested: the first consisted of immobilizing the antibodies through interaction
with Protein A, pre-loaded on the sensor chips. This strategy however did not give good results,
as it has major drawbacks, and therefore a second strategy was used, where the antibodies were

covalently attached to the surface through carboxymethyldextran activated with succinimide.

The analysis of the kinetic curves obtained for each of the monoclonal antibodies allowed the
determination of their affinity constant and thus determine which ones had more affinity for the

antigen EGFR.
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Abstract Surface Plasmon Resonance (SPR) was used to study the affinities of new monoclonal
antibodies specific for the Epidermal Growth Factor Receptor (EGFR). Two approaches were
used for the loading of the antibody into the sensor chip: using chips with Protein A and chips
with carboxymethyldextran, but the second proved more suitable for the study. From the
analysis of the binding of the antigen was possible to determine from all the study antibodies,

which has bigger affinity for the antigen.

1. Introduction

Monoclonal antibodies are important tools for cancer therapy. Many growth factor receptors are
overexpressed in many tumours, and these receptors can be targeted by monoclonal antibodies.
The binding of the antibody to the receptor may help to normalize the growth rate of the tumour
cell, can trigger apoptosis, and can serve to direct chemotherapeutic drugs to the tumour cells as
well as to target these cells for imaging purposes, to detect the tumours.'~ Therefore it is of

paramount importance that the antibody has high affinity and binds strongly to the antigen.

Recently, SPR has proved a powerful tool for the study of host-ligand affinity. Examples spawn
from nucleic acid-ligand interactions, protein-protein interactions, lipid-protein interactions,
epitope mapping and equilibrium kinetics. Characterization of biomolecular interactions of
proteins associated with cellular membrane can be done through the determination of affinity

and selectivity of the protein for the different lipids that can constitute the membrane.* Study of
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the interaction between lectins and the complementary carbohydrates, which are involved in
cell-adhesion events can also be performed. Examples found in literature include the binding
between WGA and N-acetyl- D-glucosamine.” SPR was used along with AFM to obtain

complementary information on the binding between the two molecules.

Antibody affinity was tested using both SPR and ELISA, to compare the results, using
fibronectin and its antibody. It was demonstrated that the affinity values are not similar, because
the kinetics constants of the interaction are different, but the results obtained by both methods
are consistent.” SPR technology can also be applied to food-safety analysis, namely the
detection of antimicrobial agents or growth promoters that are administered to animals and can
accumulate in the meat, or the detection of microorganisms.” Example is the detection of

ractopamine residues in pork meat using anti-ractopamine antibodies.”

Many detection strategies, that use the SPR as sensor, rely on the immobilization of specific
antibodies, and therefore are called immunoassays. This type of assays have been used for the
detection of cancer biomarker carcinoembryonic antigen (CEA),” of the influenza virus,'
Immobilization of vascular endothelial growth factor VEGF was used to detect the presence of
its growth factor receptor VEGFR in human blood plasma, which is overexpressed in

myelodysplastic syndromes."'

To perform molecule immobilization, a widely used procedure is the activation of carboxylate
groups present on the sensor with (N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide
hydrochloride and N-hydroxysuccinimide (EDC and NHS, respectively) for the immobilization
of the ligands through amine groups.”'' Commercially available sensors have the gold surface
covered with dextran bearing carboxymethyl groups. The passivation of the surface is strong,
with low unspecific adsorption of protein due to the dextran. It also allows a higher loading with
functional groups to immobilize the proteins.'” Nevertheless, other alteranative strategies are
performed for the immobilization of macromolecules on the sensor chips. For example, proteins
can be immobilized through non covalent bonds using histidine tags that are immobilized on the
chip and interact with the protein.'® another example found relies on the use of protein G for the
immobilization of antibodies with appropriate orientation for antigen detection, because protein
G interacts with antibodies through the Fc moiety, which is not involved in antigen
recognition." Another method found in literature consists on immobilizing neutravidin on biotin
functionalized surface, and attachment of biotin-conjugated molecule, which can be proteins,

like BSA, or DNA probes."

One of the most known and widely used SPR-based system is the Biacore, where the changes in

the refractive index close to the metal surface of the chip are detected. When ligands are
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immobilized on the surface of the sensor the interfacial refractive index changes, which causes
changes in the angle of reflectance. These changes are quantified by the optical part of the

16
system.

In this work, a Biacore system was used to study the affinity of different MAbs that recognize
the Epidermal Growth Factor Receptor (EGFR) was studied by Surface Plasmon Resonance
(SPR), in order to determine the binding constants for the EGFR. Covalent immobilization of
the antibodies using EDC and NHS, and non-covalent immobilization through protein A

interaction were performed.
2. Results and Discussion

The affinity between the antibodies and the antigen was studied by Surface Plasmon Resonance
(SPR), using a Biacore T100. The equipment’s software allowed the determination of the
affinity constants of the different antibodies to the same antigen, based on the curves obtained

for increasing concentrations of the antigen.

Initially we used SPR chips loaded with Protein A (Scheme 1) to immobilize the antibodies with
the correct orientation, because Protein A has affinity and binds the antibodies through the Fc

region, allowing the antigen-binding site to be available.

. Protein A

“ @ Antibody

UrhEGFR & &
W & WP N

» -
Antibody Interaction with
immobilization rhEGFR
Au Au Au

Scheme 1: Immobilization of MAbs through interaction with Protein A (Sensorchip SC PAP),

and interaction between the immobilized MAbs on the surface of the chip and thEGRF.

However, although initially this strategy seemed the most convenient, Protein A has different
affinities for the different IgG subfamilies, and also depending on the origin of the MAbs
(murine, human ...), yielding poor binding of the MAbs to the chip. Apart from this drawback,
the fact that the EGFR protein was a recombinant protein, possessing itself a Fc region, caused
some of the antigen to bind to the free protein A in the chip and thus yielding RU that were not
because of antibody-antigen interaction but because of the analyte binding to the chip. This,

together with the fact that after each cycle the chip had to be regenerated, which implied that the
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immobilized antibodies were released and a new immobilization step has to be performed, with
the consequent loss of performance of the chip, caused this strategy to be abandoned. Therefore,
the most common method was used, and the immobilization of the MAbs was performed using
a carboxymethyldextran covered surface. The carboxymethyldextran has carboxylate groups
that are activated with N-succinimide that reacts with amines present in the amino acid residues
of the antibodies (Scheme 2). This immobilization is random and may immobilize the
antibodies in an orientation where the antigen-binding site may not be available for epitope
recognition. The advantages were that being a covalent binding, there is no need to immobilize
again the MAb after each regeneration step, and the fact that there is no affinity required, the
antibodies could be immobilized with higher RU, translated by higher amounts of antibody on
the chip surface. Even though the antibodies were present randomly in the surface, this strategy
gave better results than the previous one using protein A, and it was possible to establish the

affinities of the different studied MAbs.
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Scheme 2: Immobilization of MAbs through covalent linkage on the surface of a chip with
carboxyl groups (Sensorchip SC CMDP) activated with N-succinimide, and interaction between

the immobilized MADs on the surface of the chip and rhEGRF.
The response obtained by the Biacore is proportional to the immobilized amount of MAb.

To determine the necessary amount of immobilized antibody, equation 1 is used:

Rmax = MWA/MWL x RLS (1)
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where Rmax is the maximum binding for the analyte (antigen)), MWA/MWL is the ratio
between the molecular weight of the analyte and the immobilized ligand (antibody), RL is the
response level that should be obtained for the immobilized ligand and S is the number of

binding sites per ligand. In our case, the number of binding sites is 1.

Based on this, the three different MAbs were immobilized in distinct flow channels, in a way
that similar RU were obtained in all three channels, assuring that similar amounts of antibodies
were present on each channel. Afterwards, increasing concentrations of thEGFR were flowed
through the cells, and the response was recorded. The response obtained in each channel is
proportional to the amount of ThEGFR present on the surface through its interaction with the
MAD. This means that if the affinity is higher, we will have more thEGFR present on surface,
and thus a higher response signal. Increasing concentrations of the antigen were used, until the
steady-state level was reached. The antigen solution is flown through the channels for a specific
time, called contact time. Afterwards, the run buffer is flown during some time (dissociation
time) to allow the dissociation of the antigen from the antibody. According to the different
affinities, the steasy-state was achieved for higher concentrations in the case of some antibodies.
It is also noteworthy that for antibodies MAb3 and MAb4 the contact time between the antigen
and the flow rate had to be increased because with the same conditions used initially for MAbl
and MADb2 the RU were very low. By increasing these two parameters, more antigen is brought
into contact with the antibody. Because a comparison between the antibodies had to be made,
MADb1 was again tested with these new conditions, to compare the affinities with MAb3 and
MADb4. Figure 1 includes the binding curves for different studied MAbs. MABI108 is a

commercial antibody that was used as positive control and reference to compare the affinities.
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Figure 1: Binding curves obtained by SPR for commercial MAb108 (a), MAb1 (B) and MAb2
(C), using increasing concentrations of antigen (0.65 — 52.6 nM), and contact time of 90 s,
dissociation time of 60 s and flow rate of 30 pL/min, and for MAb3 (D), MAb4 (E) and MADb1
(F), using increasing concentrations of antigen (0.65 — 105.2 nM for MAb3and MAb4, and 0.65
— 13.15 for MADI) and contact time of 180 s, dissociation time of 60 s and flow rate of 60

uL/min

According to the results, the antibodies can be sorted by affinity, from higher to lower: MAb 2 >
MADb 1 > MAD3. Based on the affinity constants calculated, no conclusions could be done
regarding MADb4 because the steady-state could not be reached within the concentration range

used.
3. Materials and methods

Recombinant human rhu-Fc-EGFR was purchased from Creative BioMart. SPR sensorchip with
Protein A (SC PAP) and with carboxymethyldextran (SC CMDP) were purchased from Xantec.
The anti-EGFR monoclonal antibodies MAbl, MAb2, MAb3, MAb4 were provided by Leitat.
The Mab108 was obtained from ATCC. PBS buffer, BSA and Tween 20 were purchased from
Sigma-Aldrich. Reagents for specific use with Biacore systems: amino coupling kit composed

of  (N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDCO), N-
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hydroxysuccinimide (NHS), 1 M Ethanolamine hydrochloride-NaOH pH 8.5, and regeneration
solution 10 mM glycine-HCI pH 2 were purchased from GE Healthcare Life Sciences and used

according to the instructions from the manufacturer.

The SPR measurements were performed using a Biacore T100 (GE Healthcare Life Sciences) at

the CCiTUB. Two different strategies were used:

a) SPR sensorchip with Protein A: the MAbs were immobilized through their interaction with
the Protein A. An IgGl, not specific for EGFR, was immobilized in one of the flow cells to be
used as control. The different MAbs were immobilized each in a flow cell, and rhu-Fc-EGFR
solutions prepared in Run buffer (PBS 10 mM + Tween 20 0.05% + BSA 0.05%), with
concentrations ranging from 2.6 nM to 0.1625 nM, were flowed through the channels, with a
flow rate of 30 pL min-1, a contact time of 30 seconds and dissociation time of 60 seconds.
After each cycle, the channels were regenerated by passing a solution of glycine 10 mM pH 2

and the MAbs were again immobilized in the corresponding flow cell.

b) SPR sensorchip with carboxymethyldextran: the MAbs were covalently linked to the
sensorchip CMDP by activation it EDC and NHS, following the recommendations of the
Biacore manufacturer: briefly, the first step consisted of determining the best pH for the
immobilization of each antibody. The antibodies were resuspended in acetic acid solutions with
pH ranging from 4 to 7, injected in the Biacore, and the response units (RU) were determined.
The chosen pH for the immobilization of the antibody was the pH that allowed the highest RU
to be obtained. The SPR chip was then activated by flowing through each channel a solution
containing 1:1 v/v of the EDC and NHS solution. The immobilization was carried out so that
similar response units (RU) for each of the MAbs were obtained in each channel. Ethanolamine
was used as blocking agent, and was added after the successful immobilization of the MAbs.
The rhu-Fc-EGFR was then flowed by the channels, as described previously. The regeneration
was performed by passing a solution of glycine 10 mM pH 2.

In all chips, one of the four channels was reserved for the immobilization of an antibody not
specific for the antigen EGFR as negative control. The final response is calculated subtracting

the signal obtained for the negative control channel.
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interactions
4.6. Appendix: Functionalization of Quartz Tuning Fork Probes for the

study of Concanavalin A-mannose interaction

Besides the immobilization of biotin and avidin for the binding force studies (Chapter 4.4), the
same was done with Concanavalin A and mannose, for its study using the QTF probe, because

53,253,254 . .
2% which would allow a direct

it’s a host-ligand system already studied by AFM,
comparison between these two techniques. However, the interaction study with the prepared

QTF probes is yet to be performed.

The first step involved the chemical modification of mannose, because the molecule did not
present any group that could be used for immobilization. An amine group was thus introduced

. 2
as described elsewhere.*

As before, the first proofs were performed in a silicon surface with patterned polysilicon
squares, and the mannosylamine molecule was immobilized through the amine onto the surface
functionalized with TESUD, as described previously (Chapter 4). Concanvalin A conjugated
with Fluorescein Isothiocyanate (FITC) was then added, to bind to the mannosylamine and
allow the surface to be observed by fluorescence microscopy. Figure 4.11 shows the image

taken of the functionalized surfaces.

Figure 4.11: Optical microscopy images of silicon surface with mannosylamine and Concanavalin A-

FITC, with 400x magnification and 60 seconds of exposure time.

From the above Figure, it is clear that we have the fluorescence of Concanavalin A, which could
indicate the interaction with the immobilized sugar. However, in this experiment, we did not
have proof that the presence of the Concanavalin A was not due to unspecific interactions or
immobilization directly on the silane, caused by incomplete or absent immobilization of
mannosylamine, and because Concanavalin A has also free amines that could react with the
TESUD. Therefore, new experiments were performed in order to confirm that the presence of

Concanavalin A was due to interaction with immobilized mannose.
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Contact angle measurements were performed for the surfaces with a SAM of TESUD, and after
the immobilization reaction with mannosylamine. To compare the values, a control was

performed with the immobilization of Concanvalin A. The results are shown on Table 4.1.

Table 4.1: Contact angle measurements for the different surfaces, after functionalization with

TESUD, and after immobilization with Mannosylamine or Concanavalin A.

surface Contact angle

TESUD 76.5+1.2
TESUD + Manosylamine 64.1+3.2
TESUD + Concanavalin A 67.6+7.1

As we can see, the variation between the surfaces before and after immobilization are not very
big, and the one obtained between the samples with mannosylamine and Concanavalin A are

very similar.

An experiment was performed, in order to assure that the mannose is on the surface and that the
fluorescence observed comes from the interaction between the Concanavalin A and the
immobilized sugar. The washing step after the addition of the proteins to the surfaces was
performed with PBS with EDTA 0.1% and triton x-100 1%. The results obtained are presented
in Table 4.2.

We can observe that Concanavalin A does not attach to the clean surface without any silane
(surface 1). Then 2-(2-Aminoethoxy)ethanol was immobilized on the surface and two diferent
proteins were attached: Concanavalin A (surface 2) and WGA (surface 3) in order to see if the
2-(2-Aminoethoxy)ethanol could block all the reacting sites of TESUD, but from the images is
clear that the proteins still attach. Other surfaces were functionalized with TESUD,
mannosylamine was immobilized, and again 2-(2-Aminoethoxy)ethanol was added before
Concanavalin A (surface 4) or WGA (surface 5). It’s noteworthy that in the surface with
Concanavalin A we have some fluorescence, unlike the one with WGA. Since both showed
good binding to the surfaces with just 2-(2-Aminoethoxy)ethanol, this means that in surfaces 4
and 5 we have the mannosylamine immobilized, and therefore Concanavalin A could attach, but
not WGA. The fact that the fluorescence observed is so low is because the washing done with
PBS with EDTA 0.1% and triton x-100 1% helps detach the Concanavalin A from its ligand

sugar.
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Table 4.2: Summary of the conditions used for different immobilization strategies on silicon
surface and the corresponding fluorescence microscopy images, obtained with a 200x

magnification and 60 seconds of exposure time.

. . . Fluorescence
Surface  Silane = Biomolecule Block Biomolecule ]
microscopy image
1 no Conc. A no no
Aminoethoxy
2 TESUD no Conc A
ethanol
Aminoethoxy
3 TESUD no WGA
ethanol

Mannosyl =~ Aminoethoxy
4 TESUD Conc A
amine ethanol

Mannosyl ~ Aminoethoxy
5 TESUD WGA
amine ethanol

After the evidences of the correct immobilization of the biomolecules, we proceeded to perform

the same procedure on the QTF probes.
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Chapter 5

Summary of Results

Supramolecular chemistry represents the basic key to the synthesis of nanomaterials through a
bottom-up approach, especially relying on phenomena such as self-assembly and self-
organization. This thesis is focused on the usage of the self-assembly to build up nanomaterials.
The self-assembly could be of molecules forming nanostructures (hydrogels), or on surfaces
which could also be obtained through a bottom up approach, using chemical processes (gold
nanoparticles), or a top down approach using physical processes (QTF probes and silicon
surfaces). Distinct applications were explored in a biological context, whether it was therapy or

sensing.

To facilitate the discussion of the results as a whole, this section was divided in two: the first
dedicated to the results obtained for the synthesis of GNP and hydrogels with bis-imidazolium
amphiphiles, and the second to the assembly of monolayers of thiols in GNP and of silanes in

surfaces. Therefore, the discussion does not follow the chapter order.

Nanostructures based on bis-imidazolium amphiphiles

One of the main objectives was pursuing therapeutic applications using the components of a bis-
imidazolium family that was previously discovered in the group, and it was known that could
assemble into micelles due to their amphiphilic character. Other important feature was their
ability to recognize and serve as host for anionic molecules, which has already been described in

earlier publications.

Because of their amphiphilic character, the ability of the bis-imidazolium derivatives to be used
in the synthesis of GNP was tried. One of the most commonly used methods to obtain
monodisperse GNP in solution is the Brust-Schiffrin method in a byphasic system. Therefore,
and having found precedents in literature, the synthesis using the amphiphilic bis-imidazolium-
based ligands with open structure 1:2Br and 2+2Br, and an analogue macrocycle 3-2Br (Figure
5.1) both as transfer agent as well as stabilizer was attempted. The GNP could be successfully
obtained using any of the 3 ligands. This was initially confirmed by UV-visible absorption
spectroscopy, where the obtained spectra showed an absorption peak around 520 nm,
corresponding to the typical SPR peak of the GNP. It is important to remark that a ligand with
the same polar head as 3-2Br, but with alkyl chains with 1 carbon instead of 18, was also used

to synthesize GNP, but without success, showing the importance of the amphiphilic character of
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the molecules in the process.

Br N Br O 2Br
|2|15 [§|15 |é15 I§|15
o)
1-2Br 2:2Br 3-2Br

Figure 5.1: Structure of bis-imidazolium amphiphiles 1:2Br-3-2Br

XPS showed the presence of the characteristic binding energies of Au’ at 88.2 and 84.5 eV
corresponding to the double peaks of Au 4fs, and Au 4f;, therefore confirming that the gold
was in the reduced state. These peaks are only visible after sputtering of the sample, otherwise

the gold core is below the outer layer of ligands and is not detected.

The size and morphology of the GNP was assessed through TEM, and it was found that all of
the GNP were spherical. 1:GNP have slightly bigger gold core size (8.8 nm) whereas 2- GNP
have 6.5 nm and 3-2Br have 5.3 nm. DLS was used to determine the hydrodynamic size of the
GNP. 1-GNP showed a hydrodynamic size around 20 nm, which correlates well with the
presence of a monolayer of ligand around the gold core, and 2-GNP have 36.9 nm, which is
slightly bigger. However 3:GNP show a size of 73.5 nm, which is twice the one found for the
GNP synthesized with open structure ligands. A possible explanation can be the bulky geometry
of the cyclic ligands.

MALDI-TOF-MS was performed to help enlighten the nature of the interaction between the
protophane and the gold core. the spectra were recorded in different conditions, and in the case
of 1-GNP all the most abundant peak was the singly charged peak corresponding to the gold
complex with the two imidazolylidene moieties of one molecule of 1:2Br [(M-2Br-2H+Au)'],
but in the case of 3-GNP, this peak was not visible. The most abundant peak corresponded
to[(M-2Br+Au)'], suggesting that maybe the differences on the polar head between 1:2Br and
3-2Br, which are responsible for the stabilization of the GNP, may result in different

interactions with the gold present in the core.

Elemental analysis was also performed, but no conclusive results could be obtained. The
amount (in mass) of ligands present in the GNP samples was determined by Thermogravimetric
Analysis (TGA). This value, along with the ligand:Au ration and the diameter of the gold core
determined by TEM, allowed us to calculate the number of ligands present per nm” in the GNP.

1:GNP, 2-GNP and 3-GNP have approximately 28, 30 and 3 molecules of ligand per nm*
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respectively. It is visible that in the case of 1:GNP and 2-GNP, which have both ligands with
open chain polar heads, the number of ligands is very similar. However in the case of 3:GNP,
which has the cyclic polar head, the number of ligands is 10 times lower. This can be possible to
the fact that the ligand has a bulkier head, and is more difficult to fit more molecules in the same

area in comparison with the open chain analogues.

The incorporation of an anionic drug on the ligand layer of 1:GNP, 2:GNP and 3-GNP was
assessed using sodium ibuprofenate as model. After the successful incorporation of the drug, the
in vitro release of the ibuprofenate from the GNP was studied at pH 5.5 and 7.4 (the first

corresponds to the pH found in human skin and the second to physiological pH).

In the case of 1: GNP the release rate and kinetics depended greatly on the pH used: at pH 7.4 it
followed a first-order and at pH 5.5 it followed a zero-order release. The release rate at pH 5.5
was 1.265x10” mmol h™" and 39.98 h™ at pH 7.4. Observing the release curves in Figure 5.2 it

is visible the different release kinetics.
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Figure 5.2: Release profile of sodium ibuprofenate at pH 7.4 (A) free in solution, (B) ibuprofenate-1-2Br, and
(C) ibuprofenate-1-GNP (left); and at pH 5.5 from ibuprofenate-1- GNP.

Due to the fact that the ligand 3:2Br has more affinity, it was expected a higher loading of drug.
3-GNP could extract and incorporate 85% of the total sodium ibuprofenate, whereas in the case
of 1GNP the value was 70%. However, it was found that the release was much slower. Figure
5.3 shows the release curves of ibuprofenate from 3-GNP. The release rates obtained were very
similar: 0.0085 h™" at pH 5.5 and 0.0060 h™" at pH 7.4. The pH does not appear to affect the
kinetic of the release: at both pH 5.5 and 7.4 the release follows a first order kinetic, unlike what
was observed for 1:GNP, where the release kinetic changed with the pH. Comparing these rates
with the obtained at pH 7.4 with 1-GNP, which also followed a first order kinetic, it can be seen
that they differ by 3 orders of magnitude. It is important to remark that the amounts of drug
being released from 3-GNP are in the umol range, whereas with 1-GNP the amounts were in

the mmol range.
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Figure 5.3: Release profile of ibuprofenate from ibuprofenate-3*GNP at pH 7.4 (left) and pH 5.5 (right).

After the successful synthesis of the GNP in a biphasic system, and following examples in the
literature, the synthesis was performed in aqueous medium using ligand 1:2Br. Because 2:2Br
and 3-2Br are more hydrophobic that 1:2Br, only the later was used. Different Au/ligand ratios
were tested, and after finding the most adequate ones, the GNP were characterized. It was found
by UV-visible absorption spectroscopy that the GNP solution presented a peak corresponding to
the SPR at 534 nm. This value is slightly shifted from the one obtained with the ligands in
organic medium, possibly because the medium is different, and also due to differences in the
ligand layer around the GNP: it was postulated that to obtain GNP that are soluble in water there

must be a double layer of ligands where the outer layer has the polar head facing outward.

The size of the gold core as determined by TEM was 10 nm, which similar to the ones obtained
with the synthesis in biphasic system. DLS could not be used to determine the hydrodynamic
size of the GNP. TGA was performed and it was calculated that these water-soluble GNP have
approximately 72 ligands per nm’ a value which is a bit more than the double of ligands found
per nm’ in 1-GNP synthesized in organic medium. These results are in agreement with the

proposed hypothesis that the gold core is surrounded by a bilayer of ligand.

To study the incorporation and in vitro release, piroxicam was chosen as a model drug, because
it is a poorly water-soluble drug. The release was performed, as described before, at pH 5.5 and

7.4 (Figure 5.4).
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Figure 5.4: Release profile of piroxicam at pH 7.4 and pH 5.5 from 1:GNP.
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Although the profiles do not seem similar, the analysis of different models showed that the
release of piroxicam followed the same kinetic in both cases: one phase exponential.
Furthermore, the delay found at the beginning indicates the importance of the partition of the
drug between the interior of the ligand layer of the GNP and the outer donor solution. This
confirms that in this case the incorporation of the drug does not rely entirely in the affinity of
the polar head for the drug; it depends on the hydrophobic environment that is present in-
between the double layer of ligands. The release rates found were 0.0081 h™ at pH 5.5 and
0.0367 h' at pH 7.4, which is an order of magnitude higher comparing with pH 5.5.

Additionally, the activity of the released piroxicam was also evaluated. In order to do so, the
activity of the cyclooxygenase (COX) was assessed, to determine the inhibition exerted by the
drug. The effect of piroxicam being released could be seen, as a decrease in the activity of the
COX was obtained when comparing with GNP with no drug, nevertheless the GNP themselves
were responsible for some inflammatory effect, and therefore the action of the drug was against

the inflammation induced by an external agent, but also against the response to the GNP.

The cytotoxicity and genotoxicity of the ligands were performed to assess their safety for
biological applications. The ECsy determined for 1:2Br, 2-2Br and 3:2Br was 15 uM, 45 uM
and 64 uM respectively. The values are all within the same range, but 1:2Br presents a slightly
lower value. Furthermore, the ECs, value for 1:GNP was assessed but it proved to be higher
than the maximum tested value (70 ug/mL). Water soluble 1: GNP presented an ECsy value of
30 pg/mL. Comparing with the 1GNP soluble in organic medium, this difference can be
explained by the disposition of the ligands that cover the gold core: the positive charges of the

polar head facing outward can account for the higher cytotoxicity.
None of the analysed samples should genotoxicity, determined by the Comet Assay.

The internalization of the 1:GNP was studied using Caco-2 Cells as model. It was found that
the ones that are soluble in organic medium are found inside the cell, in early endosomes and
lysosomes, but after 24 hours they are removed by some excretory process. However, the ones
that are water soluble were found free in the cytoplasm. This finding can also be related to the
double layer of ligand in the later that helps the GNP to enter through alternative routes to
phagocytosis.

During the characterization of the compounds, it was found that some had the ability to form
gels when in a solution of ethanol and water. Firstly, the conditions for the gel formation were

tested, since the spontaneous assembly occurs with adequate ratios of ethanol and water.

259



Chapter 5 — Summary of Results

After assessing the best ratios that allowed obtaining the gels, variable amounts of different
anionic drugs were introduced: the non-steroidal anti-inflammatory drugs (NSAIDs)
ibuprofenate (Ibu) and indomethacin (Ind) were chosen as model, besides methotrexate (Mtx),

which is used in auto-immune diseases therapy such as rheumatoid arthritis (Figure 5.5).
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Figure 5.5: Structure of the gelator molecule 1:2Br and of the model drugs that were studied.

The obtained gels were characterized and the results confirmed the size and tridimensional
structure of the fibbers. It was found that the fibbers have 40—80 nm for gel-1, 100—-120 nm for
gel-Ibu, 60-100 nm for the gel-Ind and 100—120 nm for the gel-Mtx. 'H NMR spectra were
recorded for the gels with increasing amounts of drug, and it was found that no peak was visible
in the case of ibuprofenate or methotrexate, but in the case of indomethacin, peaks
corresponding to the drug were found. This indicates that the first two are interaction with the
gel, probably included in the fibbers, but in the case of indomethacin part is dispersed in the
interstitial space. The effect of the drug in the rheological behaviour of the gel was determined,
and it was found that gel-Mtx presents a crossover value that is three times the value obtained

for the other gels, indicating that gel-Mtx has higher resistance to applied tensions.

After characterization, a set of studies were made to assess the viability of the obtained
nanomaterial to be used in therapy, namely, as vehicle for drug delivery. Therefore, a study of
the release in vitro was performed with the gels incorporating drugs that could be successfully

obtained (Figure 5.6).
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Figure 5.6: Release profile of sodium ibuprofenate and indomethacin (A) and sodium methotrexate (B) from

respective gels at pH 5.5 and 32°C.
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The release of the drugs from the hydrogel followed a first-order kinetic. Gel-Ibu and gel-Ind
presented very similar release profiles with release rates of 0.19 and 0.15 h”'. However the
amount of indomethacin released from gel-Ind is more than three times the amount of released
ibuprofenate. The release rate of methotrexate found was 0.0026 h™', which is much slower. In
the case of ibuprofenate and indomethacin, 50% of the maximum released amount was
achieved after approximately 4 hours, whereas in the case of the methotrexate it takes around

280 hours to achieve 50% of the maximum amount released.

Based on the results, indomethacin was chosen for an ex vivo experiment, and furthermore, the
anti-inflammatory activity of the NSAIDs ibuprofenate and indomethacin were also assessed in
vivo. Indomethacin-containing gel showed higher activity when compared with the
ibuprofenate-containing gel. This was in agreement with the fact that indomethacin appeared to

release faster, and could thus be more available.

After finding literature where GNP were synthesized in situ using gels as templates, this same
approach was used, by incorporating the HAuCl, salt (precursor for the synthesis of the GNP) in
the bis-imidazolium hydrogel. After the gel was formed, and aged for a couple of days, an
aqueous solution of NaBH, was added. It was visible that the hydride was reducing the gold,

because the gel, that presented a yellow colour, slowly turned into red, as seen in Figure 5.7.

t=0min t =5 min t=15 min t=45min

t = 60 min

Figure 5.7: Gels with HAuCl, before (t=0 minutes) and after the adition of NaBH, at different times.

After a few hours, the remaining NaBH, solution was removed. The rheological behaviour of
the gel was studied, and comparing with the gel-1 it was found that the presence of GNP in the
gel improves its rheological properties. The crossover value found was 1540 Pa, which is one
order of magnitude higher when compared with gel-1. The crossover occurs at a value of shear
stress of 118.9 Pa, which is approximately four times higher, meaning that besides being more

viscous, it also has more resistance to sheer stress.
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The gel-GNP was observed by AMF and TEM, and the fibbers were similar to gel-1, and GNP
were visible by TEM, but not by AFM, which means that the GNP are within the fibbers of gel.
The gel-GNP was disintegrated mechanically to characterize the GNP. The UV-visible
spectrum showed the typical SPR peak at 520 nm, in agreement with the GNP obtained with
1:2Br in organic medium, and XPS also confirmed that gold was in its reduced form. HRTEM
allowed us to confirm that GNP had icosahedral shape, formed by 20 {111} facets, and a size of
5.4+ 0.7 nm (Figure 5.8).

Figure 5.8: HRTEM micrographs and below, structural models of the icosahedral shape with relevant

orientations are presented.

HRTEM was also performed for the 1: GNP synthesized in solution soluble in organic medium
and also the ones soluble in aqueous, and it was found that the sizes are smaller in the case of
the GNP synthesized in situ in the gel, and that only one type of morphology was found for
these GNP, whereas in the GNP obtained in solution, it could be found at least 3 different
geometric shapes (spheroidal, tetrahedral and icosahedral) , and also different sizes which were
also slightly bigger (12 + 0,8 and 7,2 + 0,7), meaning that the disposition of the imidazolium
ligand in fibbers favours one type of geometry, also acting as template to obtain a more

homogeneous size distribution.

Self-assembled monolayers on surfaces

Through collaboration with Prof. Lidia Feliu (LIPPSO group - Universitat de Girona), we also
aimed at the use of GNP as vehicles to deliver small biomolecules with therapeutic applications.
In this case, small synthetic cyclopeptides were chosen from a library of peptides that present
antimicrobial activity and antitumor properties and that are synthesized by the group. Figure 5.9
shows the structures of the different cyclopeptides used. Initially, different approaches were

tested:

a) Synthesis of GNP by the citrate method and posterior functionalization with 11-
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mercaptoundecanoic acid (MUA). Afterwards, the carboxylic acid group was activated
with N-hydroxysuccinimide to later react with free amines from amino acid residues

from the peptides (Figure 5.9.a);

b) Synthesis of GNP by the citrate method and posterior functionalization with 11-
azidoundecanothiol and immobilization of peptide modified with an alkyne through the

reaction between this group and the azide group present on the thiol (Figure 5.9.b);

c) Synthesis of the GNP using a thiol-bearing peptide (Figure 5.9.c).
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Figure 5.9: Structure of the cyclopeptides with free amines (a), with an alkyne (b) and with an alkyl chain with
a thiol (c).

In the first approach (Scheme 5.1), the optimization of the process was time-consuming, since
the concentration of the coupling agents (EDC and NHS) is an important factor because if too
many carboxylic groups react, the equilibrium is disrupted and the GNP end up precipitating or

aggregating.
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Scheme 5.1: GNP stabilized with MUA, activation of the carboxylic group with EDC and N-

hydroxysuccinimide, and immobilization of peptide through the amine group.

The citrate GNP that were used showed a gold core with 18 nm (measured by TEM). DLS was

used to characterize the size after the functionalization with the thiol and peptide
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immobilization. It was found that after adding MUA the measured size was between 27 and 33
nm (depending on the amount of MUA added), and after the immobilization of the peptide, an

increase of approximately 12-14 nm was observed in the size.

In the case of the second approach (Scheme 5.2), using thiol with an azide group, GNP were
synthesised by the citrate reduction method and afterwards were modified. The synthesis cannot
be performed directly with the thiol with azide group because the reducing agent that is used for
the formation of the GNP also reduces the azide group. Therefore, the citrate stabilized GNP
were mixed with a solution containing the thiol with the azide group. Two different thiols were
proved: one thiol with PEG and other without PEG, to see if the PEG groups would influence
the solubility of the GNP in aqueous medium, but no differences were observed. After the

functionalization of the GNP with the thiols, both proved to be water soluble.
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Scheme 5.2: Immobilization of the peptide bearing an alkyne group onto GNP (obtained by citrate reduction)

using two different thiol molecules with azide group: one without PEG and other with PEG.

This approach, gave similar results: after functionalization the size increased to approximately
35 nm and after immobilization of the peptide it increased to 57 nm. These two results confirm
that the peptides could be successfully immobilized in the GNP through self-assembled

monolayers of thiols and functionalization with the peptides through functional groups.

The third approach was the most direct one, because it would allow obtaining the GNP with the
peptides directly, without any additional functionalization or immobilization steps. The
synthesis was performed in methanol. The thiol with the peptide was mixed with a thiol with
PEG (in a ratio of 1:20). This way, we assure the presence of hydrophilic groups (PEG) that will
render water-soluble GNP. The synthesis was also successful: TEM images showed that the
GNP, synthesized in methanol using directly the peptide and another thiol with PEG groups,

showed a size of 4 nm, which explains the absence of SPR peak in the UV-visible absorption
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spectrum. DLS showed a size of 46 nm, which correlates well with the sizes found for the other
GNP.The next step would be assessing the activity of the immobilized cyclopetides, and the
targeting of the GNP (for instance conjugating with the adequate antibody or other biomolecule)

to specific cells and tissues.

So far it was described the work regarding the assembly of ligands on the surface of gold
nanoparticles, aiming at a therapeutic application. But the assembly of monolayers of molecules

was also exploited for the functionalization of other type of materials not at the nanoscale.

Collaboration with the group of Prof. Fernando Palacio at ICMA (CSIC - Universidad de
Zaragoza) was established and included one month stay at ICMA to perform the

functionalization and characterization of different silicon based surfaces.

Through correct surface functionalization, we aimed at the immobilization of lanthanide
complexes on silicon surfaces to be used as temperature sensors. The surfaces were activated
with piranha solution and functionalized with APTES, in the same manner as described before.
The immobilization of polymer 1 was performed between the acrylate group and the amine of
APTES through a Michael’s reaction. Two different lanthanides (Ln) were used, Europium and
Terbium. The lanthanides were added to the surface, in solution, in the form of salt (EuCl;.6H,O
and TbCl;.6H,0O with a ratio of 1:3). The lanthanides would then complexate with the ketoester
group of the polymer and a second ligand (phenantroline or 2,6-pyridinedicarboxylic acid) was

added to complete the coordination with the lanthanide (Scheme 5.3).

The surfaces were characterized by measuring the contact angle, by Atomic Force Microscopy
(AFM) and by X-ray Photoelectron Spectroscopy (XPS). AFM images were used to detect
differences in the surface after each immobilization step. The contact angle technique was used
to show differences in the hydrophobic/hydrophilic character of surfaces as a result of the
deposition of molecules. XPS was used to confirm the presence of the lanthanides, therefore

indicating if the complex was formed.

AFM images obtained before and after the APTES deposition following two different activation
processes, either piranha solution or ozone showed little differences between them, however
since the deposition was done using vapour, normally this implies a smoother and more
homogeneous layer of silane. Analysis of the roughness values confirms that are almost no

differences among them, indicating that the APTES layer is very homogeneous.
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Scheme 5.3: Lanthanide complex immobilized on a silicon surface.

To confirm that APTES was in the surface, we used the contact angle measurement, and found
that it changed from 45.9 + 2.3 (after activation) to 93.4 + 3.3 (after APTES deposition). The
hydrophobicity changed from more hydrophilic (when activated, the surface has hydroxyl
groups) to hydrophobic (due to the presence of the silane).The following steps were harder to
characterize through the above techniques, instead XPS was used, and we found the energy
binding peaks corresponding to the used lanthanides (Eu and Tb) were found on the samples
where the complexes were already formed. The corresponding XPS spectra can be seen in

Figure 5.10.

After characterization, the surfaces were studied to assess if the two lanthanides showed
differences in the emission spectra derived from changes in the temperature. Hysteresis of
optical emission with temperature variation between 305 and 345 K were found, indicating that

the assembled complexes can be used as molecular thermometers.
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Figure 5.10. Binding energies (eV) from Europium (left) and Terbium (right) obtained by XPS for samples

with lanthanides complexes.

On the other hand surface functionalization was applied to QTF probes, a work done in
collaboration with Prof. Manel Puig (Facultat de Fisica, Universitat de Barcelona). The tasks
included the correct functionalization of the QTF probes with a molecule, and also of glass

surfaces with its corresponding ligand. The general method used is depicted in Scheme 5.4.

| 5

é x X X X
O NI =
3 Si i si
Surface activation ( /"\ /'l\u /-'\ VAN
3 oH oH o0 % o o 0“0 % o0 o
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> > >

Scheme 5.4: General procedure for activation, silanization and biofunctionalization of the surfaces.

The QTF probe functionalized with biotin was used to detect its interaction and binding with
avidin or streptavidin, immobilized on a glass surface. The strategies for the functionalization of

the QTF probes and the glass surface are shown in Scheme 5.5.

The QTF could be successfully used to determine interactions between Avidin and Biotin, as
demonstrated between the differences in the approach and retraction curves which is derived
from the force of the interaction between the two molecules. No values could, however be

obtained for the interaction forces.
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Scheme 5.5: a) Immobilization of APTES and TEMS, and functionalization with Biotin N-
hydroxysuccinimide ester, and b) immobilization of TESUD and MTES, and the functionalization with

biomolecules containing amine groups.

An assay based in surface chemistry and sensing using SPR was performed using Monoclonal
Antibodies (MAbs) to determine their binding affinities for their antigen: the Epidermal Growth
Factor Receptor (EGFR). Since these are newly synthesized MAbs, the affinity between the
antibodies and the antigen was studied using the Biacore T100. This apparatus uses gold coated
chips, that already have a self-assembled monolayer of molecules with functional groups that
can be used to immobilize biomolecules, and measures the Surface Plasmon Resonance (SPR)
profiles. The software then allows the determination of the affinity constants, in our case, of the
different antibodies to the EGFR. The response obtained by the SPR analysis Biacore is
proportional to the immobilized amount of MAb. Based on this, the different MAbs were
immobilized in distinct flow channels, in a way that the same response was obtained in all
channels, assuring that similar amounts of antibodies were present on each channel. Afterwards,
increasing concentrations of tThEGFR were flowed through the cells, and the response was
recorded, which allowed obtaining the binding curves for the different studied MAbs From
these curves is possible to obtain the equilibrium dissociation constant Ky between the MAbs
and EGFR. The found values for Kp were 1.41 x 10?, 2.52 x 10® and 1.73 x 10® for antibodies
MADI1, MAb3 and MADb4 respectively, which means that from the analysed antibodies MAb1
has more affinity for EGFR and MAD3 is the one with less affinity.
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Chapter 6

Conclusions

e Nanostructures based on self-assembled bis-imidazolium amphiphiles were successfully

obtained.

The bis-imidazolium amphiphile proved, therefore, that is a gelator capable of forming
a hydrogel when in a mixture of ethanol and water, maintaining this capability when
other molecules were added to the solution;

The reported hydrogels showed properties that were suitable for drug delivery
applications, namely: is thermoreversible, it has rheological behaviour adequate for
topic application and it can incorporate drugs and released them across time;

Depending on the drug that was incorporated, different release rates were obtained:
sodium ibuprofenate and indomethacin, which have one carboxylate group, were
released with a faster rate than methotrexate, which has two carboxylate groups;

The drugs also had different effects on the overall resistance of the gel to sheer stress:
methotrexate increased the resistance of the gel, whereas gels with ibuprofenate and
indomethacin showed similar resistance to the unloaded gel;

The obtained hydrogel could be used as template for the preparation of GNP with good
monodispersity and more specific geometry;

The presence of the GNP within the gel matrix improves the resistance of the gel to

sheer stress.

e Synthesis of GNP stabilized by a self-assembled layer of bis-imidazolium ligands around

the gold core was performed by different methods.

The bis-imidazolium ligands play a double role in the synthesis in the biphasic system:
they act as both transfer agents and as stabilizers, simplifying the process. Additionally
their ability to recognize and complexate anions is maintained while stabilizing the
GNP, giving the GNP an extra role.

GNP could be obtained with open chain amphiphiles both in aqueous medium and
organic medium using two different synthetic approaches: the GNP soluble in organic
medium presented a monolayer of ligands around the core, whereas the water soluble
GNP have a bilayer of ligands;

The nature of the ligand polar head (open or cyclic) is important for the anion

recognition and consequent release from the ligand layer: the ligand with cyclic head
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has more affinity for the anions, which causes the release to be slower when comparing
with its open analogue;

e Zero-order or first-order release profiles were obtained for the different GNP and pH
was found to have less influence when the affinity of the drug was higher for the ligand
layer: for the ligand with cyclic head, the release followed the same release kinetic,
whereas with the ligand with open structure the release followed first-order for pH 7.4

and zero-order for pH 5.5.

e GNP containing bioactive peptides on the surface were synthesized by the formation of a
self-assembled monolayer of thiols.

e It was found that the best results were obtained with the synthesis of the GNP in
methanol using peptides bearing an alkyl chain with a terminal thiol group; the GNP
obtained by citrate reduction and exchanged with azidoundecylthiol were successfully
used to immobilize peptides using “click” chemistry;

e The immobilization of peptides through amine groups using EDC/NHS activation
requires more steps for the immobilization of the peptide, besides the fact that after the

immobilization, the peptides need to be deprotrected.

e The functionalization of silicon surfaces for sensing purposes, through the formation of self-
assembled monolayers of silanes, was successfully accomplished.

e Functionalization with APTES was used for the reaction with a polymer containing
PEG that forms a complex with lanthanides. The immobilized complexes showed
hysteresis of optical emission with temperature variation between 305 and 345 K, which
are promising results for their use as molecular thermometers;

e Functionalization with APTES was also carried out in a tuning fork tip to allow the
immobilization of biotin in the tip. The tip was then used to scan a surface with
immobilized streptavidin, and the molecular interaction between the two molecules
could be successfully detected, demonstrating the possible application of the tuning fork

for the study of affinity binding between molecules.

e Commercial SPR sensors, based on gold surfaces with self-assembled layers of dextran or
protein A, were used to determine the binding affinity of monoclonal antibodies for their

antigen using SPR.
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Different approaches were used to allow for the immobilization of the antibodies on the
surface;

Through SPR it was possible to determine the kinetics of the association and
dissociation between the antibody and the antigen and the affinity of the different
antibodies for the antigen, which allowed the determination of the binding constants

between the antibody and the antigen.
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A: Abbreviations and acronyms

'H NMR — Proton Nuclear Magnetic Resonance Spectroscopy
AFM — Atomic Force Microscopy

APTES — Aminopropyltriethoxysilane

CAC — Critical Aggregation Concentration

CGC — Critical Gelator Concentration

COX — Cyclooxygenase

DLS — Dynamic Light Scattering

DNA — Deoxyribonucleic acid

DPA —2,6-Pyridinedicarboxylic acid

ECs, — Half effective concentration

EDC — N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride
EGFR — Epidermal Growth Factor Receptor

EPR — Enhanced Permeability and Retention

eV — Electron volt

FITC — Fluorescein Isothiocyanate

GNP - Gold Nanoparticles

HRTEM - High Resolution Transmission Electron Microscopy
IR — Infrared

LMWG — Low Molecular Weight Gelator

MAbs — Monoclonal Antibodies

MALDI-TOF-MS — Matrix Assisted Laser Desorption Ionization Time-of-Flight Mass
Spectroscopy

MPC — Monolayer-Protected Clusters

MRI — Magnetic Resonance Imaging

MUA — 11-Mercaptoundecanoic acid

NHS — N-Hydroxysuccinimide

NSAIDs — Non-steroidal anti-inflammatory drugs

PDT - Photodynamic Therapy

PEG — Polyethylene glycol

QTF — Quartz Tuning Fork

rhEGFR — Recombinant Human Epidermal Growth Factor Receptor
ROS — Reactive Oxygen Species

SAM - Self-Assembled Monolayer

SEM — Scanning Electron Microscopy
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SERS — Surface-Enhanced Raman Scattering
sulfo-EMCS — N- [e-Maleimidocaproyloxy]sulfosuccinimide ester
SPR — Surface Plasmon Resonance

TEM — Transmission Electronic Microscopy
TESUD - Triethoxysilylundecanal

TGA — Thermogravimetric Analysis

TOAB — Tetraoctylammonium Bromide

UV — Ultraviolet

VEGF - Vascular Endothelial Growth Factor
XPS — X-ray Photoelectron Spectroscopy
XRPD — X-ray Powder Diffraction
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