N

N

Theranostic of rhabdomyosarcoma with functionalized
nanoparticles
Sofia Dominguez-Gil

» To cite this version:

Sofia Dominguez-Gil. Theranostic of rhabdomyosarcoma with functionalized nanoparticles. Other.
Université Montpellier, 2021. English. NNT : 2021MONTS090 . tel-03633604

HAL Id: tel-03633604
https://theses.hal.science/tel-03633604v1

Submitted on 7 Apr 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-03633604v1
https://hal.archives-ouvertes.fr

THESE POUR OBTENIR LE GRADE DE DOCTEUR
DE L'UNIVERSITE DE MONTPELLIER

En Chimie et Physico-Chimie des Matériaux

Ecole doctorale
Sciences Chimie Balard

Unité de recherche
Institut Charles Gerhardt Montpellier UMR 5253

Nanoparticules fonctionnalisées
pour la théranostique du
rhabdomyosarcome

Présentée par Sofia DOMINGUEZ-GIL
Le 24 septembre 2021

Sous la direction de Frédérique CUNIN et Jean-Olivier DURAND

Emilie GENIN, Maitre de conférences, ISM - UMR CNRS 5255 (Talence, France) Rapporteur
Yannick COFFINIER, Directeur de recherche, IEMN — UMR CNRS 8520 (Lille, France) Rapporteur
Jochen ROSSLER, Professeur Head of Division of Pediatric Hematology/Oncology Examinateur

University Hospital, (Bern, Switzerland)

Lluis F. MARSAL, Academia Professor, Universitat Rovira i Virgili (Tarragone, Spain) Examinateur
Magali GARY-BOBO, Chargée de Recherche, IBMM — UMR CNRS 5247 (Montpellier, Examinateur
France)

Véronique ROSILIO, Professeur, Institut Galien Paris-Saclay - UMR CNRS 8612 Président du jury

(Chatenay-Malabry, France)

Frédérique CUNIN, Directrice de recherche, ICGM - UMR CNRS 5253 (Montpellier, Directeur de Thése
France)

Jean-Olivier DURAND, Directeur de recherche, ICGM - UMR CNRS 5253 (Montpellier, Directeur de Thése
France)

UNIVERSITE
DE MONTPELLIER







Summary

ABBREVIATIONS

INTRODUCTION

CHAPTER 1: NANOMEDICINE FOR CANCER TREATMENT
1. PEDIATRIC CANCERS

1.1. CURRENT TREATMENTS

1.1.1. SURGERY

1.1.2. CHEMOTHERAPY

1.1.3. RADIOTHERAPY

1.2. CLINICAL NEEDS: DEVELOPING PERSONALIZED MEDICINE FOR RMS

2. NANOMEDICINE & TARGETED THERAPIES

2.1. NANOPARTICLES

2.1.1. GENERALITIES

2.1.2. CLASSIFICATION

2.1.2.1. ORGANIC NANOPARTICLES

2.1.2.2. INORGANIC NANOPARTICLES

2.1.3. EPR EFFECT: PASSIVE TARGETING

2.2. ACTIVE TARGETING

2.2.1. TARGETING AGENTS

2.2.2. PEPTIDE TARGETING AND ANALOGS FOR CI-RM6P TARGETING

2.3. PHOTODYNAMIC THERAPY & GENE THERAPY

11

15

16

17

17

18

18

19

20

20

20

23

23

26

28

29

30

33

34



2.3.1. PHOTODYNAMIC THERAPY GENERALITIES 34

2.3.2. PHOTOPHYSICAL MECHANISM 35
2.3.3. TWO PHOTON-EXCITED PHOTODYNAMIC THERAPY 38
2.3.4. GENE THERAPY GENERALITIES 39
2.3.5. VIRAL VECTORS & NON-VIRAL VECTORS IN GENE THERAPY 39

CHAPTER 2: PMOsPOR-NPs AS A PLATFORM FOR CANCER THERANOSTICS 43

PARTI. THE MANNOSE 6-PHOSPHATE RECEPTOR TARGETED WITH
PORPHYRIN-BASED PERIODIC MESOPOROUS ORGANOSILICA NANOPARTICLES

FOR RHABDOMYOSARCOMA THERANOSTICS 45
1.1. EXPERIMENTAL PART 47
1.2. RESULTS AND DISCUSSION 53
1.3. CONCLUSIONS 60
1.4. PERSPECTIVES 60

PART Il. PORPHYRIN-BASED PERIODIC MESOPOROUS ORGANOSILICA

NANOPARTICLES FOR TPE-INDUCED siRNA DELIVERY ON MCF-7 CELLS 61
2.1. EXPERIMENTAL PART 62
2.2. RESULTS AND DISCUSSION 67
2.3. CONCLUSIONS 72
2.4. PERSPECTIVES 73
CHAPTER 3: pSiNPs AS A PLATFORM FOR CANCER THERANOSTICS 75
PARTI. RHABDOMYOSARCOMA IMAGING BY pSiNPs 77
1.1. EXPERIMENTAL PART 78

1.2. RESULTS AND DISCUSSION 81



1.3. CONCLUSIONS 87
1.4. PERSPECTIVES 88

PART Il. THE MANNOSE 6-PHOSPHATE RECEPTOR TARGETED WITH pSiNPs FOR

RHABDOMYOSARCOMA THERANOSTICS 89
2.1. EXPERIMENTAL PART 90
2.2. RESULTS AND DISCUSSION 93
2.3. CONCLUSION 101
2.4. PERSPECTIVES 102

PART IIl. pSiNPs—ICPES-AZOBENZENE@LYS FOR TPE-INDUCED siRNA

DELIVERY ON MCF-7 CELLS 103
3.1. EXPERIMENTAL PART 104
3.2. RESULTS AND DISCUSSION 107
3.3.  CONCLUSION 114
3.4. PERSPECTIVES 114
CHAPTER 4: GENERAL CONCLUSION AND OUTLOOKS 115
BIBLIOGRAPHY 119
RESUME 145

ABSTRACT 146






Abbreviations

ALL: Acute lymphoblastic leukemia

AML: Acute myeloid leukemia

APTES: (3-Aminopropyl)triethoxysilane
ARMS: Alveolar rhabdomyosarcoma

BC: Bone cancer

BL: Burkitt’s lymphoma

BT: Brain tumor

CAM: Chicken chorioallantoic membrane
CI-M6PR: Cation-independent mannose 6-phosphate receptor
CNST: Central nervous system tumor

CTAB: Cetyltrimethylammonium bromide
DLCL.: Diffuse large cell lymphoma

DLS: Dynamic Light Scattering

DRX: Doxorubicin

dsRNA: double-stranded RNA

EMRS: Embryonal rhabdomyosarcoma

EPR effect: Enhanced permeability and retention
ES: Ewing sarcoma

fAChR: fetal acetylcholine receptor

FTIR: Fourier transform infrared spectroscopy
GBM: Glioblastoma multiforme

GCT: Germ cell tumors



GD2: Disialoganglioside

HF: Fluorhydric acid

HGBL.: High-grade B-cell lymphoma
HT: Hepatic tumor

ICPES: 3-1socyanopropyltriethoxysilane
KT: Kidney tumor

LC: Liver cancer

MCF-7: Breast cancer cells

MPS: Mononuclear phagocyte system
MRNA: messenger RNA

NB: Neuroblastoma

NHL: Non-Hodgkin’s lymphoma

OS: Osteosarcoma

PCI: Photochemical internalization
PDX: patient-derived xenografts

PEG: Polyethylene Glycol
PMOsPOR-NPs: Porphyrin-based organosilica nanoparticles
PS: Photosensitizer

pSiNPs: Porous silicon nanoparticles
RES: Reticuloendothelial system

RISC: RNA-induced silencing complex
RMS: Rhabdomyosarcoma

ROS: Reactive Oxygen Species

RT: Room temperature



siRNA: Small interfering RNA

ST: Solid tumor

STS: Soft tissue sarcomas

TFA: Trifluoroacetic acid

TfRs: Transferrin receptors

THF: Tetrahydrofuran

TPE-PDT: Two-photon excitation photodynamic therapy

WT: Wilms tumor
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Introduction
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The World Health Organization defines cancer as a “large group of diseases that can
start in almost any organ or tissue of the body, being the abnormal and uncontrolled cellular
growing their main characteristic. The last stage of the illness is metastasis, when abnormal
cells can invade adjoining parts of the body and/or spread to other organs, being the main cause
of death”.! The last available data show around 10 million deaths and almost 20 million new
cases in 2020 in the world.? According to The Global Cancer Observatory, the number of new

cases will be estimated at 28.4 million in 2040.3

In this work, we focused our attention on childhood cancer, which is a major cause of
infant mortality worldwide. Around 400 000 children and adolescents of 0 — 19 years old are
diagnosed with cancer each year in the world.* The probability of survival in high-income
countries is encouraging, around 80 % of children are cured, but long-term treatment-related
effects are observed. Nevertheless, in low and middle-income countries only 15-45% of them

survive, therefore it is necessary to continue working to improve these survival rates.®

The objective pursued in this thesis work is to develop a more personalized way of
treating the RMS. A treatment that responds to the needs of pediatric patients, taking into
account the differences between children and adults, and particularly intended to children. In
order to do accomplished this goal, we have developed two different and complementary
materials, namely porphyrin-based mesoporous organosilica nanoparticles (PMOsPOR-NPS)
and porous silicon nanoparticles (pSiNPs). Both materials have been characterized and

functionalized with several target molecules to test them in vitro on cancer cell lines.

= In chapter 1, we present a literature review about the role of the nanomedicine and the

targeted therapies in cancer treatment, more specifically in RMS.

= In chapter 2, we describe the use of PMOSPOR-NPs in the theranostic of
rhabdomyosarcoma. The first part of the chapter focuses on the modification of these
nanoparticles for their use in active targeting. The TPE imaging as well as their TPE-
PDT efficiency was tested in vitro on RMS cells and is presented. In the second part,

TPE-induced siRNA delivery is presented.

= In chapter 3, we present the synthesis of pSiNPS and their employment in several
biological tests. In the first part of the chapter, the functionalization of pSiNPs with a
specific peptide capable of targeting membrane receptors of RMS is described. The
internalization of these nanoparticles was tested in vitro on RMS cells and is presented.
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In the second part, the functionalization of pSiNPs with a photosensitizer to enhance
their ROS generation, and with a target molecule is detailed. Their efficacy in TPE-PDT
on RMS cells is presented. In the last part of the chapter, photo-assisted gene

transfection (SIRNA) triggered by bi-photonic excitation light was studied.
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CHAPTER 1: Nanomedicine for cancer

treatment
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1. Pediatric cancers

Among pediatric cancers, the most commons types are leukemia (28%), brain and
central nervous system tumors (27%), lymphomas (12%), and neuroblastomas (6%).% As they
represent only 1-2% of total cancers, identification and research in cancer-causing factors is
still limited and complicated. Environmental factors do not seem to be the principal cause as it
is difficult to link lifestyle-related risk habits such as tobacco, unhealthy diet, and alcohol,
overweight or sedentary life with childhood. Some studies have suggested the genetic
predisposition; up to 10% of all cancers are caused by heritable mutations, but it is not
determining, and usually, these genetic mutations occur randomly.”® Consequently, it is

essential to continue exploring this field to elucidate the possible causes.

In this thesis work, the discussion is centered on the rhabdomyosarcoma (RMS), which
is a rare case of tumor (4.5 cases per 1 million children) belonging to the pediatric sarcomas.®
Sarcomas are tumors that develop from bones, e.g. Osteosarcomas and Ewing’s sarcomas,
connective tissues, or soft tissues where rhabdomyosarcoma is included. Rhabdomyosarcoma
develops from normal skeletal muscle tissue and thus can arise in any part of the human body.
However, some localizations are more frequent, such as the neck and the head, the groin, the

abdomen, the pelvis, and the upper and lower limbs.10-11

Despite RMS occurrence seems to be random, it may however be related to familial

cancer syndromes such as:

» Li-Fraumeni syndrome (LFS), which is associated with a mutation in the gene p53.1*
13

= Neurofibromatosis, which affects the development and growth of nerve cells.

= Beckwith-Wiedemann syndrome, which is characterized by a fetal overgrowth and
multiple congenital malformations, associates with abnormalities on chromosome
11p15.5.1415
There are two major RMS subtypes according to the histology of the tumors, also

considering the molecular characteristics:  16-18

= Alveolar rhabdomyosarcoma (ARMS, 20-30%), is the most aggressive one, normally
giving rise to metastasis or recurrence, and whose preferential localizations are limb
area and perineum area. ARMS presents one of two common translocations
t(2;13)(935;q14) or t(1;13)(p36;914) which induces a gene fusion between PAX3
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(chromosome 1) or PAX7 (chromosome 2) and FOXOla (chromosome 13),
respectively. Translation products of these gene fusions lead to the increased expression
of several oncogenes and are responsible for the aggressive phenotype of ARMS.1%-20
60% of patients express PAX3-FOXO1a and have an overall survival of around 61%,
but only 20% express PAX7-FOXO1a having an overall survival of 82%. This is why,
more research about these genes is crucial to improve medical prognosis in case of more

aggressive ARMS, those presenting PAX3-FOXO1a fusion transcription factor.

= Embryonal rhabdomyosarcoma (ERMS, 60-70%) presents a better prognosis and
belongs to a more heterogeneous group compared to Alveolar rhabdomyosarcoma
(ARMS). It affects children before 5 years old and appears preferentially nearby the
head and neck, and in the genitourinary system. This tumor is characterized by a loss of
heterozygosity at chromosome 11 in the 15 loci (11p15.5), where the gene coding for
IGF-11 and the tumor suppressor gene H19 are present. In abnormal conditions, IGF-II
expresses a copy of the gene that is usually silenced and H19 becomes inactive. This
means an overexpression of IGF-11, and consequently a constant signal of proliferation

that is no longer regulated by H19, allowing tumor development.?

1.1. Current treatments

The current treatments are surgical resection, chemotherapy, and/or radiotherapy, and
they are chosen according to different criteria such as cancer localization, type, and stage or

risk group.

1.1.1.Surgery

This is the first step in the treatment of RMS. There are two types of surgery in RMS

patients:?>23

= Biopsy that is the extraction of sample cells or tissues to confirm the presence of cancer.

The biopsy is useful to find out the suitable treatment for the patient.

= Wide local excision, a surgery to remove the tumor and some of the tissue around it. It

can be combined with chemotherapy or radiotherapy to ensure the entire tumor removal.
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Different criteria must be considered before doing surgery, such as the tumor
localization, the tumor answer to the chemotherapy and radiotherapy, and the surgery’s

effect on the child’s body functions and appearance.

1.1.2.Chemotherapy

Chemotherapy consists of the intravenous administration of cytotoxic drugs, allowing
them to enter the bloodstream and diffuse throughout the body. Among chemotherapy drugs,
the most commonly used are vincristine, ifosfamide, actinomycin D, and/or doxorubicin. More
specifically, a multi-drug regime called IVVA (isofasfamide, vincristine, and actinomycin D) is

the most commonly used in RMS patients.!’
Chemotherapy is administered in order to:22-23

= Destroy residual cancer cells after initial surgery to reduce the risk of cancer recurrence
(adjuvant chemotherapy).
= Shrink tumor size to facilitate surgery or radiotherapy (neoadjuvant chemotherapy).

= Relieve pain and control the symptoms of advanced RMS (palliative chemotherapy).

Usually, it is administered in cycles with some days off to allow the patient body to
recover. The total length of treatment ranges from 6 months to a year. However,

chemotherapeutic drugs can also affect healthy cells, leading to severe side effects.

1.1.3.Radiotherapy

Radiotherapy uses high-energy radiation to damage cancer cells’ DNA, stopping
cellular division and, provoking cellular death. Unfortunately, this technique is not specific to
tumor cells and radiations can also generate important damage on healthy tissues. It can be
supplied along with chemotherapy to treat RMS when surgery is not possible (e.g. a tumor that
has grown into the skull bones, into the brain itself, or into the spinal cord). It is not usually

needed for treating ERMS that can be removed with surgery.??-23

The employment of all of these treatments has helped to increase the survival rate of
children and adolescents. According to the IRS (Intergroup Rhabdomyosarcoma Study) clinical
trials, 5-years overall survival has improved from 55% to 73% for non-metastatic RMS over

the last 30 years.?* On the other hand, only a 20% of survival rate is observed in the case of

18



RMS in stage 4.2° Despite these encouraging results in the case of non-metastatic RMS, there

are still some challenges concerning current treatments:

= Many RMS survivors experience side effects along with the therapy, e.g. hair loss,
nausea and vomiting, mouth sores, fatigue, loss of appetite, and increased chance of
infections.

= They can also experience long-term effects that can manifest months to years after

finalizing the treatment.2®

Consequently, therapies must be adapted to minimize short and long-term side effects

but also to allow better survival rates especially for more aggressive forms of cancers.

1.2. Clinical needs: developing personalized medicine for RMS

There is an urgent necessity to implement more tailored and innovative treatments for
the pediatric population to increase its survival rates, but also to limit the inherent and acquired
resistance of cancer cells to chemotherapies, which is a common drawback in RMS treatment.®
Instead of a direct adjustment of the dose to bodyweight/surface from adults’ prescription, the
treatments should be adapted to the biological and/or metabolic development of children.?’-28 It
is important to highlight how difficult it is to practice clinical trials in children due to different
issues in terms of scientific, clinical, ethical, technical, and logistical challenges.?® This is the
main reason for having much fewer therapies approved for children compared to adults.
According to the FDA, only 11 drugs have been approved for anticancer therapy in children
from 1980 to 2017.%° The novel therapeutic approaches should be based on targeted therapies.
Molecular and genomic studies of ARMS and ERMS would allow specifically identifying
target molecules involved in the growth and the proliferation of cancer cells. Receptors tyrosine
kinases (RTKs) 31-%, such as ALK, IGF-1, FGFR4, MET, EGFR, and HER2, have been found
overexpressed in RMS, and they are involved in the proliferation, differentiation, and survival
of RMS cells. In addition, some of them such as ALK, IGF-1, and FGFR4 are direct targets of
PAX3-FOXO1a % which, as mentioned, is a fusion protein involved in the tumorigenesis of
RMS and is expressed in 80% of tissues with ARMS but not in the normal tissues, being a
potential therapeutic target and biomarker.®® Single-agent targeted therapies will not be
sufficient to reach clinical efficacy. Combination therapy, which uses more than one drug or
modality, can boost clinical effectiveness and/or decrease treatment-associated toxicities. In

this sense, cancer progression is usually regulated by an ample variety of different processes;
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31,35 therefore, the strategy that we seek to develop in this work is a triple targeting approach:
the use of different nanoparticles combined with targeting molecules and photodynamic therapy
(PDT) and/or gene delivery.

2.  Nanomedicine & targeted therapies

Nanomedicine is the application of nanotechnology in the field of health, aiming to
improve the way of doing medical diagnosis, prevention, and the treatment of different illnesses
employing nano-sized tools.®”*8 Currently, nanomedicine is applied in cardiovascular or
neurodegenerative diseases, but also for cancer treatment, because it allows overcoming
common limitations of therapeutic molecules, such as low specificity, rapid drug clearance and
biodegradation, which sometimes require drug administration in large quantities, and/or limit

the targeting.*°

Therefore, the encapsulation of the active ingredient inside a vehicle, in this case, the
nanomaterial, makes it possible to deliver the drug in a stable and controlled way in the organ
to be treated, crossing biological barriers while protecting the active molecule to deliver in an
active form. With this approach, the therapeutic efficacy is expected to be improved, while

reducing the doses administered and the side effects of some active ingredients.

2.1. Nanoparticles

Among the different vectors described in the bibliography, this work is focused on the

use of nanoparticles for cancer treatment and/or diagnostic (theranostics).

2.1.1. Generalities

According to the IUPAC, nanoparticles are generally defined as materials ranging from
1 to 100 nm. They have unique properties compared to bulk materials such as their nanoscale
size, their high surface-to-volume ratio, their possibility of loading and releasing different
cargoes, and the opportunity they offer for surface functionalization.®” 4% Designed at the
nanometer scale, some of them also display intrinsic physical properties (magnetism, optical

and electronical properties, etc.).
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To use these materials as vectors in medical applications, they must meet very precise

specifications: 4142

= To be stable, biocompatible, and biodegradable.

= To be able to transport a sufficient amount of chemotherapeutic drug without affecting
its stability and its activity. They can help in the improvement of solubility of
hydrophobic chemotherapeutic drugs such as camptothecin, doxorubicin, and
paclitaxel.

= To deliver the chemotherapeutic drug in a stable and controlled way in the area to be
treated.

= To be chemically modifiable in order to graft targeting molecules.

= To offer adjustable size and surface charge to allow a prolonged circulation time in the
bloodstream, diffusion through the physiological barriers, and subsequent distribution
to tissues. Highly anionic particles tend to evade clearance from the circulatory system

better than highly cationic particles.

According to several studies, the ideal size is nearby 100 nm. They exhibit increased
cellular uptake, due to their ability to bind receptors and effectively induce the membrane-
wrapping process. NPs smaller than 5 nm are going to be filtered out by the kidneys, so they
leave the systemic circulation very early without being able to reach the tumor, and on the other
hand, NPs bigger than 200 nm in size have been shown to accumulate in the liver and spleen.*3
4 Despite these numbers, first attempts using NPs bigger than 200 nm have shown their

potential as a promising tool in cancer therapy.*5-46

The mononuclear phagocyte system (MPS) and reticuloendothelial system (RES) are
responsible for nanoparticle elimination from the bloodstream, avoiding their accumulation in
the target tissues.*’*® Surface modification is one strategy to prevent immune system
recognition and extend the circulation time, avoiding elimination by MPS and RES. According
to the level of surface chemical functionalization, it is possible to distinguish among 1%, 2",

and 3" generation nanoparticles (Figure 1).

= 1St generation nanoparticles.
This group includes the nanoparticles, which only encapsulate the active ingredient.
They are not surface-modified and have no specific affinity for tumors. The main drawback of
1%t generation nanoparticles is that they are recognized by the plasmatic proteins forming a
complex. The complex between NPs and plasmatic proteins is likely to be identified as a foreign
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body in the bloodstream by the macrophages from the liver, and subsequently, destroyed the

nanoparticles, releasing the active ingredient.

= 2" generation nanoparticles.

These nanoparticles have been developed to evade the opsonization process and to
increase the circulation time in the bloodstream. They are usually functionalized with
hydrophilic polymers such as polyethylene glycols (PEGs). This strategy prevents opsonin
fixation, giving rise to stealth nanoparticles (invisible for MPS), and potentially able to reach
the tissues by the enhanced permeability and retention effect (EPR effect).*®-5! The EPR effect
will be presented in more details in part 2.1.3.

= 3" generation nanoparticles.
The second-generation nanoparticles have been improved to recognize specific
receptors overexpressed onto tumors, by grafting targeting molecules (sugars, antibodies,
peptides, etc.) on their surfaces. This way, 3" generation nanoparticles can target a specific

tumor and deliver a larger amount of active ingredient. This strategy is termed active targeting.

1t generation 2"d generation 3rd generation

* PEG (-/\ PEG (/\

Chemotherapeutic drug Chemotherapeutic * Chemotherapeutic *

drug drug

Targetingagent ===

Figure 1. Schematic representation of the three generations of nanoparticles.
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2.1.2. Classification

The nanoparticles can be classified into two main groups: organic and inorganic

nanoparticles.%?
2.1.2.1. Organic nanoparticles

= LIPOSOME NANOPARTICLES

Discovered by Alec D. Bangham in 1961, and first published in 1964, they were the first
vectors used in medicine, and are still widely employed and developed for clinical
applications.53-%* Liposomes are self-assembling bilayer vesicles made of natural or synthetic
phospholipids. Their amphiphilic structure makes it possible to spontaneously form vesicles,
with a hydrophilic core and a hydrophobic membrane, in water. Hydrophobic drugs will be

encapsulated inside the membrane; while hydrophilic ones will be inside the core.

A PEGylated liposome containing Doxil® (doxorubicin) was the first formulation
introduced in the market for the treatment of Kaposi’s sarcoma in 1995.%° This formulation
showed reduced cardiotoxicity compared to the conventional one.®® Nowadays, other lipid
vectors have been approved, either by FDA or by EMA, for their use in different types of
cancers, such as non-PEGylated liposomal doxorubicin (Myocet®)%, non-PEGylated
liposomal cytarabine (DepoCyt®)°%8, vincristine sulfate liposomes (Margibo®)>°, and liposomal
mifamurtide (Mepact®)®. Morita and coworkers used doxorubicin-loaded thermo-sensitive
liposomes heated with infrared-A radiation, showing inhibition in the growth of the RMS in
rats and a reduction in the systemic toxicity.5? DaunoXome® (Daunorubicin) liposomes
combined with hyperthermia (1 h, 43 °C) were investigated by van Bree et al. in rats bearing
R-1 rhabdomyosarcoma.®? Not many studies using liposomes for RMS have been reported yet,
but scientists continue working on these vectors because they present advantages such as their

low systemic toxicity or their biodegradability.®3

According to the search engine ClinicalTrial.gov, the number of ongoing studies
considerably differs between adults and children. Among 364 clinical studies with liposomes,
only 10 of them were specially designed for children. A summary of them is collected in Table
1.
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Study Study . i
hees | O ILeEdes Start e Recruitmen | Last Update | Ages Eligible Type of
t Status Posted for Study Cancer
Date Date
: December - 18 September ST, ES, RMS,
1 Irinotecan Dec. 2013 2020 Recruiting 2019 1 year to 20 NB, OS
ST, ES, RMS,
1 Doxorubicin  Oct. 2016 O;:(t)(;bler Recruiting 25 Sggtze(;nber Upto30years STS, NB, OS,
WT, HT, GCT
1 Doxorubicin  July 1999 - Completed 28 April 2015  Up to 21 years STSB’TLiTBC'
RMS, NB,
1 Doxorubicin Dec. 2016 16 March Withdrawn 19 March 1 year to 40 ES, OS,
2019 2019
CNST
; 23 March Leukemia,
1 Cytarabine Feb. 1997 - Unknown 2010 1yearto 21 Lymphoma,
13March 12 M 13 Feb 3 months t LTS
‘L ay ebruary months to
2 Daunorubicin 2019 2027 Suspended 2020 17 years mutated,
AML
. 6 August - 24 November
2 Daunorubicin 2019 June 2022 Recruiting 2020 Uptol7years  ALL, AML
; January December - 13 March DLCL, BL,
2 Cytarabine 2013 2019 Recruiting 2019 3yearsto 31 HGBL
. January 13 March Leukemia,
2 Cytarabine 1996 June 2004 Completed 2019 Up to 20 years STS, WT, OS,
L September 31 October Child, adult, Lymphoma,
2 Vincristine June 2000 2005 Completed 2018 older adult L eukemia
L 23 Nov. 11 March . . ALL, NHL,
2 Vincristine 2016 2018 Terminated 3 April 2019  Up to 21 years Leukemia

Table 1. Liposome formulations under clinical trial for pediatric cancer*. Reproduced and adapted from Ref %

*Data collected on December 5 2020.

= POLYMERIC NANOPARTICLES

It is possible to classify them in natural, as chitosan, alginate, cyclodextrins, albumin,
etc., or synthetic ones like poly-glycolic acid (PGA), poly-lactic acid (PLA), poly-lactic-co-
glycolic acid (PLGA). Polymeric nanoparticles must fulfill some criteria such as
biocompatibility, non-toxicity, and potential biodegradability, and can be presented in different
arrangements such as micelles, nanospheres, and/or nanocapsules. Micelles are self-assemblies
of amphiphilic molecules, in which the hydrophilic and hydrophobic parts orient according to
the medium (aqueous or organic), allowing the load of both hydrophobic and hydrophilic
molecules. Nanospheres are solid colloidal nanoparticles in which the drugs are encapsulated
inside the polymeric matrix. Nanocapsules are colloidal vesicular systems in which an aqueous
or oily core is enveloped by a polymer membrane, the drug will be confined inside the core
(Figure 2).4
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o ®o % Hydrophilic Drug
° <\ 'J/\Q ‘-’ Hydrophobic Dru
@ [’\\ <“/‘/7f /\/O W - * " y P 4
I\\\ & /"/\O 3l *
" &k e " 4 x & * % Polymeric matrix
»«\:\~ . o
d\/ // / \\( \\' LC) sl " " * *
digJ ( L@ @ Polar head group
é i Hydrophobic tail
Micelle Nanosphere Nanocapsule

Figure 2. Schematic representation of polymeric nanoparticles (micelles, nanospheres, and nanocapsules).

Abraxane®, albumin-bound paclitaxel, was already approved (2005) for use in adults
because it helped to reduce the side effects associated with the conventional drug alone.®®
Currently, it is studied in preclinical pediatric solid tumor models including RMS.%¢ Most of
the examples found in the bibliography describe chemotherapeutic drugs especially addressed
to adult pathologies. Elazar and coworkers described two PLGA-based antisense (AS)
formulations, OPN-AS or BSP-AS loaded NPs (osteopontin and bone sialoprotein genes
respectively), which were able to reduce tumor bone metastasis incidence and lesion sizes in
rats with metastasis.®” Matsumura et al. introduced a micelle consisting of a PEG-poly (aspartic
acid)block copolymer conjugated with doxorubicin, showing enhanced pharmacokinetics in
humans compared to doxorubicin.®® In pediatric cancers, Attawia et al. showed how the
combination of radiation therapy with polymeric microspheres encapsulating Taxol® could
reduce the number of remaining sarcomatous cells compared to radiation alone.®® Schluep et al.
reported the efficacy of a conjugate of 20(S)-camptothecin with cyclodextrin-based polymer in

tumor regression in animals presenting disseminated Ewing sarcoma among other tumors. "

= DENDRIMERS

Dendrimers are tree-like branched polymers that can be functionalized with targeting or
therapeutic molecules. The most investigated family is the biocompatible, non-immunogenic,
water-soluble, and modifiable polyamidoamine (PAMAM) dendrimer.”* These polymers are
synthesized in a shell-by-shell manner, either in a divergent approach, starting from an initiator
core, or in a convergent approach, beginning from the periphery, giving rise to well-controlled
molecules in terms of size, degree of branching, and dispersity.”>73 Although the arrival of
dendrimers was in the 80s,’47 it started to be used in drug delivery in the last decade.”
Minko and collaborators showed a poly(-propyleneimine tetrahexacontaamine) dendrimer

generation 5 (PPIG5) as starting material to condense with siRNA against B-cell lymphoma
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(BCL, anti-apoptotic) mRNA.”” There is still considerable work to do in dendrimers for
pediatric cancer, but some examples are found in the bibliography. Alfei and coworkers showed
the anticancer activity of GA-dendrimer against neuroblastoma cells. The effectiveness of GA-
dendrimer was comparable to this of GA at a concentration almost 100-fold lower than that of
GA. This reduction of the dose implied systemic toxicity and side effect diminutions.”® Kang
and colleagues studied the effect of subconjunctival carboplatin-loaded poly(amidoamine)
dendrimer of generation 3.5 (PAMAM G3.5) in murine retinoblastoma. Comparing this
formulation to the carboplatin in aqueous solution, it was observed an important decrease in the

tumor size in the treated eye compared to the contralateral eye.”

2.1.2.2. Inorganic nanoparticles

In this section, only organosilica and porous silicon nanoparticles will be described
among other inorganic materials such as QDOTS, carbon-based nanostructures, magnetic or

metal nanoparticles.
= ORGANOSILICA NANOPARTICLES

Periodic mesoporous organosilica (PMOs) nanoparticles are hybrid frameworks in
which functional organic groups are incorporated in the pore walls, either by post-synthesis
grafting into the mesoporous silica or by direct co-condensation between the organosilane and
the silica precursors.8%-8! This synthetic preparation based on the sol-gel self-assembly reaction,
leads to the formation of materials presenting the advantages of both organic and inorganic
constituents.®? The first examples of PMO preparation dated back from 1999 8384 and since
then, these novel materials have opened the possibility to their application in several and
different fields. In biomedical applications, they have received growing attention, due to their
high surface areas, improved drug loading capacity, easily chemically modifiable frameworks,
excellent biocompatibility 8, and biodegradability.®5-87 VVu et al. showed the effectiveness of
biodegradable doxorubicin-loaded PMOs (BPMOs) compared to free doxorubicin in human
ovarian carcinoma (OVCAR-8) transplanted onto the chicken chorioallantoic membrane
(CAM) of fertilized eggs. After the injection of doxorubicin-loaded BPMOs, tumor elimination
was observed. In addition, no important damage to various organs present in the chicken
embryo was observed, while a widespread organ injury was observed when free doxorubicin

was used.® Daurat et al. described tailored PMO nanoparticles with amine or ammonium silane
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precursors constituting their structures. Both nanoparticles were capable of delivering
gemcitabine monophosphate (GMP) in MCF-7 cells causing cell death.®® Mai and colleagues
synthesized biodegradable daunorubicin-loaded PMO nanoparticles, containing tetrasulfide
bonds, and tested their efficacy in the CAM model. Their use as a vehicle allowed a significant
accumulation in the chicken egg model while minimizing the side effects.® Rahmani and
coworkers designed gold core-shell organosilica NPs from two molecular precursors,
bis(triethoxysilylpropyl)tetrasulfide, and bis(triethoxysilyl)ethane and loaded them with
gemcitabine monophosphate (GMP). After testing them in vitro on MDA-MB-231 cancer cells,

these nanoparticles provoked a significant killing effect of 60%.%!

= POROUS SILICON NANOPARTICLES

Porous silicon nanoparticles (pSiNPs) are silicon nanostructures, with sizes between 50
and 200 nm and high porosity, prepared by a “top-down” synthetic approach. A crystalline
silicon wafer is electrochemically etched and mechanically fractured employing sonication
or ball milling.®3 pSiNPs present special features such as biocompatibility, biodegradability %
9 tunable porosity, ability to support cell growth,%-1% Jarge capacity for cargo load and
delivery 10%-192 and possibilities for simple chemical functionalization by hydrosilylation and
silanisation 1% allowing their use in biomedical applications. Saffie et al. developed
chlorambucil-loaded pSi microparticles and injected them into mice. The authors showed how
chlorambucil loaded into the pSi provoked efficient tumor regression and produced only 10%
of animal mortality, while the equivalent amount of free chlorambucil produced 90% and no
significant diminution in tumor size.1® Wang and coworkers showed a multiple drug loading
system healthcare, in which pSiNPs were able to chemically conjugated the anticancer drug
methotrexate (MTX) and to encapsulate the antiangiogenic drug sorafenib (SFN). In vitro
experiments on endothelial cells (EA.hy926) and brain tumor cells (U87 MG) demonstrated a
decrease in neovascularization, which was attributed to SFN and an inhibition of cell
proliferation due to MTX activity after cellular uptake.'® More recently Landgraf and
collaborators prepared camptothecin porous silicon nanoparticles (CPT-pSiNPs), which were
tested in vitro on MDA-MB-231BO cells to confirm their cytotoxic effect. In addition, this
formulation led to a reduction of the orthotopic primary tumor in humanized breast cancer bone
metastasis mouse model.1% Secret and coworkers also used pSiNPs functionalized with cancer
cell targeting antibodies to delivery CPT. pSiNPs showed selective killing effect of cells

expressing the receptor corresponding to the antibody attached.'®” Correia and coworkers
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developed an undecylenic acid-modified thermally hydrocarbonized porous silicon
nanoparticles (UnTHCPSi NPs) 1% Joaded with sorafenib, and surface-conjugated with
heptakis(6-amino-6-deoxy)-pcyclodextrin (HABCD). The HABCD polymer helped to reduce
the toxicity of the NPs, increase their stability, enhance the cell-NPs interactions, and sustain
the loaded drug release. SFN-loaded UnTHCPSi—HABCD NPs showed efficient inhibition of
cell proliferation of the breast cancer cells.1%

Since the occurrence of nanotechnologies in the 80s, many expectations have been
created around the use of nanoparticles in biomedical applications. Most of the examples found
in the bibliography are at a laboratory scale, but the translation to the clinic is still limited.
Considering the number of patents or publications in the field of cancer therapy, only a few
carriers have been placed on the market.*'® Some examples are Doxil® (Doxorubicin; Johnson
& Johnson), DaunoXome®© (Daunorubicin; Gilead), Mepact© (Muramyl tripeptide; IDM
Pharma SAS) Abraxane®, Myocet© (Doxorubicin; Enzon) approved in Europe and Canada 1%,
and several PEGylated proteins with Zinostatin stimalmer© (SMANCS) 2 approved in Japan.
As scientists, we should focus our research on overcoming and understanding the limitations
linked to nanomedicine, e.g. the high economic cost of the scale-up, or how the biodistribution
in the human body takes place. An approach oriented in the disease rather than the formulation

could be a suitable way of working to finally get tangible applications. 44 113-114

2.1.3. EPR effect: Passive targeting

The “Enhanced Permeability and Retention effect” (EPR), which was first introduced
by Maeda and coworkers in 1986,%° is defined as the drug-loaded nanocarriers passive entrance
and accumulation inside a tumor, minimizing the systemic toxicity associated with
conventional treatments.!'® This passive accumulation takes advantage of the abnormal and
irregular tumor vasculature, which makes the tumor membrane highly porous and permeable to
different chemotherapeutic drugs, and the lack of functional lymphatic drainage, failing in the
NPs clearance.'” A scheme comparing NPs behavior through both types of tissues (normal and
malignant) is shown in Figure 3. In the case of normal tissue vasculature, which typically
possesses tight interendothelial junctions, the NPs extravasation does not take place; therefore,

the nanoparticles will not penetrate the tissue.
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Figure 3. Schematic representation of EPR effect in both tumor and healthy tissue. Reproduced and adapted
from Ref.118

2.2. Active targeting

The use of passive targeting in cancer treatment presents some limitations. One factor
is the significant heterogeneity of the tumors. The cancer cells are not identical, moreover the
environment in which cancer starts and develops, is not always the same °. Another factor is
the lack of control to prevent the accumulation of nanocarriers in other organs with fenestrated
endothelium, e.g., the liver and spleen.'?® In addition to these issues, only a small number of
nanocarriers reach the tumors according to some preclinical studies.'® 121123 Active targeting

appears as an option to face these problems.

Active targeting mode, involving molecular recognition, allows a better, faster, and
more specific addressing to the cancer cells, preventing the interaction with the healthy cells,
and thus a greater NP accumulation into the tumor, i.e. a higher drug accumulation (Figure 4).

To guarantee this targeted delivery several criteria are necessary: 124

= The target must be expressed specifically onto the tumor and not onto healthy tissues.

= The ligand must be chosen to be strongly specific, and have a great affinity for the target
cells present in tumors while minimizing binding to healthy cells.

= The density of the ligands needs to be optimized to maintain stealth properties and avoid

rapid recognition by the MPS and the RES, but also to ensure an optimal internalization.
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Figure 4. Schematic representation of active targeting mechanism.

 Receptor == Targetingligand

2.2.1. Targeting agents

\ Cell membrane

An ample range of ligands has been used for active targeting. Table 2 shows a summary

of several types tested against several cancer forms.

Type of
targeting Targeting ligand Receptors Type of tumor Model
ligand
.. Human A673
VEG:;:ieb‘g;a"S'”g VEGF RMS RMS mouse
y tumor model.*%
Tuzdal® or Herceptin® HER? Breast
(Trastuzumab)
Mylotarg© (Ggmtuzumab CD33 AML
0zogamicin)
Antibodies | Anti-CD20, anti-Lymy D20 and HLA-DR NHL CD-1 mice. 126
antigens
. Epi | h F li
Cetuximab (boronated pidermal growt . 98E.GFRg IO?;?
EGF) factor receptor Glioma bearing rats.
(EGFR) 129
Two murine
Anti-GD2 Disialoganglioside NB (nude and SCID-

antigen (GD2)

bg) xenograft
mice models.*°
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U87 glioma
bearing mice.*®
U87MG glioma -
bearing mice %

NOD/SCID

mice.3
Peptides us7
Tf TfRs GBM glioblastoma cell
line (in vitro).t**

Tf or OA-R8 TfRs Glioma

Human H-ferritin (HFn) TfR1 Glioma

NCAM CD56 WT

Cyclic peptide containing
arginine—glycine—aspartic
acid sequence
(c(RGDyC))

hGM GLUT-1

Cell adhesion Us7MG
molecule integrin Glioma glioblastoma cell
ovPs line (in vitro).t*

ES Mice bearing
RMS PDX models. 13
HepG2 cancer
cells (in vitro).*¥’
LNCaP cancer

AMFA M6CPR Prostate cells (in
vitro).138-140
MCEF-7 cancer
cells.?!
MDA-MB-231
Breast cancer cells.#
Mannose M6CPR Retinoblastoma Y-79 cancer
Colon cells.*®
Mice bearing
HCT-116
cells.144
Subcutaneous
Vitamins Folic acid Folate Glioma tumor model of
nude mice!#
SmoAl+/+:
Math1GFP+/+
CD15 Medulloblastoma SmoAl MB
tumor-bearing
Proteins mice.146
Squamous cell

Epithelial cell adhesion . . carcinoma
molecule (EpCAM) EpCAM antigen Retinoblastoma xenografts in

nu/nu mice.*#’
Table 2. Examples of targeting ligands evaluated for the treatment of different cancers. Reproduced and

Hyaluronic acid CD44 Liver

Carbohydrates

Apolipoprotein Al, anti-
CD15

adapted from Ref.%°

As it can be seen from the table, antibodies are the most commonly used, and nowadays
eleven of them are approved for therapy: Rituxan© (CD20; Genentech), Herceptin© (HER?Z;
Genentech/Roche), Campath© (CD52; Genzyme), Zevalin© (CD20; labeled with Y-90;
Biogen-ldec), Bexxar© (CD20; labeled with 1-131; Coriza/GlaxoSmithKline), Erbitux©
(EGFR; Imclone/Lilly), Avastin© (VEGF; Genentech/ Roche), Vectibix© (EGFR; Amgen),
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Arzerra© (CD20; Genmab), Yervoy© (CTLA-4; Bristol-Myers Squibb), Adcetris© (CD30;
Seattle Genetics) with Mylotarg© (CD33; labeled with calicheamicin; Wyeth/Pfizer)

withdrawn from the market in 2010.148

According to the way they act against tumors, it is possible to separate antibodies into

two types:

= Antibodies that act against cellular growth by blocking a growth factor receptor such as
Tuzdal© and Herceptin© (Trastuzumab)#®, which targets overexpression of the HER2
receptor in breast cancer cells. Another example is Erbitux© (Cetuximab), which is an

EGFR inhibitor, used for the treatment of metastatic colorectal cancer.

= Antibodies that can be combined with therapeutic molecules, such as Mylotarg©
(Gemtuzumab ozogamicin), which is a monoclonal antibody directed against the CD33
receptor, overexpressed in acute myeloid leukemia. The cytotoxic drug is released into
the cell to induce double-strand DNA break and subsequently cell death.*>® Kin Man
Au et al. developed NPs loaded with the PI3K/mTOR inhibitor BEZ235 and conjugated
with anti-CD20 and anti-Lym1 antibodies, allowing a specific target of non-Hodgkin
lymphoma. Antibody conjugation effectively raised the number of NPs retained on
target tumor cells and strengthened the anti-tumor activity of BEZ235 in vitro as well
as in vivo models.'?® Zeisberger et al. developed clodronate-loaded liposomes
conjugated with VEGF antibody and tested this formulation in a human A673 RMS
mouse tumor model. Preliminary studies showed their effective inhibitory activity,

resulting in a promising formulation for future targeted therapies.?®

Wu and coworkers showed the efficacy of a folacin-modified poly(e-caprolactone)
micelle to deliver luteolin. The conjugation with folic acid allows the binding to the folate
receptor, which is overexpressed in many tumors such as glioblastoma. This strategy showed
significantly higher cell inhibition and increased apoptosis of GL261 glioma cells compared to
free luteolin.!*  Zaritski and colleagues used a hydrolyzed galactomannan (hGM)-based
amphiphilic nanoparticle for selective intratumoral accumulation in pediatric sarcomas such as
RMS and ES. Employing fluorescence confocal microscopy and imaging flow cytometry, it
was observed that the NPs can target glucose transporter-1 (GLUT-1), which is overexpressed

in RMS and ES tumors, showing the potential of this new type of NPs.136 Xu et al. developed
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a one-pot synthesis of Dox-loaded organosilica NPs, followed by modification with hyaluronic
acid (HA). The authors observed that the Si-Dox@HA NPs present improved uptake by HepG2
cancer cells (overexpressing CD44 receptors) than normal NIH 3T3 cells (low CD44
expression), resulting in a better selectivity and increased cytotoxicity of Si-Dox@HA NPs
towards HepG2 cancer cells. In addition, Si-Dox@HA NPs were also suitable for targeted

fluorescence imaging of CD44-overexpressing cancer cells.*®

2.2.2. Peptide targeting and analogs for RM6P-CI targeting

The use of targeting ligands in the treatment of RMS is still scarce. Recently, one
preclinical study showed the inhibitory activity of AZD1775 in combination with vincristine
and irinotecan, against Weel kinase (involved in cell cycle regulation).’>* Another example
includes the inhibition of the Receptor Tyrosine Kinases (RTKs). RTK small molecule
inhibitors, monoclonal antibodies against RTK ligands, and monoclonal antibodies against
RTKs have followed phase | and phase 11 trials since the year 2000.3* Roessler and coworkers
developed RGD-liposomes loaded with tubulin binding agent epothilone B, showing inhibition
of endothelial and tumor cell viability in a lower dose of epothilone B compared to the use of
the free the drug.'®? In this thesis work, we use a peptide and a carbohydrate, for specifically

targeting two receptors overexpressed onto RMS tumors.

= y-SUBUNIT OF THE FETAL ACETYLCHOLINE RECEPTOR

The fetal acetylcholine receptor (FAChR) of muscles is a transmembrane protein with
subunit composition aapdy. Their expression is restricted to thymic myoid cells, extraocular
muscles, and denervated striated muscles. The fAChR, more specifically the y-subunit, is the
first receptor shown to be overexpressed on both ERMS and ARMS, but non-expressed on non-
rhabdomyomatous tumors nor normal muscle, making it a diagnostic marker for RMS patients

and avoiding the risk of side effects by cross-reactivity with normal tissues. $53-1°

Teichert and coworkers have described a novel conotoxin from the venom of Conus
obscurus. This peptide (aA-conotoxin OlIVB), whose seguence §
CCGVONAACPOCVCNKTCG, has shown the capacity of inhibiting the mammalian fAChR
(oza1PB1dy-subunits). On the other hand, it has shown a lower affinity for the adult muscle AChR
and no inhibitory activity on several neuronal AchR subtypes.'® Therefore, the use of aA-

conotoxin OIVB could be a promising tool for the theranostic of RMS.
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The target of this receptor employing pSiNPs decorated with aA-conotoxin OIVB is
presented in Chapter 3.

= (Cl) MANNOSE- 6 PHOSPHATE RECEPTOR

The cation-independent mannose 6-phosphate receptor belongs to the type |
transmembrane glycoprotein family. It is responsible for the intracellular transport of newly
synthesized lysosomal enzymes between the trans-Golgi network and the endosomes, to
transfer them to the lysosomes afterward. In addition, it is in charge of the endocytosis of
molecules bearing the mannose-6-phosphate  signal,'>*° because the CI-MPR
extracytoplasmic domain contains two distinct M6P-binding sites.'®° The ability of this receptor
to interact with several growth factors such as IGF-II and TGFp1 is well known, being able to
act against the cellular proliferation,'®® but in this case, their function as a therapeutic target will
be investigated.6! In the bibliography, it has been shown examples of the overexpression of
CI-M6PR in different cancers such as breast,'41-142 162-163 prostate, 138140 retinoblastoma,'*® or
colon'*, A laboratory study performed by Vaillant and coworkers has shown the
overexpression of the CI-M6PR in prostate cancer compared to normal cell lines. They
employed mesoporous silica nanoparticles (MSN) functionalized with a new carbohydrate
derivative, an analog of mannose-6-phosphate, to specifically target this receptor. The MSNs

were used in PDT and they showed better efficacy than non-targeted NPs.

The application of functionalized porphyrin-based periodic mesoporous organosilica
nanoparticles (PMOsSPOR-NPs) for actively targeting the CI-M6PR in solid tumors such as
RMS is presented in chapter 2.

2.3. Photodynamic therapy & Gene therapy

2.3.1. Photodynamic therapy generalities

Photodynamic therapy (PDT) is a well-recognized non-invasive treatment using
molecules (photosensitizers) activated by light to produce specific biological effects in cells or
tissues. 164 Initial attempts were performed in the early 20" century when Von Tappeiner and
Albert Jesionek first reported their clinical uses in 1903. Eosin was applied locally to a tumor
on the lip and exposed to light.65-166 This modern era, which corresponds with the discovery of
the hematoporphyrin derivative (HpD), starts in the 50th/60th. This period led to several
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preclinical and clinical studies to finally get the first government approval in 1993 with a
purified version of HpD (Photofrin®).164 167-169 Nowadays, PDT is approved not only for the
treatment of solid tumors and precancerous conditions but also for non-oncological
applications. This innovative technique has shown its effectiveness in killing microbial cells
(bacteria, fungi, and viruses),}’1t in cancer therapy,'’'73 in ophthalmology,}’* and in
dermatology.1’>17® In cancer treatment, some of its advantages over surgery, chemo, or
radiotherapy are the spatial and temporal control, negligible toxicity to healthy tissue, and the

lack of intrinsic or acquired resistance mechanisms.’’
Concerning the basis of PDT, there are three essential elements to perform it; 178-180

= A photosensitizer (PS).
= A light source
= The reactive oxygen species (ROS) generated by the PS when it is activated by the light

source.

2.3.2. Photophysical mechanism

After the light absorption, the PS is excited from its ground state (singlet state So) into
a relatively long-lived electronically excited state (triplet state T1) via a short-lived excited
singlet state (S1) by a process termed “intersystem crossing”. The triplet state can undergo two
kinds of reactions, which are schematized in Figure 5 (type I and 1l mechanism). In the type |
mechanism, the triplet state can react directly with a substrate and form radicals, such as
hydroxyl radicals (*OH) and superoxide (O?") ions. Successively, these radicals interact with
the oxygen to produce oxygenated species. In the type Il mechanism, the triplet state can
transfer its energy directly to molecular oxygen to form singlet oxygen 'Oz, a highly cytotoxic
Reactive Oxygen Species (ROS). 181-183
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Figure 5. Jablonski diagram applied to PDT.

ROS will destroy tumors following different mechanisms; it may be possible to provoke
the oxidation of different molecules (amino acids, nucleic bases, lipids...) in the cells, inducing
the destruction of the organelles and the plasma membrane and leading to cell death by necrosis.
In addition, singlet oxygen can induce the release of cytochrome C in the mitochondria, which
is responsible for the apoptosis mechanism. Another option is to damage tumor-associated
vasculature, which shuts down the tumor oxygen supply (hypoxia) and the nutrients supply, or

to trigger an immune response against tumor cells, 184185

Under appropriate excitation the PS transfer its energy to the surrounding molecular
oxygen in its singlet state (which then converts to triplet state). It must fulfill some specific

criteria;186

= Preferential accumulation in diseased tissue/targeted tissue over healthy ones.

= Generation of cytotoxic species (*0z, Os, etc.) which conduct to cell death.

= Strong absorption with a high extinction coefficient in the red/near-infrared spectrum
(600-850 nm), which allows deeper tissue penetration.

= Low dark toxicity and negligible cytotoxicity.

= Rapid clearance from the body post-procedure.

= High chemical stability and photostability.

= Biocompatibility and solubility in biological media to effectively carry them through
the bloodstream to the target site.

= Low photobleaching to prevent its degradation and maintain the effectiveness during

treatment.
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= Natural fluorescence to ease monitoring its biodistribution by imaging.
Currently, just a few PS have been approved to be used in clinical applications. They

are summarized in Table 3.

PS Trade name Cancer Wavelength/nm Current Status
Lung, esophagus, Canada. 1993
; bile duct, bladder, anada,
Hemdato_pozp hyrin Photofrin® brain, ovarian, 630 Japan, 1994
erivative breast skin USA, 1995
metastases
Aminolevulinic acid Levulan® Skin, bladder, brain, 417 USA, 1999
esophagus
USA, 2004
Actinic keratosis, basal cell EU, 2001
Methyl aminolevulinate Metvixia® carcinoma, non-melanoma 630 New Zealand,
skin cancer 2002
Australia, 2003
Sweden, 2004
Hexylaminolevulinate Hexvix® Bladder White light EU, 2006
US, 2010
Verteporfin/benzoporphyrin USA, 2000
. . . Canada, 2000
derivative monoacid Visudyne® Pancreas, breast 690 EU 2000
(liposomal formulation) Japan, 2003
Palladium
bactereopheophorbide, Tookad® Esophagus, prostate 762 MEX, 2015
padeliporfin
Head and neck, lung,
Temeporfin/m-THPC Foscan® brain, bile duct, pancreas 652 EU, 2001
skin, breast
Talaporfin/Mono-L- . Lung, liver, colon, brain,
. L h . , 2004
aspartyl chlorin e6 aserphyrin® breast skin metastases 664 Japan, 200
2—(1-hexy|o.xyethyl)-2— Head and neck, esophagus, NCT02119728
devinyl Photochlor® 665 . .
. lung Clinical trail
pyropheophorbide-a
.Tm ethy_l Purlytin® Skin, breast 660 NCT900021.67
etiopurpurin | Clinical trail
Disulfi henyl . . NCT 12
Isulfonated t(_atrap eny Amphinex® Superficial cancer, colon 633 C. 909935.
chlorin Clinical trail
Motexafin lutetium Lutex® Breast 732 NC.TO.OOOSQW
Clinical trial
Sulfonated aluminum Photosens® Various cancers 675 Russia, 2001

phthalocyanine
Table 3. Current photosensitizers approved or in clinical trial for cancer treatment. Adapted and Reproduced

from Refs.187-188

These commercial examples are principally applied to adult cancer, but in the
bibliography, several studies using PS for pediatrics have been reported. Fakhar-e-Alam and
coworkers showed the photodynamic effects of PHOTOGEM® on the RMS cell line. The
viability of human muscle carcinoma RMS cells was of 25% when the cells were incubated
with PHOTOGEM® and irradiated with a He-Ne laser, presenting a promising therapy for the

37



treatment of muscular tumors.'8 Ocker et al. developed an in vitro study in which they used
Hypericin and derivatives (**I-HYP) combined with PDT for the treatment of alveolar RMS
cells. 1?0 Atif et al. showed the cytotoxic effects produced by Photofrin® combined with laser
irradiation to human RMS cancer cells. A loss of 82% in cell viability was generated by ROS

species produced after irradiating the PS.1°?

Most applications of PDT treatments involve one-photon excitation (OPE) lasers, but
this modality presents several limitations such as low photosensitizing efficiencies, tumor
resistance, lack of spatial resolution, and poor penetration into living tissues, restraining PDT
treatments to superficial cancers.'’® Two-photon excitation (TPE) modality emerges as a good
candidate to overcome all these problems.

2.3.3. Two photon-excited photodynamic therapy

The TPE-PDT process is based on the absorption of two photons of the same energy (or
not) by the photosensitizer. This absorption produces energy equal to the sum of the energies
of the two photons. 178192 The PS are photoactivated by short laser pulses (femtosecond) at low
power and in the near-infrared. TPE allows a deeper tissue penetration (up to 2 cm), a better 3D
resolution, and reduced photo-damage to surrounding tumor tissue. In TPE, the irradiation is
limited at the focal point of the laser (resolution of the order of pum), whereas in one-photon

excitation, the irradiation takes place all along the path of the laser (Figure 6).

51 A One-photon excitation Two-photon excitation 51 n
~— A
A}
L — R QT ] S

Figure 6. Comparison between OPE-PDT and TPE-PDT. Reproduced and adapted from Ref 1%,

The use of the TPE-PDT in the clinic is currently limited to small solid tumors, which
must be accessible by light irradiation (skin tumors) or accessible endoscopically*®4. TPE-PDT

has been studied with nanoparticles and the topic has been compressively reviewed. '8
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2.3.4. Gene therapy generalities

Currently, gene therapy is being applied for a varied range of illnesses, such as cancer,
peripheral vascular diseases, arthritis, neurodegenerative disorders, and acquired
immunodeficiency syndrome (AIDS), but at the beginning, this new therapy was essentially
applied to genetic diseases. 1% The first officially approved clinical protocol to introduce a
foreign gene into humans was approved by the Recombinant DNA Advisory Committee (RAC)
in December 1988.1% In this study, Rosenberg et al. used gene marking to track the movements
of tumor-infiltrating blood cells in a cancer patient.1®” Michael R. Blaese was the first to conduct
a trial using a therapeutic gene. On September 14 of 1990, the FDA approved for the first time
a gene therapy trial in humans. Two kids suffering from adenosine deaminase deficiency (ADA-
SCID) were treated with white blood cells modified ex vivo to express the normal gene
responsible for adenosine deaminase production. 1% At the moment, close to 60% of all ongoing
clinical gene therapy trials worldwide are developed for cancer treatment, leading to patents
and/or clinical trials for new therapeutic formulations (see: http://www.freepatentsonline.com

http://www.delphion.com/ and http://clinicaltrials.gov/ct2/home ).19: 19

This therapeutic strategy involves the transference of nucleic acids (DNA or RNA),
using a vector, to the appropriate cellular target to help in the treatment of a genetic or a medical
disorder. Two ways of acting are possible; the delivered gene can either correct damaging
consequences of specific gene mutations or re-program cell functions to overcome a disease. In
any case, for the success of the therapy, the exogenous gene has to be efficiently, precisely, and

stably introduced into the target cell. 200-201

2.3.5. Viral vectors & non-viral vectors in gene therapy

Two carriers are developed for the transference of the genetic material. On one hand, it
is possible to use viral vectors such as herpes virus, adenovirus, retrovirus, adeno-associated
virus, and more recently lentivirus. 2°° On the other hand, non-viral vectors such as cationic

lipids, liposomes, cationic polymers, or inorganic nanoparticles are used.

The principal advantage of viral vectors (about 75% of the protocols) is their
transfection efficiency; in contrast, they have some limitations in the insert’s size, production,

and immunogenicity. Non-viral vectors are less efficient in transfection but there are no
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limitations in terms of insert size, they are less immunogenic and easier to manufacture.?? Table

4 shows a summary of gene-transfer vectors with their advantages and disadvantages.

Vector Advantages Limitations
- Easy to prepare
- Well characterized - Can only infect diving cells
R . - Currently in clinical trials - Low capacity for insertion of foreign DNA fragments
etrovirus . - AR
- Stable expression - Risk of replication
- High capacity for insertion of foreign DNA - Random integration into host genome
fragments (8Kb)
- Can infect nondiving cells - Not very well studied
L - Low immunogenicity - Low capacity for insertion of foreign DNA fragments
Lentivirus . . . . . . .
- High capacity for insertion of foreign DNA - Insertional mutagenesis
fragments (8Kb) - Random integration into host genome
- High ity fori ion of foreign DNA N .
igh capacity for insertion of foreign - High immunogenicity
fragments (7 — 10 Kb) - Limited duration of in vivo gene expression
Adenovirus - Can infect nondiving cells g P

- Infection in most cell types
- Efficient transfer

- Risk of replication
- Limited repeat administration

Herpes virus

- High capacity for insertion of foreign DNA
fragments (25 Kb)
-Wide host range

- High immunogenicity

- Limited duration of in vivo gene expression

Adeno-
associated virus

- No viral gene expression

- Can infect nondiving cells
- Low immunogenicity

- Long term gene expression
- Nonpathogenic

- Currently in clinical trials

- Low capacity for insertion of foreign DNA fragments

(8Kb)

- Tedious to prepare large quantities
- Reduced efficacy of repeat administration

- Manufacturing, storage, quality control are
simple and cheap
- Very low immunogenicity

- Very short duration of expression in most tissues

Naked DNA 2. . L - Very inefficient transfection ex vivo and in vivo
- Clinical efficacy demonstrated in critical . . iepe
o . - Retargeting transfection very difficult
limb ischemia
- Very good safety profile
- Relatively simple manufacturing, storage, - L
. y simp 9 g - Inefficient transfection in vivo
quality control . .
. . - - Very short duration of expression
Cationic lipids - Low immunogenicity . - .
. . . - Little clinical experience
- Efficient transfection ex vivo - Retargeting transfection difficult
- Good safety profile geting
- Relatively simple manufacturing, storage,
- quallty. control - - Inefficient transfection in vivo
Cationic - Low immunogenicity . .
. . . - Very short duration of expression
polymers - Efficient transfection ex vivo .. .
. - No clinical experience
- Good safety profile
- Retargeted transfection demonstrated
- Easy production
- Surface functionalization
. - Short time of transfection . .
Inorganic - Most of them are instable, toxic and non-

nanoparticles

- Wide availability

- High transfection efficiency

- Potential capability for targeted delivery
and controlled release

biocompatible

Table 4. Advantages and limitations of the main gene-transfers vectors. Reproduced and adapted from Refs.

199, 202-203
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Rengaswamy and coworkers showed the use of liposome protamine particles (LRP)
carrying siRNA and conjugated with cyclic RGD (arginine-glycine-aspartate) peptide to target
ARMS. This vector was able to target the overexpressed aVP3 integrin receptor leading to the
downregulation of the PAX3-FOXO1 in ARMS cells.?% Schiffelers et al. developed
PEGylated-PEI NPs functionalized with RGD peptide for the delivery of siRNA sequences.
The vector was intravenously administrated into neuroblastoma N2A tumor-bearing mice
leading to a selective tumor uptake, inhibition of VEGFR-2 expression, and inhibition of both
tumor angiogenesis and growth rate. 2% Toub et al. loaded a siRNA into poly-isobutyl
cyanoacrylate aqueous core nanocapsules to block the expression of the Ewing Sarcoma-Flil
fusion gene. The injection of this formulation into mice xenografted EWS-Flil-expressing
tumor showed both inhibitions of tumor growth and the EWS-Fli1 fusion gene.?’ Di Paolo and
colleagues prepared anti-GD2 NPs encapsulation ALK-directed siRNA. These NPs were
precisely and efficiently delivered to GD2-expressing NB cells. After injection of the
formulation in NB xenografts, the ALK knockdown was observed, resulting in significant

inhibition of xenografted tumor growth in vivo.?%’

Although, this new therapy has achieved some improvements in terms of antitumor
effects, only a few delivery systems have been approved by the medical regulatory agencies
and are in clinical trials for cancer therapy, so there is still work to do to overcome the
limitations of gene therapy. The reduction of the toxicity and immunogenicity of viral vectors,
the increase of the transduction efficiency in the case of the non-viral vectors, or the reduction
of the toxic effects associated with the use of retrovirus for gene transfer in humans, are some

of the drawbacks that researchers have to confront.
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CHAPTER 2: PMOsPOR-NPs as a platform

for cancer theranostics
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Personalized medicine in cancer treatment is an interesting strategy, whose purpose is
to treat tumors in a more tailored manner. Not only to be selective with the type of cancer but
also with the patient. Targeted therapies are directed against a specific step in the development
of the tumor (using monoclonal antibodies, or tyrosine kinase inhibitors) or against a specific
tumor. By targeting specific markers present in tumor membranes, afterward, it will be possible

to induce cellular death by different mechanism:

= Drug delivery, for cytotoxic chemotherapy, which aims to block cells division.

= Delivery of photosensitizers, for photodynamic therapy (under one or two photon
excitation), which generates Reactive oxygen species (ROS) and singlet oxygen that are
cytotoxic.

= Delivery of genes, which induces the activation or deactivation of the expression of a
gene, for therapeutic purposes.
The final aim of this new trend is to limit the side effects provoked by traditional

treatments and to ensure a better quality of life for patients.

The objective of this chapter is to describe the use of Porphyrin-based organosilica
nanoparticles (PMOsPOR-NPs) as a platform for cancer theranostics. The particular structure
of these nanoparticles, with a large mesoporosity (5-80 nm) and a framework consisting of J
aggregates of porphyrins, allows their loading with different cargoes and also their use in two-

photon excitation (TPE).

= The first part of the chapter describes the functionalization of PMOsPOR NPs with an
analog of mannose-6 phosphate, capable of targeting a membrane receptor (RM6P-CI)
of RMS. The TPE imaging as well as their TPE-PDT efficiency on RMS cells is

presented.
= In the second part, TPE-induced SiRNA delivery is studied and presented. (3-

Aminopropyl)triethoxysilane is grafted onto PMO-PEG-AMFA and transfection

efficiency is studied on MCF-7-luc cells.
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Part I. The mannose 6-phosphate receptor targeted with porphyrin-
based periodic mesoporous organosilica nanoparticles for

rhabdomyosarcoma theranostics

Abstract

Porphyrin-based periodic mesoporous organosilica nanoparticles (PMQO) synthesized
from a large functional octatriethoxysilylated porphyrin precursor and allowing two-photon
excitation photodynamic therapy (TPE-PDT) and NIR imaging were synthesized. These PMO
were grafted with polyethylene glycol (PEG) moieties and an analog of mannose 6-phosphate
functionalized at the anomeric position (AMFA). AMFAs are known to efficiently target
mannose 6-phosphate receptors (M6PRs) which are overexpressed in various cancers. Here, we
demonstrated for the first time that M6PRs were over-expressed in rhabdomyosarcoma (RMS)
cells and could be efficiently targeted with PMO-AMFA allowing TPE imaging and TPE-PDT
of RMS cells. The comparison with healthy myoblasts demonstrated an absence of biological

effects, suggesting a cancer cell specificity in the biomedical action observed.

Interdisciplinary collaboration

Nanomaterial synthesis, physic-chemical characterizations: S. Dominguez Gil, C. Nguyen, C.
Charnay, L. Raehm, J-O. Durand, F. Cunin.

Synthesis of porphyrin photosensitizer: V. Chaleix, V. Sol
Synthesis of M6P-PhSq: K. El Cheikh, A. Morere

Cell studies: M. Daurat, M. Gary-Bobo, M. Garcia.

Proteomic Analysis: M. Bernasconi, A. Timpanaro, J. Roessler

«+ Biomater. Sci., 2020, 8, 3678
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Introduction

Rhabdomyosarcomas (RMSs) are the most common soft tissue sarcomas in childhood.
There are two major subtypes, the embryonal and the alveolar (the most aggressive) RMS.
Despite intensified multimodality treatments, the overall survival of high-risk populations has
remained at 5% to 20% over the last few decades. This rate is insufficient, and therefore
innovative treatments based on nanomedicine are urgently needed. Very few examples of
nanoparticles for the treatment of RMS have been described in the literature. Abraxane and
liposomal vincristine have been investigated in RMS-xenografted mice,% 2% magnetic drug
targeting was reported in rat models of RMS,%% and chitosan nanoparticles have been used to
silence TGFB1 (transforming growth factor B1) in cells with small hairpin RN A.?% Mesoporous
silica nanoparticles functionalized with polyethyleneimine have also been used in cells to
silence ELMO1, a protein involved in cell migration.?* None of these nanoparticles was
functionalized with a biomolecule to target RMS. Targeting an overexpressed receptor in cancer
research is very important to differentiate between malignant and normal tissues. Gold
nanoparticles have been functionalized with a TAT peptide to target RMS cells, and induce cell
death?'? but the TAT peptide is not specific for RMS. Liposomes loaded with the tubulin
binding epothilone B agent were developed in order to target RMS. These liposomes have been
shown to inhibit endothelial and tumor cell viability to the same extent as the free drug.
Furthermore, potent antitumor growth activity could be demonstrated in vivo by using vascular
endothelial cell targeting. Indeed, the RGD peptide was attached on the surface of the
liposomes. These liposomes interact with the integrin receptor and show a beneficial effect in
comparison to the untargeted formulation, by increasing the cumulative survival of mice
bearing RMS.2%4 However, the RGD peptide is not sufficiently specific for RMS as integrins

are also overexpressed in all the vascular endothelial cells of children.

Identification of cation-independent mannose 6-phosphate receptor (M6PR)
overexpression on prostate cancer cells? led us to study the expression level of M6PR on other
types of cancer such as RMS. In the present study, the overexpression of M6PR on RMS cells
compared to healthy myoblasts was studied and confirmed. We therefore decided to target RMS
cells using a M6PR pathway and more particularly using analogs of mannose 6-phosphate

functionalized on an anomeric moiety (AMFA) grafted on nanoparticles.

We recently synthesized porphyrin-based periodic mesoporous organosilica

nanoparticles (PMO), presenting a 250 nm diameter and showing interconnected cavities (from
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10 to 80 nm) for breast cancer treatment using two-photon excited photodynamic therapy (TPE-
PDT).%8 To synthesize these PMO, a large functional octatriethoxysilylated porphyrin precursor
was condensed without any silica source. The framework of the nanoparticles was formed by
J-aggregates of porphyrins inside the pores of the walls, allowing two-photon excitation
(TPE).?®® TPE is of particular interest for biological applications because it allows a deep
penetration of the near-infrared beam down to 2 cm in soft tissues and a high spatiotemporal
resolution for imaging and cancer detection. Importantly, TPE-PDT has demonstrated a high

potential for cancer therapy, in particular, the treatment of small-sized tumors.?4

Therefore, we present here the combination of PMO with AMFA to target M6PR
overexpressed in RMS cells of both phenotypes, embryonal and alveolar subtypes of RMS, for
TPE-PDT. The strong therapeutic potential and selectivity of PMO grafted with PEG and
AMFA were demonstrated.

1.1. Experimental part

Materials

Cetyltrimethylammonium bromide (CTAB, 99%), sodium hydroxide (NaOH, 97%),
toluene, and ammonium nitrate (NH4NOs) were purchased from Sigma-Aldrich. Ethanol
(EtOH) was purchased from VWR. Aminoundecyltriethoxysilane and PEG-triethoxysilane
were purchased from SIKEMIA. p-[N- (2-Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl 6
deoxy-7- hydroxycarbonyl-o-D-manno-heptopyranoside [M6C-PhSq] was synthesized
described by E. Bouffard et al.'*® Octapropargyl porphyrin derivative was prepared according

to the synthesis described by M. Fathalla et al.?®
Analytical techniques

'H and *3C solution NMR spectra were recorded on a Bruker AC 400 spectrometer.
Chemical shifts (in & units, ppm) are referenced to TMS using residual DMSO-ds (6 = 2.50
ppm) resonance as the internal standard for *H NMR spectra, and DMSO-ds (5 = 39.52 ppm)
for 13C NMR spectra. UV-vis absorption spectra were recorded on a Hewlett-Packard 8453
spectrophotometer using correction factors supplied by the manufacturer. TEM analysis was
performed on a JEOL 1200 EXII instrument. Dynamic light scattering analyses were performed
using a Cordouan Technologies DL 135 Particle Size Analyzer instrument and analyzed with

NanoQ software. IR spectra were recorded on a PerkinElmer 100 FT spectrophotometer. Zeta
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potential measurements were performed with a Malvern Zetasizer NanoSeries Instrument (pH

=7, NaCl 5 mM). Click reaction was performed using a microwave CEM Discover-Explorer.
Nanomaterials synthesis and characterization

Synthesis of the octasilylated porphyrin derivative

A mixture of the octapropargyl porphyrin derivative (100 mg, 9.0 x 1072 mmol),
bromotris(triphenylphosphine)-copper(l) ([CuBr(PPhs)s], 13 mg, 1.5 x 102 mmol), and
anhydrous THF (3 mL) was placed in a 10 mL sealable microwave reactor, and 3-
azidopropyltriethoxysilane (178 mg, 7.1 x 10! mmol) was added. Then, the tube was flushed
with argon and microwave irradiation was conducted for 30 min at 100 °C (maximum power
200 W). After evaporation of the solvent, octasilylated porphyrin was quantitatively obtained
as a purple solid (225 mg, 7.25 x 102 mmol). *H NMR (400 MHz, DMSO-db, §): 8.94 (s, 8H,
Hpoyrrole), 8.35 (t, broad, 4H, Ha4 aryl), 7.53 (d, 4Ju-n= 1.5 Hz, 8H, Hze aryl), 7.28 (s, 8H,
triazole), 5.41 (s, 16H, aryl-CHo-triazole), 4.42 (t, 16H, 3Jx-1= 6.9 Hz, CH2-CH>- triazole), 3.76
(q, 3Jn-H= 7.0 Hz, 48H, O-CH2-CHs3), 1.95 (m, 16H, CH2-CH2-CH2-Si), 1.15 (t, 3Jn-1= 7.0 Hz,
72H, O-CH2-CHg), 0.58 (t, 3Jn-n = 8 Hz, 16H, CH2-Si); 3C{1 H} NMR (400 MHz, DMSO-ds,
d): 157.3, 149.1, 142.6, 131.9, 128.6, 124.5, 119.9, 114.6, 100.8, 61.6, 57.6, 51.7, 23.9, 17.8,
6.9; 13C NMR (100 MHz, DMSO-d®), 3: 157.3, 149.1, 142.6, 131.9, 128.6, 124.5, 119.9, 114.6,
100.8, 61.6, 57.6, 51.7, 23.9, 17.8, 6.9; 2°Si NMR (79 MHz, DMSO-d?, §) : -46.5; FTIR (KBr):
v = 2973, 2931, 2900, 1600, 1446, 1402, 1357, 1183, 1165, 1125, 1100, 990, 940, 790, 709,
682 cm™t; UV-vis (EtOH) : Amax = 426, 559, 595 nm; Emission (EtOH): Amax = 601, 651 nm
(Aexcitation = 420 nm); HRMS (MALDI-TOF): calcd for Ci140H212N28032SisZn, 3089.440, found
3089.329.

Synthesis of the porous porphyrin-based organosilica nanoparticles (PMO)

PMO were synthetized following the protocol previously described by C. Mauriello
Jimenez et al.*8 A mixture of CTAB (120 mg, 0.39 mmol), distilled water (60 mL), and NaOH
(0.2 M aqueous solution, 437 uL) was stirred at 80 °C for 2 hours at 750 rpm in a 250 mL three-
neck round bottom flask. Then, the octasilylated porphyrin (55 mg, 0.018 mmol, in 1 mL of
absolute ethanol) was added, and the mixture was stirred for 30 hours at 80 °C. Afterwards, the
solution was cooled to room temperature while stirring. The crude mixture was centrifuged (20
000 rpm, 20 min). The supernatant was removed, and the PMO were washed with ethanol and
stored at 4 °C.
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Synthesis of the PMO-PEG/NH:2 nanoparticles

After centrifugation, PMO (48.8 mg) were resuspended in 6 ml of toluene at 100 °C.
Then a mixture of 11-aminoundecyltriethoxysilane (29.3 mg — 87.8 pmoles) and PEG-
triethoxysilane (MW = 410.62 — 36 mg — 87.8 pumoles) was dissolved in 1 mL of toluene and
added to the PMO. 20 pL of water was added to the reaction. The reaction was kept under
stirring 18h at 100 °C. Then, it was cooled down to room temperature and centrifuged for 30
minutes at 20 000 rpm. The supernatant was removed and the solid was washed with EtOH
leading to 40 mg of grafted PMO-PEG/NH: in EtOH.

Synthesis of PMO-AMFA nanoparticles

10 mg of PMO-PEG/NH2 was resuspended in ethanol at 50 °C. A water solution (2 mL)
of 3.6 mg of AMFA, more precisely a mannose 6-carboxylate with a phenyl squarate arm
(M6C-PhSq), was added dropwise to the PMO. The reaction was kept under stirring at 50 °C,
18 h. Then, the resulting mixture was cooled down to room temperature and centrifuged. The
supernatant was then removed and the solid washed trice with a solution of ammonium nitrate
in ethanol (6 g-L 1), water, and ethanol leading to 9.3 mg of grafted PMO-AMFA in EtOH.

AMFA grafting quantification

The amount of AMFA grafted on PMO was determined by HPLC measurement in the
supernatant using projection with a reference solution of AMFA at different concentrations. We
calculated indirectly the grafting efficiency by separating the nanoparticles out of the
suspension with ultracentrifugation at the end of the reaction and measured the AMFA
concentration in the supernatant with HPLC. We performed a calibration curve using HPLC
and took a reading for our supernatant. One pL of the solution of subsequent dilutions from
0.84t0 0.1 ug mL* of AMFA, prepared in water/ethanol, was injected into HPLC Agilent 1260
infinity on a Kinetex EVO column C18 1.7 uM 100 A 50 x 2.1 mm. One pL of the supernatant
was injected and gave us the quantification of non-grafted AMFA. The amount of grafted
AMFA is 66 pg of AMFA per mg of PMO. The mobile phase consisted of a mixture of
acetonitrile and water with trifluoroacetic acid and was eluted at a flow rate of 0.5 mL min™2.
The analysis was performed at 298 nm, and the run time was about 11 min. The
chromatographic data analysis was performed using Agilent OpenLAB Software. Linearity was
determined through the construction of three calibration curves using five AMFA

concentrations at three wavelengths specific to AMFA absorbance (298, 223 and 198 nm).
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Linear least squares methodology was applied to calculate the calibration equation and

correlation coefficient.
Biological studies

Cell culture

Rhabdomyosarcoma cell lines Rh30 from ATCC; Rh4, Rh18, Rh36, and RD from Peter
Houghton (The Research Institute at Nationwide Children’s Hospital, Columbus OH); RMS
and RMS-YM from Janet Shipley (The Institute of Cancer Research, London, UK); JR and
Rh28 from Corinne Linardic (Duke University School of Medicine, Durham, NC); Rh5 from
Susan Ragsdale (St Jude Children’s Research Hospital, Memphis, TN); RUCH-3 from Beat
Schifer (University Children’s Hospital, Zurich, Switzerland); TTC442 from Timothy Triche
(Children’s Hospital of Los Angeles, Los Angeles, CA); SK-1111 normal myoblasts from
CookMyoSite, and MH38 normal myoblasts provided by G. Carnac (Inserm U1046-UMR
CNRS 9214, Montpellier, France) were used. RMS-YM, RD and RMS cells were cultured in
RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin. SK-1111
and MH38 were cultured in Ham F10 medium plus 20% fetal bovine serum, 1% insulin, 25 ng
mL! FGF, 10 ng mL™* EGF and 1% penicillin/streptomycin. All cell types were allowed to

grow in a humidified atmosphere at 37 °C under 5% CO:..
Western blotting

To study the expression level of M6PR, RMS-YM, RD, RMS, SK-1111 and MH38 were
subjected to western blot analysis. The cells were harvested, washed three times in PBS and
lysed by three freeze—thaw cycles in a buffer containing 50 mM HEPES, 150 mM NaCl, 1 mM
EDTA, 2.5 mM EGTA, 0,1% Tween 20, 10% glycerol, 1 mM NaF, 1 mM NaNOQOs, 10 mM
glycerophosphate and protease inhibitors (dilution 1: 25 Complete, Roche Diagnostics). The
lysates were precleared by centrifugation at 10 000g for 15 min at 4 °C. Samples were tested
for protein concentration by the Bradford method and equal amounts (25 pg) of cell extract and
1 ug bovine purified M6PR were resolved by 12% SDS-PAGE electrophoresis. After blotting,
the gel was transferred onto the PVDF membrane and the M6PR protein was detected by
probing with the antihuman M6PR (cation independent) antibody (dilution 1: 50 000, Abcam).
B-Actin detected by a monoclonal mouse antibody was used as the loading control.
Immunoblotting was performed using a secondary antibody coupled with horseradish

peroxidase and revealed by the ECL detection system (Amersham).
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Proteomic analysis

Membrane proteins were enriched from 80-90% confluent cells plated in six 15 cm
dishes, following a two-step centrifugation protocol.?!® After gel separation, and in-gel
digestion, peptides were loaded onto HPLC-MS.?Y” Data acquisition was made in the data
dependent mode with precursor ion scans recorded in the Fourier transform detector (FT) with
resolution >60 000 (at m/z-400) and fragment spectra of the most intense precursor ions in an
Orbitrap (QE). For protein quantification, we relied on the MaxQuant built-in label-free
quantification (LFQ) algorithm?'8 and also applied a top3 peptide approach.?*”21° For top3, all
peptide form identifications within a sample set in the evidence output file from MaxQuant
were median normalized before imputation of missing values from the normal distribution of
LOG2-transformed peptides using a down shift of 1.8 and a width of 0.3 standard deviations, a
left-censored imputation strategy set as default in Perseus software (version 1.5.5.3).22° Missing
value imputation was carried out when there were at least two peptide form identifications in
all technical replicates from the same sample, otherwise the intensity was set to zero according
to recommendations.??! The three most intense peptide intensities were then summed to the

protein group iTop3 intensity.
Cytotoxicity measurement

For cytotoxicity analysis, RMS-YM and SK-1111 cells were seeded into a 96 well plate,
2000 cells per well in 200 pL of culture medium and allowed to grow for 24 h. Then the cells
were treated with increasing concentrations of nanoparticles (from 1 to 100 pug mL™). Three
days after treatment, a MTT assay was performed to determine the cell viability. Briefly, cells
were incubated for 4 h with 0.5 mg mL™?* of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide; Promega) in media. The MTT/media solution was then removed
and the precipitated crystals were dissolved in EtOH/ DMSO (v/v). The solution absorbance
was read at 540 nm in a microplate reader. All values are reported in relation to the control

values (without any treatment) which are considered as 100% living cells.
Two-photon excited photodynamic therapy

RMS-YM and SK-1111 cells were seeded into a 384 multi-well glass-bottomed plate
(thickness 0.17 mm) with a black polystyrene frame at a concentration of 1000 cells per well in
50 pL of culture medium, and allowed to grow for 24 h. Then, cells were treated with
nanoparticles (40 pug mL™?) for 16 h. For M6P competitive inhibition, the cells were incubated
or not with 10 mM of M6P for 10 min prior to the incubation with PMO-AMFA (40 ug mL™?)
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for 4 h. The cells were submitted or not to laser irradiation with the LSM 780 live confocal
microscope (Carl Zeiss Microscope) at 800 nm by 3 scans of 1.57 s duration in 4 different areas
of the well with a focused laser at a maximum laser power (laser power input 3 W). The laser
beam was focused by a microscope objective lens (Carl Zeiss 10x/0.3 EC Plan-Neofluar). After
2 days, the MTT assay was performed as previously described and was corrected according to
the following formula: Abs “No laser” — 2 % (Abs “No laser” — Abs “Laser”).

Two-photon fluorescence imaging

RMS-YM cells were grown on a tissue culture dish with cover glass bottom (FluoroDish
from WPI) in complete culture medium. The next day, the cells were treated or not with 10 mM
of M6P for 10 min, then the cells were incubated with PMO-AMFA (40 pug mL™) for 4 h.
Fifteen minutes before the end of incubation, cells were loaded with Hoechst 33342 (5 ug mL ™,
Invitrogen, Cergy Pontoise, France) for nuclear staining and with green Cell Mask (5 pg mL™,
Invitrogen) for membrane staining. Before visualization, cells were washed three times with
cell media. Cells were examined under an LSM 780 live confocal microscope (Carl Zeiss
Microscope) and excited at 488 nm for membranes at 760 nm for nuclei and 800 nm for PMO—
AMFA. All images were performed with a high magnification (63x/1.4 OIL DIC Plan-Apo).

Flow cytometry

RMS-YM cancer cells were seeded on a 6-well plate for 24 h. Then, cells were treated
or not with 40 ug mL ! of PMO-AMFA for 0, 1, 2, 4, 16 and 24 h. After treatment, cells were
washed thrice with culture medium, harvested and centrifuged (1300 rpm, 5 min). Cell pellets
were re-suspended in PBS enriched with CaCl2* and MgClz*. Flow cytometry determination of
PMO-AMFA positive cells was done by FACS Novocyte Flow Cytometer (ACEA Biosciences

Inc.) with a minimum of 5000 cells collected (excitation laser 561 nm; filter: 660 + 20 nm).
Statistical analysis

Statistical analysis was performed using the Student’s t test to compare paired groups

of data. A p-value of <0.05 was considered to be statistically significant.
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1.2. Results and discussion

Overexpression of M6PR on RMS cells

The first step of this work was the study of M6PR expression on RMS cells of embryonal
and alveolar subtypes and healthy myoblasts. For this, the protein expression level of M6PR in
three different RMS cells lines and in healthy myoblasts was analyzed by a western blot (Figure
7).

As shown in Fig. 7A, the protein expression level of M6PR is clearly higher in RMS
cell lines than in healthy myoblasts. The quantification of the M6PR level by Image J software
corrected by the expression level of an invariant (B-actin) indicated that on average, there was
a 7-fold-higher M6PR expression in RMS cells than in healthy cells (Fig. 7B). To confirm and
to expand these data, we performed proteomic analysis of the membrane fraction of several
RMS cell lines. Healthy myoblasts were used as the control (Fig. 7C). These results confirmed
a higher expression of M6PR in RMS cell lines of both the alveolar and embryonal subtypes.
This suggested that the increase in M6PR expression could be considered as a biomarker of

RMS development.
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Figure 7. M6PR expression in different cell lines. (A) The cell extracts (25 pg) were analyzed by Western blots
using human M6PR or B-actin antibodies. B-actin is a control for total protein loading. (B) Quantification with
Image J software of 300-kDa M6PR protein corrected by B-actin expression. RMS-YM cells are considered as
100%. (C) Proteomics analysis of M6PR expression in a panel of RMS cell lines. Membrane proteins were
enriched with two-step centrifugation protocol and analyzed by HPLC-MS. iTop3 values were calculated from the

sum of the intensity of the three most intense peptides of each Leading Razor Protein.
Synthesis of PMO grafted with PEG and AMFA

Porphyrin-based PMO were first synthesized following our recently described
procedure (Fig. 8A).¢ We then investigated the functionalization of PMO with AMFA (Fig.
8B). For this, aminoundecyltriethoxysilane and PEG triethoxysilane were first grafted on the
surface of PMO following a method we published on mesoporous silica nanoparticles (MSN)
of 20 nm diameter. 4> Then AMFA was grafted on the surface of functionalized PMO. Here,
the AMFA used was the M6C-PhSq (Fig. 8B), and the reaction of its squarate moiety with the

amino groups led to a covalent attachment of AMFA on the surface of PMO.
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Figure 8. Synthesis of PMO-AMFA. (A) Synthesis of PMO. (B) Schematic representation of the coupling of
mannose 6-carboxylate with a phenyl squarate arm (M6C-PhSq) also called AMFA in order to obtain PMO-
AMFA.

The different steps of the functionalization were monitored by DLS and zeta potential.
PMO nanoparticles showed a negative zeta potential (—38.3 £ 0.5 mV, after extraction of the
surfactant), which can be attributed to the deprotonated silanol groups on the surface. The DLS
showed a 245 nm hydrodynamic diameter. After functionalization with NH2 groups and PEG,
the hydrodynamic diameter increased to 310 nm and the zeta potential was found to be +18.3
mV + 0.2 (after extraction of the surfactant). The increased diameter and charge reversal
showed the successful functionalization of PMO-NH2. The AMFA grafting level was quantified
by HPLC demonstrating that 66 pg of AMFA was grafted per mg of PMO. This reaction led to
a 399 nm hydrodynamic diameter (Fig. 9A) and a negative zeta potential of —22.9 £ 0.3 mV,
which is in agreement with the anchoring of the carbohydrate moiety on the surface of the
nanoparticles. TEM imaging of PMO-AMFA showed a homogenous dispersion and a large

number of small-sized nanoparticles and an average size of 312 + 103 nm (Fig. 9B).
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Figure 9. Characterization of PMO-AMFA. (A) DLS in intensity and zeta potential of PMO (after surfactant

extraction), PMO-PEG/NH; and PMO-AMFA. (B) Microscopy images of PMO-AMFA by TEM at different
magnifications.

Biocompatibility of PMO on different cell lines

A cytotoxic study was carried out by 3 days incubation time with increasing
concentrations of PMO grafted with PEG and AMFA. This study was performed on one RMS
and one healthy cell line: RMS-YM and SK-1111, respectively. These data demonstrated that
for both cell lines, the batch of PMO, which were grafted with PEG and AMFA (PMO-AMFA),
did not show significant cytotoxicity (Figure 10). In contrast, pristine PMO (here called PMO)
generated slight cell death. In fact, in RMS-YM cells, the incubation with PMO at 100 pg mL™*
induced 30% cell death (Fig. 10A). In SK-1111, PMO and PMO-PEG/NH: at 100 pg mL™
induced approximately the same percentage of cell death (Fig. 10B). However, up to 40 pg
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mL* no significant cell death was observed in any of the cell lines. So, this concentration was

chosen for further biological experiments.
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Figure 10. Cytotoxicity of PMO on cancer and healthy cells. Cytotoxicity of PMO on RMS and healthy cells.
(A) RMS-YM cells and (B) SK-1111 healthy cells were treated with increasing concentrations of nanoparticles.
After three days of incubation, a MTT assay was performed. Data are presented as mean + SEM, of two

independent experiments realized in triplicate.
Study of TPE-PDT and fluorescence imaging potential

The potential of PMO-AMPFA to target and kill RMS cells under near infrared two-
photon excitation was studied (Figure 11). For this purpose, RMS-YM cancer cells and SK-
1111 healthy cells were incubated with 40 pg mL™* of PMO, PMO-PEG/NH2 or PMO-AMFA
for 16 h. Then, the cells were irradiated or not at 800 nm for a short time (3 x 1.57 s) at maximal
laser power (Fig. 11A and B). PMO and PMO-PEG/NH: induced 62% and 57% RMS-YM cell
death, respectively. On SK-1111 healthy cells, PMO and PMO-PEG/NH: induced 51% and
50% cell death, respectively. This result suggested that PMO and PMO-PEG/NH: exhibited a
similar effect on both cell types. Interestingly, PMO-AMFA were highly efficient on cancer
cells, inducing 94% RMS-YM cell death after TPE, but did not induce any significant
phototoxicity on healthy cells. This result demonstrated the importance of the targeting and the
specificity of PMO-AMFA for RMS.

The M6PR involvement in the active endocytosis of PMO— AMFA was demonstrated
by addition in the culture medium of the natural ligand of M6PR, the M6P. This experiment
was based on a competitive inhibition of PMO-AMFA endocytosis by M6P. RMS-YM cells
were incubated for 4 h with PMO-AMFA in the presence or absence of excess M6P (10 mM).
Under TPE-PDT PMO-AMFA induced 58% cancer cell death. Importantly, the addition of
MG6P totally inhibited RMS-YM cell death meaning that M6P prevented the internalization of
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PMO AMFA through the M6PR pathway (Fig. 11C). This result was confirmed by two-photon
fluorescence imaging demonstrating the almost total disappearance of the luminescent red dots
of PMO-AMFA, in the presence of M6P (Fig. 11D).
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Figure 11. TPE-PDT and fluorescence imaging with PMO. (A) Cancer cells (RMS-YM) were incubated for
16h with PMO (40 ug mL™) and irradiated at 800 nm (3 x 1.57 s). The top of (A) shows pictures of living cells
revealed by the MTT reagent. Scale bar: 100 um. The bottom of (A) shows quantification of cell death. (B) Healthy
cells (SK-1111) were incubated for 16 h with PMO (40 ug mL™) and irradiated at 800 nm (3 x 1.57 s). (C) RMS-
YM were incubated for 4 h with PMO-AMFA (40 ug mL™) in the presence or absence of M6P (10 mM). (D)
Confocal fluorescence imaging of RMS-YM cells incubated with PMO-AMFA (40 ng mL™?) in the presence or
absence of M6P (10 mM). The enlargement concerns merged stains of PMO-AMFA, the nuclei and phase contrast
imaging. Scale bar: 10 um. Data are mean values + standard deviations from three independent experiments.

*Statistically significant versus non-irradiated PMO (p < 0.05 from the Student’s t test).

To study the subcellular localization of PMO-AMFA in RMS-YM cells, a confocal
imaging experiment on living cells was performed at 2 incubation times (4 h and 16 h), in the
presence of cell membrane (CellMask) and nucleus (Hoechst) staining. Fig. 12A showed that

the 4 h incubation time was sufficient for PMO-AMFA detection mainly at the cell membranes.
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After 16 h incubation time, PMO-AMFA were largely internalized inside the cells. This
observation was confirmed by flow cytometry experiments of RMS-YM cells incubated with
40 pg mL™t PMO-AMFA for 1 to 24 h. Fig. 12B shows the increasing number of stained cells,
related to the incubation time.
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Figure 12. PMO-AMFA internalization in RMS-YM cells. (A) Confocal imaging on living cells in the presence
of Hoechst (nuclei stained blue) and Cell mask (membranes stained green) after 4 h and 16 h of incubation time.
Scale bar: 10 pm. (B) Quantification of PMO-AMFA in RMS-YM cells by flow cytometry experiments after
increasing the incubation times (from 1 h to 24 h). Bar graphs are mean * standard deviations of two experiments.

*Statistically significant versus control (p < 0.05 from the Student’s t test).
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1.3. Conclusions

In this study, we have demonstrated that M6PR is a new target for rhabdomyosarcomas.
In fact, we have observed an overexpression of this receptor in a panel of RMS cells of different
subtypes (embryonal and alveolar) allowing differentiation between cancer cells and healthy
cells. The targeting of M6PR was performed using AMFA and more precisely by the grafting
of a carboxylate analog of mannose 6-phosphate on the PMO. Altogether, the results presented
here show that PMO-AMFA was highly efficient for TPE-theranostics of RMS-YM cells
through cell uptake involving M6PR. Moreover, PMO— AMFA did not show any effect on
healthy cells, demonstrating the specificity of the targeting toward cancer cells. Targeted TPE-

PDT could be considered as a new promising therapeutic strategy for rhabdomyosarcomas.

1.4. Perspectives

This work could be completed in two ways; first, we may consider studying the use of
another carbohydrate such as dimannoside-carboxylate ethyl squarate. A higher affinity of the
dimannoside for the CI-M6PR compared to the monosaccharide was reported in the
bibliography. 222 We could expect even stronger TPE-PDT effect onto RMS cells. Second, we
could envisage testing the PMO-AMFA in vivo in different models such as the CAM model or
the zebrafish, which are alternatives to the traditional mammalian models. Their internalization,

biodistribution as well as the TPE-PDT effect might be assessed.
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Part Il.  Porphyrin-based periodic  mesoporous organosilica

nanoparticles for TPE-induced siRNA delivery on MCF-7 cells

Introduction

Gene silencing could be defined as the process of “turning off” a gene by the
introduction of double-stranded RNA (dsRNA) into a cell.??® This dsRNA is cut into small
interfering RNAs (SiRNAs) which will be integrated into the RNA-induced silencing complex
(RISC). Afterward, silencing of the target MRNA via degradation and/or transcriptional
repression is observed 224225 Fire and coworkers described the RNA interference for the first
time in 1998.2% First example of gene knockdown in mammalian cells was shown by Tuschl

and coworkers in 2001.2%7

Nevertheless, SIRNA requires a delivery system to overcome the physical limitations of
SiRNA, such as its negative charge and its size (around 13 kDa). The siRNA cannot pass
through cellular membranes and is degraded by endogenous nucleases. Non-viral vectors
emerge as a tool for the protection and the delivery of nucleic acids, presenting advantages
already mentioned in section 2.3.5 of chapter 1, for their use in different fields such as cancer
treatment.??6-22° Together with the use of vectors, and among other options like proton sponge
effect 2% or the use of fusogenic groups 3%, photochemical internalization (PCI) appears as a
technology to help in the delivery of siRNA or other macromolecules to cell cytosol. A
controlled delivery since the release will take place in only light-exposed areas. In non-exposed
areas, macromolecules tend to be degraded in the lysosomes. 232 As mentioned, this strategy is
based on the irradiation of the PS, upon this irradiation, the photosensitizer located in the
endocytic vesicles is activated. The activation of the PS produces reactive oxygen species
responsible for the disruption of the endosomes-lysosomes membranes. This leads to the release
of endocytosed compounds to the cytoplasm where they may act on their target directly or

further translocate in the cytosol or to the nucleus.?33-234

Hartono et al. synthesized large pore mesoporous silica nanoparticles functionalized
with poly-L-lysine (PLL-LP-MSNSs) for the delivery of functional siRNA against minibrain-
related kinase and polo-like kinase 1 in osteosarcoma cancer cells, triggering a decrease in the
cellular viability of the osteosarcoma cancer cells (KHOS cells). 22 Ekineker and coworkers
described the synthesis of phthalocyanine-based porous organosilica NPs capable of

complexing anti-Luc siRNA. Transfection experiments performed after NIR irradiation showed
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an efficient internalization and a luciferase extinction of 65% in MCF-7 cancer cells expressing
stable luciferase.?%® Salekdeh and colleagues prepared an aminoguanidine-PEGylated PMO
(AGU@PEG1500- PMO) to employ as Cas9-sgRNA (RNP) complex nanocarrier.
AGU@PEG1500-PMO was able to effectively transfer RNP in GFP-HT1080 cells, and cause

the decrease of green protein fluorescent (GFP) in the cells.?3’

Here, we present the modification of the above-mentioned PMOsPOR-NPs with an
aminosilane to perform anti-Luc siRNA complexation. A proof of concept of TPE-induced

SiRNA delivery and silencing effect on MCF-7-Luc cells is presented in this section.

2.1. Experimental part

Materials

Cetyltrimethylammonium bromide (CTAB, 99%), sodium hydroxide (NaOH, 97%),
toluene, (3-Aminopropyl)triethoxysilane (APTES, 99%) and ammonium nitrate (NHsNO3)
were purchased from Sigma-Aldrich. Ethanol (EtOH) was purchased from VWR.
Aminoundecyltriethoxysilane and PEG-triethoxysilane were purchased from SIKEMIA. p-[N-
(2-Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl 6 deoxy-7- hydroxycarbonyl-a-D-manno-
heptopyranoside [M6C-PhSq] was synthesized following the protocol described by E. Bouffard
et al.’3° Octapropargyl porphyrin derivative was prepared according to the synthesis described
by M. Fathalla et al.?1°

Analytical techniques

'H and *3C solution NMR spectra were recorded on a Bruker AC 400 spectrometer.
Chemical shifts (in 6 units, ppm) are referenced to TMS using residual DMSO-ds (6 = 2.50
ppm) resonance as the internal standard for *H NMR spectra, and DMSO-ds (& = 39.52 ppm)
for 13C NMR spectra. UV-vis absorption spectra were recorded on a Hewlett-Packard 8453
spectrophotometer using correction factors supplied by the manufacturer. TEM analysis was
performed on a JEOL 1200 EXII instrument. Dynamic light scattering analyses were performed
using a Cordouan Technologies DL 135 Particle Size Analyzer instrument and analyzed with
NanoQ software. IR spectra were recorded on a PerkinElmer 100 FT spectrophotometer. Zeta
potential measurements were performed with a Malvern Zetasizer NanoSeries Instrument.

Click reaction was performed using a microwave CEM Discover-Explorer.
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Nanomaterials synthesis and characterization
Synthesis of the octasilylated porphyrin derivative

A mixture of the octapropargyl porphyrin derivative (100 mg, 9.0 x 1072 mmol),
bromotris(triphenylphosphine)-copper(l) ([CuBr(PPh3)3], 13 mg, 1.5 x 1072 mmol), and
anhydrous THF (3 mL) was placed in a 10 mL sealable microwave reactor, and 3-
azidopropyltriethoxysilane (178 mg, 7.1 x 10* mmol) was added. Then, the tube was flushed
with argon and microwave irradiation was conducted for 30 min at 100 °C (maximum power
200 W). After evaporation of the solvent, octasilylated porphyrin was quantitatively obtained
as a purple solid (225 mg, 7.25 x 1072 mmol). *H NMR (400 MHz, DMSO-db, §): 8.94 (s, 8H,
Hppyrrole), 8.35 (t, broad, 4H, Ha aryl), 7.53 (d, 4Jx-n= 1.5 Hz, 8H, H2s aryl), 7.28 (s, 8H,
triazole), 5.41 (s, 16H, aryl-CHo-triazole), 4.42 (t, 16H, 3Jn1.n= 6.9 Hz, CH2-CH.- triazole), 3.76
(9, 3JH-v= 7.0 Hz, 48H, O-CH2-CHBg), 1.95 (m, 16H, CH2-CH2-CH2-Si), 1.15 (t, 3Jn-n= 7.0 Hz,
72H, O-CH2-CHz), 0.58 (t, 3JH-1 = 8 Hz, 16H, CH>-Si); 1*C{1 H} NMR (400 MHz, DMSO-d®,
0): 157.3, 149.1, 142.6, 131.9, 128.6, 124.5, 119.9, 114.6, 100.8, 61.6, 57.6, 51.7, 23.9, 17.8,
6.9; °C NMR (100 MHz, DMSO-db, §): 157.3, 149.1, 142.6, 131.9, 128.6, 124.5, 119.9, 114.6,
100.8, 61.6, 57.6, 51.7, 23.9, 17.8, 6.9; 2Si NMR (79 MHz, DMSO-d®), & : -46.5; FTIR (KBr):
v =2973, 2931, 2900, 1600, 1446, 1402, 1357, 1183, 1165, 1125, 1100, 990, 940, 790, 709,
682 cm™!; UV—vis (EtOH) : Amax = 426, 559, 595 nm; Emission (EtOH): Amax = 601, 651 nm
(Aexcitation = 420 nm); HRMS (MALDI-TOF): calcd for C140H212N28032SisZn, 3089.440, found
3089.329.

Synthesis of the porous porphyrin-based organosilica nanoparticles (PMO)

PMO were synthetized following the protocol previously described by C. Mauriello
Jimenez et al.*® A mixture of CTAB (120 mg, 0.39 mmol), distilled water (60 mL), and NaOH
(0.2 M aqueous solution, 437 uL) was stirred at 80 °C for 2 hours at 750 rpm in a 250 mL three-
neck round bottom flask. Then, the octasilylated porphyrin (55 mg, 0.018 mmol, in 1 mL of
absolute ethanol) was added, and the mixture was stirred for 30 hours at 80 °C. Afterwards, the
solution was cooled to room temperature while stirring. The crude mixture was centrifuged (20
000 rpm, 20 min). The supernatant was removed, and the PMO were washed with ethanol and
stored at 4 °C.
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Synthesis of the PMO-PEG/NH:2 nanoparticles

After centrifugation, PMO (48.8 mg) were resuspended in 6 ml of toluene at 100 °C.
Then a mixture of 11-aminoundecyltriethoxysilane (29.3 mg — 87.8 pmoles) and PEG-
triethoxysilane (MW = 410.62 — 36 mg — 87.8 pumoles) was dissolved in 1 mL of toluene and
added to the PMO. 20 uL of water was added to the reaction. The reaction was kept under
stirring 18 h at 100 °C. Then, it was cooled down to room temperature and centrifuged for 30
minutes at 20 000 rpm. The supernatant was removed and the solid was washed with EtOH
leading to 40 mg of grafted PMO-PEG/NH: in EtOH.

Synthesis of PMO-AMFA nanoparticles

10 mg of PMO-PEG/NH2 was resuspended in ethanol at 50 °C. A water solution (2 mL)
of 3.6 mg of AMFA, more precisely a mannose 6-carboxylate with a phenyl squarate arm
(M6C-PhSq), was added dropwise to the PMO. The reaction was kept under stirring at 50 °C,
18 h. Then, the resulting mixture was cooled down to room temperature and centrifuged. The
supernatant was then removed and the solid washed with a solution of ammonium nitrate in
ethanol (6 g L™?), water, and ethanol leading to 9.3 mg of grafted PMO-AMFA in EtOH.

AMFA grafting quantification

The amount of AMFA grafted on PMO was determined by HPLC measurement in the
supernatant using projection with a reference solution of AMFA at different concentrations. We
calculated indirectly the grafting efficiency by separating the nanoparticles out of the
suspension with ultracentrifugation at the end of the reaction, and measured the AMFA
concentration in the supernatant with HPLC. We performed a calibration curve using HPLC
and took a reading for our supernatant. One pL of the solution of subsequent dilutions from
0.84t0 0.1 ug mL* of AMFA, prepared in water/ethanol, was injected into HPLC Agilent 1260
infinity on a Kinetex EVO column C18 1.7 uM 100 A 50 x 2.1 mm. One pL of the supernatant
was injected and gave us the quantification of non-grafted AMFA. The amount of grafted
AMFA 1s 66 ng of AMFA per mg of PMO. The mobile phase consisted of a mixture of
acetonitrile and water with trifluoroacetic acid and was eluted at a flow rate of 0.5 mL min™2.
The analysis was performed at 298 nm, and the run time was about 11 min. The
chromatographic data analysis was performed using Agilent OpenLAB Software. Linearity was
determined through the construction of three calibration curves using five AMFA

concentrations at three wavelengths specific to AMFA absorbance (298, 223 and 198 nm).
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Linear least squares methodology was applied to calculate the calibration equation and

correlation coefficient.
Synthesis of PMO-AMFA-APTES nanoparticles

9.75 mg of PMO-AMFA was resuspended in ethanol at 50 °C. Then 4.56 pL of APTES
(MW =221.372, 0.0195 mmoles) was added to the PMO. 20 pL of water was also added to the
reaction. The reaction was kept under stirring 18 h at 50 °C. Then, it was cooled down to room
temperature and centrifuged for 30 minutes at 20 000 rpm. The supernatant was removed and
the solid was washed with EtOH leading to 7 mg of grafted PMO-AMFA-APTES in EtOH.

Biological studies

Cell culture

RMS-YM, MCF-7 and MCF-7-Luc cells from ATCC were used. RMS-YM cells were
cultured in RPMI-1640 medium supplemented with 10% FBS and 1% penicillin/streptomycin.
MCF-7 were cultured in DMEM medium supplemented with 10% FBS and 50 pg mL*!
gentamycin. MCF-7-luc were cultured in DMEM/F12 medium supplemented with 10% FBS
and 1% geneticine. All cell types were allowed to grow in a humidified atmosphere at 37 °C
under 5% COa.

Cytotoxicity measurement

For cytotoxicity analysis, RMS-YM cells were seeded into a 96 well plate, 2000 cells
per well in 200 pL of culture medium and allowed to grow for 24 h. Then the cells were treated
with increasing concentrations of nanoparticles from 0.01 to 100 pg mL™. Two days after
treatment, a Hoechst assay was performed to determine the cell viability. Briefly, cells were
incubated for 30 min with 0.1 mg mL™* of Hoechst 33342 nuclear staining (2'-(4'-
ethoxyphenyl)-5-(4-methylpiperazin-1-yl)-2,5'-bis-1H-benzimidazole trihydrochloride
trihydrate; Promega) and then they were analyzed by microscopy. All values are reported in

relation to the control values (without any treatment) which are considered as 100% living cells.
Two-photon excited photodynamic therapy

MCF-7 cells were seeded into a 384 multi-well glass-bottomed plate (thickness 0.17
mm) with a black polystyrene frame at a concentration of 1000 cells per well in 50 pL of culture
medium, and allowed to grow for 24 h. Then, cells were treated with nanoparticles at 40 ug

mL™1 for 16 h. The cells were submitted or not to laser irradiation with the LSM 780 live
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confocal microscope (Carl Zeiss Microscope) at 800 nm by 3 scans of 1.57 s duration in 4
different areas of the well with a focused laser at a maximum laser power (laser power input 3
W). The laser beam was focused by a microscope objective lens (Carl Zeiss 10x/0.3 EC Plan-
Neofluar). Cell death was assessed after 2 days and nuclear staining with Hoechst 33342. Image
J allowed quantification of living cells. Values are the mean of three experiments and error bars

represent standard deviation.
Gel retardation assay

Different amounts of PMO-AMFA-APTES and a fixed amount of siRNA Ctrl (1.8 uM)
were mixed in a total volume of 22 pl and incubated in RNase free water for 60 min at 37°C to
induce the formation of SIRNA/PMO-AMFA-APTES complexes. After incubation, blue 6X
loading dye (Fisher scientific) was added to the complex. Electrophoresis was carried out on a
2 % wi/v agarose gel mixed with GelRed TM nucleic acid gel stain (Interchim, France) in 1X
TBE buffer (90 mM Tris-borate/mM EDTA, pH 8.2). The gel was run in 0.5X TBE at 50V for
30’. A 100 bp DNA ladder from Sigma-Aldrich (Saint-Quentin-Fallavier, S4 France) was used
as reference for the gel. The GelREd-stained siRNA was visualized using a TFX-20 M model-

UV transilluminator (Vilber Lourmat, Mare-la-Vallée, France).
In vitro two-photon induced siRNA delivery

MCF-7-Luc p19 were seeded at a density of 1000 cells per well in a 384 black multi-
well glass-bottomed plate with a black polystyrene frame (Proteigene, France) one day before
transfection. To control siRNA efficiency, transfection of sSiRNA was performed first with
Lipofectamine RNAIMAX reagent (Invitrogen, France). Complex between anti-Luc siRNA
and PMO-AMFA-APTES at a ratio of 1:50 (uL: pL) was freshly prepared and incubated for
1h at 37 °C for pairing. Then MCF-7-Luc cells were incubated for 18 h with the complex at 40
ug mL1. After incubation, the cells were submitted (or not) to laser irradiation using the Carl
Zeiss Microscope (laser power input 3W). Half of the well was irradiated at 800 nm by three
scans of 1.57 s duration in four different areas of the well. No supplementary scan can be
performed without overlapping. A microscope objective lens (Carl Zeiss tenfold
magnification/objective 0.3 EC Plan-Neofluar) was used to focus the laser beam. After 48h
transfection, apoptosis efficacy was assessed by addition into the culture medium of luciferin
(102 M, final concentration) purchased from Promega (France). Living cell luminescence was
measured 10 min after by a multilabel plate reader CLARIOstar® at 562 nml. Results were

corrected according to the following formula Lumnon irradiated — 2 (Lumnon irradiated — Lumirradiated),
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where Lum is the luminescence emitted. Luciferase activity was normalized in accordance to

the total number of living cells in each sample as determined by Hoechst assay.
Statistical analysis

Statistical analysis was performed using the Student’s t test to compare paired groups

of data. A p-value of <0.05 was considered to be statistically significant.

2.2. Results and discussion

Synthesis of PMO-AMFA-APTES nanoparticles

PMO-AMFA synthesis was already described in section 1.1 of this chapter. We then
investigated their functionalization with APTES (Figure 13). APTES was grafted by
silanization inside the pores of PMO-AMFA following a procedure already described by C.
Mauriello Jimenez et al.*® PMO-AMFA-APTES nanoparticles presented a hydrodynamic
diameter of 360 nm (Figure 14A) and a positive value of zeta potential of 1.4 + 0.2 mV. The
positive value of zeta potential (pH =7) could be explained by the protonation of the amine
groups on the surface and/or the pores of the nanoparticles. This charge reversal indicated the
success of the grafting reaction. Potential release of AMFA after APTES grafting was verified
by UV spectroscopy. Since these nanoparticles were to be used in gene delivery through an
active endocytosis process already described, it was necessary to verify the stability of the
AMFA molecules onto de NPs after the last coupling step. As it can be seen in Figure 14B,
AMFA residues were not detected in the supernatant after the coupling reaction, confirming

that no modification of the nanoparticle composition occurred.
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Figure 13. Synthesis of PMO-AMFA-APTES. Schematic representation of the grafting reaction to obtain
PMO-AMFA-APTES.
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Figure 14. Characterizations of PMO-AMFA-APTES (A) DLS in intensity of PMO-AMFA-APTES. (B) UV-
Vis spectrum of the supernatant after APTES grafting step.

Biocompatibility of PMO-AMFA-APTES on RMS-YM cell line

The cytotoxicity of PMO-AMFA-APTES was evaluated in RMS-YM cancer cells.
Increasing concentrations of nanoparticles were added and incubated for 3 days. An increment
of cellular death up to 30 % with NPs addition was observed until a concentration of 5 ug mL™.
After this value, no significant toxicity was observed when NPs concentration was increased
up to 100 pg mL™*. Thus, 40 pg mL™* was chosen for further biological experiments to be

consistent with previous experiments.
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Figure 15. Cytotoxicity of PMO-AMFA-APTES on cancer cells. Cytotoxicity of PMO-AMFA-APTES on
RMS-YM cells. Data are presented as mean + SEM, of two independent experiments realized in triplicate.

Study of TPE-PDT

The efficacy of PMO-AMFA-APTES to target and kill MCF-7 cells under near-
infrared two-photon excitation was assessed. MCF-7 cells were incubated with 40 pg mL™ of
PMO-AMFA-APTES for 16h and they were irradiated or not at 800 nm three times for 1.57 s
at a maximal laser power. In the absence of laser irradiation, a certain mortality caused by
toxicity of the nanoparticles themselves was observed. It is in agreement with the values
presented in the plot describing the cytotoxicity. Two methods were used to quantify cell
viability after TPE-PDT: In the case of using the MTT method (Figure 16A), an
underestimation in the percentage of living cells was observed. The orange coloration of PMO-
AMFA-APTES hampered and distorted the spectroscopic quantification of the living cells.
According to this method, neither PMO-AMFA, which were already proved effective, nor
PMO-AMFA-APTES induced any significant phototoxicity on cancer cells. Due to this
inconsistent result, the Hoechst method was tested (Figure 16B). For PMO-AMEFA, the results
were consistent with previous experiences. PMO-AMFA-APTES induced 67 % MCF-7 cell
death, being significantly effective against cancer cells. In addition, this result showed that the
addition of APTES did not affect REMP reconnaissance; these nanoparticles continue to be

specific for targeting membrane receptors and for TPE-PDT.
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Figure 16. TPE-PDT with PMO-AMFA-APTES. (A) Human breast cancer cells (MCF-7) were incubated for
16h with PMO-AMFA-APTES (40 pg mL™) and irradiated at 800 nm (3 x 1.57 s). Cell death was assessed after
2 days by the MTT reagent. (B) Human breast cancer cells (MCF-7) were incubated for 16h with PMO-AMFA-
APTES (40 ug mL™) and irradiated at 800 nm (3 x 1.57 s). Cell death was assessed after 2 days and nuclear
staining with Hoechst 33345. Data are mean values + standard deviations from three independent experiments.
*Statistically significant versus non-irradiated PMO (p < 0.05 from the Student’s t test).

In vitro two-photon induced siRNA Delivery

The complexation efficiency of PMO-AMFA-APTES was evaluated. Complexes
between PMO-AMFA-APTES and siRNA at three ratios SIRNA/NPs were tested (1/5, 1/20,
and 1/50). No complexation was observed at a ratio of 1/5. A decrease in the intensity of the
band at a ratio 1/20 was observed (Figure 17), and it became clearer at a ratio of 1/50. This

suggested a partial complexation beyond 1/20 and an almost complete complexation at a ratio
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of 1/50. Consequently, the ratio of 1/50 was chosen for further experiments. The halos observed
inside the last two wells (yellow rectangle) are a sign of the successful complexation between
the NPs and the siRNA, indicating that the sSiRNA got efficiently complexed.

=1/5
1/20
1/50

Ladder
siRNA
Complex

ratio
Complex
Complex

ratio
ratio

Figure 17. Gel retardation assay. sSiRNA and complexes at different ratios (1/5, 1/20, and 1/50) were migrated
to evaluate the complexation efficiency of PMO-AMFA-APTES. Sign of complexation inside the yellow
rectangle.

Then the delivery of siRNA induced by two-photon trigger was examined. As a proof
of concept, luciferase-expressing MCF-7 breast cancer cells and anti-Luc siRNA were used.
The complex between PMO-AMFA-APTES and siRNA targeting the luciferase gene at 40 g
mL"! was incubated with MCF-7-Luc for 18h at RT. The addition of the lipofectamine helped
to corroborate that SiIRNA was not deactivated along with the transfection experiments.
Lipofectamine forces the siRNA to enter into cells inducing the silencing effect, which is not
normally caused just by free SIRNA. It was observed that SIRNA alone induced a slight decrease
in luminescence when incubated with MCF-7-Luc cells, probably due to the membrane
destabilization caused by the TPE, allowing its subsequent entrance into the cytoplasm (Figure
18). In contrast, diminution of the luminescence was increased to 57% when the siRNA was
immobilized onto the NPs. On one hand, nanoparticles facilitated the protection of the SiRNA,
avoiding its degradation and ensuring an efficient delivery to the cell. On the other hand, laser
irradiation triggered the activation of the PS, which produced ROS responsible for endosomes-
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lysosomes membranes disruption. This membrane destabilization contributed to the release of
the endocytosed siRNA to the cytoplasm by a mechanism of PCI, where they may further
translocate in the cytosol or to the nucleus.
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Figure 18. TPE-triggered siRNA delivery. Luciferase-expressing MCF-7 breast cancer cells were incubated with
PMO-AMFA-APTES (40 ug mL™?) and irradiated at 800 nm (3 x 1.57 s). Cell death was assessed after 2 days
and nuclear staining with Hoechst 33345. Data are mean values + standard deviations from three independent
experiments. *Statistically significant versus non-irradiated PMO (p < 0.05 from the Student’s t test).

2.3. Conclusions

The synthesis and the complexation capability of PMO-AMFA-APTES were
described. After the grafting step, these nanoparticles have shown acceptable biocompatibility
even a high concentration and the inclusion of APTES did not affect R6MP recognition. They
maintained suitable efficiency in cancer cells targeting and in TPE-PDT via an active
endocytosis mechanism. In addition, we assessed the potential of PMO-AMFA-APTES to be
used in gene therapy. First attempts on MCF-7-Luc have shown the ability of these
nanoparticles to deliver Anti-Luc siRNA via PCl mechanism using TPE, generating a

remarkable silencing effect of the luciferase with the inhibition of the luminescence.
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2.4. Perspectives

First, it will be necessary to evaluate the effect of targeted TPE-PDT in vitro onto RMS-
YM cells, which is the cancer of study, using PMO-AMFA-APTES. MCF-7 cells were used
as a model because they are easier to culture and allow to test the active targeting mechanism.
It was already shown in the bibliography that MCF-7 overexpressed M6RP on their surface.?3®
Second, the promising preliminary results achieved in gene inhibition should be optimized to
improve the silencing effect caused by the complex PMO-AMFA-APTES@Anti-Luc siRNA.
Once the protocol will be properly established, we intend to perform gene delivery in RMS
cells to trigger the inhibition of PAX3-FOXOL1, which is a transcription factor involved in the

tumorigenesis of the most aggressive forms of RMS.
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CHAPTER 3: pSiNPs as a platform for

cancer theranostics
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The aim of this chapter is to describe the use of pSiNPs as a platform for cancer
theranostics. These nanoparticles have been used as PS in two-photon excitation photodynamic
therapy because they are capable of absorbing light in the near-infrared generating 102, and due
to their large specific surface, they could load different molecules inside their pores as well as
on their surface. These cargoes include therapeutic molecules like drugs or target molecules
such as carbohydrates, peptides, or antibodies, which aid in the active endocytosis process for
the NP uptake by the tumor cells. 134239

= The first part of the chapter describes the functionalization of pSiNPs with a specific
peptide (conotoxin) capable of targeting a membrane receptor (Fetal acetylcholine

receptor) of RMS. The subcellular localization of these nanoparticles is presented.

= In the second part, we detail the functionalization of pSiNPs with a cationic porphyrin
to enhance their ROS generation, and an analog of mannose-6 phosphate, capable of
targeting another membrane receptor (RM6P-CI) overexpressed in RMS cells. Their
efficacy in TPE-PDT on RMS cells is described.

= In the last part of the chapter, pSiNPs bearing ICPES-azobenzene@Lys has been

employed in gene (siRNA) transfection triggered by bi-photonic excitation light.

Transfection efficacy studied on MCF-7-luc cells is presented.
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Part I. Rhabdomyosarcoma imaging by pSiNPs

Introduction

Rhabdomyosarcoma (RMS) is the most common sarcoma in children and represents the
third most common extracranial solid tumor among pediatric cancers, after Wilm’s tumor and
neuroblastoma.?#%-241 Current treatments involving chemotherapy (highly aggressive multidrug
regimen 242), surgery or radiotherapy, do not allow to improve the prognosis of RMS. Therefore,
novel strategies based on treatments developed to act against specific tumor receptors are

required.

Some examples of targeted therapies for pediatric tumors are already reported in the
bibliography. Loi et al described liposomes bearing peptides for neuroblastoma (NB) targeting.
They showed how these nanocarriers counteract NB progression in animal models, with a
considerable improvement in their therapeutic efficacy, compared to both free drug and
untargeted systems.?*® Pastorino and colleagues synthesized aGD2-immunoliposomes
encapsulating DXR. They showed the targeting effectiveness and preferential cytotoxicity
against GD2-positive NB cells in vitro, but also the total inhibition of metastatic growth of
human NB in a xenograft model of nude mice.?* In the case of RMS, several works have been
centered on targeting the receptors tyrosine kinases, such as IGF1R%, EGFR, or FGFR42%5, The
significant expression of the fetal acetylcholine receptor (FAChR) in RMS compared to normal
tissues, was also proposed as a diagnostic marker for this tumor.'> Associated with this
receptor, Teichert and coworkers described a peptide toxin from the venom of the marine cone

snail, showing the capacity of inhibiting the mammalian fAChR.1%¢

Porous silicon nanoparticles (pSiNPs) offer benefits over other inorganic nanoparticles
for their use as vehicles in vitro and in vivo applications.?#6-24” They are particularly interesting
because they are fully resorbable in vivo into non-toxic by-products such as oxyanions of
orthosilicic acid (Si(OH)4).2* Orthosilicic acid is absorbed from the diet and it is naturally
found in numerous tissues and efficiently excreted by the kidneys.*® Furthermore, they present
other properties such as high surface area?*, tunable pore diameter 24°, high loading capacity,
and they exhibit intrinsic photoluminescence, appropriate for imaging applications.® Here, we
describe how we have taken advantage of these characteristics to functionalize pSiNPs with a
PS and with the conotoxin to effectively target fAChR and monitor cellular uptake by RMS

cancer cells.
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1.1. Experimental part

Materials

Hydrofluoric acid (HF, 48%), N,N-Dimethylformamide (DMF, anhydrous 99.8%), 1-
Pyrenecarboxaldehyde (99%), Allylamine (98%), Dichloromethane (DCM, anhydrous
>09.8%) and Acetate buffer were purchased from Sigma-Aldrich. Ethanol (EtOH, 100%) was
purchased from VWR. O-(undec-10-en-1-yl)-hydroxylamine was purchase from SIKEMA.
Boron-doped p++-type Si (0.8-1.2 mQ.cm resistivity, <100> orientation) was purchased from
Siltronix (France). Conopeptide (sequence CCGVONAACPOCVCNKTCG) was modified by

Melnyk et al. 250-251
Analytical techniques

'H and °C solution NMR spectra were recorded on a Bruker AC 400 spectrometer.
Chemical shifts (in 6 units, ppm) are referenced to TMS using residual DMSO-ds (6 = 2.50
ppm) resonance as the internal standard for *H NMR spectra, and DMSO-ds (5 = 39.52 ppm)
for 13C NMR spectra. UV-vis absorption spectra were recorded on a Hewlett-Packard 8453
spectrophotometer using correction factors supplied by the manufacturer. TEM analysis was
performed on a JEOL 1200 EXII instrument. Dynamic light scattering analyses were performed
using a Cordouan Technologies DL 135 Particle Size Analyzer instrument and analyzed with
NanoQ software. IR spectra were recorded on a PerkinElmer 100 FT spectrophotometer. Zeta
potential measurements were performed with a Malvern Zetasizer NanoSeries Instrument (pH
= 7, NaCl 5 mM). N2 adsorption isotherms were measured using a TRISTAR 3000 gas
adsorption analyzer instrument, and the specific surface area was determined using the BET

method.
Nanomaterials synthesis and characterization
Synthesis of 5-(4-iso-thiocyanatophenyl)-10,15,20-tris(4-N-1-methyl-4-pyridinio)
porphyrin triiodide

The water-soluble 5-(4-iso-thiocyanatophenyl)-10,15,20-tris(4-N-1-methyl-4-
pyridinio) porphyrin triiodide was prepared according method described by J. M. Sutton et al.?%
Succinctly, 5-(4-acetamidophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin was obtained by Adler
condensation. 5-(4-aminophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin prepared from 5-(4-
acetamidophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin by acid hydrolysis (HClI 5 N), was
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converted to 5-(4-iso-thiocyanatophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin then methylated
by methyl iodide.

Synthesis of pSiNPs

Boron-doped p++-type Si was electrochemically etched in a 3:1 (v:v) solution of
aqueous 48% hydrofluoric acid (HF):absolute ethanol. Etching was performed in a Teflon cell
with a platinum ring counter electrode. A constant current of 179 mA cm2 was applied for 160
s, and the sample was rinsed 3 times with absolute ethanol. The porous layer was then removed
from the substrate by application of a constant current of 1.57 mA cm for 240 s in an
electrolyte solution containing 1:13.5 (v:v) aqueous 48% hydrofluoric acid: absolute ethanol.
After 3 rinses with absolute ethanol, the porous layer was placed in ethanol in a glass vial. After
degassing the sample for 20 min under a nitrogen stream, the porous silicon film was fractured
by ultrasonication during 21 h (Ultrasonic cleaner Fisher Transsonic TI-H-10). The largest
particles were removed by spinning them down by centrifugation at 3 000 rpm for 3 min. In
order to remove the smallest particles, the solution was finally centrifuged at 14 000 rpm for 30

min. The pellet was then redispersed in absolute ethanol.

Vinylation of the 5-(4-lsothiocyanatophenyl)-10,15,20-tri-(4-N-methylpyridinio)-
porphyrin triiodide

Under inert atmosphere, allylamine was added to a mixture of 5-(4-
Isothiocyanatophenyl)-10,15,20-tri-(4-N-methylpyridinio)-porphyrin triiodide in DCM/DMF
(1:1). The mixture was stirred 20h at RT in presence of NEts in catalytic amounts. After solvent

evaporation, the residue was washed several times with hexane, and then dried under vacuum.
O-(undec-10-en-1-yl)-hydroxylamine grafting onto pSiNPs by hydrosilylation

Freshly prepared pSiNP were centrifuged at 14 000 rpm for 20 minutes in ethanol, then
37 mg of pSiNP were redispersed in 1 mL of O-(undec-10-en-1-yl)-hydroxylamine and reacted
for 1h (to avoid total functionalization) at 70°C under inert atmosphere. Once the reaction is
finished, the pSiNPs—ONH2 were centrifuged at 14 000 rpm for 20 minutes and washed three
times with absolute ethanol to remove the O-(undec-10-en-1-yl)-hydroxylamine adsorbed onto

their surface. The pSiNPs—ONH: were finally redispersed in 10 mL ethanol.
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Vinyl porphyrin grafting onto pSiNPs—ONH:

1 mg of vinyl porphyrin solution (2 mg/mL) in EtOH/DMF (1:1) was added to 35 mg
of pSiNPs—ONHz, previously centrifuged at 14 000 rpm for 20 minutes. The reaction was kept
under stirring for 2 h at 70°C. Thereafter, the mixture was centrifuged at 14 000 rpm for 20
minutes and washed three times with absolute ethanol. The pSiINPs—ONH2—porphyrin were

finally redispersed in 10 mL ethanol.
1-Pyrenecarboxaldehyde grafting onto pSiNPs—ONHz—porphyrin

16 mg of pSiNPs—ONHz—porphyrin were centrifuged at 14 000 rpm for 20 minutes.
After removing the EtOH, 1 mL of a solution 0.1 mM of 1-Pyrenecarboxaldehyde in acetate
buffer/DMF (pH = 5) was added. The reaction was kept under stirring for 18 h at 37°C. After
the reaction, the mixture was centrifuged at 14 000 rpm for 40 minutes and washed three times
with absolute ethanol to remove the 1-Pyrenecarboxaldehyde adsorbed on their surface. The

pSiNPs—pyrenecarboxaldehyde—porphyrin were finally redispersed in 10 mL ethanol.
Conopeptide grafting onto pSiNPs—ONH2—porphyrin

6 mg of pSINPs—ONH2—porphyrin were centrifuged at 14 000 rpm for 20 minutes. After
removing the EtOH and dispersion of the pSiNPs—ONHz—porphyrin in 4.3 mL of buffer, 970
uL of a solution 1 mg/mL of Conopeptide (OIVB) in acetate buffer/DMF (pH = 5) was added.
The reaction was kept under stirring for 48 h at 37°C. Afterward, the mixture was centrifuged
at 14 000 rpm for 20 minutes, and the nanoparticles were washed three times with buffer

solution. The pSiNPs—conopeptide—porphyrin were finally redispersed in 10 mL ethanol.
Biological studies

Cell culture

RMS-YM cells from ATCC were cultured in RPMI-1640 medium supplemented with
10% FBS and 1% penicillin/streptomycin and were allowed to grow in a humidified atmosphere
at 37 °C under 5% COa.

Two-photon fluorescence imaging

RMS-YM cells were grown on a tissue culture dish with cover glass bottom (FluoroDish
from WPI) in complete culture medium. The cells were incubated or not with pSiNPs, pSiNPs—
ONH2—-porphyrin and pSiNPs—porphyrin—conopeptide (50 pg mL ™) for 24 h. Fifteen minutes

before the end of incubation, cells were loaded with green Cell Mask (5 pg mL™, Invitrogen)
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for membrane staining. Before visualization, cells were washed three times with cell media.
Cells were examined under an LSM 780 live confocal microscope (Carl Zeiss Microscope), and
excited at 561 nm for membranes and at 800 nm for nanoparticles. All images were performed
with a high magnification (63%/1.4 OIL DIC Plan-Apo).

Statistical analysis

Statistical analysis was performed using the Student’s t test to compare paired groups

of data. A p-value of <0.05 was considered to be statistically significant.

1.2. Results and discussion

O-(undec-10-en-1-yl)-hydroxylamine grafting onto pSiNPs by hydrosilylation

pSiNPs were first synthesized following the protocol described in the experimental
section. We obtained nanoparticles with a hydrodynamic diameter of 276 nm and zeta potential
of -21.4 £ 0.5 mV. We then investigated their functionalization with O-(undec-10-en-1-yl)-
hydroxylamine by hydrosilylation through the silicon hydride (Si-H) available on the siNPs
surface (Fig. 19A), according to a method we published in 2016.1%® pSiNPs— ONH2 presented
a hydrodynamic diameter of 277 nm and zeta potential of -4.61 + 1.28 mV (Figure. 19B).
Covalent grafting of O-(undec-10-en-1-yl)-hydroxylamine onto pSiNPs was confirmed by
infrared spectroscopy. Figure 19C showed FTIR spectra of pSiNPs and pSiNPs— ONH2. The
band between 1000 and 1200 cm™* was assigned to the stretching vibration mode of Si-O bonds,
indicating the partial oxidation of pSiNPs surface. The disappearance of the stretching band of
Si-H at 2100 cm-* (Spectrum of pSiNPs) and the appearance of the asymmetric and symmetric
stretching vibration mode of aliphatic carbons (vcHz) between 2996 and 2880 cm (Spectrum
of pSiNPs—ONH3) confirmed the coupling of the O-(undec-10-en-1-yl)-hydroxylamine onto the
PSiNPs. Between 1500 and 1300 cm the asymmetric and symmetric bending modes of alkanes
(6cH2) were detected. Another representative band, which also helped to confirm the grafting,

was the stretching vibration mode of the N-H bond from the hydroxylamine at 3300 cm™.
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Figure 19. Synthesis and characterization of pSiNPs—ONH,. (A) Schematic representation of the
hydroxylamine grafting to obtain pSiNPs—ONH.. (B) DLS in intensity of pSiNPs—ONH,. (C) Infrared spectra of
pSiNPs (black line) and pSiNPs—ONH; (red line).

Cationic porphyrin grafting onto pSiNPs—ONH:

5-(4-iso-thiocyanatophenyl)-10,15,20-tris(4-N-1-methyl-4-pyridinio) porphyrin
triiodide (porphyrin-NCS) was synthesized, and modified with a vinyl arm following the
protocol described in the experimental section (Figure 20A). The vinyl arm allowed the reaction
between the porphyrin and the pSiNPs—ONH2, by hydrosilylation chemistry leading to a
covalent attachment of the porphyrin on the surface of the pSiNPs. These pSiNPs—ONH2—
porphyrin presented a hydrodynamic diameter of 326 nm and zeta potential of -7.7 £ 2.7 mV.
The effective grafting of the porphyrin derivative was confirmed by the UV-Vis spectroscopy
of pSiNPs—ONH2—porphyrin (figure 20C). The characteristic Soret band and two Q bands of
the porphyrin appeared at 440 nm and between 560 and 650 nm, respectively.
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Figure 20. Synthesis and characterization of pSiNPs—ONHx—porphyrin. (A) Schematic representation of the
porphyrin grafting to obtain pSiNPs—ONHx—porphyrin. (B) DLS in intensity of pSiNPs—ONH —porphyrin. (C)
UV-Vis absorbance spectrum of pSiNPs—ONH,—porphyrin.

1-Pyrenecarboxaldehyde grafting onto pSiNPs—ONH:z—porphyrin

1-Pyrenecarboxaldehyde was grafted on pSiNPs—ONHz—porphyrin according to the
protocol described in the experimental part. We used this chromophore for testing peptide-
grafting conditions. Hydroxylamine groups (—ONH2) selectively binds aldehydes or ketones in
acidic conditions, consequently in this case, the reaction between —ONH: and the aldehyde took

place leading to an oxime bond formation. (Figure 21).
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Figure 21. Schematic representation of the 1-Pyrenecarboxaldehyde grafting to obtain pSiNPs—
pyrenecarboxaldehyde—porphyrin.

The UV-Vis spectra of pSiNPs—pyrenecarboxaldehyde—porphyrin and 1-
pyrenecarboxaldehyde were showed in Figure 22. Comparing both spectra, the characteristic
bands of the chromophore (= 278, 285, 348, and 363 nm) were observed in the spectrum of
pSiNPs—pyrenecarboxaldenyde—porphyrin, confirming the successful grafting of the

chromophore onto the pSiNPs.
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Figure 22. UV-Vis spectra of 1-pyrenecarboxaldehyde (red line) and pSiNPs—pyrenecarboxaldehyde—
porphyrin (black line).

The grafting conditions to bond the peptide were successfully established. The

hydroxylamine allowed efficiently to attach the chromophore, proving that oxime bond is

suitable for peptide grafting.
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Conopeptide grafting onto pSiNPs—ONH2—porphyrin and study of the internalization of
pSiNPs—conopeptide—porphyrin

The conotoxin peptide was synthesized by Dr Oleg Melnyk’s group (Institut de
Biologie/Institut Pasteur Lille). The active sequence is CCGVONAACPOCVCNKTCG, where
O is a hydroxyproline. 253 Dr O. Melnyk’s group developed an innovative approach for
accessing the folded conopeptide, whose production by classical methods is extremely low
yielding. The key is to reversible modify the N-terminal cysteine produced by conventional
solid phase peptide synthesis by an acetoacetyl group (AcAc), ?° a modification that
dramatically simplifies the disulfide pattern distribution upon folding. Indeed, two
conformations (OIVBpicl and OIVBpic2) were obtained. The covalent grafting of the
conopeptide (AcAcOIVBpic2) to the pSiINPs—ONH2—porphyrin was described in the
experimental section. The oxime bond was formed after the reaction between the -ONH: and

the acetoacetyl group present in the peptide (Figure 23).
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Figure 23. Schematic representation of the conopeptide grafting to obtain pSiNPs—conopeptide—porphyrin.

The pSiNPs—conopeptide—porphyrin presented a zeta potential of -3.6 + 1.5 mV. To
study the subcellular localization of pSiNPs—conopeptide—porphyrin and verify fAChR
involvement in the active endocytosis, confocal imaging experiments on RMS-YM cells were
performed. Figure 24 showed confocal images of RMS-YM cells incubated with pSiNPs,
pSiINPs—ONHz—porphyrin, and pSiNPs—conopeptide—porphyrin. Cell membranes appeared in
green and pSiNPs in red.
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RMS-YM cancer cells

Figure 24. Nanoparticles internalization in RMS-YM cells. Confocal imaging on living cells in the presence of
Cell mask (membranes stained in green) after 24 h of incubation time. (A)RMS-YM cells as control (B) pSiNPs
(as control) (C) pSiNPs—ONHz—porphyrin, and (D) pSiNPs—conopeptide—porphyrin.

We observed that pSiNPs—ONH2—porphyrin without peptide were internalized through
endocytosis. The luminescence observed was attributed to the porphyrin after energy transfer
from the pSiNp to the porphyrin under NIR-TPE at 800 nm. Unexpectedly, the pSiNPs grafted
with the peptide were weakly internalized in the cells. It seems that the endocytosis of the NPs
was blocked, and they remained in the cell membrane. In order to understand this result, we
performed a ligand-binding assay. This study allowed to verify the affinity of the different
formulations for the fAChR receptor. A plot representing the percentage of response as a
function of the peptide concentration is displayed in Figure 25. Four formulations were tested:
two conformations of the conopeptide (O1VBpicl and OIVBpic2) and two conformations of
acetoacetyl-conopeptide (AcAcOIVBpicl and AcAcOIVBpic2). The acetoacetyl function
allowed peptide grafting onto the pSiNPs.
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Figure 25. Dose response curve for the four different formulations.

At the same concentration (10° nM), we observed an inhibition of 90% caused by
OlVBpicl and an inhibition of 75% caused by OIVBpic2. However, the introduction of the
acetoacetyl function provoked a diminution in the inhibition capability, obtaining only 40% of
inhibition with AcAcOIVBpicl and 30% inhibition with AcAcOIVBpic2 (peptide used in the
grafting). The introduction of the chemical group makes the peptide loose its affinity for the

receptor.

1.3. Conclusions

We have described the synthesis of different nanoparticle formulations bearing a
photosensitizer and a target peptide (pSiNPs—ONHz—porphyrin, and pSiNPs—conopeptide—
porphyrin). Biological studies showed that the nanoparticles were stable enough when
incubated for 24 hours in RMS cells. The average incubating time for other types of porous
silicon-based nanoparticles being 5 hours.

According to the bibliography (section 2.2.2 of chapter 1), there is an overexpression of
fAChR in RMS-YM cells compared to healthy cells. Therefore, we decided to evaluate the
active endocytosis of pSiNPs—conopeptide—porphyrin involving this receptor. Internalization
results in RMS-YM cells were not conclusive; membrane receptor recognition by the peptide
was not ensured. In addition, the introduction of the acetoacetyl group to attach it to the pSiNPs

provoked a reduction of the inhibition capability of the conopeptide.
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1.4. Perspectives

We may consider developing another strategy for attaching the conopeptide to the
nanoparticles, such as another chemical function. Aminooxy acetyl group will be preferred

because of its improved reactivity.
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Part Il.  The mannose 6-phosphate receptor targeted with pSiNPs for
rhabdomyosarcoma theranostics

Introduction

The association of two-photon excitation photodynamic therapy (TPE-PDT) and
nanoparticles offers several advantages in the treatment of cancer among other illnesses, being
nowadays an important research area in cancer treatments. On one hand, photodynamic therapy,
which was already described in section 2.3 of chapter 1, allows a more localized and less
invasive treatment diminishing the side effects induced by conventional treatments. The
photosensitizer (PS), which is administrated either systemically, locally, or topically, is
illuminated with appropriate irradiation. Under irradiation, the PS transfer its energy to the
surrounding oxygen (in its triplet state) which generate singlet oxygen and other cytotoxic
species that conduct to cell death. 25425 On the other hand, the employment of nanoparticles
makes it possible to overcome certain inherent limitations of the PS used in PDT such as poor
pharmacokinetic profile and low specificity for tumors. Then, the use of NPs as vehicles can
protect the PS during systemic circulation and facilitate the selective accumulation at the tumor

site. 255

Gold nanorods, CdSe, or Qdots are examples of inorganic nanoparticles used in TPE-
PDT however, they present limitations in terms of toxicity?°5-25¢ and non-biodegradability?°.
Porous silicon nanoparticles (pSiNPs) emerge as an appropriate substitute because they have
already shown their suitability for other biological applications such as drug delivery, 102 260
and can be excited by two-photon near infrared light. ® Xiao and colleagues first showed the
use of pSiNPs for singlet oxygen production and PDT. After irradiating HeLa and NIH-3T3
cells incubated with pSiNPs with a 60 J/cm? white light for 10 min, a 45% cell death was
observed. Control assay with the same cells in absence of nanoparticles showed between 10 —
25 % of cell death.?8! Nevertheless, the PDT efficacy could be improved not only by the
attachment of PSs to the nanoparticles, inducing an increase in the singlet oxygen generation,
but also by grafting target molecules to specifically target the malignant tissue. Secret and
coworkers described nanosystems that consist of pSiNPs covalently functionalized with
porphyrins and mannose as a target molecule, resulting in a better cell-killing effect compared
to the use of free porphyrin and non-target nanoparticles. The pSiNPs were able to transfer part

of their energy to the porphyrin via a resonant energy transfer mechanism. 38 262
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In this part of the chapter, we describe the functionalization of the pSiNPs with an analog
of mannose-6-phosphate and a porphyrin derivative, and we discuss the efficacy of the
formulations in TPE-PDT, and in TPE-assisted delivery of siRNA on RMS cells. In TPE-
assisted delivery of siRNA, the release of the endocytosed genetic material to the cytoplasm is
due to a PCI mechanism. Upon irradiation and activation of the PS, there is a production of
reactive oxygen species. ROS are responsible for the disruption of the endosomes-lysosomes
membranes.?®> Our hypothesis is that the employment of pSiNPs—AMFA-porphyrin will
improve the TPE-PDT effectiveness due to both: the AMFA, which favors the internalization
of pSiNPs via mannose receptors overexpressed in RMS cells, and the energy transfer between

the pSiNPs and the porphyrin, which induces the ROS production.

2.1. Experimental part

Materials

Hydrofluoric acid (HF, 48%), Allylamine (98%), and Diethylether (> 97.5%) were
purchased from Sigma-Aldrich. Ethanol (EtOH, 100%) was purchased from VWR. p-[N- (2-
Ethoxy-3,4-dioxocyclobut-1-enyl)amino]phenyl 6 deoxy-7- hydroxycarbonyl-a-D-manno-
heptopyranoside [M6C-PhSq] was synthesized according to the synthesis described by E.
Bouffard et al.'*® Boron-doped p++-type Si (0.8-1.2 mQ.cm resistivity, <100> orientation) was

purchased from Siltronix (France).
Analytical techniques

'H and C solution NMR spectra were recorded on a Bruker AC 400 spectrometer.
Chemical shifts (in 8 units, ppm) are referenced to TMS using residual DMSO-ds (6 = 2.50
ppm) resonance as the internal standard for *H NMR spectra, and DMSO-ds (5 = 39.52 ppm)
for 13C NMR spectra. UV-vis absorption spectra were recorded on a Hewlett-Packard 8453
spectrophotometer using correction factors supplied by the manufacturer. TEM analysis was
performed on a JEOL 1200 EXII instrument. Dynamic light scattering analyses were performed
using a Cordouan Technologies DL 135 Particle Size Analyzer instrument and analyzed with
NanoQ software. IR spectra were recorded on a PerkinElmer 100 FT spectrophotometer. Zeta
potential measurements were performed with a Malvern Zetasizer NanoSeries Instrument
(pH=7 NaCl 5 mM).
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Nanomaterials synthesis and characterization

Synthesis of 5-(4-iso-thiocyanatophenyl)-10,15,20-tris(4-N-1-methyl-4-pyridinio)
porphyrin triiodide

The water-soluble 5-(4-iso-thiocyanatophenyl)-10,15,20-tris(4-N-1-methyl-4-
pyridinio) porphyrin triiodide was prepared according method described by J. M. Sutton et al.??
Succinctly, 5-(4-acetamidophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin was obtained by Adler
condensation. 5-(4-aminophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin prepared from by 5-(4-
acetamidophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin by acid hydrolysis (HClI 5 N), was
converted to 5-(4-iso-thiocyanatophenyl)-10,15,20-tri-(4-pyridyl)-porphyrin then methylated
by methyl iodide.

Synthesis of pSiNPs

Boron-doped p++-type Si was electrochemically etched in a 3:1 (v:v) solution of
aqueous 48% hydrofluoric acid (HF):absolute ethanol. Etching was performed in a Teflon cell
with a platinum ring counter electrode. A constant current of 179 mA cm-2 was applied for 160
s, and the sample was rinsed 3 times with absolute ethanol. The porous layer was then removed
from the substrate by application of a constant current of 1.57 mA cm2 for 240 s in an
electrolyte solution containing 1:13.5 (v:v) aqueous 48% hydrofluoric acid: absolute ethanol.
After 3 rinses with absolute ethanol, the porous layer was placed in ethanol in a glass vial. After
degassing the sample for 20 min under a nitrogen stream, the porous silicon film was fractured
by ultrasonication during 21 h (Ultrasonic cleaner Fisher Transsonic TI-H-10). The largest
particles were removed by spinning them down by centrifugation at 3 000 rpm for 3 min. In
order to remove the smallest particles, the solution was finally centrifuged at 14 000 rpm for 30

min. The pellet was then redispersed in absolute ethanol.
Allylamine grafting onto pSiNPs by hydrosilylation

Freshly prepared pSiNPs were centrifuged at 14 000 rpm for 10 minutes in ethanol, then
44.5 mg of pSiNP were redispersed in 13 mL of allylamine and reacted for 3 h at 70°C under
inert atmosphere. After the reaction, the aminated pSiNPs (pSiNPs—NH2) were centrifuged at
14 000 rpm for 20 minutes and washed 5 times with absolute ethanol to remove the allylamine

adsorbed onto their surface. The pSINP-NH: were finally redispersed in 10 mL ethanol.
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One-Pot reaction between the pSINP-NHz2, the cationic porphyrin and the M6CPhSq

For the simultaneous grafting of the cationic porphyrin and the M6C-PhSq, 330 pL of
a solution of M6C-PhSq at 16 mM in 1:1 (v:v) ethanol/water mixture and 167 pL of a solution
of the cationic porphyrin at 1 mg mL* in ethanol were added to 10 mg of suspension of the
pSINP—-NHz2. The reaction was performed under stirring during 18 h at room temperature. The
obtained nanoparticles were centrifuged at 14 000 rpm during 20 min and rinsed twice with
absolute ethanol, twice with deionized water, twice with absolute ethanol, twice with
diethylether, twice with absolute ethanol, producing 8 mg of pSiNPs—M6CPhSg-Porph in

absolute ethanol.
Biological studies

Cell culture

RMS-YM cells from ATCC and SK-1111 normal myoblasts from CookMyoSite were
used. RMS-YM cells were cultured in RPMI-1640 medium supplemented with 10% FBS and
1% penicillin/streptomycin. SK-1111 were cultured in Ham F10 medium plus 20% FBS, 1%
insulin, 25 ng mL™* FGF, 10 ng mL™* EGF and 1% penicillin/streptomycin. All cell types were

allowed to grow in a humidified atmosphere at 37 °C under 5% COa.
Cytotoxicity measurement

For cytotoxicity analysis, RMS-YM and SK-1111 cells were seeded into a 96 well plate,
2000 cells per well in 200 pL of culture medium and allowed to grow for 24 h. Then the cells
were treated with increasing concentrations of pSiNPs—M6CPhSqg—Porph (from 0.1 to 100 ug
mL1). Three days after treatment, an MTT assay was performed to determine the cell viability.
Briefly, cells were incubated for 4 h with 0.5 mg mL™* of MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, Promega) in media. The MTT/media solution was then
removed and the precipitated crystals were dissolved in EtOH/ DMSO (v/v). The solution
absorbance was read at 540 nm in a microplate reader. All values are reported in relation to the

control values (without any treatment) which are considered as 100% living cells.
Two-photon excited photodynamic therapy

RMS-YM cells were seeded into a 384 multi-well glass-bottomed plate (thickness 0.17
mm) with a black polystyrene frame at a concentration of 1000 cells per well in 50 pL of culture

medium, and allowed to grow for 24 h. After seeding, dispersed pSiNPs—M6CPhSg—Porph
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were added on cells at a concentration of 80 pg mL™! for 5 h. After this incubation cells were
submitted or not to laser irradiation with the LSM 780 live confocal microscope (Carl Zeiss
Microscope) at 800 nm by 3 scans of 1.57 s duration in 4 different areas of the well with a
focused laser at a maximum laser power (laser power input 3 W). The laser beam was focused
by a microscope objective lens (Carl Zeiss 10x/0.3 EC Plan-Neofluar). After 2 days, the MTT
assay was performed as previously described and was corrected according to the following
formula: Abs “No laser” — 2 x (Abs “No laser” — Abs “Laser”). Values are the mean of three

experiments and error bars represent standard deviation.
Gel retardation assay

Different amounts of pSiNPs—-M6CPhSg-Porph and a fixed amount of siRNA Ctrl (1.8
pMM) were mixed in RNase free water in a total volume of 11 pl and incubated for 60 min at
37°C to induce the formation of siRNA/pSiNPs—M6CPhSq-Porph complexes. After
incubation, blue 6X loading dye (Fisher scientific) was added to the complex. Electrophoresis
was carried out on a 2 % wi/v agarose gel mixed with GelRed TM nucleic acid gel stain
(Interchim, France) in 1X TBE buffer (90 mM Tris-borate/mM EDTA, pH 8.2). The gel was
run in 0.5X TBE at 50V for 30’. A 100 bp DNA ladder from Sigma-Aldrich (Saint-Quentin-
Fallavier, S4 France) was used as reference for the gel. The GelREd-stained siRNA was
visualized using a TFX-20 M model-UV transilluminator (Vilber Lourmat, Mare-la-Vallée,

France).
Statistical analysis

Statistical analysis was performed using the Student’s t test to compare paired groups

of data. A p-value of <0.05 was considered to be statistically significant.

2.2. Results and discussion

Synthesis of pSiNPs grafted with allylamine

The pSiNPs were synthesized according to the protocol described in the experimental
section; we then investigated subsequent functionalization with allylamine (Figure 26A).
Allylamine was grafted by hydrosilylation onto the surface as well as inside the pores of pSiNPs
following a procedure already described by Chaix et al.'® pSiNPs-allylamine presented a
hydrodynamic diameter of 348 nm (Figure 26B) and a negative value of zeta potential of -23.9

= 0.3 mV. Due to the partial oxidation of pristine pSiNPs, deprotonated silanol groups were
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present on their surface, leading to a negative value of zeta potential (-38.8 £ 0.2 mV). After
the grafting of the allylamine, the surface charge changed to positive values. In theory, the
amine groups on the surface were protonated, balancing the negative charges of silanol groups
and giving rise to a positive surface charge. In our case, we supposed that the negative value of
zeta potential (pH =7) was due to a partial functionalization of the nanoparticles by allylamine.
This partial functionalization could not compensate for the negative charge of the silanol

groups.
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Figure 26. Synthesis and characterization of pSiNPs-allylamine. (A) Schematic representation of the grafting

reaction in order to obtain pSiNPs—allylamine. (B) DLS in intensity of pSiNPs-allylamine. (C) Infrared spectra of

pSiNPs (black line) and pSiNPs—allylamine (red line).
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Bands corresponding to the covalent grafting of allylamine onto pSiNPs were identified
in infrared spectroscopy. Figure 26C showed FTIR spectra of pSiNPs and pSiNPs—allylamine.
The intense band between 1000 and 1270 cm* was assigned to the stretching vibration mode
of Si-O bonds, explaining the partial oxidation of pSiNPs surface. Between 2996 cm* and 2880
cm were detected the asymmetric and symmetric stretching vibration modes of the aliphatic
carbons (vchz) and between 1500 and 1300 cm™ the asymmetric and symmetric bending modes
of C-H (dcHz), all of them likely related to the ethanol absorbed inside de pores of the
nanoparticles. In the spectrum of the pSiNPs—allylamine (red), the disappearance of the
stretching band of Si-H at 2100 cm™ and the increase of the vch2 stretching vibration modes

indicated that the coupling of the allylamine onto the pSiNPs has certainly occurred.
One-pot synthesis of pSINPs—AMFA-porphyrin

5-(4-iso-thiocyanatophenyl)-10,15,20-tris(4-N-1-methyl-4-pyridinio) porphyrin
triiodide (porphyrin-NCS) and the M6CPhSq (AMFA) were synthesized following the protocol
reported in the experimental section. After the hydrosilylation step, the amine group reacted
with the squarate moiety of the M6CPhSq and the thiocyanate group of the porphyrin-NCS

leading to a covalent attachment of both molecules on the surface of the pSiNPs (Figure 27).262
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Figure 27. One-pot synthesis of pSiNPs—AMFA-porphyrin.
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pSiNPs—AMFA-porphyrin presented a hydrodynamic diameter of 434 nm (Figure 28A)
and zeta potential of -26.3 = 0.4 mV. We expected a positive value of zeta potential after the
functionalization with the porphyrin and the AMFA. Given the value obtained, we supposed
that the amount of porphyrin covalently attached was too low to balance the effect of the
negatively charged AMFA, resulting in a global negative charge on pSiNPs surface. The
infrared spectrum of pSiINPs—AMFA-—porphyrin is displayed in figure 28B. After the second
reaction step, covalent attachment of the porphyrin was confirmed by the formation of a band
at 1640 cm-?, corresponding to stretching vibration modes of C=S of the thiourea. The stretching
vibration modes of aromatic C=C around 1480 and 1300 cm and asymmetric and symmetric
stretching vibration modes of CH2 between 2996 and 2893 cm™, belonging to the AMFA and
to the porphyrin were observed. The UV-Vis spectrum of the pSiINPs—AMFA—porphyrin was
showed in figure 28C. The Soret band and four Q bands corresponding to the porphyrin
appeared at 436 nm and between 555, 520, 610 and 650 nm, respectively. These bands
confirmed the presence of the porphyrin onto the pSiNPs. It was not possible to observe the
absorption band of the AMFA, which should appear around 300 nm, due to the large scattering
of the pSiNPs in this spectral region.
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Biocompatibility of pSiNPs—AMFA-porphyrin on different cell lines

The cytotoxicity of pSINPs—AMFA-—porphyrin was evaluated in RMS-Y M cancer cells
and SK-1111 normal myoblasts. Increasing concentrations of nanoparticles were added, and
incubated for 3 days. These data demonstrated that pSiNPs—AMFA-—porphyrin were non-toxic
to RMS-YM cells and slightly toxic to normal myoblasts (Figure 29). In the case of normal
myoblasts, an increase of cellular death up to 30 % upon NPs addition until a concentration of
5 ug mLtwas observed. Over this value, cellular death increased to 50% for a concentration
of 100 ug mL™1. Given these results and to be consistent with previous experiments performed

on pSiNPs, a concentration of 80 pg mL ! was chosen for further biological experiments.
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Figure 29. Cytotoxicity of pSiNPs—AMFA—porphyrin on cancer and normal cells. Cytotoxicity of pSiNPs—
AMFA-—porphyrin on RMS-YM cells (blue line) and on SK-1111 cells (orange line). Data are presented as mean

+ SEM, of two independent experiments realized in triplicate.
Study of TPE-PDT

The photodynamic efficacy of pSiINPs—AMFA—porphyrin was studied on RMS-YM
cells under near-infrared two-photon excitation (Figure 30). RMS-YM and SK-1111 were
incubated with pSiNPs—AMFA-—porphyrin for 5h. Then, they were irradiated or not at 800 nm
three times for 1.57 s at a maximal laser power. In the absence of laser irradiation, toxicity due
to the nanoparticles themselves was observed for both cell types. Moreover, pSiNPs—AMFA—
porphyrin induced 36% RMS-YM cell death after TPE. In contrast, they did not induce any

significant phototoxicity on healthy cells. Although these results could be improved in terms of
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cell kill efficiency, they demonstrated that the use of a target molecule improved the specificity

of the nanoparticles formulation for cancer cells, while being ineffective against healthy cells.
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Figure 30. TPE-PDT with pSiNPs—AMFA—porphyrin. (A) Embryonal rhabdomyosarcoma cancer cells (RMS-
YM) were incubated for 5h with pSiNPs—AMFA-porphyrin (80 pg mL™) and irradiated at 800 nm (3 x 1.57 s).
Cell death was assessed after 2 days by the MTT reagent. (B) Human normal myablasts cells (SK1111) were
incubated for 5h with pSiNPs—AMFA—porphyrin (80 pug mL™?) and irradiated at 800 nm (3 x 1.57 s). Cell death
was assessed after 2 days by the MTT reagent. Control are the cancer cells and the healthy cells without incubating

with nanoparticles. Data are mean values * standard deviations from three independent experiments.
In vitro two-photon induced siRNA Delivery

siRNA complexation was evaluated, although pSiNPs—AMFA—porphyrin presented a
negative value of zeta potential, not favorable for complexing positively charged siRNA. The
SIRNA presents negative charges due to the phosphate groups, promoting an electrostatic
interaction between the positive charge of the porphyrin and the negative charges of the
phosphate groups. Complexes between pSiNPs—AMFA—porphyrin and siRNA at sSiRNA/NPs
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two ratios were tested (1/78 and 1/178), and no complexation was observed at neither of the
ratios. In both cases, the migration of the sSiIRNA was observed in the electrophoresis gel (Figure
31). Certainly, the negative value of zeta potential made these nanoparticles unsuitable for
siRNA complexation, and consequently, performing the delivery of siRNA induced by two-
photon excitation was not possible with this formulation.
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Figure 31. Gel retardation assay. siRNA and complexes at different ratios (1/78 and 1/178) were migrated to
evaluate the complexation capacity of the pSiNPs—AMFA—porphyrin formulation.

2.3. Conclusion

In this part of the chapter, the synthesis, TPE-PDT effect, and the complexation
capability of pSiINPs—AMFA—porphyrin were described. Based on the work described in the
part | of chapter 2 about the overexpression of M6PR in RMS-YM cells, we decided to evaluate
the targeting effectiveness of this formulation.

pSiNPs—AMFA—porphyrin were capable to specifically target and kill RMS-Y M cancer
cells due to the active endocytosis involving M6PR, and they did not show any effect on healthy
cells under TPE irradiation. Here, the mechanism of 'Oz and ROS generation was similar to
what previously described Secret and coworkers?%?, by mean of energy transfer between the

excited pSiNPs to the attached porphyrin. Due to the non-suitable characteristics of the
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formulations obtained, such as the negative value of zeta potential, it was not possible to

complex the siRNA molecule.

2.4. Perspectives

This second part could be improved in several aspects. The optimization of the
formulation to achieve a better TPE-PDT effect in vitro may be appropriate. For example, we
could consider modifying the AMFA/porphyrin ratio to observe how can influence on ROS
generation, or studying singlet oxygen production after TPE. In case of using it in vivo, we
should tailor the formulation by grafting some PEGylated molecules to protect silicon
nanoparticles from degradation and make them stealth. Subcellular localization of the
nanoparticles could be verified by confocal imaging to have further proof of the uptake of
pSiNPs—AMFA-porphyrin. Concerning the complexation experiments, we might study the
ratio AMFA/porphyrin to obtain nanoparticles with a positive surface charge. We already
observed in part 1l of chapter 2 that positive formulations were able to efficiently complex
SiRNA.
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Part Ill.  pSINPs—ICPES-azobenzene@Lys for TPE-induced siRNA
delivery on MCF-7 cells

Introduction

Gene therapy is a rapidly evolving therapeutic treatment consisting in the delivery of
exogenous nucleic acid sequences designed specifically to target the diseased tissues. Gene
delivery has been originally efficiently performed with viral systems.?%®> However, they may
exert immunologic and oncogenic adverse effects. Non-viral gene delivery systems, despite
their current lower efficiency in terms of transfection, offer to overcome most of the
shortcomings displayed by viral vectors, i.e. immune severe responses, low carrying capacity,
small scale production, and high costs.??® 264 In particular inorganic nanoparticles and their

intrinsic physical properties at the nanoscale are intensively being assessed.?65-266

pSINPs may be a suitable option for cellular transfection due to their bioresorbability,
biocompatibility, and their low toxicity in vivo.** Some examples of the use of pSiNPs are
described below. Joo et al. developed graphene oxide nanosheets (GO-pSiNPs) conjugated to
a targeting peptide derived from the rabies virus (RVG) and loaded with siRNA. This system
showed greater cellular uptake and gene silencing in mouse neuroblastoma cell lines in vitro.
After injection into brain-injured mice, the nanoparticles showed a significant accumulation in
the tumor site.?” Mann and coworkers synthesized short peptide-coated pSiNPs (CAQK-
pSiNPs) encapsulating siRNA to use them in gene silencing in injured brain parenchyma.?68
The Voelcker group developed polyethyleneimine-pSiNPs (PEI-pSiNPs) for MRP1 silencing
in vitro and in vivo. 26%-270 |n addition pSiNP can be excited by near infrared (NIR) two-photon
excitation (TPE) light?®? thus offering additional possibilities for light triggered treatment,

based on tissue-penetrable NIR light response.

Indeed, few examples of cell transfection using light triggered nucleic acid delivery
systems have been described. The major works reported so far use UV-Vis light; 271-280 that
does not penetrate deep into tissues and can damage cells. In this field, cationic azobenzene-
based systems were shown to be efficient for enhancing gene transfection?! or to photocontrol
the transcription/translation of nucleic acids.?82-283 Unlike UV-Vis light, TPE provides a high
temporal and tri-dimensional spatial resolution at the micron scale, thus a potent mean for the
selective delivery of genes, while the combination with NIR excitation enhances safer tissue

penetration, with less scattering than UV/Visible light.

103



Therefore recent works tuned to the NIR including up-converting systems based on
nitrobenzyl group cleavage, 2842%" or host-guest interactions between cyclodextrin and
azobenzene covalently linked to siRNA.%% Plasmonic systems have been described for NIR
light-induced photothermal control of gene silencing with siRNA;?8°-2% and the direct two-
photon cleavage of 4,5-dimethoxy-2-nitrobenzyl group? %€ has been reported, but since this
group possesses a very low two-photon decaying cross-section,?®” very long times of irradiation

were needed.

In this part, we present pSiNPs functionalized with ICPES-azobenzene@Lys to
efficiently complex siRNA by non-covalent interactions. A reversible trans-cis isomerization
of the azobenzene after UV-Vis irradiation (365 nm) was described in the literature. The
conformation exchange went along with a change in the affinity for the nucleic acid. 28 Based
on this, we suggest that the pSiNPs after NIR-TPE irradiation could transfer their energy to the
grafted azobenzene molecule, triggering the trans-cis conformation exchange expected. This
isomerization is expected to provoke membrane disruption and the siRNA delivery in the

cytoplasm.

3.1. Experimental part

Materials

Hydrofluoric acid (HF, 48%), toluene, tetrahydrofuran (anhydrous, THF >99%)
trifluoroacetic acid (TFA, >99%) and triethoxy(3-isocyanatopropyl)silane (95%) were
purchased from Sigma-Aldrich. Ethanol (EtOH, 100%) was purchased from VWR.
Dichloromethane (DCM, RE technical) was purchased from Carlo Erba. Boron-doped p++-

type Si (0.8-1.2 mQ.cm resistivity, <100> orientation) was purchased from Siltronix (France).

Analytical techniques

'H solution NMR spectra were recorded on a Bruker AC 400 spectrometer. Chemical
shifts (in & units, ppm) are referenced to TMS using residual DMSO-ds (6 = 2.50 ppm)
resonance as the internal standard for 'H NMR spectra. TEM analysis was performed on a JEOL
1200 EXII instrument. Dynamic light scattering analyses were performed using a Cordouan
Technologies DL 135 Particle Size Analyzer instrument and analyzed with NanoQ software.

IR spectra were recorded on a PerkinElmer 100 FT spectrophotometer. Zeta potential
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measurements were performed with a Malvern Zetasizer NanoSeries Instrument (pH =7, NaCl
5 mM).

Nanomaterials synthesis and characterization
Synthesis of ICPES-azobenzene@Lys(diBoc)

ICPES-azobenzene@Lys-diBoc was prepared according to the method described by M.
K. Abdul Rahim et al.?®® Concisely, Aminoazobenzene@Boc-Lys-(Boc)-OH was obtained by
the reaction between Boc-Lys(Boc)-OH (Dicyclohexylammonium) Salt with 4,4°-
diaminoazobenzene under Ar atmosphere in anhydrous DMF overnight at RT. Then it was
silylated by reacting with triethoxysilyl isocyanate under reflux of anhydrous THF during 24h.

The residue was washed several times with pentane and then dried under vacuum.
Synthesis of pSiNPs

Boron-doped p++-type Si was electrochemically etched in a 3:1 (v:v) solution of
aqueous 48% hydrofluoric acid (HF):absolute ethanol. Etching was performed in a Teflon cell
with a platinum ring counter electrode. A constant current of 179 mA cm2 was applied for 160
s, and the sample was rinsed 3 times with absolute ethanol. The porous layer was then removed
from the substrate by application of a constant current of 1.57 mA cm2 for 240 s in an
electrolyte solution containing 1:13.5 (v:v) aqueous 48% hydrofluoric acid: absolute ethanol.
After 3 rinses with absolute ethanol, the porous layer was placed in ethanol in a glass vial. After
degassing the sample for 20 min under a nitrogen stream, the porous silicon film was fractured
by ultrasonication during 18 h (Ultrasonic cleaner Fisher Transsonic TI-H-10). The largest
particles were removed by spinning them down by centrifugation at 3 000 rpm for 3 min. In
order to remove the smallest particles, the solution was finally centrifuged at 14 000 rpm for 30

min. The pellet was then redispersed in absolute ethanol.
Grafting of ICPES-azobenzene@Lys(diBoc) onto pSiNPs

20 mg of ICPES-azobenzene@Lys(diBoc) was added to a suspension of 25 mg of
pSINPs in 3 ml of Toluene. The reaction was carried out at 50°C for 18 h under inert
atmosphere. The pSiNPs—ICPES-azobenzene@Boc-Lys-(Boc)-OH were centrifuged 14 000
rpm during 20 min and rinsed three times with absolute ethanol, and then redispersed in 10 mL

of absolute ethanol.
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Deprotection of pSiNPs— ICPES-azobenzene@Lys(diBoc)

pSiNPs—ICPES-azobenzene@Lys(diBoc) were dispersed in 3 mL of dichloromethane.
1 mL of TFA was added dropwise to the mixture. The reaction was kept under stirring at RT
for 30 min. The pSiNPs—ICPES-azobenzene@Lys were centrifuged 14 000 rpm during 20 min
and rinsed four times with absolute ethanol, leading to 25 mg of pSiNPs—ICPES-

azobenzene@Lys in absolute ethanol.
Biological studies

Cell culture

MCEF-7 and MCF-7-luc cells from ATCC were used. MCF-7 were cultured in DMEM
medium supplemented with 10% FBS and 50 pug mL* gentamycin. MCF-7-luc were cultured
in DMEM/F12 medium supplemented with 10% FBS and 1% geneticine. All cell types were

allowed to grow in a humidified atmosphere at 37 °C under 5% COa.
Gel retardation assay

In RNase free water, different amounts of pSiNPs—ICPES-azobenzene@Lys and a fixed
amount of siRNA Ctrl (1.8 uM) were mixed in a total volume of 22 pl and incubated for 30
min at 37°C to induce the formation of sSiRNA/pSiNPs—ICPES-azobenzene@Lys complexes.
After incubation, blue 6X loading dye (Fisher scientific) was added to the complex.
Electrophoresis was carried out on a 2 % wi/v agarose gel mixed with GelRed TM nucleic acid
gel stain (Interchim, France) in 1X TBE buffer (90 mM Tris-borate/mM EDTA, pH 8.2). The
gel was run in 0.5X TBE at 50V for 30’. A 100 bp DNA ladder from Sigma-Aldrich (Saint-
Quentin-Fallavier, S4 France) was used as reference for the gel. The GelREd-stained siRNA
was visualized using a TFX-20 M model-UV transilluminator (Vilber Lourmat, Mare-la-

Vallée, France).
In vitro two-photon induced siRNA delivery

MCF-7-luc were seeded at a density of 1000 cells per well in a 384 black multi-well
glass-bottomed plate with a black polystyrene frame (Proteigene, France) one day before
transfection. To control siRNA efficiency, transfection of siRNA was performed first with
Lipofectamine RNAIMAX reagent (Invitrogen, France). Complex between anti-Luc siRNA
and pSiNPs—-ICPES-azobenzene@Lys at a ratio of 1:30 (uL:pL) was freshly prepared and
incubated for 30 min at 37 °C for pairing. Then MCF-7-luc cells were incubated for 5 h with
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the complex at 40 pg mL™t. After incubation, the cells were submitted (or not) to laser
irradiation using the Carl Zeiss Microscope (laser power input 3 W). Half of the well was
irradiated at 800 nm by three scans of 1.57 s duration in four different areas of the well. No
supplementary scan can be performed without overlapping. A microscope objective lens (Carl
Zeiss tenfold magnification/objective 0.3 EC Plan-Neofluar) was used to focus the laser beam.
After 48h transfection, apoptosis efficacy was assessed by addition into the culture medium of
luciferin (102 M, final concentration) purchased from Promega (France). Living cell
luminescence was measured 10 min after by a multilabel plate reader CLARIOstar® at 562
nml. Results were corrected according to the following formula Lumnon irradiated — 2 (Lumnon
irradiated — Lumirradiated), Where Lum is the luminescence emitted. Luciferase activity was
normalized in accordance to the total number of living cells in each sample as determined by
MTT assay.

Statistical analysis

Statistical analysis was performed using the Student’s t test to compare paired groups

of data. A p-value of <0.05 was considered to be statistically significant.

3.2. Results and discussion

Synthesis of pSiINPs—ICPES-azobenzene@Lys

pSINPs and ICPES-azobenzene@Lys(diBoc) were first synthesized following the
protocol reported in the experimental section, then ICPES-azobenzene@Lys(diBoc) was
grafting onto the pSiNPs by silanization chemistry through the hydroxyl groups available on
their surface (Figure 32). pSiNPs— ICPES-azobenzene@Lys(diBoc) presented a hydrodynamic
diameter of 282 nm and zeta potential of -3.37 £ 0.05 mV. The last step of the synthesis was
the deprotection of the BOC group (tert-butoxycarbonyl), leading to the pSiNPs—ICPES-
azobenzene@Lys with a hydrodynamic diameter of 307 nm (Figure 33) and zeta potential of
31.9+0.6 mV.
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Figure 32. Synthesis of pSiNPs—ICPES-azobenzene@Lys. Schematic representation of the different steps of the

synthesis to obtain the desired formulation.

DLS and zeta potential values at each step were listed in Figure 33. The pSiNPs and

pSiNPs— ICPES-azobenzene@Lys(diBoc) presented a negative value of zeta potential due to

the partial oxidation of their surfaces, which was in agreement with the presence of silanol

groups. On the other hand, after the deprotection step, there was a charge reversal due to the

amino acids grafted onto the nanoparticles. This charge reversal to positive values suggested

the successful functionalization of the pSiNPs and was appropriate for further complexation of

SiIRNA onto the nanoparticles. The siRNA presents negative charges due to the phosphate

groups, promoting an electrostatic interaction between the positive charges of lysine groups and

the negative charges of the phosphate groups.
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Covalent grafting of ICPES-azobenzene@Lys(diBoc) onto pSiNPs was confirmed not
only by zeta potential measurements but also by infrared spectroscopy. Figure 34 showed FTIR
spectra of pSiNPs and pSiNPs—ICPES-azobenzene@Lys. The intense band between 1000 and
1270 cm* was assigned to the stretching vibration mode of Si-O bonds, explaining the partial
oxidation of pSiNPs surface. This large band could hamper the observation of the stretching
vibration mode of the C-N bond that appeared around 1250 cm™. After the first coupling step
(red line), thiourea characteristic vibrations modes of ICPES-azobenzene@Lys(diBoc)
covalently attached to the nanoparticles were observed, specifically, vc=o = 1685 cm™ dnH =

1557 cmt, confirming the successful grafting of the linker.
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Figure 34. Infrared spectra of pSiNPs (black line) and pSiNPs—-ICPES-azobenzene@Lys (red line).

Another representative band, which also helped to confirm the grafting, is the stretching
vibration mode of the N=N bond from the azobenzene at 1444 cm. Between 2990 and 2875
cmL, three bands corresponding to stretching modes of alkanes (vchs and venz) were observed.

Finally, the band at 3342 cm- corresponds to the stretching vibration mode of secondary NH.

In vitro two-photon induced siRNA Delivery

The complexation efficiency of pSiNPs—ICPES-azobenzene@Lys, which showed a
favorable surface charge for sSiRNA complexation was evaluated. Complexes between pSiNPs—
ICPES-azobenzene@Lys and siRNA at three ratios SIRNA/NPs were tested (1/5, 1/30, and
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1/90). No complexation was observed at a ratio of 1/5, while a disappearance of migration bands
was observed from a ratio of 1/30 (Figure 35), suggesting a complete complexation at 1/30 and
1/90. Therefore, the ratio of 1/30 was chosen for further experiments. The halos observed inside
the last two wells (yellow rectangle) were a sign of the successful complexation between the
NPs and the siRNA, demonstrating that sSiRNA was complexed.
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Figure 35. Gel retardation assay. sSiRNA and complexes at different ratios (1/5, 1/30, and 1/90) were migrated
to evaluate the complexation efficiency of pSiNPs—ICPES-azobenzene@Lys. Sign of complexation inside the
yellow rectangle.

The delivery of siRNA triggered by two-photon excitation was then examined. As a
proof of concept, luciferase-expressing MCF-7 breast cancer cells and anti-Luc siRNA were
used. The complex between pSiNPs—ICPES-azobenzene@Lys and anti-Luc siRNA at 40 ug
mL-! was incubated with MCF-7-Luc for 5h at Room Temperature. The free anti-Luc SiRNA
did not affect luciferase expression when incubated with MCF-7-Luc cells after TPE, probably
because the molecule was not able to cross the membrane and get to the cytosol. In contrast, in
this preliminary experiment, the complex between siRNA and the functionalized pSiNP with
azobenzene moieties possessing a lysine, showed effective endocytosis in MCF-7 cells
expressing luciferase (Figure 37). In addition, after two-photon irradiation of the cells, we

observed luciferase gene silencing (38%) compared to 0% in the absence of irradiation (Figure
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36A). Unfortunately, and unexpectedly, despite the successful complexation observed in our

latest experiments, we were not able to reproduce the luciferase gene silencing. There was no
transfection effect after TPE irradiation of the SIRNA/pSiNPs-ICPES-azobenzene@Lys
complex (Figure 36B).
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Figure 36. TPE-triggered siRNA delivery. (A) Preliminary experiments (B) Experiment performed during the

thesis work. Luciferase-expressing MCF-7 breast cancer cells were incubated with pSiNPs—ICPES-
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azobenzene@Lys (40 pg mL ™) and irradiated at 800 nm (3 x 1.57 s). Cell death was assessed after 2 days and

MTT assay. Data are mean values * standard deviations from three independent experiments.
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Figure 37. Preliminary results of nanoparticles internalization in MCF-7. Cells were stained with lysotracker
and incubated with free sSiRNA (160 nM) and siRNA complexed with pSiNPs—ICPES-azobenzene@Lys (ratio
1/25, siRNA/pSiNp) for 24 hours.

In previous work, it has been shown that pSiNPs can absorb TPE light and transfer their
energy to attached absorbing molecules.?®? Thus, we hypothesized that the siRNA release
mechanism is due to the photo-isomerization of the azobenzene groups upon TPE. The
irradiation generated resonance energy transfer from the pSiNPs to azobenzene. In our case, we
believe that a lock of the trans-cis isomerization was produced, hampering the membrane
disruption and then the release of the siRNA (Figure 38). Since there was no light trigger SIRNA
delivery, it was not possible to observe the expected gene silencing effect.
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Figure 38. Schematic representation of the reversible trans-cis isomerization of the azobenzene after

irradiation and subsequently siRNA release mechanism.

3.3. Conclusion

Here we described the synthesis, complexation efficiency, and TPE-triggered siRNA
delivery ability of pSiNPs—ICPES-azobenzene@Lys. We successfully synthesized the
azobenzene derivative and grafted it onto pSiNPs to obtain suitable nanoparticles for sSiRNA
complexation. First attempts in gene therapy on MCF-7-Luc have not been successful. These
nanoparticles presented an efficient complexation capacity, but the gene delivery failed to
happen. We hypothesized that an isomerization problem between trans-cis conformations
occurred, making impossible the destabilization of the membrane and thus the subsequent

siRNA release.

3.4. Perspectives

This work should be improved in some aspects. First, the process of gene delivery by
TPE irradiation might be optimized. We can conceive performing the grafting reaction with
several amounts of ICPES-azobenzene@Lys(diBoc). The aim will be to verify whether there
could be a steric encumbrance caused by an excess of functionalization with the ICPES-
azobenzene@Lys. We speculate that this steric encumbrance could hamper the trans-cis
isomerization. In addition, we might consider studying the endocytosis and internalization of

the complexes using fluorescence confocal microscopy.
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CHAPTER 4: General conclusion and

outlooks
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Pediatric cancer continues to be one of the major causes of childhood mortality
worldwide; consequently, the development of target therapies as alternatives to conventional
ones is a public health affair. Treatments based on more personalized and tailored therapies
might help in specifically targeting diseased tissues avoiding the healthy ones. This manner of
treating patients might aid in the reduction of the short and long-term side effects and increase

the therapeutic effectiveness.

Although the number of clinical tests performed is increasing, the formulations place on
the market are still scarce. My thesis project was centered on this problematic: The aim was to
develop multifunctional nanoparticles, porphyrin-based organosilica nanoparticles
(PMOsPOR-NPs) and porous silicon nanoparticles (pSiNPs). We have used them in a triple
targeting approach based on the combination including targeting ligands, photodynamic therapy
or/and gene delivery. These three elements as well as the cancer of study, the
Rhabdomyosarcoma were detailed in chapter 1. The next chapters were devoted to the

applications of these approaches to practical cases.

In chapter 2 part I, we have described the synthesis and application of Porphyrin-based
organosilica nanoparticles (PMOsPOR-NPs) functionalized with a target biomolecule as a
platform for RMS theranostics. This biomolecule was an analog of mannose 6-phosphate
capable of efficiently targeting M6PRs, a receptor overexpressed in other cancers such as breast
or prostate. Our collaborators have proven their overexpression in three cell lines of RMS.
Indeed, the expression of the receptor was seven times higher in RMS cells than in healthy
myoblasts, suggesting that CI-RM6P could be considered as a biomarker for the development
of RMS. The nanoparticles have shown their biocompatibility and a high TPE-PDT effect. Non-
functionalized PMO-NPs induced up to 60 % of cellular death in both cell lines, while
PMO—-AMFA induced almost 100% of cellular death on RMS-YM cells and no toxicity on
healthy myoblast after TPE-PDT. These results indicated the involvement of CI-RMG6P in active
endocytosis pathway of the PMO—-AMFA, demonstrating that this receptor is a potential
therapeutic target for RMS. In part II, we described the modification of PMO—AMFA to use
them in TPE-induced siRNA delivery in MCF-7 breast cancer cells. siRNA is a small
interfering RNAs that can bind specifically to a messenger RNA sequence to block the
expression of the target gene. The novel formulation showed acceptable biocompatibility and
maintained its efficacy in TPE-PDT as well as in cancer targeting after APTES inclusion. First
attempts in gene delivery led to a remarkable silencing effect. As a proof of concept, complexes
between anti-Luc siRNA/ PMO-AMFA—APTES were tested on MCF-7-Luc cells, producing
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a diminution in the luminescence up to 57% compared to the use of free anti-Luc SiRNA.
PMO-AMFA-APTES allowed not only the protection of the genetic material, guaranteeing
the delivery to the cells, but also the generation of ROS. The reactive oxygen species were
responsible for endosomes-lysosomes membranes disruption, giving rise to the release of the
endocytosed siRNA.

In chapter 3, the synthesis of pSiNPs as well as their functionalization with two target
biomolecules, the analog of mannose 6-phosphate and a conotoxin peptide, were described. In
the bibliography, the use of a conopeptide to specifically target another receptor overexpressed
on RMS cancer cells was reported. These multifunctional nanoparticles offered two ways of
surface modification, either silanization or hydrosilylation, and they were used in different
applications according to the molecule grafted on their surface. In part I, we have detailed the
modification of the pSiNPs with a conopeptide, obtaining a formulation with better stability
than other silicon-based nanoparticles. We envisaged targeting the fetal acetylcholine receptor
(FAChR), another biological marker of RMS cancer cells. Preliminary results did not show a
good internalization of the nanoparticles, so we assumed that there was a recognition problem
between the receptor and the conotoxin peptide. In part 11, the pSiNPs were functionalized with
the analog of mannose and a photosensitizer (a cationic porphyrin). They efficiently targeted
M6PR, being internalized in RMS-YM cells, and showed effectiveness in TPE-PDT. We have
proposed an energy transfer mechanism between the porous silicon and the porphyrin to explain
the 102 generation. In the last part of this chapter, after modification of pSiNPs by grafting an
azobenzene derivative, the formulation was tested for TPE-induced siRNA delivery in MCF-
Luc-7 cells. We have also suggested an energy transfer mechanism between the porous silicon
and the azobenzene derivative. In this case, it induced the trans-cis isomerization of the
azobenzene promoting the release of the complexed siRNA. Nanoparticles showed anti-Luc
siRNA efficient complexation, but the process of gene delivery did not take place. We presumed
that there was an isomerization problem, which hampered the destabilization of the membrane
and the release of the genetic material to the cytoplasm.

Nevertheless, this work could be improved in different manners. The use of PDT for
RMS treatment in clinical practice presents some limitations because sarcomas are deep and
hardly accessible tumors. As an alternative of PDT, we could consider modifying the
nanoparticles to make them stimuli-responsive. We could efficiently target RMS receptors by
AMFA molecules and induce the delivery of encapsulated drugs, and/or sSiRNA by changes in

the pH, or in the cellular environment. An example is the modification of the structure to
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introduce tetrasulfide bonds, which can be degraded in a reducing medium®. Another example
could be the introduction of a pH-responsive valve system, which will be closed at the
physiological pH and would release the endocytosed molecule under acidic conditions
characteristic of endosomal/lysosomal vesicles.?®3% As previously mentioned, the PAX3
FOXO1a fusion gene is present in the alveolar rhabdomyosarcoma (ARMS). Blocking or down-
regulating this fusion gene would, significantly inhibit cell proliferation, and subsequently RMS
development. Considering the work developed by Rengaswamy and coworkers, 2% where they
encapsulated anti-PAX3-FOXO1a siRNA inside liposomes, we could envisage anti-PAX3-
FOXO1a siRNA encapsulation inside the nanoparticles described in this thesis work. We might
take advantage of the active targeting of RMS, to specifically deliver the nanoparticles and

facilitate SIRNA action.
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Résumeé

Les rhabdomyosarcomes (RMS) sont les sarcomes des tissus mous les plus fréquents
chez les enfants. Malgré I'amélioration des traitements multimodaux, la survie globale des
populations a haut risque reste maintenue entre 5 et 20 % au cours des derniéres décennies. Les
traitements actuels doivent étre congus pour répondre plus spécifiguement aux besoins des
patients pédiatriques, en tenant compte des différences entre enfants et adultes, et
particulierement destinés aux enfants. Pour atteindre cet objectif, nous avons développé deux
nanomatériaux multifonctionnels différents et complémentaires: des nanoparticules
d'organosilice mésoporeuse a base de porphyrines (PMOsPOR-NPs) et des nanoparticules de
silicium poreux (pSiNPs), modifiées en greffant des molécules thérapeutiques sur leurs

surfaces.

La structure particuliere des PMOsPOR-NPs, avec une grande mésoporosité (5-80 nm)
et un framework constituée d'agrégats J de porphyrines, permet leur chargement avec
différentes molécules et leur utilisation en excitation biphotonique (TPE). Les pSiNPs ont été
utilisés comme photosensibilisateurs dans la thérapie photodynamique par excitation a deux
photons car ils sont capables d'absorber la lumiére dans le proche infrarouge générant 1Oz, et
en raison de leur grande surface spécifique, ils pourraient charger différentes molécules a
I'intérieur de leurs pores ainsi qu'a leur surface. Nous utilisons une triple approche basée sur la
combinaison de ces nanomatériaux avec des molécules de ciblage et la thérapie
photodynamique ou/et la délivrance de génes. Le ciblage actif utilisant deux molécules
thérapeutiques peut avoir de multiples avantages pour la thérapie du cancer, conduisant a de
nouvelles formulations permettant d'effectuer de 1’imagerie, de la thérapie photodynamique par

excitation a deux photons et de la délivrance de siRNA induite par TPE.

Mots-clés : Cancer pédiatrique, thérapies ciblées, nanoparticules.
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Abstract

Rhabdomyosarcomas (RMS) are the most common soft tissue sarcomas of childhood.
Despite intensified, multimodality treatments, the overall survival for high-risk populations has
remained at 5% to 20% over the last decades. Current treatments must be designed to answer
the needs of pediatric patients, taking into account the differences between kids and adults, and
particularly intended for children. In order to do accomplished this goal, we have developed
two different and complementary multifunctional nanomaterials, namely porphyrin-based
mesoporous organosilica nanoparticles (PMOsPOR-NPs) and porous silicon nanoparticles

(pSiNPs), which have been modified by grafting therapeutic molecules on their surfaces.

The particular structure of PMOsPOR-NPs, with a large mesoporosity (5-80 nm) and a
framework consisting of J aggregates of porphyrins, allows their loading with different cargoes
and their use in two-photon excitation (TPE). pSiNPs have been used as photosensitizer in two-
photon excitation photodynamic therapy because they are capable of absorbing light in the near-
infrared generating 'Oz, and due to their large specific surface, they could load different
molecules inside their pores as well as on their surface. We use a triple approach based on the
combination of these nanomaterials with targeting ligands and photodynamic therapy or/and
gene delivery. The active targeting using two therapeutic molecules may have multiple benefits
for cancer therapy, leading to novel formulations that have been capable of performing imaging,

two-photon excitation photodynamic therapy (TPE-PDT), and TPE-induced siRNA delivery.

Keywords: Pediatric cancer, target therapies, nanoparticles.
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