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1. Preface and objectives

The main subject of this PhD thesis belongs to the use of nanostructured carbon material for different
goals. Graphene oxide (GO) and oxidized multiwalled carbon nanotubes (CNTs) have been exploited for
covalent and adsorption decoration to achieve systems profitable in several areas, such as
nanomedicine or organocatalysis. GO and CNTs represent good platform thanks to their deep versatility,
as showed in Figure 1 the nanostructured carbon material could be applied in the following studies.

Models of BODIPY
DDS peptide

GO
functionalized Metformin
via Ball milling derivatives

Figure 1. Different applications of CNTs and GO

In the first part of my PhD | have been involved in a project concerning the design and synthesis of a
Drug Delivery System.! This system was based on short oxidized multiwalled carbon nanotubes, as a
device suitable for cancer treatment. A multimodal approach was chosen, targeting both metabolism
and proliferation of tumor cells with two different drugs, in such a way to address cells of different sub-
populations of the tumor: proliferative and staminal cancer cells (stem cells).

The synthetic approach, exploiting the chemical flexibility of carbon nanotubes, was planned in a way
to decorate the delivery system with the highest quantities of two different drugs (metformin and
doxorubicin), and a targeting component, a small molecule reported to increase tumor uptake (biotin).
(Figure 2) Then, with minor changes to the synthetic protocol, the system was modified to study the
pharmacokinetic in tumor bearing mice models The biological properties of these systems were studied
thanks to the collaborations with the Department of Clinical and Experimental Biomedical Sciences,
which carried out in vitro studies, and with the University of Texas MD Anderson Cancer Centre for the
radio-labeling of the DDS and their in vivo studies.



Figure 2. Structure of the designed DDS.

The first cytotoxic drug, doxorubicin, was loaded on DDS exploiting the supramolecular chemistry, due
to formation of m-m stacking interaction between the anthracycline moiety of doxorubicin and the m-
system on the CNTs. Another chemical approach was exploited to load metformin. The drug was
covalent bund to CNTs by exploiting the carboxyl groups on nanostructured material after their
activation.

The major limitation observed for the described system consisted in the lack of metformin release after
the internalization into cell, which caused a no combined effect.

To overcome this problematic two DRUG DELIVERY SYSTEM MODELS based on CNTs and GO were
designed and synthesized. In these MODELS one or more cytotoxic drugs will be covalent attached on
carbon material through disulfide linkers, labile in intracellular environment. These systems will afford
a modulated release of molecular fragments (drugs) attached on CNTs or GO through the linkers. To
verify the correct internalization into cells of our DDS and the efficiency in the use of disulfide linker we
synthesized a MODEL SYSTEM decorated with two BODIPY dies, different in conjugation, one of which
covalent attached through the linker to the carbon material, the other covalent bund to CNTs/GO.
(Figure 4)

BODIPY

LINKER

BODIPY

Figure 4: Structure of model of DDS

BODIPY probes represent excellent substrates both for their fluorescence and for the possibility to
modify their structure to achieve different purposes. We performed the modification of BODIPY dye
through first amino acids conjugation, then peptides addition, such as the conjugation with RGD
sequence. The final goal will be the use of BODIPY-PEPTIDES as selector for DDS, increasing the uptake
of the system into cancer cells, and, at the same time, exploiting the fluorescence properties of BODIPY.
This described system will be exploited for theranostic applications.



BODIPY-peptide

Figure 5: BODIPY conjugated with RGD sequence covalent bund on CNTs/GO.

In addition to the use of a linker to bind the drug, an alternative possibility to overcome the lack of
metformin release observed for our first DDS (Figure 2) may be a change in the chemical approach to
decorate CNTs. Metformin could be adsorbed on CNTs instead of covalent bund to the material. To
increase the interaction of drug with the carbon platform, the organic molecule should be modified, to
afford a MIETFORMIN DERIVATIVE. (Figure 6).

Figure 6: Biguanide derivative adsorbed on CNTs.
The activity of the derivative will be studied and compared to metformin activity.

CNTs should be the base of our consisting of CNTs decorated with polycationic
molecules able to form stable complexes with proteoglycans, inhibitory substrates for the regeneration
of injured spinal cord tissue. These nano-platforms could be the channel to remove proteoglycans from
the medium, thanks to the addition of magnetic nanoparticles the entire systems may be moved away
the damaged tissue. (Figure 7)

Figure 7: Representation of nano-sponges.

Nanostructured carbon material, as previously presented, could be profitable support for DDS, useful
in nanomedicine, but also versatile substrate for different purposes. The covalent decoration of CNTs
with organophosphorus moieties afforded catalysts for chemical reactions in HETEROGENEOUS phase,
such as Staudinger Ligation, Wittig Reaction and Mitsunobu Reaction. (Figure 8).
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Figure 8: Example of catalysts based on CNTs decorated with organophosphorus moieties
The FUNCTIONALIZATION of GO should be performed in liquid phase, as previously presented for DDS

based on GO, but also by mechanical chemistry via Ball Milling. This procedure allowed to avoid the use
of solvents, introducing amines or phenols onto GO surface. (Figure 9).

CCCL B
O‘O‘O‘ §

Figure 9: GO functionalization via Ball Milling.



2. Fluorescent probes linked to carbon nanotubes and
graphene oxide through a disulfide bridge: viability
study for drug delivery

2.1 OBJECTIVES OF THIS CHAPTER (2)

This project has two main objectives that aim to design and synthesize two model systems for a viability

studies for drug delivery systems. In particular, the first one is to develop a multifunctionalization
procedure on oxide carbon nanotubes (CNTs) for future biomedical application. In addition to chemical
strategies to reproduce the same designed system, but on graphene oxide (GO) have been investigated
as second goal.

In Figure 1 was reported the desired system.

. A central backbone consisted in a nanostructured carbon material: oxidized carbon nanotubes (CNTs)
for the first part of the project, GO for the second one.

.ABODIPY dye, with a maximum adsorption at 640 nm. This probe will be essential to verify the effective
internalization of the system into cell.

. A BODIPY dye with a disulfide linker reactive in intracellular environment, due to the high
concentration of endogenous thiols in cancer cells, such as glutathione. Maximum adsorption of the
modified dye at 529 nm.

chain to improve cells uptake.

Preliminary study

Figure 1. Model system for DDS.

The first goal of this model system is to demonstrate that in the environment melanoma cancer cells,
the molecular fragment attached through a disulfide bond could be released. This study represents a
viability study to build systems of drug delivery (Figure 2) in which the drug is anchored to the



nanostructured material with a covalent bond that can only be broken after a cellular internalization.
PEG chain will be bund to a specific selector, such as a peptide, useful to increase cell uptake of drug.

Due to the interest in their applications as drug nanocarriers, CNTs and GO were chosen. Their ability
to cross cell membrane is independently of the kind of chemical groups on carbon surface, as well as
the cell type selected.?

Design of a new drug delivery system (DDS)

O
(L

Figure 2. Future DDS.

The second goal is a comparison of the preliminary models for DDS made of CNTs or GO. The loading
degree of BODIPY dye and BODIPY-linker on nanostructured carbon material were investigated and
compared.

2.2 INTRODUCTION

2.2.1 CARBON NANOMATERIAL
Difficulties in overcoming the limited control over biophysical and biochemical characteristics in

traditional biomaterials have hampered their use in biomedical applications.? This pushed the research
of novel materials showing multiple properties that allow advanced functionalities. In this respect,
carbon nanostructures (CN) thanks to the multiple uncommon properties, have had an impressive
impact on scientific research with important technological implications. Carbon is one of the prototypal
elements showing an organization in different allotropic forms (as sketched in Figure 3), carbon
nanostructures (CN) consist of sp? carbon atoms with different spatial arrangements:* from the zero-
dimension fullerenes and carbon quantum dots, to the one dimensional CNTs, to the two-dimensional
graphene atomic sheet, to the 3D bulk graphite or diamond crystals where atoms are pure sp? or sp?
hybrids organized in the hexagonal or cubic lattice, respectively.
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Figure 3. Carbon allotrpes

Thanks to electrical, chemical, and mechanical properties of these systems, have led to a number of
different types of applications. Concerning biology and biomedicine, the big potential of carbon
nanomaterials is the possibility to tune the CNS dimensions, the capability to functionalize the surface,
and the high chemical stability coupled to the optical and biomimetic properties. As an example, CNTs
and fullerenes soon after their discovery have been studied for biosensing, drug delivery, and
bioimaging. Recently they experienced a revival for their application in the regenerative medicine,®
cancer therapy, and theranostic applications.®

2.2.2 CARBON NANOTUBES (CNTs)
Carbon Nanotubes (CNTs) are one kind of carbon allotrope which has a seamless hollow cylindrical

shape. Like carbons in graphene, carbon atoms in CNTs are also bonded with three neighboring carbon
atoms in a sp2 configuration forming the hexagonal units. Conceptually, CNTs are considered as rolled-
up graphene sheets in certain directions. The rolling up of single-layer graphene and multi-layer
graphene form single-wall CNTs (SWCNTs) and multi-wall CNTs (MWCNTSs), respectively. Their structure

makes them suitable for a wide variety of applications ranging from electronics to biomedical.”,®

A list of properties of this carbon nanostructured material was reported below:
l. The high surface area and the hollow structure make CNT suitable for drug loading, but

also as nano-adsorbents for the scavenging of metallic ions and organic compounds from
aqueous solutions.

. The ease functionalization of CNTs allow their modification and tailoring for several
different applications.® !

IIl. The excellent conductive profile offers a unique platform for the development of sensors
and biosensors10 as well as a large number of applications in electronic devices.

V. Their mechanical strength has promoted them as reinforcement additives in polymeric
matrix, or in biology as surface for cell adhesion, proliferation and differentiation.*?

10



The most preferred technique to produce CNTs was represented by chemical vapor deposition (CVD).
This process involves the pyrolysis of hydrocarbons, or other carbon feedstock carried out in a stream
of inert gas into a chamber with a metal catalyst (Ni, Fe and Co). Numerous parameters influence CVD;
the control of these variables (temperature, gas pressure, presence of inert gas) allows to modify some
CNTs feature such as diameter, length and alignment. Catalytic decomposition of methane at 680°C for
120’, using nickel oxide—silica binary aerogels as catalyst was exploited to achieve MWCNTs. The
diameter of synthesized CNTs was found to be dependent on the temperature; as the temperature
increased, the diameter also increased. Essential is to remove metal catalyst impurities which could
influence material’s properties. 8 It is difficult to separate single CNTs and make stable biocompatible
solutions in most solvents, especially not possible in water. Surface functionalization has provided
efficient solutions to solve this problem.

Functionalization is fundamental to provide material suitable for widespread applications thanks also
to the possibility to remove residues of metallic catalyst.

2.2.3 FUNTIONALIZATION OF CARBON NANOTUBES
Thanks to their unique properties, CNTs are expected to be versatile nanomaterials for biomedical

application. As previously mentioned surface functionalization could also provide efficient intracellular
uptake and increase the possibility of the attachment of different functional groups onto the surface of
CNTs for biomedical applications.’®> CNTs functionalization can be generally divided into two groups:
noncovalent functionalization, and covalent functionalization.

COVALENT APPROACH

The covalent functionalization process involves several chemical reactions, through which covalent
chemical bonds are formed between CNTs and the entities for functionalization. They can be divided
into two categories: (i) oxidation and end/defect functionalization, and (ii) side wall covalent
functionalization.

The first step in the functionalization of CNTs is the oxidation of the material. This process cuts tubes
into short pieces and removes impurities inside CNTs, such as amorphous carbon and metallic catalysts.
At the same time, it opens the tube ends of CNTs and brings in tube-end oxygen functional groups, such
as carboxylic acid, ketone, alcohol, and ester groups. Meanwhile the oxidation process generates
defects on the tube wall, for example holes with oxygenated functional groups.

A chemical method to achieve oxidized material is the addiction of an acid mixture (HNO3/H2504).%
(Figure 4) Successive modifications were reported in Figure 4 through four reaction pathways. The first
decoration consisted in the formation of CNTs-carboxylate zwitterion.%,'” The second modification is
the amidation reaction exploited to graft R-NH2 on to CNTs. Before the synthesis of amide an activation
of carboxyl groups is required by using SOCl, or coupling reagents. Lastly through an esterification
process between the surface carboxylic groups on CNTs with ROH.

11
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Side wall covalent functionalization of CNTs usually involves the breaking of sp? bonding networks to
form sp3 binding on CNT walls.

GRAPHENE SYNTHESIS

Several techniques have been established for graphene synthesis. However, mechanical cleaving
(exfoliation),'® chemical exfoliation!®, chemical synthesis,?® and thermal chemical vapor deposition
(CVD)?! synthesis are most commonly used methods today. Some other techniques are also reported
such as unzipping nanotube?? and microwave synthesis; however, those techniques need to be explored
more extensively. An overview of graphene synthesis techniques is shown in the flow chart in Figure 5.
In 1975, few-layer graphite was synthesized on a single crystal platinum surface via chemical
decomposition methods, but was not designated as graphene due to lack of characterization techniques
or perhaps due to its limited possible applications.?

Graphene synthesis methods

Top C@ | BottonEi

Mech_an_ical Cher_m?ai Lhem|celil Pyrolysis Epitaxial oD Other
exfoliation exfoliation synthesis growth methods

o] | e
— — = — ]
graphene

Figure 5. Graphene synthesis methods.

In 1999, mechanical cleaving of highly ordered pyrolytic graphite (HOPG) by atomic force microscopy
(AFM) tips was first developed in order to fabricate graphene from a few layers down to a mono-atomic
single layer.?* Nevertheless, mono-layer graphene was first produced and reported in the year 2004,
where adhesive tape was used to repeatedly slice down the graphene layers on a substrate.*® This
technique was found to be capable of producing different layers of graphene and is relatively easy to
fabricate. Mechanical exfoliation using AFM cantilever was found equally capable of fabricating few-
layer graphene, but the process was limited to producing graphene of a thickness 10 nm, which is
comparable to 30-layer graphene. Chemical exfoliation is a method where solution-dispersed graphite
is exfoliated by inserting large alkali ions between the graphite layers. Similarly, chemical synthesis
process consists of the synthesis of graphite layers. Similarly, chemical synthesis process consists of the
graphite oxide, dispersion in a solution, followed by reduction with hydrazine. Like carbon nanotube
synthesis, catalytic thermal CVD has proved to be one of the best processes for large-scale graphene
fabrication. Here, thermally dissociated carbon is deposited onto a catalytically active transition metal
surface and forms a honeycomb graphite lattice at elevated temperature under atmospheric or low
pressures. When the thermal CVD process is carried out in a resistive heating furnace, it is known as

13



thermal CVD, and when the process consists of plasma-assisted growth, it is called plasma enhanced
CVD or PECVD. As a whole, all the above techniques are standard in their respective fields. However, all
synthesis methods have their own advantages as well as disadvantages depending upon the final
application of graphene. For example, the mechanical exfoliation method is capable of fabricating
different layers of graphene (from monolayer to few-layer), but the reliability of obtaining a similar
structure using this technique is quite low. Moreover, large-area graphene fabrication using mechanical
cleaving is a serious challenge at this moment. From monolayer to few-layer graphene can easily be
obtained by the adhesive tape exfoliation method, but extensive method, but extensive research is a
prerequisite for further device fabrication, which limits the feasibility of this process for
industrialization. Furthermore, chemical synthesis process (that involve the synthesis of graphite oxide
and reducing it back to graphene in a solution dispersal condition) are low temperature processes that
make it easier to fabricate graphene on various types of substrates at ambient temperature, particularly
on polymeric substrates (those exhibit a low melting point). However, homogeneity and uniformity of
large-area graphene synthesized from reduced graphene oxides often causes incomplete reduction of
graphite oxide (which exhibits insulator characteristics) and results in the successive degradation of
electrical properties depending on its degree of reduction. In contrast, thermal CVD methods are more
advantageous for large-area device fabrication and favorable for future complementary metal-oxide
semiconductor technology by replacing Si.? Epitaxial graphene, thermal graphitization of a SiC surface,
is another method, but the high process temperature and inability to transfer on any other substrates
limit this method’s versatility. In this context, the thermal CVD method is unique because a uniform
layer of thermally chemically catalyzed carbon atoms can be deposited onto metal surfaces and can be
transferred over a wide range of substrates. However, graphene layer controllability and low-
temperature graphene synthesis are challenges for this technique.

2.2.4 GRAPHENE OXIDE FOR BIOMEDICAL APPLICATION

Chemistry, material science, biology, medicine and nanotechnology are fields of applications of
graphene and graphene oxide (GO). Brodie discovered in 1859 GO, but only recently its properties
started to be fully exploited and studied. Later different procedures emerged to obtain GO from
graphite thanks to the studyes of Staudenmaier and Hummers.28

GO is a two dimensional material made of sp? and sp> hybridized carbon atoms arranged in a hexagonal

honeycomb pattern and of oxygen atoms present in the form of different functional groups (Figure 6).
The type and amount of oxygenated species is still highly discussed today. This is due to a lack of
sufficiently sensitive analytical techniques and to the amorphous and berthollide character of this
material.?’

Figure 6. Schematized representation of GO

GOQ’s sheets are irregular. Modulating the size of this material is possible through an accurate post-
sonication, centrifugation and filtration procedure.?® But until today a complete control it is still no
possible.

14



GO is a very hydrophilic material thanks to their oxygenated functional groups. This carbon material,
compared to non-oxidized form graphene, is more chemically reactive due to the presence of defects.
The mechanical properties of GO are lower, but it shows a higher optical transmittance.

Exploiting their hydrophilic aspects, GO finds many applications in the biomedical field. The large
surface area allowed a high drug loading. Drugs and molecules can be covalently attached or can be
adsorbed onto the surface of GO. GO proved to be an excellent structure for DDS or for combined
strategies of targeting and imaging. Numerous studies were performed by using GO as delivery for
anticancer drugs.?®

The graphene surface with delocalized 1 electrons can be utilized for effective loading of aromatic
anticancer drugs such as doxorubicin (DOX) via m- 1 stacking and hydrophobic interactions. The
extremely large surface area of graphene, with every atom exposed on its two sides, is allowed for ultra-
high drug-loading efficiency. 3°

CPT, a cytotoxic quinoline alkaloid, has been proved to be effective against a broad spectrum of tumors
by inhibiting the DNA enzyme topoisomerase | (Topo1).3! But CPT has a low bioavailability due to its
poor water solubility which limits its clinical applications. The functionalized GO as a nanocarrier can
help improving not only its solubility but also its cellular uptake by enhancing its ability to go across the
target cell membrane. Dai and collaborators explored for the first time functionalized nanoscale GO
(NGO) as a novel and efficient nanocarrier for delivery of SN38, a CPT analog into cells.3?

Apart from cancer drugs, presently GO-based drug delivery is elaborated to other drugs for non-cancer
diseases treatment. Rana et al. synthesized chitosan-functionalized graphene oxides (FGOCs) and
studied the delivery of an anti-inflammatory drug, IBU.33 The IBU drug was released up to ~ 19% in PBS
from FGOCs. They showed that there was no serious toxicity of the CEM cell line for various
concentrations of FGOCs GS without drug loading, which suggested that FGOCs sheets had a very good
biocompatibility. But FGOCs/IBU samples showed higher cell killing effect compared with FGOCs.

2.2.5 STRUCTURAL PROPERTIES OF GRAPHENE OXIDE AND MAIN SYNTHESIS PROCEDURES
Brodie developed the first production procedure of this material: the treatment of graphite with an

oxidation mixture made of potassium chlorate and fuming nitric acid. A modification in chemical
procedure was introduced in 1898 by Staudenmaier who added to the oxidation mixture concentrated
sulfuric acid, reduced the oxidation cycles to only one and introduced a two-step protocol.?® This
protocol thanks to Hummers and Offeman was improved obtaining a time-efficient synthetic route.
New reagents were introduced such as potassium permanganate to oxidize substrates, with the
cooperate effect of sodium nitrate and sulfuric acid. Later, due to the toxic gases produced by the
oxidation, Tour et al proposed the use of phosphoric acid instead of sodium nitrate, removing the
dangerous gases. Eigler et al. understood the importance of temperature during the synthesis process,
decreasing from 45°C to 10°C. This method allowed to achieve a better quality GO, called oxo-G.3*

Surface composition of GO was influenced by synthetic process, such as the oxidation reagent or the
mentioned adopted temperature. Eng. et al investigated by using voltammetry analysis on GO material,
obtained by adding permanganate or chlorate oxidation mixture. The results revealed that the use of
permanganate mixture involved a majority of ortho-quinones followed by ketones. A small amount of
carboxyl groups was found. Epoxides represent the major contribution on GO surface followed by a
minor number of hydroxyl groups.® Chlorate oxidation mixture contributes to have a more uniform
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distribution, but with a lower amount of oxygenated functional groups, ketones represent the major
contribution. Carboxyl acids were not detected.

Because of the complexity of GO and difficulty in analytical techniques for characterization, many
models to represent GO were proposed in literature. The first models, dated in the forties, suggested
repeating groups of 1,2-epoxide or 1,3-epoxide and hydroxyl groups. Later ketones functional groups
were introduced, such as quinones. Phenolic groups are mentioned to explain the acidity of GO.3¢ All
these improvements were provided by different analyses: magic angle spinning (MAS), transmission
electron microscopy (TEM), elemental analyses, Fourier Transform (IR).

Today one of the plausible model was introduced by Tour and coworkers.3” They proposed an
unconventional view of GO chemistry and developed the corresponding “dynamic structural model”
(DSM). In contrast to previously proposed models, the DSM considers GO as a system, constantly
changing its chemical structure due to interaction with water. Using potentiometric titration, >*C NMR,
FTIR, UV-vis, X-ray photoelectron microscopy, thermogravimetric analysis, and scanning electron
microscopy we showed that GO did not contain any significant quantity of preexisting acidic functional
groups, but gradually generates them through interaction with water. This model explained also the
reduction of GO under strong alkaline conditions, resulting in the formation of CO2 and vacancies.

In spite of all the suggested models, until today the definitive structure of GO is till unknow.

2.2.6 FUNCTIONALIZATION OF GRAPHENE OXIDE
GO, without any surface functionalization, usually has sheet dimensions of hundreds of nm and tends

to aggregate in physiological solutions with salts and proteins due to screening of electrostatic charges
and non-specific binding of proteins. As a result, size control and individual separation are necessary for
GO to suitably interact with a biological system in vitro and in vivo. As well, rational functionalization is
essentially needed to offer GO with better compatibility and stability in the physiological environment.3®
To achieve these purposes, two strategies, covalent conjugation and non-covalent physisorption, have
been reported.

COVALENT FUNCTIONALIZATION

Numerous oxygenated functional groups on GO allowed many possibilities of derivatization of this
nanostructured material, but many side reactions could occur, hindering an easy selectivity degree. For
this reason performing control reactions in the same conditions, but without an essential reagent is
required.

The functional groups more exploited for covalent decorations of GO are epoxides, carboxyl groups and
hydroxyl groups. Hydroxyl groups are localized on the core surface of GO, they were reacted through
silanization,3 etherification,*® phosphorylation*! and Ritter reaction.*?

Silanization is a two-steps reaction: first the hydrolysis of the trialkoxy groups of the silane followed by
the reaction between the Si-OH groups and the hydroxyl groups of GO (Scheme 1)
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Scheme 1. Silanization reaction on GO. (The reaction has been drawn only on one functional group for clarity
reasons. Side reactions were not considered).

Phosphorylation was performed by mixing GO with concentrated phosphoric acid at 50°C. Scheme 2

Scheme 2. Phosphorylation of GO. (The reaction has been drawn only on one functional group for clarity reasons. Side
reactions were not considered).

Ritter reaction: carbocations produced on the basal plane of GO underwent a nucleophilic attack by the
nitrogen of a nitrile. After hydrolysis an amide is formed. This reaction has been performed with sulfuric
acid and acetic acid at 70°C, conditions that brought to the reduction of GO to restore the conductivity
of this material. (Scheme 3)

Scheme 3. Ritter reaction on GO. (The reaction has been drawn only on one functional group for clarity reasons.
Side reactions were not considered).

Epoxide groups are manly located on the basal plane of GO, the rings could be opened by addition of
amine-terminated molecules or sodium azide (Scheme 4). Graphene azide could be synthesized from
GO as precursor for click chemistry by Halbig et al.
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Scheme 4. Opening of epoxide ring on GO. (The reaction has been drawn only on one functional group for clarity
reasons).

After the activation of carboxyl acids located mainly at the edges of GO, esterification or amidation
process could be performed. The activation was achieved by adding oxalyl chloride or thionyl chloride.
However, these reagents can cause side reactions. (Scheme 5)

Scheme 5: Esterification and Amidation approaches on GO. Side reactions were not considered.

2.2.7 CITOTOXICITY OF GO: BIOCOMPATIBILITY AND BIODEGRADATION
The cytotoxicity of GO and its derivatives must be extensively investigated in vitro and in vivo if they are

employed as drug nanocarriers. Several research groups have deliberatively explored this critical issue.3°
Most of the in vitro experimental results to date have suggested that as-prepared GO was a safe
material at low concentrations in a variety of cells such as human fibroblasts,** HeLa cells,** L929 cells,*
human hepatoma HepG2 cells*® and A549 human lung cancer cells.*’

On the other hand, in vivo studies indicated severe chronic toxicity associated with GO, especially at a
high dose. Zhang et al. systematically studied the distribution and biocompatibility of GO in mice by
using radiotracer technique and a series of biological assays.?” When mice were exposed to 1 mg/kg
body weight of GO for 14 days, no pathological changes were observed in examined organs, indicating
that GO might be non-toxic and suitable for biomedical applications at a low injection dose. However,
it is revealed that GO at a relatively higher injection dose (10 mg/kg) showed dominant accumulations
in the lungs after being intravenously injected into rats or mice and were hardly excreted for long
periods of time, leading to serious toxic effects and significant pathological changes, such as
inflammation cell infiltration, pulmonary edema and granuloma formation.

GO biocompatibility depends on the synthesis procedure and on the starting graphite used. The surface
of GO plays an important role in the biological interaction of nanomaterial. A fundamental factor is the
number of layers of material which is closely connected to the flexibility of GO. Multilayer GO could
acquire the behavior of a rigid block interacting with cells. Many aspects are influenced by lateral
dimension size such as uptake, renal clearance, blood brain barrier transport, cell internalization
mechanism and other bio-phenomena.
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The interaction with proteins in blood could determine the half-lives and biodistribution of the
nanoparticles. Their hydrodynamic size could be influenced and improved. This effect facilitates
recognition and clearance by macrophages and phagocytes. Interaction with proteins may also impact
on the targetability of nanomedicines. Protein corona formation is a phenomenon consisting in serum
protein adsorption onto the surface of GO. Proteins (albumin, apolipoprotein, immunoglobulins,
complement, and fibrinogen) adsorb on various nanomaterial (polymeric nanoparticles, iron oxide
nanoparticles, gold nanoparticles, liposomes, GO and CNTs) surfaces exhibit structural changes in the
bloodstream (bioactivity). PEG is used to limit non-specific protein adsorption.*®

A good dispersibility of GO can influence also the biodegradation of this material.*

Toxicity can derive also from some residues due to the production process of GO, such as from oxidation
mixture previously mentioned. Considering that until now there are only a lot of studyes performed
with different kinds of GO, without any standard, the analysis of the results of toxicity studyes is still
inconclusive.

2.2.8 DISULFIDE LINKER
The final goal of this project is the synthesis of two models for a DDS based on the use of CNTs and GO

which allow the release of the molecular fragment bound through the disulfide linker.

A DDS for the treatment of tumors should not exhibit systemic toxicity: the linker must be stable in the
bloodstream, but in cell internalization the disulfide bridge should be broken to release the drug. For
this purpose a simple molecule has been synthesized (Figure 7).

NS MATERIAL

Figure 7: linker that binds the drug to the CNT. In red the disulfide bridge cleaved into intracellular environment.

The structure shows a stable disulfide bridge in the blood, but potentially cleavable from endogenous
thiols typical of the intracellular environment of tumors, such as glutathione. (Figure 8)
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Figure 8: Glutathione.

GSH levels in cancer cells have been shown to be> 1000 higher compared to the amount in the blood
plasma.>® The presence of glutathione leads to the cleavage of disulfide bridge by forming a 5-
membered thiolactone, releasing the drug free.
In this work any drug has been not used, but a BODIPY dye linked to CNTs via the linker. The
internalization of the system can be monitored.
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2.2.9 FLUORESCENT PROBES
Fluorescent probes are molecules that absorb light of a specific wavelength and emit light of a different,

typically longer, wavelength (a process known as fluorescence), and are used to study biological
samples. The molecules, also known as fluorophores, can be attached to a target molecule and act as a
marker for analysis with fluorescence microscopy.

Experimentally they are used in different areas of interest such as in medical care, biochemistry, clinical
diagnostical environment. Thanks to a remarkable advancement of imaging techniques, many of the
previous technical-practical limits were overcome. The affirmation of confocal microscopy is now able
to obtain images, even of complexes samples, with high contrast and resolution.

DESIGN CRITERIA

Design criteria include numerous parameters simultaneously required to ensure the effectiveness of
the probe itself:

i High selectivity and high fluorescence response for the desired analyte, without
competitive reactions with other analytes in the same chemical environment;

ii. Probe’s robustness to chemical agents and light;

iii. The fluorescence must be as intense as possible, requiring wide values of € (A) at the A
wavelength of excitation and quantum yield @ very high;

iv. The associative-dissociative mechanism between receptor and analyte must be fast, such
as to carry out a real-time investigation of the concentration (in the case of time-
dependent response);

V. The fluorescence signal generated by the “starting/lighting” of the probe (e.g.
fluorescence enhancement or length shifts wave of excitation and / or emission, must be
favored on response of the type "shutdown" (for example, quenching of fluorescence),
with a concomitant signal-to-noise ratio lower;

vi. The use of indicators that absorb and emit light in the visible or near infrared NIR (650-
900 nm) was preferred, choosing this region numerous advantages, compared to UV
region, were achieved: such as the absence of quartz optical equipment and less light
scattering.

Primarily light-induced damage to the biological sample should be minimized, for this reason NIR (Near
Infrared) is more used. In this wavelength interval, biological samples have a low fluorescence
background, which consequently produces a high signal/noise ratio; furthermore, in this band, Rayleigh
and Raman scatterings are reduced, allowing an important capacity penetration of light into biological
tissues and cells. In biological environment, a certain water solubility, a permeability of membrane
(closely connected to pH) and minimal toxicity towards samples are also required.
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BODIPY dyes represent an important class of fluorescent probes. These compounds found many
applications such as an imaging probes®! or in chemosensing.5? We decide to synthesize and modify the
structure of this probe thanks to its versatility and its properties.

Many types of BODIPY are not soluble in water and only a few of these structures have been modified
to increase their solubility. On the other hand, however, they are relatively insensitive to the polarity
and pH of the environment, exploiting their related stability in physiological conditions. BODIPY
represents an excellent investment as building block, although not meeting all the previously mentioned
requirements.

2.2.10 BODIPY
STRUCTURE AND PROPERTIES

The basic structure, also called “core”, is shown in Figure 9. This structure is fundamental for the
synthesis of the most complex BODIPY dyes.

8 5 5
(Meso) (Meso)
1 (M‘f)) 7 3 4 6 7 3 6 7
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2 \ 2 N, 8 2 8
NN NS et \_NH Ny @eta) \_NHHN_/ (Beta)
3 B s 4 1110 9 4 11 10 9

F F (Alfa) (Alfa) (Alfa)
Bodipy Core Dipirromethene Dipirromethane

Figure 9: BODIPY'’s structure.

The pyrrole protons of the BODIPY Core, especially those in position 5 and 7, are relatively acidic and
this leads to electrophilic attack, reason why this compound, without any substituent, has never been
isolated. Analogously for the other two systems: dipyrrometene, for example, decomposes at
temperatures above -40 °C.>3,5

The most basic structure of BODIPY is shown in Figure 10; compounds B and C are not presented in
literature due to the synthetic limits:
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Figure 10. BODIPY 3,5 Dimethyl substituted A. EtOH, ©=0.81; Apax abs=506 nm, Apax emis= 520 nm; B e C not isolated.

The synthesis of tera-, esa-, epta- substituted compounds Figure 11 reveled a shift of fluorescence close
to the red region directly proportional to the number of substituents.
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Figure 11. D, EtOH, ¢ = 0.80; Antax abs= 505 nM, Apax emis= 516 nm; E, EtOH, = 0.56; Apax abs= 528 NM, Aniax emis=535
nm; F, EtOH, ©=0.70; Apax abs= 517 nm, Anjax emis= 546 nm.

The substitutions in meso position are not associated with relevant change in absorption or emission
wavelength, but considerable variation in quantic yields (¢) are collected, as shown in Figure 12.

Figure 12. G, MeOH, = 0.19,’ AMaxAbs: 508 nm,, AMax Emis= 519 nm; H, MEOH, (p=0. 65,‘ /\MaxAbs: 498 nm,, AMaxEmj5=508
nm.

The difference in quantic yields between the compounds in FIGURE are associated to a major rigidity
due to the presence of methyl groups in position 1 or 7 which prevent the free rotation of phenyl group.
Less energy was lost from excited states (via non-radiative). Aromatic rings substituted in orto show
analogous properties.

2.2.11 SYNTHESIS OF BODIPY
The synthetic procedures of this class of compounds are widely described in literature to obtain various

derivative of the BODIPY Core.

SYNTHESIS FROM CARBOXYL ACIDS AND PYRROLES

BODIPY meso-substituted are synthesized from condensation of acidic chlorides and pyrroles Figure 13
55

As synthetic intermediates dipirromethene chloridites constituted instable compounds. These salts,
although they are easier to treat and purify, are generally never isolated during the process synthesis
of BODIPY derivatives.
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Figure 13. Synthesis of BODIPY starting from acidic chloride and pyrroles.

Otherwise, anhydrides can be used as an alternative to chlorides, as shown in Figure 14, in which

derivative 4 is synthesized starting from glutaric anhydride.%®

0, 0._0

* U 1. BF4EtO, , Reflux, 5h

2. BF3EtO, , TEA, 25°C, 12h

/QQI

Figure 14. Synthesis of BODIPY achieved from derivatives of carboxyl! (glutaric anhydride).
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SYNTHESIS FROM ALDHEIDE AND PYRROLES

[0}
o
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TFA
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2 BR,E0, MePh, 25°C, 1h

Figure 15. Aromatic aldehyde was reacted with pyrrole to achieve dipirromethane, after a condensation process.
The consecutive oxidation and complexation process allow to obtain the final BODIPY product.

3-iodobenzaldehyde forms with pyrrole, by acid-catalyzed condensation, the substituted
dipyrromethane. If unsubstituted pyrrole is used, the reaction should be carried out using the pyrrole
as solvent to avoid polymerization. In Scheme 3 2-Methylpyrrole doesn't have any polymerization as
competitive reaction, therefore it doesn't need to be in large excess. >’

BODIPY compounds are sensitive to light, to air and acids, it must be immediately used for subsequent
oxidation. This latter step occurred by using both para-chloroanile and 2,3-Dicloro-5,6-Diciano-p-
benzochinone, to achieve dipirrometene. Many examples are presented in literature describing
aromatic aldehydes, but any synthesis exploiting no aromatic aldehydes were reported. Finally this
substrate reacted with a tertiary amine and BF3EtO: to obtain the final product, in high yield.

CHANGES ON BODIPY’s STRUCTURES

The family of BODIPY, thanks to its versatility in structural changes, is a molecule of relevant interest. it
is an excellent building block, different positions that lead BODIPYs to nucleophilic or electrophilic
attacks, as shown in Figure 16.
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X= Halogen; "Nucleophile Substitution"

"Electrophilic Substitution”,
"formation of C-C bond, Pd catalyzed"

Figure 16. Modifications of BODIPY structure.

The structure shows that the two pyrrole rings are aromatic electron-poor systems resulting in the
relative acidity of the two methyl groups (3 and 5 positions) providing excellent positions for
electrophilic attacks, such as for Knovenagel Condensation with aromatic aldehydes (Figure 17). Usually
the reaction is carried out under inert atmosphere (N2), with the presence of a buffer, or by using a
base-catalyzed system. Although the ease chemical procedure, the collected yields are often low with
electron-poor aldehydes.

Pyrrolidine, AcOH
CH3CN, reflux

Figure 17. Condensation of 3,5-dimethyl-BODIPY and aromatic aldehydes; changing the equivalents the synthesis
produces mono- or di- substituted.

The condensation process allows to increase the conjugation of BODIPY core. Electron donor
substituents on aromatic aldehydes shift the absorption and emission wavelengths towards the red or
even in the NIR. The substituents in 3 and 5 positions modify the properties of BODIPY, both for the
spectra and fluorescence quantum yield of product. 1

The above mentioned positions, thanks to their poverty of electrons, are excellent sites for aromatic
nucleophile substitutions. Figure 18
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Figure 18. Synthetic pattern to obtain BODIPY

The versatility of reaction of substitution allows to synthesize both mono- and di- substituted,
modifying/stressing reaction conditions. Additional flexibility derives from a wide range of nucleophiles
with different structures and properties, such as amines, alkoxides, thiolates etc. Cross-coupling
reactions metal catalyzed on positions 3 and 5 are possible. Different reagents bring to various products,
as shown in Figure 19.

R R
\\ XN\ XN
RN - R
N‘é/N Cross-coupling \ N\é/N
I |
cFF R FF
Stille o Suzuki Heck Reaction
Reaction
oo
Sonogashira Uliman
Reaction Esterification

seliies

Figure 20. Functionalization of BODIPY-3-halogenated metal catalyzed.

Recalling Figure 16, focusing on position 6 (or Beta) reaction Pd catalyzed occurred, exploiting a new
bond C-C. (Figure 21). A direct functionalization of BODIPY is possible without resort to halogenated or
metallized intermediates. 8
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oxidant, heat or microwave

Figure 21. Functionalization Palladium catalyzed of C-H (EWG=CO:Me).

As show in Figure 21 two products could be obtained: mono- and di- substituted with different
spectrophotometric properties, Tab 1.

Solvent AMaxAbs AMax Em o)

E MeOH 527nm 549nm 0.73
F EtOAc 559 nm 580nm 0.51
Tab 1

An additional reaction concerning BODIPY in position 6 is the electrophilic aromatic substitution, such

as sulfonation, nitration and halogenation. Changing the reaction condition displayed in Tab 2, the
59,60

synthesis provides numerous products.

Figure 22. Disubstituded BODIPY.

27



R Reaction Conditions AMax Abs AMax Emis O (MeOH)

(MeOH) (MeOH)
G -H - 492 nm 504 nm 0.95
Ha - 1.CISOsH, DCM, 50°C 492 nm 533 nm 0.73 (H20)
SOsNa
2. NaOH
Hb  -NO2 HNOs, 0°C, 15’ - - -
Hc -Br Br2, DCM, 25°C 516 nm 546 nm 0.45
(DCMm)
Hd - 12, HNOs EtOH, H20, 60°C, 534 nm 543 nm 0.02
20
Tab2

2.3 RESULTS AND DISCUSSION-fCNTs

2.3.1 OXIDATION OF CARBON NANOTUBES
The synthetic work started with the preparation of the carrier: pristine MWCNT needed to be treated

to increase the water dispersibility of the material and to remove all impurities, like residues of the
metallic catalysts and amorphous carbon. Such feature can be obtained through an oxidation process
where CNTs are chopped at defect sites and oxygenated functionalities are created on their sidewall
and edges. This process requires harsh conditions: concentrated oxidant acids, high energy sonication
for prolonged time or heating at high temperatures.’! To guarantee the highest purity and water
dispersibility,

MWOCNT (diameter 6-9 nm and 5 pm length) were treated with a refluxing 3:1 mixture of concentrated
sulfuric acid and nitric acid for 30 minutes. (Scheme 6)

CO,H
=7 % &)
<z T (G N L
\ P retlux \ PN
b \ \y)\;\y/L -~
1 2

Scheme 6. Oxidation process to obtain compound 2.

Accordingly to a previous procedure, oxidized material was recovered after quenching with
demineralized water, two centrifugation cycles (replacing the supernatant with fresh water) and
filtration followed by washing with water until the filtrated solvent was neutral.!! The OXMWCNTSs
obtained have an average length ranging from 50 to 1000 nm and are dispersible in water. Considering
that, as mentioned above, shorter OXCNTs are more biocompatible than longer ones, and are believed
to be more easily internalized by tumor cells, we harvested the shortest fraction using a series of
centrifugation cycles (Figure 23), (see experimental part for details).
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Figure 23:. Schematic representation of the separation process.

The procedure allows to collect a fraction with highly oxidized short multi-walled CNTs (from now on
called CNTs). The length measured by TEM (Figure 24) ranges from 50 to 200 nm with a mean value of
130.

/) 1 pm
1 pm et Attt

Figure 24.TEM images of CNTs bulk material on the left, collected short fraction on the right.

2.3.2 DECORATION OF CNTs WITH 4-AZIDOANILINE
The nanostructured support chosen to realize the DDS model was oxidized carbon nanotubes (CNTs).

The first kind of functionalization was the introduction of 4-azidoaniline through Tour reaction (Scheme
7). This radical process allowed to exploit an aniline to covalent bind a substrate with an azido group.

CO,H Ng N,
7] )y~

HO, ~ ~ CO,H + - -
LA P DMF
o ' NH, reflux, 24h
2 3 4

Scheme 7. Functionalization of CNTs (2) with 4-azidoaniline (3).

Elemental analyses evaluated a loading degree equal to 1.4 mmol of azide /mg of material.
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2.3.3 GO FUNCTIONALIZATION via PEG

0)_NH
wes  nn {0

EDC 5
v pH 6.1 dryDMF
\ rt, 90' 45°C
4 6

Scheme 8: PEG functionalization of GO

A two steps process allowed to introduce PEG chains (5) covalent bound to CNTs by using 2-(N-
morpholino)ethanesulfonic acid Buffer and EDC to activate carboxyl acids on carbon nanotubes,
followed by an addition of PEG in dry DMF. After a filtration process the material was recovered as a
black powder.

2.3.4 SYNTHESIS OF BODIPY CORE
The first part was the synthesis of BODIPY Core, which may be functionalized to bring two different

fluorescent probes. The first synthetic pathway was presented in literature. ® During the
mechanochemical synthesis 4-Nitro benzaldehyde was reacted with 2,4-dimethylpyrrole in the
presence of trifluoroacetic acid (TFA), with an excess of p-chloroanyl for the oxidation of meso carbon
(Scheme 9)

Numerous extractions were required to obtain compound 7 (BODIPY-Nitro) due to the formation of
triethyl amine salts, nevertheless after chromatography purification the yield was low. *H-NMR
spectrum of compound 8 was synthesized in Scheme 9. and compared to *H-NMR of compound 7,
collected before the complexation process with BFsEt20.

NO,
Ox
\©/ TFA BF;.Et,0
* HN / p-chloroanil \\ NS N\ E’sN
. 2
NO, dichloromethane NS dichloromethane
mechanosynthesis rt 12h
5 t.
7 8

Scheme 9: Synthesis of BODIPY Core

Moving from compound 7 to compound 8 by adding boron to bridge the two pyrrole rings, a shift of the
signals to higher ppm was showed:

. The signal of the methyl protons has a shift of 0.22 ppm;
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. The signal of the pyrrole hydrogens has a shift of 0.12 ppm;
. The signal of methyl hydrogens is shifted by 0.10 ppm;

. The signals of the protons of the benzene ring are essentially unchanged.
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Figure 25. H-NMR Spectrum of compound 7.
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Figure 26. 'H-NMR Spectrum of compound 8.

These two mentioned steps were limiting in yields. A different synthetic approach allowed to improve
the yields and the ease workup. (Scheme 10).
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Scheme 10. Synthesis of BODIPY Core

The adopted synthetic approach provided compound 8 through the reaction of 4-Nitro benzoic acid and
thionyl chloride, followed by pyrrole addition and BF3Et20 complexation. This procedure was preferred
compared to the previous mentioned.

The reduction of -NO2 to -NH2 group occurred by using Fe powder, H20 and HCl in MeOH for 2.5 h in
reflux condition.

'H-NMR spectrum (Figure 12) showed:

. Signal at 6.90 ppm: dd of hydrogen atoms of benzene;
. Singlet at 5.97 ppm of pyrrole hydrogens;

. Signal of amino protons at 3.83 ppm;

. Two singlets of methyl hydrogens at 2.54 ppm and 1.29 ppm.
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Figure 27: 1H-NMR spectrum of compound 9.

A part of product 9 was modified by introducing an alkyne group thanks to a coupling with 4-pentynoic
acid to introduce a triple bond to allow the grafting onto nanomaterial. Subsequently the extension of
the conjugation in position 3 and 5 has been extended. The reaction was carried out on reflux, under
nitrogen atmosphere and controlled by TLC. After 40’ the reaction was stopped. The products of
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reaction were mono and disubstituted compounds. (Scheme 11) Thanks to a chromatography column
BODIPY-disubstituted was collected.

2-pyridinecarboxaldehyde

4-pentynoic acid pyrrplidin_e
EDC*HCI acetic acid
_— B —
dichloromethane acetonitrile
r.t. 24h 80°C 20'
9 10
81% 75%

Scheme 11. Coupling Reaction and Knovenagel Reactio.

In H-NMR the appereance of signal at 2.07 ppm confirmed the occurred reaction, due to the presence
of an alkyne proton.

7.96
771
769
7.21
7.19
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Figure 28: 1H-NMR spectrum of compound 10.
The synthesis of BODIPY-disubstituted was showed in Scheme 11
. At 8.65 ppm a doublet that integrates two protons, which are those of pyridine adjacent to the N atom;

. Signal centered at 8.05 ppm, a doublet which integrates 2 protons, belonging to double bond that
binds pyridine to BODIPY;

. A multiplet is included in the aromatic zone between 7.75 ppm and 7.65 ppm which integrates 7
protons of which 2 belong to the two pridiles, 4 belong to the benzene ring in the meso position of the
BODIPY and the last is the H amide;

. A signal centered at 7.35 ppm is a doublet that integrates 2 belonging protons to the double bond
between pyridyls and BODIPY;

. A signal centered at 7.27 ppm there is a doublet that integrates 2 belonging protons to pyridyls;
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. A signal centered at 7.20 ppm a triplet integrates two protons belonging to the system of pyridyls;

. A signal centered at 6.69 ppm a singlet integrating 2 protons indicates the presence of 2 equivalent
hydrogens of pyrroles;

2.66
211
—1.50
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Figure 29: 1H-NMR spectrum of compound 11.

2.3.5 SYNTHESIS OF THE LINKER
To synthesize the disulfide linker a known synthetic pattern was followed.>®

SYNTHESIS OF tri-tert-butylsilyl 3-(pyridin-2-yldisulfanyl)propanoate

The first step is an exchange reaction between the 2,2-dipyridyl disulfide and the 3- acid
mercaptopropionic, which occurred in methanol at room temperature. After 1:50 h a TLC analysis did
not reveal the presence of residual acid. (Scheme 12)
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Scheme 12. Synthetic pattern to obtain compound 13.

Although *H-NMR spectrum of the crude showed overlapping signals of by products it presented also
the signals of desired product 12.

The obtained acid (12) was protected with TIPSCI, slowly added under nitrogen atmosphere at 0°C, in
dry DCM in the presence of TEA dry. Such protection was necessary for a subsequent reaction, the
selective reactivity of a carboxyl group is required.

The crude product 12 was washed with a saturated aqueous solution of NH4Cl; then the product was
further purified by flash chromatography with eluent EP-EtOAc (20: 1), obtaining a product with 65% of
yield.

A 'H-NMR spectrum of 12 was recorded, showing typical TIPS signals: a doublet at 1.06 ppm (18H) and
a multiplet centered at 1.26 ppm (3H)(Figure 30).
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Figure 30. 'H-NMR of product 13.

SYNTHESIS OF 2-(2-mercaptophenyl)acetic acid

The synthesis of compound 14 was achieved through the synthetic pathway shown in Scheme 13.
Benzo[b]thiophen-2-ylboronic acid was reacted with H202 in ethanol at room temperature for 5h to

obtain a thiolactone 14 (90% yield)

A H202 30% Li(OH), Hzo
B(OH), COOH
S ethanol tetrahydronfurane

shrt. 16h 60°C SH
15

90% 97%

Scheme 13: Synthesis of compounds 14, 15.

At the end of reaction the solid product was characterized via *H-NMR (Figure 31)
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Figure 31. 'H-NMR of compound 14.

Several overlapping signals are observed due to the protons of the benzene ring, centered at 7.33 ppm,
which integrate 4 hydrogens. Finally, there is a singlet centered at 4.04 ppm connected with 2 protons,
adjacent to carbonyl group. The spectrum confirmed the desired product.

The thiolactone was subsequently hydrolyzed with LiOH in H20 and THF for 16 h at 60°C, to obtain a
carboxylic acid 15 with a yield of 97%. 'H-NMR spectrum confirmed the presence of 2-
mercaptophenylacetic acid (Figure 32):
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Figure 32: 'H-NMR of compound 15.

. The signal at 10.65 ppm suggested the successful transformation into carboxylic acid;

. Two multiplets were generated at 7.20 ppm and 7.50 ppm (4 protons) connected with benzene ring of

product;
. At 3.88 ppm a singlet (2 protons), diagnostic signal of 2 aliphatic hydrogens

. At 3.57 ppm there is a singlet, a proton, typical of the -SH of aromatic thiols;
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SYNTHESIS OF 2-(2-((3-oxo-3-((tri-tertbutylsilyl)oxy)propyl)disulfanyl)phenyl)acetic acid (16)

In the following synthetic step, the desired disulfide linker was achieved through the reaction between
compounds 11 and 13 previously prepared. The reaction was carried out in dry Et20 under nitrogen
atmosphere, for 48 hours, at -7 C° with the aid of a thermostat.

0

N

s S‘s/\)l\oﬂps . ©f\COOH —Fd_eth — ©f\COOH
iethy!

> s oTIPS
SH N, S”
48h -7°C \/\g/
13 15 16

75%

Scheme 14. Synthetic path to achieve compound 16.

Through chromatography column byproducts were removed and the final compound was characterized
by *H-NMR. (Figure 33)
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Figure 33. 1H-NMR of compound 16.
. Typical TIPS signals were localized between 1.0 ppm and 1.5 ppm;

. Two triplets centered at 2.82 ppm and 2.98 ppm (4 protons), confirmed the presence of the two
aliphatic -CH.- adjacent to the disulfide bridge;

. Asinglet at 3.95 ppm (2 protons), indicates the presence of the 2 aliphatic hydrogens between -Ph and
-COOH;

. The multiplet ranging from 7.20 ppm to 7.30 ppm and the doublet centered at 7.77 ppm, are correlated
to the protons bound to the benzene ring
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2.3.6 COUPLING OF BODIPY WITH LINKER

EDC*HCI
_—
dichloromethane

16 9

Scheme 15. Coupling of BODIPY Core with Linker

This reaction allowed to bind the newly synthesized linker (compound 14) to the reduced BODIPY 3,5-
dimethyl substituted (compound 8), by forming an amide. EDC was used as a coupling agent, to activate
the carboxyl group. The reaction was carried out under nitrogen atmosphere for 24 h.

'H-NMR showed signals confirming the presence of the BODIPY amide:
. Typical TIPS signals between 0.9 ppm and 1.30 ppm;
. Centered at 1.45 ppm and 2.47 ppm there are two singlets, due to the methyl groups of the BODIPY;

. At 2.74 ppm and 2.93 ppm two triplets, connected to 2 protons each, diagnostic of aliphatic hydrogens
between S-S and -CO;TIPS;

. A singlet (2 protons) at 3.99 ppm associated with the two protons between the amide group and the
benzene ring;

. A singlet centered at 6.05 ppm which suggested the presence of the two hydrogens of pyrrole;

. The multiplet ranging from 7.20 ppm to 7.50 ppm and the doublet centered at 7.80 ppm, due to 4
protons connected to the benzene ring of the BODIPY in meso position and to the 4 protons of the
benzene ring of the linker (the number of protons were 8);
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Figure 34. H-NMR Spectrum of compound 17

DEPROTECTION OF BODIPY AMIDE

The consecutive step was the deprotection of carboxyl group of the BODIPY amide to re-establish its
reactivity. TIPS was removed by using TEA 3HF, at room temperature.

17

Et;N*HF
- .

tetrahydrofurane
24hr.t.

Quantitative yield
18

Scheme 16. TIPS deprotection to afford compound 18

IH-NMR spectrum was recorded. The occurred deprotection process was confirmed thanks to the lack

of signals connected to Triisopropyl groups as showed in Figure 35.
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Figure 35. 1H-NMR Spectrum of compound 18

COUPLING BODIPY-LINKER

To attach the final system on CNTs the introduction of an alkyne group was required to exploit CUAAC
chemistry. The introduction of propargylamine occurred by adding EDC HCl and HOBt to increase the
reaction yield. After a purification through chromatography column a *H-NMR was showed in Figure 36.

HOBt
EDC*HCI

[

dichloromethane
48hr.t.

Scheme 17. Coupling BODIPY with propargylamine

41



NC 13 froz 2436 BASO_IH
RC-13-Fraz-24-36-DFE0 FR
= © o

L

_j:
%

35

34

32

29

et

3.94

[3.85

. 385
t-3.84

3.83

3.10

2.95

293

— 3%
—1.99

— 140

T 1151

T L] T T Y o vy "
o @ & ¢ =] o st @ @ o
= @ o = = e - ~
- = ™ w ~ ~o~ o~ w - w
R R P - - < T
1.5 1.0 105 100 9.5 a0 a5 &0 5 7 6.5 f?? a 45 4.0 35 3.0 2.5 20 15 Lo 05
[ppm,

Figure 36. 1H-NMR Spectrum of compound 19

In this synthetic step the fluorescent probes 9 and 17 were bund on CNTs surface. The nanotubes are
already functionalized with azide group and PEG chain. The azide groups on CNTs and the alkyne groups
on the fluorescent probes were exploited to conduct a Cu (l) catalyzed cycloaddition reaction. CulP
(OEt)s was used as catalyst at 60°C for 48 h. (Scheme 18)
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DIPEA
CulP(OEt);
dimethylformamide
60°C 48h

20

Scheme 18. Functionalization of CNTs with fluorescent probes.

At the end of reaction functionalized CNT were filtered on nylon and washed several times with water
and methanol. The collected workup waters were analyzed by UV spectroscopy to evaluate the
complete removal of two dyes not bund on functionalized carbon material.

In Figure 37 a UV Spectrum of 20 was reported. The absorption profile of synthesized compound
suggested the occurred reaction. showing the two characteristic absorbance signals connected with the
fluorescent molecules. In orange with maximum of absorption at 510 nm (BODIPY-Linker, 19) and in
blue with a maximum absorption at 623 nm (BODIPY 11).
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Figure 37. UV adsorption of compounds 20 (black), 11 (blue) and 19 (orange).

Confocal microscopy images analysis performed on functionalized carbon nanotubes were acquired by

using a laser with two wavelengths (Figure 38)

Ex 488 nm

Em 510 nm

Ex 570 nm

Em 630 nm

Figure 38. Images of functionalized CNTs provided by confocal microscope.

First two columns of Figure 38 showed the single fluorescence of two probes, confirming the occurred

functionalization. The last column revealed the merge of the images of two dyes.
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2.3.7 IN VITRO BIOLOGICAL ASSAYS
The desired model for DDS was objective of study about its cancer cells internalization. This study was

carried out in cooperation with Professor Paolo Paoli. at Dipartimento di Scienze Biomediche
Sperimentali e Cliniche dell’Universita di Firenze.

Confocal microscopy images were acquired of both isolated models of DDS and models of DDS
incubated for different period of time in melanoma cancer cell cultures (A375). The images showed the
presence of both fluorescent probes by using two lasers with different wavelengths (488 nm and 570
nm). The two different fluorescence were connected to the two probes.

Different images were collected after 0 minutes, 5 minutes, 30 minutes, 6 hours and 24 hours of
incubation. (Figure 39, 40, 41, 42, 43).

After 6 hours (Figure 42) the collected images showed small areas with a lack of a perfect overlapping
of two fluorescence, suggesting a possible release of a BODIPY due to the break of disulfide bridge. This
hypothesis was confirmed thanks to the images recorded after 24 hours: extended are

as with only green fluorescence were showed in Figure 43. The compound appears suitable for our
proposal.

0’ A375 Melanoma cells

Dapi

Merge

Figure 39. A375 cells incubated with product 18 at 0’. In A only the cell nucleus (DAPI dye). In B fluorescence of the
probe S-S-linker (product 17). In C fluorescence of product 9. In D the merge of the two fluorescence.
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5’ A375 Melanoma cells

Dapi

Merge

Figure 40. A375 cells incubated with product 18 at 5°. In A only the cell nucleus (DAPI dye). In B fluorescence of the
probe S-S-linker (product 17). In C fluorescence of product 9. In D the merge of the two fluorescence.
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30’ A375 Melanoma cells

Dapi

Merge

Figure 41: A375 cells incubated with product 18 at 30’. In A only the cell nucleus (DAPI dye). In B fluorescence of the
probe S-S-linker (product 17). In C fluorescence of product 9. In D the merge of the two fluorescence.
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6h A375 Melanoma cells

Dapi
.

Merge

Figure 42: A375 cells incubated with product 18 at 6h. In A only the cell nucleus (DAPI dye). In B fluorescence of the
probe S-S-linker (product 17). In C fluorescence of product 9. In D the merge of the two fluorescence.
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24h A375 Melanoma cells

Dapi

Merge

Figure 43: A375 cells incubated with product 18 at 24h. In A only the cell nucleus (DAPI dye). In B fluorescence of
the probe S-S-linker (product 17). In C fluorescence of product 9. In D the merge of the two fluorescence.

2.4 CONCLUSION AND PERSPECTIVES OF CNTs-MODEL OF DDS

This project was focused on the viability study of a drug delivery system. The drug was bund to multi

walled carbon nanotubes through covalent bonds divisible in intracellular environment. The prepared
system showed functionalized CNTs with two fluorescent probes of BODIPY family; the first BODIPY
(maximum of absorption at 623 nm) directly to nanostructured material, the second BODIPY dye
(maximum of absorption at 510 nm) through a disulfide bridge. This bond resulted cleavable in the
environment of cancer cells, due to the higher concentration of endogenous thiols.

The ability of nanotubes to cross cell membranes and the selective release mechanism are interesting
properties for a drug vectorization system (especially in the chemotherapy field, the lack of selectivity
is one of the main problems). Since this project was a viability study, instead of a drug, a fluorescent
probe was anchored to the CNTs.

One of the two dyes was then modified to form an amide bond with the linker disulfide molecule,
previously synthesized. The other BODIPY conjugation was extended by Knoevenagel condensation, to
modify also the emission frequency.

The functionalization of CNTs with these described molecules was carried out through a click-chemistry
reaction catalyzed by a complex (CulP (OEt) 3), exploiting the azide groups on nanotubes.

In collaboration with Professor Paolo Paoli, microscopy images of cell cultures (A375) incubated for
different periods of time were acquired by confocal microscope. These analyses revealed a double
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fluorescence of the tumor cells after the incubation and therefore the internalization of the model of
DDS. The collected images suggested the release of the BODIPY dye. Future studies could quantify the
release of compound bonded to carbon nanotubes via disulfide bridge.

2.5 RESULTS AND DISCUSSION-fGO

As previously showed in chapter 2.2, a similar approach was exploited to achieve a model to build a DDS
based on GO instead of CNTs. The synthetic approach was the same, first the decoration with a PEG
chain which will exploit to bind a selector, later the introduction of a substrate with an azido group to
anchor the fluorophores.

Thanks to Dr. Alberto Bianchi (Institut de biologie moleclulaire et céllulaire, Strasbourg) we have
decided to extend the study by substituting carbon nanotubes with an other nanostructured carbon
material such as graphene oxide since the higher biocompatibility and low toxicity compared to carbon
nanotubes.

The first step allowed the introduction of PEG chain by exploiting the epoxide ring opening at room
temperature in water. (Scheme 19).

H,0O
1 day, rt

Scheme 19. Functionalization of GO via Epoxide Rings Opening.

Few milligrams of compound 22 were used to remove BOC protecting group through an acidic reaction
Scheme 20

HCI 4M in dioxane

1day, rt

Scheme 20: BOC Deprotection of amine.

To functionalize graphene oxide, amino-terminated chains were chosen because they can be easily
functionalized for other purpose, such as bonds with selectors. Moreover, the presence of a primary
amine makes it possible to evaluate the amount of molecules introduced on GO using a colorimetric
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test, namely the Kaiser test (material methods). Kaiser test result revealed an amount of amine equal
to 34 ug/g of material.

2
EDC, DMAP

- >

H,0
2 days, rt

Scheme 21: Functionalization of GO via esterification

Our strategy involved the addition of 5-azidopentanoic acid to introduce an azido group. This fragment
allowed to bind the two dyes previously synthesized. (Scheme 21)

A control reaction was done, to verify if 5-azidopentanoic acid was adsorbed onto GO surface. This
reaction was performed in the same conditions of Scheme 21, without adding the coupling reagents.

HCl in 1,4-dioxane

dioxane
16h, rt

Scheme 22. Deprotection of BOC.

Elemental analysis on GO of control reaction didn’t establish any absorption of 5-azidopentanoic acid
onto GO; consequently the organic molecule was covalent bound onto carbon material.

From these results, we can conclude the occurred functionalization of GO in two steps.

Once obtained the decorated system (25), a strategy of multifunctionalization was developed. Mild
conditions were used to avoid the reduction of GO. In the presence of copper sulfate and sodium

ascorbate at room temperature the two fluorophores were added to compound 25 in water. (Scheme
23)
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Cus0y
Sodium ascorbate

H,0-tBUOH
t, 24h

25 26

Scheme 23. CuAAC reaction to introduce fluorescent dyes.

To evaluate the loading degree of two fluorophores, ICP (S, B) analyses were done to establish an
amount of compound 11 equal to 0.42 mmol/g and 19 equal to 0.37 mmol/g.

Comparing the loading degree collected for the first described model, based on CNTs, to the second
one, built with GO, 26 three times higher values for the second model (GO) were collected as compared
to the model achieved by using CNTs 20.
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CNTs GO

Figure 44. Loading degree of two models of DDS.

ICP analyses S, B:

BODIPY 11: 0.15 mmol/g

0.12 mmol/g

2.6 CONCLUSION AND PERSPECTIVES OF GO-MODEL OF DDS
A system made of functionalized GO was achieved. The previously synthesized BODIPY 11 and BODIPY-

Linker 19 were covalent attached onto GO. A similar approach was carried out to bind PEG chain onto
nanostructured carbon material.

Our hypothesis plans to exploit the properties of disulfide bridge to release the dye with a maximum
adsorption at 510 nm.

In conclusion all the studyes mentioned used CNTs and GO samples with different characteristics, thus
drawing a real conclusion appears to be a difficult task. A good functionalization of carbon materials has
been possible. Analogous studyes with confocal microscope and in vitro studyes for the compound 26
will be done by reproducing the same experiments previously adopted for compound 20.

2.7 MATERIAL AND METHODS
OXIDATION OF MULTIWALLED CARBON NANOTUBES 2

Pristine nanotubes (500 mg) were dispersed in a 3:1 mixture of 95% sulfuric acid and 65% nitric acid (30
mL) and heated at 100°C under stirring for 30 minutes. The mixture was cooled at room temperature
and quenched with 130 mL of MilliQ water, the obtained solution was centrifuged at 1500 rcf (relative
centrifugal force) for 30 minutes, the supernatant was removed, and the precipitate dispersed with
milliQ water (130 mL) and centrifuged again. The CNT slurry recovered from centrifugation (still acidic)
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was filtered on a 0.2 um polycarbonate membrane and washed with water until neutral pH of the
filtered solution. The process provided 200 mg of oxidized material, elemental analysis: C 79.1%, N
0.15%, H 0.62% and O 20.3%. FT-IR showed the C=0 absorption peak at 1700 cm-1.

SEPARATION OF OXIDE CARBON NANOTUBES BY LENGHT

Bulk oxidized CNT (140 mg) were dispersed using ultrasound bath in milliQ water (280 mL) to obtain a
0.5 mg/mL solution. The solution was centrifuged at 10k rcf for 1h and supernatant and precipitate were
collected. The supernatant was centrifuged again at 15k rcf for 1h providing a new precipitate and a
new supernatant. The procedure was repeated using the supernatant other 3 times using different G
force (20, 25 and 30 K rcf) as reported in the figure 6. The supernatant of the 30 k rcf centrifuge was
dried and 65 mg of material 2 were obtained, the length was measured with TEM (Figure 45) giving an
average value of 130 nm.

Figure 45. TEM image of short oxidized carbon nanotubes

SYNTHESIS OF 4-azidoaniline- 3
NH,

4-azidoaniline was synthesized from 4-bromoaniline in quantitative yield following a procedure
reported in the literature.®?

SYNTHESIS OF N3-CNTs (Tour reaction)- 4
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CNTs (2) (20 mg) was dispersed in dry DMF (2 mL) and sonicated for 15 minutes, then 4-azidoaniline
(61.5 mg, 0.46 mmol) and isoamylnitrite (38.6 mg, 0.33 mmol) were added and the mixture stirred at
60°C under nitrogen for 24 h. CNT 5 was recovered by filtration on a 0.2 um nylon membrane, washing
with DMF until a colorless solution obtained and then with methanol to remove the unreacted
materials. FT-IR peak at 2100 cm-1 confirmed the azide decoration (Figure 46).

0.0

/

=
3293 3172
82 1509

Trasmittance
AU

Figure 46. IR of compound 4

SYNTHESIS OF N3-CNTs-PEG 6

N3CNTs (4) (15 mg) were dispersed in MES (50 mL) and sonicated for 15 minutes, then EDC-HCI (90 mg,
0.47 mmol) and N-Hydroxysuccinimide (375 mg, 3.26 mmol) were added and the mixture stirred at
room temperature for 90’. Functionalized CNTs were recovered by filtration on a 0.2 um nylon
membrane, washing with water. The recovered material (12.7 mg) was dispersed in ¢wyDMF (2.5 mL).
100 mg of PEG 2K (5)were added and the mixture stirred at 45°C for 24h. CNTs (6) were filtered on a 0.2
um nylon membrane washing first with DMF (10 mL) than water (30 mL).
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SYNTHESIS OF BODIPY Core-7

P-nitrobenzaldehyde (790 mg, 5 mmol, 1 eq.), 2,4-dimethylpyrrole (952 mg, 10 mmol, 2 eq.) were
mechanical reacted with mortar and pestle; about 20 drops of TFA were added. DCM and p-chloroanyl
(1844 mg, 7.5 mmol, 1.5 eq.) were added and homogenize with the pestle; the color of the substance
varied from orange to dark purple. The product obtained was diluted with 250 mL and transferred in a
separating funnel. The solution was washed with 200 mL of a saturated solution of Na2COs and then
with 200 mL of BRINE. Each aqueous phase is then washed again with 100 mL of DCM to recover as
much product as possible. The combined organic layers were anhydrified with Na2SOj, filtered on cotton
and dried. 2.810 g of crude product were obtained.

1H-NMR (CDCI3, 200 MHz) _(ppm): 8.31 (AA’BB’, 2H, Ha); 7.51 (AA’BB’, 2H, Hb); 5.89 (s, 2H, Hd); 2.33
(s, 6H, He); 1.25 (s, 6H, Hc)

SYNTHESIS OF BODIPY Core-8

Product 7 (1606 mg, 5 mmol, 1 eq.) was put into a two-necked flask, under nitrogen atmosphere, diluted
in 50 mL of anhydrous DCM and subsequently added first, fresh distilled TEA (6 mL, 42.9 mmol, 8.6 eq.),
than BFs (previously distilled under a flow of Nz) at 0°C. After 12 h at room temperature the organic
phase were diluted with 55 mL of DCM and washed with 3x50 mL of Na>COs and 3x50 mL of BRINE.Thn
the organic layers were dried on Na:SOs The crude product was purified through a flash
chromatography column (EtP: DCM 1:1). 943 mg of product, or a yield of 37%.

1H-NMR (CDCI & 200 MHz) (ppm): 8.37 (AA’BB’2H, Ha); 7.52 (AA’BB’2H, Hb); 6.01 (s, 2H, Hd); 2.55 (s,
6H, He); 1.35 (s, 6H, Hc)

2.5 g (0.015 mmol, 1eq) of 4-Nitrobenzoic acid were dissolved in 3.3 mL (0.045 mmol, 3 eq) of thionyl
chloride at 80°C for 1h, under nitrogen atmosphere. 75 mL of dichloromethane were added into the
flask. Then 15 mL of fresh distilled triethyl amine and 15 mL of BFs Et20 were added. At the end of
reaction several extractions with waters were repeated after the dilution with dichloromethane (50
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mL). The crude product was purified through a flash chromatography column (PEt: DCM 1:1). 1.73 g of
product, or a yield of 68%.

SYNTHESIS OF BODIPY-amine-9

In a flask equipped with a magnetic stirrer, under N2 atmosphere, compound 7 (500 mg, 1.35 mmol,
leq) was placed with MeOH (21 mL). A solution of HCl in MeOH (0.4 mL of HCI 37% in 10 mL of MeOH)
was added. The resulting mixture was heated to reflux, 8 mL of water were added and the reaction was
monitored via TLC (Rs: 0.55, 4:1 DCM: Pet. E.). After 2.5 h the product was synthesized. After cooling to
room temperature, the reaction mixture was diluted with dichloromethane and filtered to remove Fe.
The mixture was washed with a solution of Na2COs, the organic layers were combined, dried over
anhydrous MgS04 and evaporated. Yield: 250 mg, 55%, solid red compound.

'H-NMR (CDCls, 200Hz) & (ppm): 7.03 (AA’ of a system AA’-BB’, 2H, J=8.0Hz, Ha); 6.78 (BB’ of a system
AA’-BB’, 2H, J=8.0Hz, Hb); 5.97 (s, 2H, Hc); 3.88 (bs, 2H, Hd); 2.53 (s, 6H, He); 1.48 (s, 6H, Hf).

SYNTHESIS OF BODIPY-alkyne-9

Hp Hb O

NHi

100 mg of product 8 (0.29 mmol, 1eq) were put in a flask. 4-Pentynoic acid (29 mg, 0.29 mmol, 1eq),
Dicyclohexylcarbodiimide (87 mg, 0.44 mmol, 1.5 eq), 4-(Dimethylamino)pyridine (3.7 mg, 0.03 mmol,
0.1 eq) were added to the flask with 5.5 mL of dry dichloromethane. After 24h at room temperature
the reaction was completed. The crude product was washed with 30 mL of 0.1M HCI solution (x3), 30
mL of a saturated solution of Na2COs (x3), 30 mL of a BRINE solution (x2). The crude product was purified
by a flash chromatography column (DCM:Pet.Et. 4:1). 108 mg were collected with a yield of 91%.

1H-NMR (CDCls, 200 MHz) & (ppm): 7.96 (bs, 1H, Hi); 7.70 (dd, 2H, He); 7.20 (dd, 2H, Hf ); 5.97 (s, 2H,
Hg); 2.63 (s, 4H, Hb+Hc); 2.54 (s, 3Hf) 2.07 (s, 1H, Hi); 1.41 (s, 6H, Hc)
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SYNTHESIS OF -BODIPY disubistuted-11

Compound 10 (80 mg, 0.19 mmol, 1 eq.) was put in a flask under nitrogen atmosphere in anhydrous
CHsCN and brought to reflux temperature.2-pyridincarboxaldehyde (102 mg, 0.95 mmol, 5 eq.),
pyrrolidine (82 mg, 1.14 mmol, 6 eq.) and acetic acid (56 puL, 0.95 mmol, 6 eq). After 1 h of reaction the
crude product was diluted with 50 mL of DCM. The organic phase was washed with 2x30 mL of Na,COs3,
then 2x30 mL with MilliQ water and finally 2x40 mL with BRINE and dried on Na:SOa. The obtained
compound was purified by flash chromatography with eluent PetEt-EtOAc (2: 1). 79.4 mg of BODIPY-
disubstituted were recovered with a yield of 70%.

1H-NMR (CDCls, 200 MHz) & (ppm): 8.65 (d, 2H, Ho); 8.05 (d, 2H, He); 7.75-7.65 (m, 7H, Hm + Ha + Hb +
Hf); 7.36 (d, 2H, Hk); 7.27 (d, 2H, H1); 7.20 (t, 2H, Hn); 6.69 (s, 2H, Hd); 2.66 (s, 4H, Hg + Hh); 2.11 (s, 1H,
Hi); 1.50 (s, 6H, Hc).

SYNTHESIS OF (tert-butyl)-2,2,4,4-tetramethylsiletan-1-yl 3-(pyridin-2yldisulfanyl)propanoate-13

He He O g g
e M
M HE Hf /\

He

3-mercaptopropionic acid was added in a flask (130 uL, 1.49 mmol, 1 eq.) And it is solubilized in 1.4 mL
of MeOH. Add the 2-2'-dipyridyldisulfide (503 mg, 2.29 mmol, 1.5 eq.) under magnetic stirring. After a
reaction time of 4 h at room Temperature a *H-NMR spectrum of the crude is acquired to ensure the
absence of 2-2'-dipyridyl disulfide.
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To protect the carboxylic group TIPSCl was used.

The obtained crude (325.1 mg, 1.52 mmol, 1 eq.) was solubilized in a flask with 8.12 mL of dry DCM
under nitrogen atmosphere, ary TEA (420.9 uL, 3.02 mmol, 2 eq.) was slowly added to the flask. At 0°C
TIPSCI (387.7 pL, 1.81 mmol, 1.2 eq) was added drop by drop in 10’ of time. 6mL of aqueous solution of
NH4Cl was used to wash the organic layers. The crude is purified by flash chromatography. Eluent Pet.Et-
EtOAc (20: 1). 362.3 mg of product 11 were recovered with a yield of 65%.

1H-NMR (CDCI3, 200 MHz) & (ppm): 8.46 (d, 1H, Ha); 7.75-7.61 (m, 2H, Hb+Hd); 7.08 (t, 1H, Hc); 3.03 (t,
2H, He); 1.40-1.13 (m, 3H, Hg); 1.13-0.90 (d, 18H, Hi)

SYNTHESIS OF (2-mercaptophenyl)acetic acid-15

HaHf  Hf
Hb
COOHg
Hc SHe
Hd

Benzo-b-thiophen boronic acid was added to a flask (417 mg, 2.34 mmol, 1 eq) and solubilized in 5 mL
of EtOH; therefore 930 uL of H202 at 30% were added under magnetic stirring. After 5 h. the reaction
mixture was diluted with 12 mL of H20 milliQ, 12.5 mL of dichloromethane were used to perform three
extractions. The combined organic layers were anhydrified on Na2SQa.

'H-NMR spectrum is acquired which reveals the formation of thiolactone (yield = 90%).

The synthesized thiolactone (317 mg, 2.11 mmol, 1 eq.) was solubilized in 12.6 mL of H20 and in 12.6
mL of THF into a flask. LiOH (303.2 mg, 12.66 mmol, 6 eq.) was put into a flask equipped with a magnetic
stirring for 16 h at 60°C. 345 mg of crude product were collected

1H-NMR (CDCls, 200 MHz) & (ppm): 10.65 (bs, 1H, Hg); 7.50-7.20 (m, 4H, Ha+Hb+ Hc+Hd); 3.88 (s, 2H, Hf
); 3.57 (s, 1H, He).

SYNTHESIS OF (2-((3-ox0-3-((tri-tert-butylsilyl)oxy)propyl)disulfanyl)phenyl)acetic acid 16

Ha COOHh
AL
Hd He He O /Q\(

Hb

Product 13 (362.3 mg, 0.97 mmol, 1 eq.) was solubilized under nitrogen atmosphere with 15 (244.7
mg, 1.455 mmol, 1.5 eq.) in Et20, inside a tube equipped with a magnetic stirrer. The reaction was
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carried out at -7°C for 48 h, thanks to the use of a thermostat. The purification process occurred
through a flash chromatography by using Et20 as eluent, obtaining 103 mg of product 14 (yield = 25%).

IH-NMR (CDCls, 200 MHz) 6 (ppm): 7.77 (d, 1H, Hd); 7.30-7.20 (m, 3H, Ha+Hb+Hc); 3.89 (s, 2H, Hg);
2.91 (t, 2H, He); 2.76 (t, 2H, Hf ); 1.35-0.9 (m, 21H, HI + Hh)

COUPLING OF linker 16 with BODIPY 9 to obtain 17

Products 18(103 mg, 0.240 mmol, 1 eq.) and compound 9 (90 mg, 0.264 mmol, 1.1 eq.) were dissolved
in dry DCM, under nitrogen atmosphere. EDC hydrochloride (74.5 mg, 0.36 mmol, 1.5 eq.) was added
to the flask for 24 h at room temperature. The crude product was purified by flash chromatography, a
mixture of hexane-dichloromethane (1:1) was prepared as eluent. 103 mg were obtained (yield = 57%).

IH-NMR (CDCl3, 200 MHz) 6(ppm): 7.82-7.21 (m, 8H, Hc+Hd+He+Hf+Hi+Hj); 7.40-7.20 (m, 6H,
Hc+Hd+He+Hf+Hi); 6.05 (s, 2H, HI); 3.98 (s, 2H, Hg); 2.91 (t, 2H, Hb); 2.65 (t, 2H, Ha); 2.48 (s, 6H, Hk);
1.45 (s, 6H, Hm).

DEPROTECTION OF TIPS-GROUP FROM COMPOUND 18

The synthesized amide (product 16) was dissolved in dry THF into two Eppendorf (103 mg, 0.137 mmol,
1eq.), and 33.6 uL (0.206 mmol, 1.5 eq.) of TEA fluoride. After 24 h at room temperature, an additional
7 uL of TEA fluoride were introduced in each Eppendorf. After 24h the reaction mixture was washed
with BRINE, the same procedure was repeated after the addition of EtOAc and anhydrified on Na2SQa.
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'H-NMR (CDCls, 200 MHz) &(ppm): 7.82-7.21 (m, 8H, Hc+Hd+He+Hf+Hi+Hj); 7.40-7.20 (m, 6H,
Hc+Hd+He+Hf+Hi); 6.05 (s, 2H, HI); 3.98 (s, 2H, Hg); 2.91 (t, 2H, Hb); 2.65 (t, 2H, Ha); 2.48 (s, 6H, Hk);
1.45 (s, 6H, Hm).

SYNTHESIS OF COMPOUND 19

Product 18 (86 mg, 0.145 mmol, 1.6 eq.) was solubilized in 8 mL of dry DCM, under nitrogen
atmosphere. Then 15 pL (1.6 eq.) of propargylamine, 45.4 mg (1.6 eq.) of EDC hydrochloride and 32.4
mg (1.6 eq.) of

HOBt. The reaction was carried out for 48 h at r.t. Subsequently the crude product was purified by flash
chromatography, using dichloromethane: ethyl acetate (20: 1) as eluent mixture.

1H-NMR (CDs0D, 200 MHz) _(ppm): 7.81-7.27 (m, 8H, Hc+Hd+He+Hf+Hi+H]); 6.17 (s, 2H, HI); 3.94 (s, 2H,
Hg); 3.84 (d, 2H, Ho); 3.10 (s, H, Hp); 2.93 (t, 2H, Hb); (t, 2H, Ha); 2.44 (s, 6H, Hk); 1.40 (s, 6H, Hm)
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SYNTHESIS OF CNTs-BODIPY-BODIPYLINKER 20

Nitrogen flow was bubbled for 2 hours in dry DMF, where compound 6 was dispersed (5.3 mg, 0.0084
mmol, 0.75 eq.). Substrate 17 (5.3 mg, 0.0084 mmol, 0.75 eq.), DIPEA (5.65 pL, 0.0324 mmol, 2.9 eq.)
and CulP (OEt)3 (1.3 mg, 0.0028 mmol, 0.25 mmol) were added. After 24h the functionalized carbon
nanotubes were filtered and washed with fresh DMF and methanol. 4.8 mg of material were collected.

OPENING OF EPOXIDE GO WITH LONG CHAIN OF PEG 22

To a suspension of GO 21 (20 mg) in MilliQ water (20 ml) sonicated in a water bath for 20 min, PEG (80
mg, 0.32 mmol) was added. The reaction mixture was stirred for 1 day. To 21, milliQ water was added
and the sample was dialyzed in milliQ water for 5 days. fGO 22 was kept in solution and obtained as a
powder after freeze drying only for characterization.
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Boc-DEPROTECTION-23/25

To a solution of Boc protected-f-GO (10 mg) 22/24 in 1,4-dioxane (5 ml), sonicated in a water bath for
10 min, was added a solution of 4M HCl in 1,4-dioxane (5 ml). The reaction mixture was stirred
overnight. The reaction mixture was centrifuged at 1400 rcf for 15’ at 0°C. The precipitate was dispersed
in fresh DMF, sonicated in a water bath for few minutes and centrifuged. This workup sequence was
repeated twice with DMF, twice with MeOH and twice with DCM.

The precipitate was dried under vacuum to obtain Boc-deprotected f-GO.

Quantitative Kaiser Test —

Three solutions were prepared separately:

- 10 g of phenol dissolved in 20 ml of ethanol (solution I)

-2 ml of KCN 1 mM (aqueous solution) dissolved in 98 ml of pyridine (solution Il)
- 1.0 g of ninhydrin dissolved in 20 ml of ethanol (solution Il1)

An amount of approximately 200 pug of GO conjugates was carefully weighted and then the following
solutions were carefully added into the test tube: 75 ul of solution I, 100 pl of solution Il and 75 pl of
solution lll. As blank solution, the three solutions were mixed in a test tube without GO. The test tube
was sonicated in a water bath for 5 minutes, heated at 110°C for 5 minutes and then cooled rapidly in
an ice bath to stop the reaction. 2.75 ml of 60% ethanol were added and the suspension was mixed. A
UV-Vis cuvette was filled with the blank solution to collect the baseline. The absorbance of each sample
was measured at 570 nm. The calculation of the amine loading was made using the Equation V.1.

The result was expressed as micromole of amino group per gram of material. The test was performed
at least three times for each sample.

P moy [Abs,,;. — Abs,,. ] dilution (mL)-10°
8  Molar extinction coefficient - sample weight(mg)

Equation: GO loading calculation. Dilution is equal to 5 ml and molar extinction coefficient to 15000 M1 « cm-1-.64
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ESTERIFICATION REACTION ON CARBOXYLIC ACID —GO-24

To a suspension of 23 (10 mg) in MilliQ water (10 ml), sonicated in a water bath for 20 min, were added
EDC (15 mg, 0.10 mmol), DMAP (20 mg, 0.16 mmol) and 5-azidopentanoic acid (31 mg, 0.16 mmol). The
reaction mixture was stirred for 2 days at room temperature. To 24, milliQ water was added and the
sample was dialyzed in milliQ water for 7 days. 24 was kept in solution and obtained as a powder after
freeze drying only for characterization.

CONTROL REACTION OF GO CONT

To a suspension of 22 (10 mg) in MilliQ water (10 ml), sonicated in a water bath for 20 min, 5-
azidopentanoic acid (31 mg, 0.16 mmol) was added. The reaction mixture was stirred for 2 days at room
temperature. To reaction product, milliQ water was added and the sample was dialyzed in milliQ water
for 7 days. The material was kept in solution and obtained as a powder after freeze drying only for
characterization.

CLICK REACTION ON fGO TO SYNTHESIZE 26
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To fGO (2.4 mg) 25 in milliQ H20 (0.15 ml) under nitrogen a solution of BODIPY amine 11 (3.1 mg, 1.44
pmol) and BODIPY LINKER 19 ( 3.1 mg, 1.44 pumol ) in milliQ H20tBuOH (2:1, 2.4 ml) was added.
Afterwards CuSOs (92 pg, 0.576 umol) and sodium ascorbate (0.1 mg, 0.57 umol) were added. The
reaction mixture was stirred for 24h at room temperature. To fGO, milliQ water was added and the
sample was dialyzed in milliQ water for 7 days. fGO 26 was kept in solution and obtained as a powder
after freeze drying only for characterization.
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