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Summary

In this PhD dissertation, a pH-responsive multiple drug delivery system (DDS) based on
mesoporous silica nanoparticles (MSN) with a radial-capping of its pores has been developed.
This is a new concept that relies on the functionalization of the particle surface with PEG chains

substituted with a drug at its end to preserve the inner cargo of the MSN.

First, the concept of radial-capping has been studied to assess the practical usefulness of such
capping method. Thus, different types of charged PEGs, namely quaternary amines and neutral
PEGs, have been introduced upon an MSN in order to study its capping ability. As a proof of
concept, the dye safranin was loaded into the nanoparticles pores, which were subsequently
capped with PEGs chains. Then, the release of safranin was assessed under physiological
conditions (pH 7.4). The results obtained demonstrated that PEG chains possessing positive

charge provides a more efficient capping than the neutral PEGs of the same length.

Using this approach, a drug delivery system (DDS) based on the radial capping for the delivery
of camptothecin (CPT) and topotecan (TPT) has been studied. CPT or TPT has been loaded within
the pores of an MSN, and subsequently sealed with a PEG chain decorated with doxorubicin
(DOX) at its end (DOX-PEG moiety). The system is stable under physiological conditions (pH 7.4)
which confirms the effectiveness of the radial capping. On the other hand, under acidic pH, a
burst release of drugs takes place. Furthermore, the in vitro cytotoxicity test has demonstrated
that this DDS can effectively deliver CPT and DOX to Hela cells achieving a better synergistic
effect than the combination of TPT and DOX.

With the aim to improve the loading of CPT to enhance the synergistic effect with the latter
system (DOX-PEG moiety), a prodrug of CPT has been synthesised. To do so, a cleavable
reductive short PEG chain has been bonded to CPT. An increase of loading of 30% has been
achieved in comparison with the unmodified drug. The stability of the radial-capping
methodology has been tested as mentioned above. Under physiological conditions, the release
of drugs is negligible. The cytotoxicity activity of the system has been tested in two different cell
lines: Hela and HepG2 cells. The results showed a better synergistic effect of this new

synthesised system towards HepG2 cells.

In order to further improve the selectivity of the system towards HepG2 cells, the MSN were
decorated with glycyrrhetinic acid (GA) ligand over the DOX-PEG moiety. Uptake studies have

shown that this new system preferably accumulates in HepG2 cells in comparison to Hela cells.

Finally, a tri-deliver system of drugs has been developed with the aim to try to overcome the

multiple drug-resistant (MDR) effect by the combination of chemotherapeutic drugs (DOX and



CPT) with a phototherapeutic agent (phthalocyanine). In this regard, a new CPT conjugate with
a phthalocyanine has been synthesised and loaded within the pores of an MSN. Then, the system
has been sealed with the DOX-PEG moiety. The uptake studies have demonstrated the proper
endocytosis of the system inside Hela cells and the subsequent delivery of the three drugs in
the cytoplasm and nucleus. Furthermore, the synergistic effect of DOX and CPT has been

assessed in vitro.



Resumen

En la presente tesis doctoral, se ha desarrollado un sistema de liberacién de farmacos sensible
a pH basado en nanoparticulas mesoporosas de silice (MSN). Los poros de la nanoparticula estan
radialmente obstruidos mediante la funcionalizacidon de cadenas de PEG, sustituidas con un
farmaco en uno de sus extremos. El objetivo de esta nueva metodologia es la de preservar la

carga interna de estas MSN.

En primer lugar, se ha estudiado el concepto de obstruccién radial para evaluar la utilidad
practica de este método. Por esta razon, diferentes tipos de cadenas de PEG con carga, a saber,
aminas cuaternarias y PEG neutrales, se han funcionalizado sobre la MSN para estudiar su
capacidad de obstruccién. Como prueba de concepto, se ha estudiado la liberacién de safranina
en medio fisioldgico (pH 7.4). Los resultados obtenidos han demostrado que las cadenas de PEG
que contienen una carga positiva obstruyen mejor los poros que las cadenas de PEG neutrales

de la misma longitud.

Utilizando esta aproximacidn, se ha disefiado un sistema de liberacién de farmacos para la
vehiculizacién de camptotecina (CPT) y topotecan (TPT). En primer lugar, uno de los anteriores
farmacos se ha adsorbido dentro de los poros de la MSN. Posteriormente, los poros se han
sellado mediante una cadena de PEG que contiene doxorrubicina (DOX) en uno de sus extremos
(DOX-PEG). La estabilidad de dicho sistema en condiciones fisioldgicas prueba la eficacia de la
obstruccion radial. Por otro lado, en condiciones 4cidas, se produce una liberacion
descontrolada de los farmacos. Asimismo, los experimentos de citotoxicidad in vitro han
demostrado que el sistema puede liberar CPT y DOX en las células cancerigenas Hela, logrando

un mayor efecto sinérgico que la combinacidn de TPT y DOX.

También se ha sintetizado un profarmaco de la CPT con el objetivo de aumentar su carga en una
MSN y mejorar asi su efecto sinérgico con la DOX. Para llevarlo a cabo, se ha unido una cadena
escindible de PEG a la CPT. Empleando esta estrategia se ha conseguido cargar un 30% mas de
CPT en el interior de las MSN. El sistema muestra una gran estabilidad en condiciones
fisiolégicas, ya que se observa una liberacion negligible de los farmacos. Ademas, se ha evaluado
la citotoxicidad del sistema en dos lineas celulares diferentes: Hela y HepG2. Los resultados
obtenidos demuestran que el nuevo profarmaco sintetizado en combinacion con DOX, resulta

en un mayor efecto sinérgico en las células HepG2.

Por otro lado, la selectividad de las MSN hacia las células HepG2 se ha mejorado mediante la
introduccion del ligando acido glicirretinico (GA) sobre el grupo DOX-PEG. Para llevarlo a cabo,

se ha empleado la misma aproximacion radial establecida para los otros sistemas. Los estudios



de internalizacion celular han demostrado que este nuevo sistema es capaz de discriminar entre

las células Hela y HepG2, acumuldndose preferentemente en estas ultimas.

Finalmente, se ha evaluado un sistema de administracion triple de medicamentos con el objetivo
de superar el efecto de resistencia de los tumores a multiples farmacos. Esta accién se puede
emprender mediante la combinaciéon de medicamentos quimioterapéuticos, DOX y CPT, con un
agente fototerapéutico (ftalocianina). Por esta razon, se ha sintetizado un nuevo conjugado de
la CPT con una ftalocianina. Dicho conjugado se ha cargado dentro de los poros de la MSN y
posteriormente se han sellado con el grupo DOX-PEG. Los experimentos de internalizacidon
celular han demostrado la endocitosis de este sistema en las células Hela y la posterior
liberacién de los farmacos. Asimismo, se ha evaluado in vitro el efecto sinérgico entre la DOX y

la CPT.



Resum

En la present tesi doctoral, s'ha desenvolupat un sistema d'alliberament de farmacs sensible a
pH basat en nanoparticules mesoporoses de silice (MSN). Els porus de la nanoparticula estan
radialment obstruits mitjancant la funcionalitzacié de cadenes de PEG, substituides amb un
farmac en un dels seus extrems. L'objectiu d'aquesta nova metodologia és la de preservar la

carrega interna d'aquestes MSN.

En primer lloc, s'ha estudiat el concepte d'obstruccid radial per avaluar la utilitat practica
d'aquest metode. Per aquesta rad, diferents tipus de cadenes de PEG amb carrega, a saber,
amines quaternaries i PEG neutrals, s'han funcionalitzat sobre la MSN per estudiar la seva
capacitat d'obstruccié. Com a prova de concepte, s'ha estudiat |'alliberament de safranina en
medi fisiologic (pH 7.4). Els resultats obtinguts han demostrat que les cadenes de PEG que
contenen una carrega positiva obstrueixen millor els porus que les cadenes de PEG neutres de

la mateixa longitud.

Utilitzant aquesta aproximacio, s'ha dissenyat un sistema d'alliberament de farmacs per a la
vehiculitzacié de camptotecina (CPT) i topotecan (TPT). En primer lloc, un dels anteriors farmacs
s’ha adsorbit dins dels porus de la MSN. Posteriorment, els porus s’han segellat mitjancant una
cadena de PEG que conté doxorrubicina (DOX) en un dels seus extrems (DOX-PEG). L'estabilitat
d'aquest sistema en condicions fisiologiques prova |'eficacia de I'obstruccié radial. D'altra banda,
en condicions acides, es produeix un alliberament descontrolat dels farmacs. Aixi mateix, els
experiments de citotoxicitat in vitro han demostrat que el sistema pot alliberar CPT i DOX en les
cel-lules cancerigenes Hela, aconseguint un major efecte sinérgic que la combinacié de TPT i

DOX.

També s'ha sintetitzat un profarmac de la CPT amb |'objectiu d'augmentar la seva carrega en
una MSN i millorar aixi el seu efecte sinergic amb la DOX. Per dur-ho a terme, s’ha unit una
cadena de PEG escindible a la CPT. Emprant aquesta estrategia s'ha aconseguit carregar un 30%
més de CPT a l'interior de les MSN. El sistema mostra una gran estabilitat en condicions
fisiologiques, ja que s’observa un alliberament negligible dels farmacs. A més, s'ha avaluat la
citotoxicitat de sistema en dues linies cel-lulars diferents: Hela i HepG2. Els resultats obtinguts
demostren que el nou profarmac sintetitzat amb combinacié amb la DOX té un major efecte

sinergic en les cél-lules HepG2.

D'altra banda, la selectivitat de les MSN cap a les cél-lules HepG2 s'ha millorat mitjangant la
funcionalitzacié sobre el grup DOX-PEG amb el lligant acid glicirretinic (GA). Per fer-ho, s'ha

emprat la mateixa aproximacio radial establerta pels altres sistemes. Els estudis d'internalitzacio



cel-lular han demostrat que aquest nou sistema és capac de discriminar entre cel-lules Hela i

HepG2, acumulant-se preferentment en aquestes ultimes.

Finalment, s'ha avaluat un sistema d'administracié triple de medicaments amb I'objectiu de
superar l'efecte de resistencia dels tumors a multiples farmacs. Aquesta accioé es pot emprendre
mitjancant la combinacid d’agents quimioterapéutics, DOX i CPT, amb un agent fototerapeutic
(ftalocianina). Referent a aix0, s'ha sintetitzat un nou conjugat de la CPT amb una ftalocianina.
Aquest conjugat s'ha carregat dins dels porus de la MSN i posteriorment s'han segellat amb el
grup DOX-PEG. Els experiments d'internalitzacié cel-lular han demostrat I'endocitosi d'aquest
sistema en les cel-lules Hela i el posterior alliberament dels farmacs. Aixi mateix, s'ha avaluat in

vitro |'efecte sinérgic entre la DOX i la CPT.
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Chapter 1. Introduction

1.1. Cancer and chemotherapy

Cancer is a term used for diseases in which affected cells divide without control and have the
potential ability to invade or spread to other parts of the body [1]. Despite the great effort made
during these last two decades to understand cancer at a molecular level, still, there is not an
adequate treatment for such illness [2],[3]. Due to the heterogeneity of the disease, which
encompasses more than 200 affections [4], different approaches are being used to overcome

cancer.

1.1.1. Cancer therapies

The treatments for cancer mainly depends on the type and stage of the tumour. For breast
cancer, 49% of the patients undergo radiation, although 34% receive aggressive surgery
(mastectomy). Those patients diagnosed with the metastatic disease most often are treated
with chemotherapy or radiation alone (56%). On the other hand, immunotherapy is usually
applied together with other therapies such as chemotherapy and radiation. Nevertheless, 12%
of patients diagnosed with non-small cell lung cancer (NSLC) are treated only with

immunotherapy [5].

Surgery and radiotherapy work through various ways to remove localized cancer cells. Surgery
is not only employed for the total or partial elimination of cancer by resection, but it is also a
fundamental tool for diagnosis and staging of tumours, as biopsies are usually required. On the
other hand, radiation diminishes the tumoral mass using ionizing radiation which works by

damaging the DNA of cancerous tissue [6].

Although the use of immunotherapy has been explored for many years, it was only in the late
80s that it has been used to fight cancer. This therapy focuses on eliminating cancer indirectly
by harnessing the power of the host’s immune system. There are two different approaches to
do so. The first one entails the stimulation of the immune system to work harder/smarter to
attack cancer cells. The second, by the administration of human-made immune systems

components to restore/improve its response against cancer cells [7], [8].

However, chemotherapy is the most frequently used approach to overcome cancer. Only in
2016, 1.6 billion of chemotherapeutic agents have been delivered to treat this terrible disease
[9]. These anti-neoplastic drugs have been administrated to fight several types of cancer such as

breast cancer, colon cancer, rectal cancer, colorectal cancer, non-Hodgkin lymphoma, lung
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cancer, testicular cancer, bladder cancer and uterine cancer. The use of this therapy, again,
depends on the stage of the disease and occasionally, it is administrated in combination with
other therapies [10], [11]. The therapeutic principle of chemotherapy is the administration of
one or more cytotoxic anti-neoplastic drugs which kills cells that divide rapidly, a critical feature
of most cancer cells [12]. Nevertheless, its application encounters many issues, especially the

development of chemoresistance and lack of selectivity through affected tissues [13].
1.1.2. Types of chemotherapeutics agents

Chemotherapy, unlike radiation or surgery, which target specific areas, acts throughout the body
by systemic administration. Therefore, its frequent application not only affects the unhealthy

cells but the healthy ones as well, like those of the skin, hair, intestines and bone marrow [14].

The objective of this therapy is to cure the patient by effectively destroying the cancerous cells
by the administration of chemical drugs. However, in some cases, it may only be able to control
the disease from spreading through the body and slow down the growth of tumours. Finally, if
the chemotherapeutic drug cannot either eliminate or control the cancer progression, it is

administered to shrink tumours that cause pain [14].

There are more than 100 chemotherapeutic agents that can be sorted out according to their

mechanism of action (Figure 1) [15]:

- Antitumor antibiotics: induce tumour cell death by DNA intercalation and the
generation of free radicals. As an example of such kind of drugs that acts following this
mechanism of action is doxorubicin (DOX) (1). This drug is a very potent
chemotherapeutic agent approved by the food drug administration (FDA) which belong
to the family of anthracyclines [16]. This group of compounds is characterized by its
tetracyclic structure, which has the ability to intercalate with the DNA bases pairs, with

an anthraquinone backbone connected to a sugar moiety by a glycosidic linkage [16].

- Alkylating agents: the primary mechanism of action of these drugs is the covalent
binding of an alkyl group to form an adduct with the guanine base of DNA. These types
of drugs work in all phases of the cell cycle. Thus, its administration permits the
treatment of many kinds of cancers. Cis-platin (cis-Pt) (2) is a well-known example of
alkylating agents and it is widely used to treat a vast range of diseases due to its

cytotoxicity [17].
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Antimetabolites: encompasses drugs that interfere with cellular metabolic processes
that are important for the synthesis of purines and pyrimidines. For instance,
fluoropyrimidine-based anti-cancer drugs, such as 5-fluorouracil (3) inhibit thymidylate

synthase suppressing DNA replication [18].

Topoisomerase inhibitors: these drugs aim to interfere with enzymes called
topoisomerases, which help to separate the strands of DNA for their replication. These

inhibitors can be classified into two different categories:

0 Inhibitors of topoisomerase 1 (TOP1): camptothecin (CPT) (4) and its derivatives
such as topotecan (TPT) (5) are considered to be among the most promising
anticancer drugs of the 21 century [19]. Both anticancer agents act as DNA
topoisomerase 1 inhibitors to form a ternary cleavable complex between this
enzyme and DNA, thus, leading to DNA breakage and cell death [20].
Regrettably, the therapeutic use of CPT (4) is extremely limited due to its poor

water solubility and toxic side effects [20].

0 Inhibitors of topoisomerase 2 (TOP2): Etoposide (6) is a topoisomerase 2
inhibitor that derives from a toxin found in the American Mayapple. It was
approved for cancer therapy in 1983 by FDA. Research studies have
demonstrated that etoposide (6) targets DNA topoisomerase 2 activities, thus
leading to the production of DNA breaks [21]. Similarly, DOX (1) apart of its
function as an antitumor antibiotic, also inhibits the progression of the TOP2

enzyme, enhancing the DNA-damaging efficiency [22].

Corticosteroids: natural hormones and hormone-like drugs that are useful in the
treatment of a wide range of cancers. These substances were discovered in the early
1950s after chemical modifications of natural steroids such as cortisol [23]. For instance,
fluorination at the 9-alpha position of the steroids produced dexamethasone (7) [23].
The therapeutic function of this corticosteroid is to decrease the swelling around

tumors, thanks to its anti-inflammatory properties [24].

Mitotic inhibitors: the primary mechanism of action for these drugs is the induction of
cellular arrest during mitosis through targeting of the microtubule cytoskeleton [25]. A

well-known drug administrated with this purpose is the taxane Paclitaxel (PTX) (8). The

35



1.Introduction

pharmaceutical formulation of this drug (Taxol®), is well-known for improving the

overall survival rate and progression-free survival of patients [26].

Figure 1. Classification of chemotherapeutics drugs.

Although the wide range of chemotherapeutics agents, the administration of a single drug is not
usually enough to accomplish the complete remission of the tumour. For this reason, a
combination of chemotherapeutic agents has been introduced as an alternative for treating
metastatic cancers. The general principle of combined chemotherapy is the application of drugs
with independent mechanisms of action and to deliver multiple drugs at their maximum
tolerated dose as early as possible in the disease [27]. In certain instances, this combination can
lead to the so call synergistic effect. This effect can be ascribed to the interaction between two
or more drugs that causes the total effect of the drugs to be greater than the sum of the

individual effects of each drug [28].

An excellent example of this therapy is the inhibition of TOP1 and TOP2 enzymes [29]. In this
regard, the combination of CPT (4) with DOX (1) has been described to overcome the difficulties
for the treatment of glioblastoma cancer [30]. Both chemotherapeutic agents are DNA-
damaging drugs that result in the unwinding of DNA for transcription by inhibiting the
progression of the TOP1 (CPT) (4) and the TOP2 (DOX) (1) (Figure 2) [29].
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Figure 2. a) Camptothecin (4) and b) Doxorubicin (1).

DOX (1) has also been administrated with TPT (5), a CPT (4) analogue, for the treatment of
ovarian cancer (Figure 3). As has been said before, TPT (5) targets DNA-TOP1 while DOX (1)
stabilize TOP2, preventing the DNA double helix from being released; thus, the replication
process is stopped. In vitro and in vivo results show that the cytotoxicity of the treatment is time-
dependent and the synergy is achieved when the tumour cells are exposed to both drugs under

a long period of time [31].

Figure 3. a) Topotecan (5) and b) Doxorubicin (1).

Another example of drugs used for combined chemotherapy is given by cis-Pt (2) and DOX (1)
(Figure 4), which are commonly administrated to fight advanced basal cell carcinoma or
squamous cell carcinoma (SCC) of the skin [32]. The therapeutic efficacy of cis-Pt (2) is enhanced
thanks to the combination with DOX (1). This drug not only exhibits an anti-cancer effect by
intercalating duplex DNA and inhibiting the activity of TOP2 but also has the capacity to inhibit
the self-repair of cis-Pt-damaged DNA by TOP2; thus the efficacy of cis-platin is improved [33].
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Figure 4. a) Doxorubicin (1) and b) cis-platin (2).
Unfortunately, in many instances, the combination of chemotherapeutics agents is not effective
due to tumour drug resistance. Therefore, to overcome these resistances, the combination of

therapies has been studied.
1.1.3. Combined therapies

The complexity of cancer prompts the researchers to explore new treatment approaches.
Therefore, the combination of therapies has arisen as an alternative to battle this terrible
disease. An appropriate choice of therapies might achieve efficacy with lower doses or less toxic
drugs. Besides, it can chemosensitise cells, making an additional compound more potent or even

obtain additive or synergistic effect between two therapies [34].

By way of illustration, surgery has often been combined with chemotherapeutic agents for
fighting localized SCC of the thoracic esophagus [35]. Frequently, very aggressive surgery is
applied in order to overcome this cancer. Besides, as the invasiveness of this procedure
approaches the limit of tolerability for patients, more aggressive surgery is precluded. For this
reason, it is necessary to introduce a multimodality treatment to improve the impact of this
cancer. In this regard, the administration of cis-Pt (2) or fluorouracil (3) after the surgical
treatment has shown a definite relapse of the disease in comparison with untreated patients.
However, a rational answer about how the synergistic effect between these two therapies work

is not completely known [35].

Another approach is the combination of radiotherapy with chemotherapeutic agents in patients
with locally advanced cervical cancer [36]. It has been demonstrated that a radiotherapy
treatment together with cis-Pt (2) improved the rates of survival and progression among women
affected by this type of cancer. It is hypothesized that cis-Pt (2) enhances the effect of radiation

by inhibiting DNA repair and by sensitizing hypoxic cells to radiation [36].

The combination of radiotherapy with immunotherapy has been used to fight NSLC [37]. Even

though radiotherapy is usually combined with chemotherapy achieving good results, patients
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often develop metastases, suggesting an ongoing need to improve systemic disease control in
early stages [37]. Radiotherapy can mediate what is known as the abscopal effect, a
phenomenon in which tumour regression occurs in nonirradiated lesions. This effect has been
applied to treat patients with immunotherapy drugs after a radiotherapy treatment because
they will be more responsive to them [38]. Nevertheless, the amount of radiation necessary to
trigger the immunologic response of cancer cells mediated by drugs must be properly studied

for each patient [38].

A different approach is the implementation of photodynamic therapy (PDT) combined with
chemotherapeutic drugs or X-ray irradiation [39], [40]. PDT is based on the generation of
cytotoxic singlet oxygen (*0,) and other reactive oxygen species (ROS) such as hydrogen
peroxide and hydroxyl radical under photo-irradiation of a photosensitizer (PS). Typical PS are
phenothiazine dyes, phthalocyanine dyes, chlorophyll platform, porphyrins, xanthenes and
monoterpene [41]. After chemotherapeutic treatment, the cell may be more sensitive to 10;

thus, complete inhibition of DNA repair would be achieved, causing cell death.
1.1.4. Limitations of the current therapies and outlook

As has been seen so far, chemotherapy is the most widely used approach to fight cancer either
with combination with different drugs or combined with other therapies. Nevertheless, the
systemic administration of antineoplastic agents throughout the body can produce
chemoresistance to cancerous cells and the development of several side effects [42]. Besides,
the major part of these agents shows insufficient dosage to the affected tissues or high
insolubility in aqueous solvents. These drawbacks hamper the bioavailability of the drugs, thus
higher amounts of these toxic agents are usually administrated [42]. Although solutions have
been presented, such as the derivatisation of drugs, which improves solubility and targeting,

unsatisfactory results are usually obtained [43], [44].

As a fitting solution, the integration between nanotechnology and medicine to treat any disease
at the nanoscale level has attracted significant attention in cancer therapy and diagnosis. Such
consolidation is known as drug delivery systems (DDS) and can provide a reasonable alternative

to enhance the selective delivery of drugs to tumors [45]-[47].
1.2.  Drug Delivery Systems

The term DDS refers to engineered technologies for the targeted delivery and controlled release
of therapeutic drugs [48]. The efficacy of such agents is significantly dependent on specific
performance of the delivery method: an overdose would be harmful to the patient, whereas too

low a concentration of the medication would produce non-therapeutic effect [49], [50]. For this
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reason, the features of an ideal DDS must be: providing controlled and sustained release of drugs
at therapeutic concentrations, high stability, intrinsic lower toxicity and selectivity [51]-[53].
Besides, such a system might be able to respond effectively to stimuli for release its cargo in the
target tissue [54]. Thus, the drug could be efficiently transported, preventing its degradation in
the biological environment and diminishing the toxicity in the healthy tissues [54]. Another
important attribute associated with DDS is its function as theranostic agents, which is a concept

that refers to the integration between imaging and therapy in a unique system [55].

1.3. Nanoparticles

DDS are commonly based on nanoobjects such as dendrimers, liposomes, polymeric systems,
micelles, viruses, quantum dots, carbon nanotubes and metal oxide nanoparticles; with a size
thatis ranged between 1 and 100 nm (Figure 5) [56]. Those nanoobjects possess unique physical
and chemical properties due to their high surface area and nanoscale size. Their optical
properties, reactivity and other features are reported to be dependent on the size of the
nanoobjects. Due to these characteristics, the latter nanoparticles are suitable candidates for
various applications such as catalysis, imaging, energy-based research and environmental

applications [57].

Figure 5. Size scale.
Arguably, in the last decade, nanomedicine has become the field that better capitalizes on the
structural and physicochemical features of nanoparticles [58]. The size, shape and porosity of
nanoparticles provide and end-less possibilities to build theranostic agents. The ideal features

of such DDS agents are the following [58]:

1. Biocompatibility of the vehicle.

2. High loading and protection of the guest molecule.
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3. Null release before reaching the target.

4. Efficient cellular uptake.

5. Effective endosomal escape to avoid the degradation of the drugs and enhance the
therapeutic effect [59].

6. Controllable rate of release to achieve an effective local concentration.

7. Cell and tissue targeting.

Independently on the materials and technologies utilized for the construction of DDS based on

nanoparticles, they can be easily classified in 2 main groups (Figure 6) [60], [61]:

a. Organic nanostructures encompass all the polymeric materials such as nanospheres,
nanocapsules, micelles, liposomes and dendrimers.
b. Inorganic nanostructures encompass oxide metal nanoparticles, mesoporous silica

nanoparticles (MSN) and carbon nanotubes.

Figure 6. Nanostructural representation of organic (a) and inorganic (b) for the transport and release of drugs [60] .

For instance, liposomes were the first nanomaterial to be investigated as drug nanocarrier [62].
This nanoparticles are spherical vesicles mainly made of phospholipids and steroids such as
cholesterol, bilayers, or other surfactants [62]. Commonly, the drug is incorporated inside the
liposome after an encapsulation process. Afterwards, the drug is released according to the
liposome composition and pH [62]. Similarly, dendrimers have also been used in many fields
thanks to its polyvalency. However, it is in the field of DDS that has been widely studied due to
its ability to ferry drugs, which can be either entrapped or functionalized within the dendrimer
structure [63]. This fact enhances the solubility, stability and oral bioavailability of
chemotherapeutic agents [63]. Besides, its high number of functional groups enables to add

selectivity, by decoration of ligands, to the system [64].

As for inorganic nanostructures, gold nanoparticles have emerged as a novel platform for

delivery or targeting of therapeutic agents [65]. These nanoparticles are characterized by its
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inertness and non-toxicity. Generally, thiol linkages are functionalized on its surface due to the
great affinity of this group with the gold nanoparticle surface. Thus, drugs or ligands can be

attached thanks to this reactivity [65].

However, most of the systems available present weakness or limitations such as low loading
capacity, poor biocompatibility or difficult preparations. In this context, MSN have emerged as

the ideal nanoplatforms that allows the design of complex and selective DDS [66].
1.4. Mesoporous Silica Nanoparticles

MSN were discovered simultaneously in 1990 by two different investigation groups. Kuroda
group from the Waseda University (Japan) and C. T. Kresage group from the Mobil Oil
Corporation [67]. In the literature, these nanoparticles are known as MCM that stands for Mobil
Composition of Matter. From this type, the most important are the MCM-41 (hexagonal
bidimensional), MCM-48 (three-dimensional cubic) and MCM-50 (lamellar) (Figure 7) [68].

Figure 7. Structures of mesoporous materials: MCM-41, (2D-hexagonal, space group p6mm); MCM-48 (3D-cubic,
space group la3d); and MCM-50 (lamellar, space group p2). Reprinted with permission from [68]. Copyright 2014
Wiley-VCH Verlag GMBH & Co. KGAA, Weinheim.

Among this materials, MCM-41 are often used as nanocarriers for DDS purposes due to its

physicochemical properties [69]:

High surface area (>900 m?%/g).

Large pore volume (>0.9 cm3/g).

Tunable pore size with a narrow distribution (2-10 nm).
Chemical and thermal stability.

Low toxicity and biocompatibility with human body.

Easy to synthesize and functionalize.

N o u A w NP

Stable mesostructures.
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Furthermore, the presence of pores provides two different surfaces to the nanoparticle: the
external outer surface and the inner porous surface (Figure 8). This characteristic allows the

selective functionalization of both surfaces of MSN with different moieties.

Figure 8. Schematic representation of MSNs channels.

1.4.1. Synthesis of Mesoporous Silica Nanoparticles

MSN are synthesised through a modification of the Stéber method which include the
condensation of silica precursors such as sodium silicate, tetraethyl orthosilicate (TEOS) or
tetramethylammonium silicate, in the presence of  cationic surfactants,
cetyltrimethylammonium bromide (CTAB), that act as structure-directing template in basic
conditions (pH 11) and at a temperature between 30 °C and 60 °C [70], [71]. The MSN are formed

by the sol-gel process catalysed in basic medium [72] (Figure 9).

H\Q/H
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S ——>08i-0  — === S| Sl ———> Et0—Si—0-Si—OEt
Et0” OEt E0’ @ H BtOH  Et0” “oH Eto”) oEt -EtOH o Ot

Figure 9. Mechanism of silica condensation.

First, Si-OH groups are formed by the hydrolysis of the alkoxide group. Afterwards, silanol
moieties polymerize by condensation, forming three-dimensional structures linked by siloxane
bonds (Si-0-Si). The following step needs the presence of a cylindrical template generated by
the presence of a cationic surfactant, which will eventually generate the pores of the MSN. The
negative charges of the silica species are attracted by the positive charge of the surfactant. Such
a reaction would lead to the formation of tubular silica structures. Consequently, the size of the
nanoparticle will increase until the negative charge introduced by the silica species is too high

that it stops growing. Besides, a fine tune of the morphology, pore size and shape of the MSN
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can be achieved by changing various variables such as rate of addition, temperature, agitation
and the amount of catalyst used [73],[74]. Ultimately, the surfactant is removed from the silica
structure by reflux in acidified ethanol, ionic exchange with ammonium nitrate in
ethanol/methanol or calcination. The latter procedures allow the rupture of the electrostatic
interaction present between the groups of the cationic surfactant heads and the anionic

silicates. Hence the formation of the MSN is completely achieved (Figure 10) [75].

Figure 10. Preparation of MSN scheme [76].

As stated previously, a distinctive characteristic of MSN is the presence of two different surfaces:
the external (surface) and the internal (pores). Thus, a regioselective modification both with
inorganic or organic species of the nanoparticles, makes the nanomaterial very versatile and
enables MSN to perform specialized tasks [77]. To do so, two different types of methodologies
are typically used. The first method is carried out by grafting the surface of the MSN with
organochlorosilanes or organoalkoxysilanes. The surface of the material must be dry enough in
order to avoid self-condensation of the latter precursors in the presence of water (Figure 11)
[76]. Alternatively, a simultaneous co-condensation within the reaction medium of the
alkoxysilane precursor of the silica mesostructure. This method is able to homogenously
distribute organic groups on the inner surface of the pores. Moreover, the morphology of the

molecular sieves can be more easily controlled in comparison with the grafting [73].

44



1.Introduction

Figure 11. Regioselective di-functionalization of MCM-41 [76].

Nevertheless, either of the two methods has certain advantages. Grafting is a direct and fast
modification of the surface of the MSN performed in one step. On the other hand, co-

condensation leads to the formation of a homogeneous and uniform material.
1.4.2. MSN as drug delivery systems

The first report on the use of MSN for DDS was presented by the Vallet Regi group [78]. In this
pioneering work, MCM-41 were loaded with ibuprofen. Then, the release of this drug was
studied in a simulated body fluid. The authors showed that a proper tailoring of the molecular

sieve allows control upon the cargo and release [78].

Generally, drugs are loaded inside the pores of the MSN by passive absorption. The mesoporous
material is negatively charged due to the bulk hydroxyl groups of TEOS. Thereby, water-soluble
positively charged molecules will be preferably loaded within the nanomaterial. Alternatively,
the modification of the MSNs with functional groups such as carboxyl, phosphate, amine or
sulfhydryl groups improve the adsorption of drugs with different charges into MSN [79]. As an
example, DOX (1) was much better loaded within an MSN functionalized with (PO4)* than OH,
COOH and NH,. This major loading is due to the significant interactions between this group and

the drug [80].

Nonetheless, there are particular difficulties concerning the loading of hydrophobic drugs into
the pores and on the surface of MSN. Typically, these drugs are dissolved in organic solutions
and subsequently mixed with MSN dispersion. Finally, the MSN/drug complex formed is
centrifuged to remove non-encapsulate drugs and vacuum dried to remove the undesired
solvents. A major limitation of this procedure is the premature leakage of drugs before reaching

the tumour site [81].

However, one of the main limitations that face MSN as DDS is the encapsulation of poorly soluble
drugs, which may require the development of optimal methodologies to increase its loading
such as adjustment of pH of the medium, contact time with the MSN, temperature and use of
co-solvents [82]. This low loading implies the utilization of higher concentrations of nanocarrier,

which can be harmful to patients, to obtain an appreciable therapeutic effect. Similarly, the
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uncontrolled release of the therapeutic cargo before reaching the tumoral tissue can generate

adverse side effects [83].
1.4.2.1. Design of an MSN as theranostic nanoplatform

Since the system described by Vallet Regi et al. [78] for the delivery of Ibuprofen, the control
upon the release is one of the main challenges in the use of MSN as DDS. In this regard, the
application of mechanical controls upon the pore openings have been broadly studied [84].
These mechanical control can be unlocked at will due to specific stimuli with the aim to

selectively deliver the therapeutic cargo (Figure 12).

Figure 12. Nano gate triggered release by stimuli.

Two different strategies are employed in the designing of stimuli-responsive DDS:

e Endogenous stimuli: this type of stimuli is based on an internal/biological stimulus due
to the diseased tissue such as dysregulation of pH, the high intracellular concentration
of glutathione, reactive oxygen species, hypoxia and ATP concentrations [85]. Such
microenvironment conditions can be cleverly exploited for enhancing drug action
specificity by an appropriate selection of the DDS that will be prompt to be disrupted

under these conditions, thus releasing the drugs [86].

e Exogenous stimuli: this type of stimuli are artificially applied from outside the tissue
after administration of the DDS, and include temperature, light irradiation, ultrasounds
and magnetic field [87]. The result of such action will eventually lead to the disruption

of the system, releasing the entrapped cargo [86].

Table 1 classifies the different types of stimuli regarding its mechanism of action.
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Table 1. Types of gate and stimulus.

Type of stimuli Stimuli Type of gates

Redox-Responsive Disulphide linkage

Hydrazone-linkage, Schiff base
pH-Responsive
and carbamate

Endogenous
DDS degradation through
Enzyme-Responsive
different enzymes
lonic Microenvironment-Responsive Acid or basic functional groups
Temperature-Responsive Thermo-responsive polymers
Photo-thermal effect, two-
Photo/Light-Responsive photon activation and
upconverting nanoparticles
Hyperthermia and guided drug
Magnetic-Responsive
Exogenous targeting (magnetic DDS)

Ultrasound-Responsive Disruption of the nanocarrier

Oxidation-reduction reaction,
disruption of the carrier and
Electrical-Responsive
electrically disruption through

temperature

However, among all the different stimuli-responsive possibilities presented in Table 1, pH-
sensitive gates are commonly used due to the low pH value (pH 5.5-6) of cancerous cells [88].
The significant difference between numerous solid tumours and healthy tissue is the nutritional
and metabolic environment [88]. The functional vasculature of tumours is often inadequate to
supply the energy needs of the expanding population of tumour cells, leading to a deficiency of
oxygen and many other nutrients. Thereby, the production of lactic acid under anaerobic
conditions and the hydrolysis of ATP in an energy-deficient environment contribute to the acidic

microenvironment [89]—-[91].

Different strategies have been developed to control the release from MSN by applying
mechanical controls over the pore openings. One of them implies the addition of bulky groups
to block the pores mechanically (Figure 13 a)). For instance, Au or CdS nanocrystals can be
located over the pore openings as gatekeepers for the encapsulated cargo. Then, the withdrawal

of those groups via pH stimulus initiates cargo release [92]. An example of such a strategy was
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used by Zhu et al. [93] and Du et al. [94] to preserve hydrophobic drugs within the pores of the
MSN.

When these bulky groups are not covalently linked to the silica surface, they become
nanomachines, such as “nanovalves” and “snap-top”. The main parts of these nanomachines
are the static stalk, which is covalently attached to the surface of the particle, and a bulky cyclic
moving component that is placed around the stalk via non-covalent interactions [95]. The pore
opening is achieved by the large amplitude of motions between these two groups (Figure 13 b))
[95]. A considerable variety of nanovalves sensible to different stimuli have been synthesised.
For instance, pH and redox stimuli sensitive nanovalves have been used to trigger the release of

luminescent molecules for imaging [96], [97].

Another effective method to obtain a reliable pore capping is given by the coating of the MSN
by polymers. These linkers can be either adsorbed or covalently bonded to the surface of the
MSN. Polymers chains wrap around the particle surface, blocking multiple pores [98]. Later,
under a particular stimulus, polymers can be detached from the silica framework liberating the
cargo (Figure 13 c)) [98]. This strategy has been used to deliver chemotherapeutics drugs such
as PTX or gentamicin properly stored within an MSN. When the polymeric layer degrades, the

release of the cargo takes place [99]—[101].

Alternatively, a controllable release can be reached by forming chemical bonds directly onto the
pore openings that can be cleaved upon stimulation (Figure 13 d)) [102]. For instance,
glutathione sensitive bonds [103] are commonly used to the design of gatekeepers for drug
delivery purposes along with acetals [104], imines [104] or hydrazones [105], [106]. Alkyl chains
and sugars, containing a cleavable bond, have been functionalized on the MSN surface in order
to preserve the cargo [107], [108]. Nevertheless, one of the most frequently functionalized
moiety are PEGs chains [109]-[114]. These types of linkers enhance the biocompatibility,
hydrophilicity, stability and biodegradability of the MSN. Besides, it offers sterical hindrance
against other nanoparticles and blood components; hence its circulation time in blood steam is
increased [115]. For instance, Li et al. [116] functionalized PEG chains on the silica surface by a
disulphide bond with the aim to cap the pores and enhance the biocompatibility of the system.

Subsequently, after a redox stimulus, the bond was broken releasing the cargo.
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Figure 13. Relevant strategies for controlled release systems.

As has been stated, the design of the capping agent is essential to achieve a selective drug
release. However, in some instances, the functionalization of this capping agents (amines
groups) is crucial for the capping abilities of the system. In this regard, the end surface charge of
functionalized moieties can play an essential role in the release trigger. This effect was studied
by Martinez-Manez et al. [117] who functionalized a series of alkyl chains on the pore outlets of
mesoporous MCM-41. Besides, the researchers designed a dynamic simulation, where it was
stablished that the presence of protonated polyamines induced a more effective obstruction of

the pores due to the rigidity of the system than an alkyl chain of the same length (Figure 14).

Figure 14. Simulation of MSN pore outlets functionalized with a) hexadecyl groups and b) protonated triamine
[~C4HgNH2C3HsNH,C3HsNH,C3H7]3* b). Reprinted with permission from [117]. Copyright 2012 American Chemical
Society.
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Another consideration of MSN as DDS is to deliver the drug to the target selectively. MSN can
either accumulate in tumours passively or actively (Figure 15). Both approaches are able to
deliver drugs specifically to the cancer cells and thus minimize the harmful toxicity to

noncancerous cells [118].

Figure 15. a) passive targeting and b) active targeting. Reprinted with permission from [119]. Copyright 2010
Elsevier.

Spontaneously, passive targeting is achieved by the accumulation of nanoparticles in the tumour
tissue due to the EPR effect. Tumours higher than one cubic millimetre in size require oxygen
and nutrient supply to proliferate at greater rates. Usually, their blood vessels are generally
characterized by abnormalities such as the high proportion of proliferating endothelial cells,
pericyte deficiency and aberrant basement membrane formation leading to an enhanced
vascular permeability. Hence, macromolecules or nanoparticles can leave the blood vessels and

accumulate in the adjacent tumour tissue but not in normal tissue [120].

It is noteworthy that among all the features present in an MSN, its shape, size and surface
modifications are of great importance for passive targeting strategies [121]. As an example, to
extravasate and accumulate inside the interstitial space, nanocarriers should have a size
between 20 and 200 nm [119]. Besides, the nanoparticle shape also plays a key role in passive
targeting. For instance, the best cellular uptake is achieved by MSN with a shape like rods and
spheres, followed by cylinders and cubes. Curiously, the shape of the MSN can also show affinity

towards a specific organ, thus a proper election of the MSN design must be considered [122].
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Surface charge also influences nanoparticle uptake. Positively charged particles have been found
to be taken up faster than neutral or negatively charged particles by cancerous cells. It is because
the cellular membrane has a slightly negative charge and prefers binding of positively charged

nanoparticles by electrostatic interaction [123].

On the other hand, as for active-targeting concern (Figure 15), ligands are attached at the
surface of the nanocarrier with the aim to bind to appropriate receptors expressed in the cellular
membrane. It is of great importance to choose a ligand to bind to a receptor overexpressed by
tumour cells or tumour vasculature and not expressed by normal cells [119]. In this respect,
different targeting moieties can be added to the MSN surface such as small molecules, short

peptides, aptamers and whole antibodies or antibody fragments (Figure 16) [121].

Figure 16. Ligands for active tumour targeting.

Folate receptor is commonly targeted because is overexpressed in many tumours in comparison
with healthy tissues. Some authors have used it to selectively deliver chemotherapeutic drugs
or siRNA to the target tissue [124], [125]. Similarly, hyaluronic acid (HA) has been used for its
targeting properties as well as its biocompatibility and enzyme degradation [126]. The coating
of MSN with this ligand shows selectivity towards cancerous cells that overexpress the CD44
receptor [127], [126]. Glycyrrhetinic acid (GA) can be used as well as targeting ligand due to the
abundant receptors that exist on the cellular membrane of hepatocarcinoma HepG2 cells [128]-
[131]. This type of ligand has been used to enhance nanoparticle accumulation on HepG2 for
DOX (1) delivery [132], [133]. A different approach is the use of glycoprotein transferrin to

deliver DOX (1) in hepatocellular carcinoma cells [134]. Short peptides have also been
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functionalized upon an MSN to improve the detection of tumour boundaries in magnetic
resonance imaging [135]. But not only small molecules and peptides can be attached to the silica
surface, complex molecules as aptamers can be used for tumour cell targeting. Aptamers are
synthetic single-stranded DNA or RNA oligonucleotides that sow affinity toward different targets
such as nucleolin or epithelial cell adhesion molecule [136]. Ultimately, antibodies or antibody-

fragments are also used for tumour targeting of DDS (Table 2) [121], [137].

Table 2. List of the approved antibodies for cancer therapy.

Antibody Target

Cetuximab Epidermal growth factor
Trastuzumab Epidermal growth factor receptor 2
Bevacizumab Vascular endothelial growth factor

1.4.2.2. Limitations and outlook of MSN as a theranostic agents

As it has been discussed up to now, a smart DDS based on MSN should meet two main
prerequisites. First, MSN must preserve the cargo to avoid the premature leakage of the drugs
before reaching the target side. Second, a high level of selectivity towards cancerous should be
provided. The implementation of these two characteristics in an MSN entails a great level of
complexity that usually implies a huge number of synthetic processes which could hamper the

translation into the clinic.

An example of this complexity was reported by Song et al. [138]. The authors prepared a
thermo/pH coupling sensitive polymer that acts as a “valve” to moderate the diffusion of drugs.
Finally, folic acid was functionalized upon the polymer by a covalent bond to ensure target
activity to the system. Surprisingly, the drugs were loaded after the assembling of the system.
Hence low loading values were achieved, due to the decrease of the surface area by the
introduction of the polymer and the ligand, folic acid. Even though the good targetability, the
amount of therapeutic cargo was quite low producing an inefficient DDS. A different approach
was proposed by Wang et al. [139] who first loaded DOX (1) inside the pores of the MSN
achieving much better results than the previous authors. Later, the totality of the system was
entrapped within a pH/reductive responsive chitosan particle in order to preserve the cargo.
Lastly, FA was functionalized at the surface of the polymeric material. This approach is
chemically complex and not efficient since covalent interactions were not present between the
chitosan layer and the MSN. Thus, the system was not properly sealed and DOX (1) leakage

occurred even at physiological pH or non-redox conditions. A similar problem was presented by
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Zeng et al. [124]. The authors loaded DOX (1) inside the MSN and then wrapped it by the
polymerization of dopamine, which is a pH sensible polymer. FA was functionalized on the
polymer surface. Again, due to the low interactions between the MSN and the polymer, the

release was uncontrollable at physiological pH.

To sum up, these nanocarriers still show serious issues to be used for its clinical applications.
The integration between MSN and polymers is commonly used to build targeted DDS. Besides,
more than 4 different steps are usually required in order to synthesise an MSN, which
encompasses therapeutic cargo and targetability features. More importantly, the uncontrolled
release of the drugs at physiological conditions completely hamper the use of this MSN as DDS.
For all those reasons, the clinical translation of MSN is complicated because the system must
assure low toxicity and immunogenicity in in vivo experiments. Besides, the lack of specific
requirements for nanomedicine from FDA and the European Medicines Agency (EMA) compel
that every novel nanocarrier must follow the same path as for small-molecules drugs, even if
the transported drug alone has been already accepted for clinical use. This presumes that even

the simplest nanocarrier encounters a lot of difficulties to get the market authorization [140].
1.5.  Aims of the thesis

As has been depicted in section 1.1, although remarkable advancement in tumour biology and
chemotherapy, adequate treatment of cancer is far from satisfactory. Insufficient drug dosage
to the affected regions, rapid blood clearance, severe side effects and drug resistance are the
main problems associated with these therapies. To overcome these drawbacks, a variety of
nanoparticle-based drug delivery systems have been developed, including polymeric conjugates,
micelles, liposomes, dendrimers and carbon nanotubes. In this regard, MSN present outstanding
properties for drug delivery applications owing to their high specific surface area, uniform
porosity, large pore volume, straightforward post-synthesis, and good biocompatibility. Such
advantageous features have opened the door to the design of smart stimuli-responsive, which
allows the selective release of the payload, DDS based on MSN. One of the most frequently
investigated is the pH-triggered drug-delivery systems, which can respond to different pH values
in diverse microenvironments. This type of strategy centers on constructing stable nanocarriers

in blood circulation and then, due to a pH change, to release the cargo inside tumoral cells.

Nevertheless, the construction of this type of DDS is complex and requires the implementation
of multiple steps in order to adequately preserve the cargo within the MSN and avoid the
uncontrolled leakage before reaching the target side. Furthermore, such intricacy aggravates

when more than one drug is ferried within an MSN with the aim to overcome the MDR effect.
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Another important problem to consider is that only a partial amount of loaded drugs reach the
target site due to some physiological limitations. Active targeting by using ligands attached to

the DDS become such a good strategy to overcome these restrictions.

For this reason, in this PhD dissertation, it is proposed the synthesis of an easy to build pH-
responsive DDS with the ability to co-deliver more than one drug selectively to the affected

tissues employing a “radial-capping approximation” (Figure 17).

Figure 17. MSN representation following a radial-capping approximation.

This methodology proposed is simple; first, a hydrophobic drug could be loaded within the pores
of the MSN. Then, PEG chains would be introduced onto the surface of the nanoparticle followed
by a consecutive addition of a capping agent. Finally, the system would be completely assembled
after the introduction of another PEG chain, which incorporates a ligand at its end. The
breakthrough of this new approach is that the capping agent is indeed a drug. Thereby, the drug
and the ligand will act as coating molecules as well as with their own activity. This new DDS
would have the ability to co-deliver two drugs with different modes of action. This attribute
opens the door to not only combine therapeutic agents but also combined therapies through

the vehiculation of conjugates.

DOX (1) and CPT (4) have been reported to show a notably synergistic effect when they are
administrated together (1.1.2). Thereby, their co-delivery by an MSN based on a radial-capping
approximation is envisioned (Figure 17). However, it is anticipated low loading values of CPT (4)
due to its insolubility. Thus, with the aim to overcome this drawback, TPT (5), which is a more
soluble analogue of CPT (4), will be combined with DOX (1). Nevertheless, its low cytotoxicity
prompts the synthesis of a prodrug of CPT (4). This new molecule will also be administrated with

DOX (1). Lastly, the selectivity of this system towards hepatocarcinoma HepG2 cells will be
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improved after the decoration of the MSN with the GA ligand. To do so, the ligand would be

bonded over the capping agent, DOX (1), following the radial-capping approximation (Figure 17).

On the other hand, the combination of a chemotherapeutic drug with a photosensitizer may

become such a good alternative to overcome cancer. In this regard, the combined action of the

ROS species, which are generated by light irradiation of a photosensitizer, together with the

chemotherapeutic action of drugs 1 and 4 can induce different cytotoxic pathways, resulting in

enhanced therapeutic efficacy. For this reason, it is proposed to co-deliver the latter drugs with

a photosensitizer within an MSN to increase the chemo-photo activity of the treatment.

Therefore, the specific aims of this PhD thesis are summarized as follows:

1.

To study the construction of a radial-capping system decorating the MSN surface with
PEG chains to study the release behaviour of safranin.

To co-deliver DOX (1) and CPT (4) / TPT (5) employing the radial-capping approximation
and to study its uptake and cytotoxicity in Hela cells.

To develop a prodrug of CPT (4) with the aim to enhance its loading upon an MSN and
to study its cytotoxicity effect with DOX (1) into two different tumoral cell lines.

To target HepG2 cells by means of a radial-capping construction upon an MSN using GA
as a ligand to enhance tumour selectivity.

To develop a conjugate of CPT (4) able to enhance its solubility and deliver a
photodynamic PS. Then, to study its loading upon an MSN and the cytotoxic effect in

combination with DOX (1), and the uptake of this new MSN in Hela cells.
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Chapter 2. Results and discussion
2.1. Radial-capping of MSN with PEG chains

2.1.1. Introduction

One of the critical points for an efficient DDS based on MSN is its ability to deliver the
chemotherapeutic drugs to the tumour tissue selectively. Thereby, it is of the paramount
importance to preserve them inside the nanoparticles to prevent the possible side effects
associated with the use of chemotherapeutic agents. To achieve this goal, the decoration of the
MSN with PEGs chains has been proposed (1.4.2.1). Besides, it has been stated that this strategy
enhances the colloidal stability of the system. In this regard, our group developed a radial-
capping approach where a DOX-PEG moiety was introduced in the surface of an MSN (Figure
18). Preliminary studies showed a negligible release of the loaded drug (CPT (4)) and the drug at
the surface of the MSN, DOX (1), at physiological pH.

Figure 18. MSN functionalized with DOX-PEG moiety.

This negligible release is rationalized in terms of the rigidity of the PEG chains. This effect is
imparted by the presence of a protonated amino group of the DOX (1) drug. In fact, the zeta
potential of this MSN was + 20 mV. Certainly, a possible explanation of this fact was found in a
communication by Martinez-Manez et al. [117]. As explained in section 1.4.2.1, these
researchers run a computational simulation to study the capping behaviour of different alkyl
chains attached to the pore outlets of the MSN. Their studies revealed that such linkers
displayed high mobility due mainly to the lack of strong interactions between chains. Besides,
they tend to freely and randomly move on the pore entrance only having occasional weak
interactions with the neighbouring chains. As a result, the pore was in a continuous

opening/closure process without altogether avoiding the release of the cargo. On the other
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hand, a much better capping was obtained when a simulation was performed with protonated
polyamines. The authors considered that such molecules strongly interact via electrostatic
repulsion forces. The chains became rigid due to strong repulsive interactions between

positively charged ammonium groups, which resulted in better pore coverage.

From these facts, it may be concluded that the behaviour displayed for the system represented
in Figure 18 is strongly related to the presence of the protonated amino group of DOX, which is
in agreement with the studies of Martinez-Mafez et al. [117]. Probably the PEG chains
reorganize themselves in a rigid position preserving the cargo within the MSN. Therefore, to
obtain further evidence of such hypothesis, a positive PEG chain (Figure 19 a)) and a neutral PEG
chain (Figure 19 b)) of the same length have been functionalized to the MSN. Then, the capping

capabilities of both systems have been tested, studying the release behaviour of a model drug.

Figure 19. a) MSN capped with quaternary amines PEG chains and b) MSN capped with neutral PEG chains.

2.1.2. MSN capped with PEGs chains

To prove experimentally the results of Martinez-Mafiez group, the synthesis of MSN decorated

with PEGs 9 and 10 has been proposed (Figure 20).

a) :
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Figure 20. PEGs chains: a) 2,5,8,11-tetraoxatridecan-13-amine (9), b) 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)-N, N, N-
trimethylethanaminium (10).
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Safranin (11) has been chosen as a model dye to be encapsulated within an MSN and study how
its release is affected by the presence of the described PEGs (Figure 20). The decoration of the
MSN with the PEGs 9 and 10 was carried out between the reaction of amine groups of the PEGs
and isothiocyanate (NCS) groups, which are functionalized in the outer surface of the MSN. Our
group developed a straightforward methodology to decorate aminated MSN with NCS [141].
Briefly, aminated MSN containing the surfactant (CTAB) (MSN-(NH,)i(CTAB),) inside the pores
were reacted with 1,1-thiocarbonyldi-2(1H)-pyridone (12) in dry toluene for 24 h [141]. Finally,
the surfactant was removed in a mixture of NH;NOs/methanol obtaining the MSN-(NH3)i-(NCS),,
which were satisfactorily synthesised and characterized [141]. Concisely, the MSN-(NH,)i(NCS),

were spherical with a size of 100 nm.

outer surface

outer surface outer surface

o i o

P N NC HN A~ :

H,N NH, 2 HN NG
- - H,N - - :

NC ‘

HoN NH, HNTS NC

. inner surface f
inner surface inner surface

MSN-{NH,),(CTAB) MSN-({NH,)-(NCS) (CTAB) MSN-{NH,);-(NCS),

Figure 21. Regioselective synthesis of MSN-(NH,)-(NCS),.

Once in hand this nanomaterial, it was used to encapsulate safranin (11) as a model dye to study
its release after the functionalization of MSN-(NH,)-(NCS), with the amino PEGs (Figure 20).
Briefly, MSN-(NH,)-(NCS), were loaded with the dye by exposing the MSN to a solution of
safranin (11) in EtOH. Then, the nanoparticles were reacted with PEGs 9 and 10 to seal the pores.
Finally, the mixture was centrifuged and washed twice with ethanol. Thanks to the NCS
chemistry, the only products present in the washing steps were the slight excess of the primary

amine PEGs and the unloaded safranin (11) (Figure 22).
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Figure 22. Loading of MSN-(NH;)i-(NCS), with safranin and functionalization with PEGs: 9 and 10.
Two different techniques showed the successful functionalization of the PEGs upon MSN. First,
the infrared spectrum of MSN-(NH;)i(NCS), and MSN-(NH,)i(R), without the dye loaded were
performed (Figure 23). The introduction of the isothiocyanate group was confirmed by the

presence of two characteristic absorption bands around 2100 cm™ in the FTIR spectrum.

——  MSN-(NH,);(NCS),
— MSN'(NHZ)i(R)o

Transmittance

] ] ]
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Wavenumber/cm™
Figure 23. FTIR spectra of MSN-(NH,);(NCS)o(CTAB), MSN-(NH,);(NCS), and MSN-(NH,)i(R)o.

Secondly, the disappearance of those bands validated the correct introduction of the PEGs 9 and
10 in the MSN (Figure 23). Moreover, the zeta potential of MSN-(NH,)i(R), was also determined

to analyse the contribution of the PEGs chains to the superficial charge of the MSN (Figure 24).
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Figure 24. Zeta potential distribution of MSN-(NH2)i(N+)iong and MSN-(NH.)i(OMe)iong. Data represented as mean
SD (n=3).

From inspection of Figure 24, it can be concluded that the functionalization the MSN with a
cationic PEG: MSN-(NH,)i(N+)iong highly increase the zeta potential value thanks to the presence
of the quaternary amine at the end of the chain. Whereas, the functionalization with metoxy
substituted PEG: MSN-(NHz)i(OMe)iong the mesoporous system experiment a high decrease of

the zeta potential in comparison with the latter MSN.

Once MSNs were successfully functionalized with PEGs. The loading study of safranin (11) in the
system and its subsequent release in a physiological medium (Figure 25) was performed. EtOH
was used as a solvent and a 5% loading of the dye 11 was internalized within the pores of the
MSN-(NH3)i(NCS)o. Then, MSN were sealed through the addition amino PEGs 9 and 10 (Figure
22).

—— MSN-(NH,); (NCS),(Safranin)
—— MSN-(NH,),(OMe),,g(Safranin)
——  MSN-(NH,)(N+) 5ng(Safranin)

Safranin release / %

cllllllllllllllllllll

0 5 10 15 20 25 30
Time /h

Figure 25. Release profile of Safranin: Aminated nanoparticles (MSN-(NH,)i(Safranin),), aminated nanoparticles
functionalized with PEG 9 (MSN-NH>)i(OMe)iong(Safranin)), aminated nanoparticles functionalized with PEG 10
(MSN-(NH_)i(N+)iong(Safranin)). Data represented as mean + SD (n=3).

The blocking effect of the amino PEGs 9 and 10 was clearly demonstrated by the release profile

of safranin (11). For instance, non-functionalized MSNs show a safranin (11) release of 62% while

63



Chapter 2. Results and discussions

for MSN functionalized with PEGs: (MSN-(NH.)i(OMe)iong(Safranin)) and  (MSN-
(NH2)i(N+)iong(Safranin)) the release was just 17% and 12% respectively (Figure 25). From these
results, it can be concluded that the presence of the quaternary amino PEGs improves in a 5%
the capping capacity of the neutral PEG 10. These results validate the hypothesis that cationic

PEGs can cap better the pores than neutral PEGs.
2.1.3. Conclusions and Outlook

In summary, MSN-(NH,)i(NCS), have been satisfactorily loaded with a 5% of safranin (11) using
EtOH as a solvent. Moreover, this MSN have been functionalized with primary amino PEGs
chains to control the release of dye 11. The proper introduction of these chains was
corroborated by IR spectra and zeta potential measurements. MSN functionalized with cationic
PEG chains show a highly positive zeta potential measurement (+ 20 mV), whereas
functionalized MSN with methoxy (neutral) PEGs display a highly negative zeta potential
measurement (- 20 mV). From release experiments, it was concluded that MSN decorated with

cationic PEGs offered a better pore capping than neutral PEGs.

Hence, it seems reasonable to conclude that a quaternary amine may provide rigidity to the
chains avoiding the open-closure motions due to the electrostatic repulsion of such groups
(Figure 26 a)). Thereby, these results suggest that a similar effect is most likely to occur for the
system with DOX-PEG moiety (Figure 26 b)). In addition, in this case, DOX (1) group does not
only provides a cationic character to the capping, due to the presence of-NH; in the structure,

but the bulkiness of the molecule also endows the stopper an improved capping efficiency.

Given these results, the radial capping system is validated for the design of DDS with a low drug

leakage.

Figure 26. a) MSN capped with PEG/quaternary amines and b) MSN capped with DOX-PEG moiety.
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2.2. Preparation of an MSN for dual DOX/CPT and DOX/TPT pH triggered
delivery

2.2.1. Introduction

As has been stated in section 1.4.2, MSN have been used to deliver drugs to cancerous cells
[142], [143]. However, the delivery of more than one drug has been scarcely described in the
literature [3], [144]. In this regard, the development of the DOX-PEG moiety introduced in
section 2.1, turns out to be such an ideal strategy to co-deliver more than one drug. As explained,
the presence of the inner surface (pores) of the MSN lets the loading of any type of drug.
Subsequently, the cargo is preserved after the functionalization of the pore outlets by the DOX-
PEG moiety. In contrast to similar systems found in the literature [154],[155], this moiety
efficiently capped the pores of the MSN thanks to the bulky group that represents the DOX (1)

itself, together with the cationic character of the drug.

In particular, the combination of DOX (1) and CPT (4) has attracted considerable interest due to
their potent inhibition of enzyme TOP1 and TOP2, respectively, leading to synergistic
chemotherapy (1.1.3). Examples of such DDS have been reported in the literature [145].
However, the preparation of these systems is still complicated and entails the assembly of many
different components that could hamper the practical use of these DDS. For this reason, our
group developed a DDS able to co-deliver DOX (1) and CPT (4) through a pH-sensitive MSN
(Figure 27) [74].

It is noteworthy that the cardiotoxicity side effect associated with the use of DOX (1) is
diminished with this DDS. It is known that the two-electron reduction of the C-13 carbonyl group
of the anthracycline side chain is the main rout of DOX (1) metabolism, supposedly implied in
anthracycline-induced cardiotoxicity [146]. However, in the system proposed, this carbonyl
group is linked with the PEG chain by a hydrazone bond (DOX-PEG moiety), inhibiting its

cardiotoxicity issue (Figure 27).
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Figure 27. MSN for the codelivery of DOX (1) and CPT (4).

Moreover, in the design of this DDS, CPT (4) is encapsulated within the pores of the MSN in order
to avoid the lactone opening. The opening of this ring leads to a less active and highly toxic drug
[147]. It has been reported that the stability of the lactone form of CPT (4) strongly depends on
the pH of the media (Figure 28) [147].

Figure 28. CPT (4) structure and equilibrium between the active lactone form and the inactive carboxylate form.

The preliminary results obtained by our group showed that the premature release of the
hydrophobic CPT (4) at physiological pH (7.4) was avoided thanks to the proper capping with
DOX (1) and its cationic character. Whereas at acidic pH, produced by tumoral cells, the MSN
releases both drugs. However, the low loading of CPT (4) prompt us the preparation of a similar
system with the more soluble TPT (5). This drug is a derivative analogue of CPT (4) that also acts
as a DNA TOP1 inhibitor. It is expected that a higher amount of TPT (5) can be loaded in the MSN
compared to CPT (4) [20], [148], [149].

Herein, in the present PhD dissertation, the dual DDS CPT (4) / DOX (1) has been used as a control
to compare the effect of the enhanced solubility of TPT (5) in combination with DOX (1). The
relative cell viabilities of these two DDS systems have been studied in Hela cells. Furthermore,

the cellular uptake of CPT (4) / DOX (1) DDS system have been studied in Hela cells.
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2.2.2. Preparation of MSN-(NH,)i(CHO),

The strategy developed by our group was based on a versatile system where a drug, in this case,
CPT (4) or TPT (5), was loaded in an MSN. Then, a hydrolysable blocking linker was introduced
and finally, DOX (1) was added to cap the system (Figure 29 a)). Two different components are
needed in order to build the dual drug delivery system. First, a dihydrazide-polyethylene glycol
linker 14 bonded with the MSN and DOX (1) by a pH scissile bond (hydrazone). Second, a
bifunctionalized MSN with two different surfaces: the inner porous where CPT (4) or TPT (5) are
loaded; and an aldehyde group located at the surface able to react with the PEG linker 14 (Figure
29 b)).

Figure 29. Dual DDS scheme.

Briefly, the preparation of amine-aldehyde MSNs requires two simple steps starting from MSN-
(NH,) (CTAB), which were reacted for 24 h with 2-isothiocyanate-1,1-dimethoxyethane (15) in
toluene. It was important to perform this reaction using this solvent. Since under these
conditions, the surfactant (CTAB) was preserved inside MSNs porous [150]. Afterwards, a
treatment with NH4NOs in EtOH removes the surfactant yielding MSN-(NHz)i(Acet), which was
successfully transformed into the aldehyde group thanks to an acidic treatment affording the

desired MSN-(NH,);(CHO), (Figure 30).
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Figure 30. Synthesis of MSN-(NH;)i(CHO),.

The as-synthesized bifunctionalized MSN were characterized [74], [151]. MSN-(NH,)i(CHO), had
a size of 100 nm and zeta potential of -17 mV (Table 3). Moreover, the synthesized material was

regular, homogeneous and round-shaped (Figure 31).

Table 3. MSN-(NH,);(CHO), size an { potential (pH 5.5).

-pot
Size / nm TEM DLS pdi Gpot/

mV
MSN-(NH;) 100  142+4  0.06+0.02 14
MSN-(NH,)i(CHO), 100 1485  0.19 +0.005 17 +4

Figure 31. Transmission electron microscopy (TEM) micrographs of (a) MSN-(NH>), (b) MSN-(NH,)(CHO), and (c)
CPT@MSN-hyd-PEG-hyd-DOX [151].
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The next step entails the preparation of the requisite blocking linker. As explained before, a long
dihydrazide polyethylene glycol chain (14) is believed to be an excellent blockage linker with the
purpose of not only sealing the MSNs pores but also enhance the hydrophilicity of the
nanoparticle in order to reduce the phagocytosis of macrophages [152]-[154]. In order to
synthesize product 14, tetraethylene glycol (17) is used as starting material, which by a
nucleophilic substitution with ethyl bromoacetate (18) gives the diester PEG 19. A final
substitution with hydrazine results in the formation of 3,6,9,12,15-

pentaoxaheptadecanehydrazide (14) [155].
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Figure 32. Schematic synthesis of 3,6,9,12,15-pentaoxaheptadecanedihydrazide (14).

2.2.3. Loading and release of the MSN

2.2.3.1. CPT/TPT and DOX loading

Once in hand, the vehicle and the capping linker, CPT (4) or TPT (5) was loaded inside the MSN
porous. CPT (4) is a highly insoluble drug that is usually loaded using organic solvents such as
MeOH, CHClz/MeOH, ACN/EtOH, DMSO and DMF [19], [93], [156]-[158]. In our hands, the
mixture CHCIs/MeOH allowed the most satisfactory loading, 1.36-:10%mol CPT-mg* MSN, which
corresponds to 3.1%. As for TPT (5), EtOH was used as a loading solvent achieving a value of
1.89-107 mol TPT-mg™ MSN (8%). This TPT (5) loading value is in agreement with reported ones
from literature [20], [159].

Then, an excess of PEG 14 was added to the solution in order to promote aldehyde MSNs
reaction with only one of the terminal moieties of the linker to form a cleavable hydrazone bond.
Afterwards, unreacted PEG 14 was eliminated by means of centrifugation to avoid any unwanted
reaction in the next step. Finally, DOX (1) was added to the solution using EtOH as a solvent. This
drug reacts with the other end of the PEG 14 chain yielding another hydrazone bond (Figure 27).
Therefore, the systems CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-PEG-hyd-DOX were
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synthesized. Approximately, 7.06-107 mol DOX-mg™ MSN were incorporated to the MSNs, which
corresponds to 25%. In comparison with other hydrazone linkage systems, the values of DOX (1)
loading that have been obtained are excellent [156], [160], [161]. Finally, the system CPT@MSN-
hyd-PEG-hyd-DOX was characterized through TEM microscopy (Figure 31 (c)). The images
confirm that the loading process did not erode the nanoparticles. Moreover, the mesopores of
CPT@MSN-hyd-PEG-hyd-DOX were masked due to the drug loading and chemical modification

of the surface.
2.2.3.2. Controlled drug release

The release profile of CPT (4) and TPT (5) from CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-
hyd-PEG-hyd-DOX were studied by UV-vis absorption spectroscopy at pH values of 4.0, 4.5, 5.5,
6.5 and 7.4 (Figure 33 a) and b)).
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Figure 33. a) CPT (4), b) TPT (5) and DOX (1) release profile of CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-
PEG-hyd-DOX at different pH values under stirring at 100 rpm and t=37 °C. Data represented as mean * SD (n=3).

Both systems show a negligible release of CPT (4) and TPT (5) under neutral physiological
conditions (pH 7.4) proving the stability of the hydrazone bond under this environment. Then, a
gradual release was obtained under acidic conditions which agrees with the scission of the labile

bond. Besides, this sustained-release might be ascribed to the physical absorption of the drug

70



Chapter 2. Results and discussions

inside the nanochannels [162]. Moreover, as has been demonstrated in section 2.1, DOX (1)
plays a key role in the capping of the nanoparticle, since its presence would lead to a rigid
tetraethylene glycol chains, due to the bulkiness of the molecule and the repulsive interaction

between ammonium groups, providing an efficient pore closure.

CPT (4) release profile suggests that there is a burst release for 10 h, then it is maintained till 24
h. On the other hand, for TPT (5), the release was sustained for up than 24 h. These results
suggest that TPT (5) release profile is governed by its higher solubility. Furthermore, the
maximum amount of CPT (4) and TPT (5) liberated was determined at pH 4.0 for 24 h. Under
these conditions, 31% and 23% of CPT (4) and TPT (5) were liberated respectively. These
percentages correspond to 0.009 mg CPT-mg* MSN and 0.018 mg TPT-mg™* MSN. Therefore,
more TPT (5) was satisfactorily released in the medium than CPT (4) due to his high solubility

that permits a better loading within an MSN.

Onthe other hand, DOX (1) release from CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-PEG-
hyd-DOX was also studied under the same pH conditions as CPT (4) and TPT (5) (Figure 33 c)).
Under acidic conditions, a burst release of DOX (1) takes place with approximately 45%, 25% and
10% of the drug released within 20 h at pH 4.0, 4.5 and 5.5 respectively. It was hypothesized
that this rapid release coincides with the cleavage of the hydrazone bond. It is worth noting that
the DOX (1) release for the systems CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-PEG-hyd-

DOX was mostly the same due to the similarities of both systems.
2.2.4. Intracellular uptake

Uptake experiments were only performed for CPT@MSN-hyd-PEG-hyd-DOX due to the
enormous resemblances with the MSN loaded with TPT (5) (TPT@MSN-hyd-PEG-hyd-DOX). To
this end, cellular uptake and drug release were investigated by confocal laser microscopy
(CLSM). To do so, a homogeneous suspension of CPT@MSN-hyd-PEG-hyd-DOX (50 pug MSN-mL
1) was added to Hela cells. After four hours of incubation blue and red fluorescence were
observed in cell bodies, suggesting an efficient uptake and subsequent release of both drugs
from the nanovehicle (Figure 34 b) and c)). On the other hand, Figure 34 d) illustrates merged
fluorescence of DOX (1) and CPT (4), indicating the co-delivery of both drugs into the cells. As
expected, free DOX (1) easily enters Hela cell nucleus (Figure 34 c) yellow arrows), which is in
agreement with the preferential accumulation of DOX (1) in this organelle [163]. These results
demonstrate that after the uptake of the nano-vehicle DOX (1) was released by hydrolysis of the
hydrazone bonds in response to the acidic environment found in the cell. By contrast, blue
fluorescence of CPT (4), which has been released by diffusion from the pores of the nanoparticle,

was only detected in the cytoplasmic matrix (Figure 34 b)).
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Figure 34. CLSM images of the uptake of CP-T@MSN-hyd-PEG-hyd-DOX scale bar 20 um. a) corresponds to
fluorescein diacetate (FDA) fluorescence, b) CPT (4) fluorescence, c) DOX (1) fluorescence and d) DOX (1) and CPT
(4) merged images [151].

Further confirmation of this efficient uptake of the DDS was obtained by flow cytometry (Figure
35). As depicted in section 1.4.2.1, highly positive surfaces can easily disrupt the negatively
charge cytoplasmatic membrane due to electrostatic interactions. For this reason, it was
hypothesized that the uptake of CPT@MSN-hyd-PEG-hyd-DOX was influenced and enhanced by
the presence of at least partially protonated amino groups bonded to the sugar moiety of DOX
(1), which was attached to the surface of the nanoparticle [164]. This hypothesis is consistent

with the highly positive {-potential value measured for CPT@MSN-hyd-PEG-hyd-DOX (+ 20 mV).

100-
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Figure 35. Flow cytometry analysis of the internalization of DOX (1) into Hela cells using CPT@MSN-hyd-PEG-hyd-
DOX. Data represented as mean + SD (n=3).

To gain insight into the uptake of CPT@MSN-hyd-PEG-hyd-DOX into Hela cells the kinetics of

the release of DOX (1) were studied using an IncuCyte®S3 live-cell analysis system. Thus,
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monitoring DOX (1) fluorescence inside the cells revealed that after an incubation period of 3-4

h, an increase of the drug content took place (Figure 36 a) and b)).
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Figure 36. DOX (1) release kinetics in Hela cells. Data represented as mean + SD (n=3) [151].

This initial period was ascribed to the uptake of the nanoparticle by the cell. Afterwards, a

sustained increase of DOX (1) fluorescence during 14 h was observed and after a period of 25 h,

cell death could be easily detected by inspection of the micrographs (Figure 37 c) and f)).

Figure 37. IncuCyte’® images of CP-T@MSN-hyd-PEG-hyd-DOX scale bar 400 um. a), b) and c) corresponds to the
bright field at 0 h, 25 h and 50 h, respectively. d), e) and f) corresponds to the red field at 0 h, 25 h and 50 h,

respectively [151].

Furthermore, BIO-TEM was used to verify the intracellular uptake of individual nanoparticles (1)

(Figure 38). As it can be observed in Figure 38 a), the endocytosed nanocarrier was principally

accumulated within endosomes and/or lysosomes in the cytosol (2) of the cell. The confinement

of the nanoparticles in such organelles would explain the acid hydrolysis of the hydrazone bonds

which is responsible for the release of the drugs from the DDS. Although many groups of

nanoparticles could be seen distributed around the nucleus (3), no nanoparticles appeared to

be able to enter into this organelle. This is in agreement with reports that indicate the
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impossibility of nanoparticles with a diameter over 100 nm to cross the nuclear membrane
[165]. Figure 38 b) shows a cluster of nanoparticles that have escaped from the endosome,
probably via cellular “sponge effects”, and entered into the cytoplasm. It is worth noting that
the internalized nanoparticles still kept their spherical shape and structural integrity.
Interestingly, in some micrographs, it was possible to observe characteristics ruffles of the

plasma, suggesting an endocytosis process (Figure 38 c)).

Figure 38.a) TEM images of Hela cells incubated for 4 h with 50 pug-mL*of CPT@MSN-hyd-PEG-hyd-DOX b) a cluster
of nanoparticles that have escaped from the endosome c) internalization of the nanoparticles [151].
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2.2.5. Cytotoxicity

To assess the cytotoxicity of CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-PEG-hyd-DOX
caused by the co-delivery of the drugs: CPT (4)-DOX (1) and TPT (5)-DOX (1), MTT assays in Hela
cell lines were carried out. Therefore, two control nanoparticles MSN-(NH;) and MSN-
(NH,)i(CHO), were tested against drug-loaded nanoparticles: CPT@MSN-hyd-PEG-hyd,
TPT@MSN-hyd-PEG-hyd, = MSN-hyd-PEG-hyd-DOX,  CPT@MSN-hyd-PEG-hyd-DOX  and
TPT@MSN-hyd-PEG-hyd-DOX at 1, 5, 25, 50 and 100 pg MSN-mL ! were added and incubated
with the cells for 72 h (Figure 39).

Figure 39. Cell viability of Hela cells incubated with a) TPT@MSN-hyd-PEG-hyd, CPT@MSN-hyd-PEG-hyd, MSN-hyd-
PEG-hyd-DOX, TPT@MSN-hyd-PEG-hyd-DOX and CPT@MSN-hyd-PEG-hyd-DOX and b) MSN-(NH,) and MSN-
(NH2)i(CHO), for 72 h. Data represented as mean % SD (n=3), *p<.05 and **p<.01. The concentration of free DOX (1)
is the released drug at pH 5.5.

The viability assays revealed that control nanoparticles (Figure 39 b)) have no apparent toxicity
on Hela cells in a range of concentrations from 1 to 100 pg-mL™. Interestingly, DDS without any
drug (MSN-(NH,)i(CHO),) shows viabilities higher than 90%, thus meaning that all the cytotoxic
effect seen with CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-PEG-hyd-DOX was solely due
to the CPT (4) or TPT (5) and DOX (1) released from the DDS. Therefore, these DDS can be

regarded as biocompatible.

By contrast, DOX (1) loaded MSN-hyd-PEG-hyd-DOX, reduces the viability of Hela cells to 6% at
doses of 100 ug-mL™. For this system, the half-maximal inhibitory concentration (ICso) was 5
pg-mL™L. This value is in the same order of magnitude of that of free DOX (1) (ICsp 1.2 pg-mL?)
[166]. But more importantly, it was found that the effect of the CPT (4)/ DOX (1) loaded
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nanocarrier CP-T@MSN-hyd-PEG-hyd-DOX was an increase in the cell death compared with
nanoparticles loaded with DOX (1) (Figure 39 a)). For instance, cell viability at 5 pg-mL? decrease
from 50% (MSN-hyd-PEG-hyd-DOX) to 28% (CPT@MSN-hyd-PEG-hyd-DOX). However, the effect
of the reduction in the relative cell viability in the case of TPT@MSN-hyd-PEG-hyd-DOX is less
mark than CPT@MSN-hyd-PEG-hyd-DOX due to the higher ICso of TPT (5) (0.32 pg-mL?) in
comparison with CPT (4) (0.008 ug-mL?) [167], [168].

The calculated value of ICso for CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-PEG-hyd-DOX
is 1.88 pug-mL* and 5.30 ug-mL™? respectively. At those concentrations, the amount of free DOX
released is 0.09 pg-mL?* (CPT@MSN-hyd-PEG-hyd-DOX) and 0.28 pg-mL?* (TPT@MSN-hyd-PEG-
hyd-DOX) for the corresponding systems. The later values were calculated as the release of the
drug at pH 5.5, which is the average pH found in the late-endosomes and lysosomes. At the same
pH conditions, the calculated combination index (Cl) value is 0.14 (at 1Cso) for CPT@MSN-hyd-
PEG-hyd-DOX and 0.31 (at ICsp) for TPT@MSN-hyd-PEG-hyd-DOX. These values are consistent
with a synergistic interaction of the drugs and confirmed that the system CPT@MSN-hyd-PEG-
hyd-DOX is more cytotoxic than TPT@MSN-hyd-PEG-hyd-DOX.

It is noteworthy that the systems CPT@MSN-hyd-PEG-hyd and TPT@MSN-hyd-PEG-hyd show
non-significant toxicity in Hela cells in comparison to the DOX-PEG functionalized systems. It is
hypothesized, that cellular uptake of these MSN is hampered due to the presence of the neutral
PEG chain (14) functionalized in the outer surface of the nanoparticle. It has been described in
the literature that such systems cannot enter into the cells [169], hence the viability of the cell

is not affected by CPT (4) or TPT (5).

Interestingly, the combined effect of the two systems (CPT@MSN-hyd-PEG-hyd-DOX and
TPT@MSN-hyd-PEG-hyd-DOX) increases with time. Thus, at 24 h the effect of the combined
treatment on cell death was mostly the same that was displayed in the presence of DOX (1)
alone. However, at 48 h and more clearly at 72 h, cell viabilities decrease significantly. This
delayed effect of CPT (4) and TPT (5) can be ascribed to the slow release of the drug from the
pores (Figure 40). Similar results describing this time dependency synergism for co-delivery
systems have been reported in the literature [170], [171]. All these observations are consistent
with a combined effect between these two drugs and proves the successful co-delivery of DOX

(1) and CPT (4)/TPT (5) to the cells [172], [173].
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Figure 40. Cytotoxicity effect of a), b) and c) of TPT@MSN-hyd-PEG-hyd-DOX and MSN-hyd-PEG-hyd-DOX; d), e) and
f) of CPT@MSN-hyd-PEG-hyd-DOX and MSN-hyd-PEG-hyd-DOX. Data represented as mean * SD (n=3), *p<.05 and
* %k
p<.01.

2.2.6. Conclusions and Outlook

Bifunctionalized amino-aldehyde nanoparticles (MSN-(NH,)i(CHO), of 100 nm have been
synthesised for the dual vehiculation of CPT (4) / TPT (5) and DOX (1). A 3.1% of hydrophobic
CPT (4) was successfully loaded within the pores of the MSN, while 8% of TPT (5) was as well
internalized. Finally, the system was completed after the addition of PEG 14 and DOX (1) (25%
loaded). The systems CPT@MSN-hyd-PEG-hyd-DOX and TPT@MSN-hyd-PEG-hyd-DOX are
stable under physiological conditions (pH 7.4) with a negligible release of either CPT (4) / TPT (5)
or DOX (1). On the other hand, under acidic conditions, a burst release of capping agent DOX (1)
took place during the first 5 h. Besides, a more sustainable release was obtained for CPT (4) and

TPT (5).

Even though more TPT (5) (0.018 mg TPT-mg* MSN) was released in the medium than CPT (5)
(0.009 mg CPT-mg™ MSN) at pH 4, its combined cytotoxicity with DOX (1) was lower than CPT

(4). These results reflect the higher potency of CPT respect to TPT.
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Additionally, this versatile nanocarrier has been proven to effectively enter inside Hela cells and
release the drugs inside them. In addition, BIO-TEM micrography has shown that MSN were

accumulated within endosomes and located around the nucleus.

After this biological study, it can be stated that this dual DDS based on MSN is able to deliver
CPT (4) / TPT (5) and DOX (1) in Hela cells. Moreover, it was determined that the CPT (4) still
provide a better synergistic effect with DOX (1) despite the lower loading in comparison of TPT
(5). For this reason, to increase the loading of hydrophobic CPT (4), the derivatisation of this

drug is envisioned to enhance its solubility.
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2.3. Synthesis of a prodrug of CPT and study its synergistic effect with DOX.

2.3.1. Introduction

One of the most common problems of most anticancer drugs is its insolubility leading into a poor
bioavailability which hampers the translation into the clinic [174], [19]. Therefore, it is of the
highest importance to improve the solubility of these compounds. In this respect, different
techniques can be applied to achieve that goal such as complexation of drugs, use of cosolvents,
synthesis of pharmaceutical salts, prodrugs, particle size reduction technologies and others
[175]. An elegant approach is the design of a biologically inactive prodrug with improved
bioavailability, which can be metabolized in the body to produce the actual drug [176]. A
representative example of one of this compounds is irinotecan (21) (Table 4), a camptothecin

(4) analogue used in the treatment of gastroenteropancreatic tumors [177].

However, another approach to consider is the Pegylation strategy [178]. This technique is based
on the derivatization of drugs with PEG chains. These linkers have repeating units of ethylene
oxide that can bind to two or three water molecules. Thus, the solubility of insoluble small drugs
such as docetaxel, paclitaxel or CPT (4) can be enhanced [178]. As an example, when paclitaxel
is conjugated to high-molecular-weight PEG via an amino acid spacer, the water solubility
remarkably enhanced [179], [180]. Besides, the afforded conjugate showed significant
advantages in terms of high water solubility, without toxic excipients, and tumour environment-
sensitive drug release [181]. Another illustration of this methodology was reported for CPT (4)

with the aim to yield a more soluble compound [182], [183].

As explained in section 1.1.2, CPT (4) has been studied as an effective therapeutic agent since
1966. It exhibits a broad range of anticancer activity via the function of binding to the TOP1 and
DNA complex. Unfortunately, low agueous solubility limits its clinical use [184]. Therefore, a
series of more soluble analogues such as TPT (5) or irinotecan (21) were developed in order to
be implemented as an effective cancer therapy [185]. However, as can be observed in Table 4,
the introduction of moieties upon the pyrrolo[3,4-B]-quinoline of CPT (4) structure displays a

decrease in the cytotoxicity (1Cso).
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Table 4. ICsp values of camptothecin (4), topotecan (5) and irinotecan (21) at 24 h in Hela cells ([186]-[188]).

Compound Chemical Structure ICso (LM)
Camptothecin 0.44

Topotecan 9.09

Irinotecan 60.00

As has been stated, the chemical modifications upon CPT (4) in order to achieve a more soluble
drug may lead to a loss of antitumor activity and significant alterations in the toxicological profile
of the drug. Thereby, it is proposed to chemically modify CPT (4) with a short PEG chain to
enhance its solubility but with the ability to scissile this linker within the cell in order to obtain
the active drug CPT (4). In this regard, it has been reported that the glutathione-responsive
disulphide linker attached in the hydrophobic drug can release the free CPT (4), thanks to the
high concentration of glutathione (GSH) inside cancerous cells (2-8 mM) in comparison with
plasma (1-2 um) [189]. Thus, the therapeutic effect is not affected through the chemical
modification, but the solubility is enhanced thanks to the hydrophilic PEG [189]. This strategy
has been applied by the functionalization of an MSN with a disulphide PEG chain decorated with
CPT (4). However, instead of loading the hydrophobic drug within the pores of the MSN, the
researchers functionalized it in the outer surface of the nanomaterial [190], [191]. Thus, the
lactone ring is prone to opening due to its exposure to the physiological medium (Figure 28)
leading to an ineffective system. Therefore, in this PhD dissertation, it is proposed to chemically
derive CPT (4) with a cleavable PEG chain to improve its solubility, and, its loading within an

MSN.

2.3.2. Design of a Prodrug of CPT

As previously mentioned (2.2.1), CPT (4) can exist in two different forms: a therapeutically active
lactone form and a therapeutically inactive carboxylate form (Figure 28). Thereby, it is of high

importance to maintain it with the active form to perform coupling reactions and extend its
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stability [192]. On the other hand, the hydroxyl group present in CPT (4) is an ideal group for
chemical derivatization through alkylation or acylation. Besides, it has been reported that

chemical modifications of this group does not disrupt the lactone ring [193].

Therefore, it is proposed to perform a “click” reaction upon the OH of CPT (4) to attach a
cleavable disulphide PEG linker in order to enhance the solubility of this drug (Figure 41). Unlike
the other CPT (4) analogues (Table 4), the derivatization of the drug by this site will maintain the
therapeutic effect of CPT (4).
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Figure 41. Cleavage of CPT-PEG (22) with GSH.
As it is illustrated in Figure 41, (S)-4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-
pyrano[3’,4’:6,7]indolizino[1,2-b]quinoline-4-yl 2,5,8,11-tetraoxa-14,15-dithiaheptadecan-17-yl
carbonate (CPT-PEG) (22) contains a disulphide bond which in reductive conditions will be
cleaved leading to the free drug. Figure 42 shows the retrosynthetic pathway for the obtention

of molecule 22.
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Figure 42. Retrosynthetic analysis of CPT-PEG (22).

2.3.2.1. Synthesis of PEG-SH (24)

Tetraethylene glycol monomethyl ether (27) was chosen as starting material to obtain a PEG
with a thiol group in one end. First, PEG 28 is obtained through tosylation of OH using TsCl in
THF. Then, PEG 28 underwent a nucleophilic substitution with the attack of thiourea. Finally, this
group is hydrolysed with NaOH to give the thiol group. Then, PEG-SH (24) was obtained (Figure
43).

1.KOH ag, 0 °C
B ——

2.TsCl, THF, 3 h
27 75% 28

/0\/\0/\/0\/\0/\/0H /o\/\o/\/o\/\o/\/OTs

' 1. Thiourea, EtOH .
| 64% .

2. NaOH, H,0

/0\/\0/\/0\/\0/\/ H

Figure 43. The synthetic pathway followed to obtain molecule PEG-SH (24).
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In Figure 44 are depicted the 'H-NMR spectra of tosyl intermediate 28 and PEG-SH 24. The
proper introduction of thiol group can be verified through the signals of the proton of -SH (blue
dot) with a chemical shift of 1.56 ppm (1H) and the neighbour -CH, (yellow dot) with a chemical
shift of 2.68 ppm (2H) (Figure 44 b)). Moreover, the disappearance of the signals of the tosyl
leaving group (purple and orange dots) (7.7 ppm and 7.3 ppm aromatic ring; 2.4 ppm -CHs) also

gives consistency to the accomplishment of the reaction (Figure 44 a)).
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Figure 44. 'H-NMR comparison between PEG (28) and PEG-SH (24).

2.3.2.2. Synthesis of CPT-PYR (34)

(Pyridin-2-yldisulfanyl)alkyl carbonate derivative of CPT (4) (CPT-PYR (34)) was synthesized
according to reported procedures [194], [195]. Briefly, 2-(2-pyridinildithiol)ethanol (33) was
prepared by reacting 2-mercaptoethanol (30) with 2,2’-pyridyl disulphide (31) as described in
the literature [109]. In this reaction, the only by-product was pyridine-2-thiol (32). The presence
of molecule 32 turned to yellow the solution, which indicates the scission of the disulphide
bridge of molecule the compound 31. Then, CPT (4) was treated with triphosgene (29) in
anhydrous conditions and the presence of DMAP. It was followed by a subsequent dropwise
addition of a solution of 2-(2-pyridinildithiol)ethanol (33) to the mixture [108]. The main
impurities were removed by flash silica gel column chromatography using 7:3 AcOEt:Cy eluent

conditions to obtain (S)-4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-
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pyrano[3',4':6,7]indolizino[1,2-b]quinolin-4-yl (2-(pyridin-2-yldisulfanyl)ethyl) carbonate (CPT-
PYR) (34) (Figure 45).
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Figure 45. Synthesis of CPT-PYR (34).

2.3.2.3.  Synthesis of CPT-PEG (22)

Finally, with PEG-SH (24) and CPT-PYR (34) already synthesised, the “click” reaction between

these two molecules was performed (Figure 46).
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Figure 46. Synthesis of CPT-PEG (22).

In short, PEG-SH (24) was added to a solution of CPT-PYR (34) in anhydrous DCM with a rate of
10 mL/h. Then, the reaction was left 6 h at room temperature yielding CPT-PEG (22) and
pyridine-2-thiol (32) as the only by-product. Finally, CPT-PEG (22) was purified using a silica gel
chromatography with AcOEt.

Figure 47 shows the *H-NRM of CPT-PYR (34) and CPT-PEG (22). The main difference between
the two spectra are the signals of the PEG chain (brown dot) with a chemical shift of 3.52-3.67
ppm (14H). Besides, the singlet at 3.3 ppm (3H) can be ascribed to the protons of the methoxy
group (green dot). On the other hand, the disulphide bridge can also be detected thanks to the
presence of the two -CH; adjacent; two triplets at 2.84 ppm (2H) (blue dot) and 2.93 ppm (2H)
(purple dot) (Figure 47 b)).
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Figure 47. *H-NMR comparison between a) CPT-PYR (34) and b) CPT-PEG (22).

Further evidence of the synthesis of CPT-PEG (22) was obtained after characterization through
High-Resolution Mass Spectrometry (HRMS). In Figure 48 is shown the data of ESI, which is in

agreement with the exact mass of the desired molecule.

Figure 48. ESI-FIA-TOF spectrum of CPT-PEG (22).
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2.3.2.4. Cleavage of CPT-PEG (22) with GSH

The proper cleavage of the disulphide bond was studied in vitro employing GSH 10 mM in PBS
buffer pH 7.4, which is the concentration of this reductive compound inside cancerous cells, as

a reductive agent (Figure 49) [189].

Figure 49. Cleavage study of CPT-PEG (22) with GSH 10 mM in PBS 7.4 for 1 h.

The scission of the disulphide bond can be studied monitoring the chemical shift of -CH; (red
dot) of CPT-PEG (22) which is slightly deshielded from 1.01 ppm (Figure 49 a)) to 1.05 ppm
(Figure 49 b)). Further evidence of the cleavage of the scissile bond can be confirmed by the
signals of -CH; 2.70 ppm (2H) (green dot), which corresponds to the protons of the neighbouring
carbon of the -SH group (Figure 49 b)). Besides, the -CH; of the methoxy group of PEG (24) can
be inferred again (purple dot) and it is also slightly deshielded from 3.36 ppm (Figure 49 a)) to
3.38 ppm (Figure 49 b)). On the other hand, the chemical shift of the two diastereotopic protons

of the ethyl group (blue dot) also gives consistent to the cleavage of the disulphide bond.
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2.3.3. Loading of CPT-PEG (22)

Next, the loading of MSN with CPT-PEG (22) was carried out. As it is depicted in section 2.2.3.1,
CHCl3/MeOH 4:1 showed the best loading conditions for CPT (4). Therefore, the same solvents
were used to encapsulate CPT-PEG (22). As can be observed in Figure 50, the spectrum of CPT-

PEG resembles the spectrum of CPT (4).
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Figure 50. The shape of the absorption spectrum of CPT (4) and CPT-PEG (22) in CHCl3/MeOH 4:1.

A 6.3% + 0.3 of CPT-PEG (22) was internalized inside the pores of the MSN in comparison with
2.3% * 0.4 for CPT (4). Nevertheless, once inside the solid tumour and thanks to the reductive
environment, CPT-PEG (22) would be cleaved, giving the free CPT (4), which in time will provide
the cytotoxic activity (Figure 41). Therefore, a 30% more of CPT (4) will be adequately released

it.
2.3.4. Construction of CPT-PEG@MSN-hyd-PEG-hyd-DOX

The capping was carried out following the methodology used for the system with TPT (5) and
CPT (4) (2.2). Briefly, CPT-PEG (22) was loaded within the MSN utilizing CHCls/MeOH. Afterwards,
the pores were blocked by the consecutive addition of dihydrazide polyethylene glycol chain

(14) and DOX (1) (25% loaded) in ethanol (Figure 51).

87



Chapter 2. Results and discussions

Figure 51. Preparation of the DDS with CPT-PEG (22).

2.3.4.1. Controlled drug release

The release profile of CPT-PEG (22) from CPT-PEG@MSN-hyd-PEG-hyd-DOX has been studied by
UV-vis absorption spectroscopy at pH values of 4.0, 4.5, 5.5, 6.5 and 7.4 (Figure 52).
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Figure 52. CPT-PEG (22) release profile of CPT-PEG@MSN-hyd-PEG-hyd-DOX at different pH values under stirring at
100 rpm and at t=37 °C. Data represented as mean * SD (n=3).

As well as the other systems (2.2.3.2), at physiological pH (7.4), the release was negligible,
confirming the stability of CPT-PEG@MSN-hyd-PEG-hyd-DOX. On the other hand, when the
acidity of the media increased, a burst release of the drug takes place in the range of 5 h. Then,

a sustainable release is kept for more than 10 h.
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As expected, for DOX (1) release, the profile was similar for the one obtained in system
CPT@MSN-hyd-PEG-hyd-DOX (Figure 33 c)), where a burst release of DOX takes place at pH 4

liberating a 45% of the drug in the medium due to the scission of the hydrazone bond.
2.3.5. Cytotoxicity

The cytotoxicity of CPT-PEG@MSN-hyd-PEG-hyd-DOX was assessed against MSN-hyd-PEG-hyd-
DOX and CPT@MSN-hyd-PEG-hyd-DOX (in a concentration range of 1-100 ug-mL?) in Hela and
HepG2 cells by MTT cell viability assay for 72 h (Figure 53 a) and b)). The performance of this
experiment revealed a decrease in the relative cell viability at 5 pg-mL? from 65% (MSN-hyd-
PEG-hyd-DOX) to 43% (CPT-PEG@MSN-hyd-PEG-hyd-DOX) in Hela cells (Figure 53 a)). In
contrast, in HepG2 cells, a similar result was obtained at the same concentration, where the
cytotoxicity was decreased from 85% (MSN-hyd-PEG-hyd-DOX) to 63% (CPT-PEG@MSN-hyd-
PEG-hyd-DOX) (Figure 53 b)). But more importantly, it is at 25 ug-mL?* of MSN, where an increase
in the cell death was found for CPT-PEG@MSN-hyd-PEG-hyd-DOX in HepG2 cells achieving a
viability of only 17%, whereas for MSN-hyd-PEG-hyd-DOX the cell viability was 47% (Figure 53

b)).

The calculated values of ICso for CPT-PEG@MSN-hyd-PEG-hyd-DOX and CPT@MSN-hyd-PEG-
hyd-DOX in HelLa and HepG2 cells are displayed in Table 5. For Hela cells, both nanoparticles
systems show a similar ICso value of 2.70 ug-mL? and 2.73 ug-mL™? for CPT-PEG@MSN-hyd-PEG-
hyd-DOX and CPT@MSN-hyd-PEG-hyd-DOX, respectively. Whereas for HepG2 cells, the newly
synthesised CPT-PEG@MSN-hyd-PEG-hyd-DOX exhibit a significant improvement of 1Cso (7.70
pg'mL?) in comparison to the former CPT@MSN-hyd-PEG-hyd-DOX (9.88 pg-mL?). Most
importantly, specially, the Cl value achieved for the CPT-PEG system is lower (0.54) than the CPT

system (0.68). Thus, the synergistic effect has been enhanced.

Table 5. ICso and Cl values of CPT-PEG@MSN-DOX (CPT-PEG@MSN-hyd-PEG-hyd-DOX) and CPT@MSN-DOX
(CPT@MSN-hyd-PEG-hyd-DOX) in HeLa and HepG2 cells at 72 h.

ICso (ng-mL™)
Cell line CPT-PEG@MSN-DOX CPT@MSN-DOX
Hela 2.70 2.73
HepG2 7.70 9.88
Cell line Cl
Hela 0.67 0.21
HepG2 0.54 0.65
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Figure 53. Cell viability of a) Hela cells and b) HepG2 incubated with MSN-hyd-PEG-hyd-DOX, CPT@MSN-hyd-PEG-
hyd-DOX and CPT-PEG@MSN-hyd-PEG-hyd-DOX for 72 h. Data represented as mean * SD (n=3), *p<.05, **p<.01
and *** p<0.0001. The concentration of free DOX (1) is the released drug at pH 5.5 for Hela cells and pH 6.5 for

HepG2 cells.

The results obtained are rationalized in term of differences in the metabolism of the cells. First,
it has been reported that the presence of DOX (1) has an apparent effect in glutathione
depletion; this outcome is higher for HelLa than HepG2 cells [196]. Thereby, it is hypothesized
that the low level of GSH in Hela cells is not enough to completely cleave the disulphide bond
of CPT-PEG (22), whereas, for HepG2, the amount of CPT-PEG (22) cleaved is higher. Hence more
CPT (4) is released in the medium and the toxicity of the system CPT-PEG@MSN-hyd-PEG-hyd-
DOX is improved in comparison to CPT@MSN-hyd-PEG-hyd-DOX (Figure 53 a) and b)).

Second, this fact is enhanced due to the different pH environments of the two cell lines. From
the literature it is known that HepG2 cells display a less acidic endosomal pH (pH 6 ~ 6.7) than
Hela [197]-[199]. Thus, less DOX (1) is released in the medium. Conversely, the low pH of the
endosomes (pH 5.5) of Hela cells permits a higher release of the cargo, raising the toxicity of the
MSN at lower concentrations [198]. Eventually, such effect is strongly related to the amount of
“free” CPT (4) from CPT-PEG (22) liberated within the cells. As mentioned above, the amount of
DOX (1) in the medium has an effect on GSH depletion, which regulates the scission of the
disulphide bridge. For this reason, since the pH in Hela cells is more acid than HepG2 cells, a
higher amount of DOX (1) is released in the medium, which decreases the amount of GSH
responsible for the scissions of the disulphide bond of CPT-PEG (22). On the contrary, the higher

pH in HepG2 cells releases less quantity of DOX (1) in the medium, hence the decrease of GSH
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does not take place, which lets the scissions of the disulphide bond producing more “free” CPT
(4) (Table 6). This hypothesis is consistent to the cytotoxic profiles obtained for CPT-PEG@MSN-
hyd-PEG-hyd-DOX in comparison with CPT@MSN-hyd-PEG-hyd-DOX for HelLa and HepG2 cells.

Table 6. Effect of the pH of the cell on CPT (4) release from CPT-PEG (22).

Hela g pH 4 DOX P GSH 5 Eyeg)
HepG2 & rH - DOX 4 GSH 4 crT

2.3.6. Conclusions and Outlook

A new prodrug of CPT (4) with a PEG attached to the hydroxyl moiety has been synthesised (CPT-
PEG) (22). The disulphide bridge of this new prodrug is labile under reductive conditions of the
cancerous cells, releasing the active CPT (4). Notably, the loading of CPT-PEG (22) within an MSN
has increase (6.3%) in comparison with CPT (4) (2.3%). This rise in the loading represents a 30%
more of CPT % internalized within an MSN in contrast with the former system CPT@MSN-hyd-
PEG-hyd-DOX. Furthermore, the system was stable under physiological conditions (pH 7.4),
where no-release took place. Whereas, under acidic conditions, a burst/sustained release
occurred. The system shows an apparent synergistic effect in comparison with MSN-hyd-PEG-
hyd-DOX in HelLa and HepG2. Noteworthy, the cytotoxic activity of the synthesised system was

higher in HepG2 cells.

Given the results obtained, it has been confirmed that the functionalization of CPT (4) by the
hydroxyl group lets the attachment of short PEG 24 that increase its solubility. Moreover, the
suitability of the system against HepG2 cells in comparison to Hela cells has been noticed.
Thereby, the next step to further increase the selectivity of this new system towards this

particular cell line is to add selective ligands to the as-synthesized system.
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2.4.  Glycyrrhetinic acid-functionalized MSN for the co-delivery of DOX/CPT-
PEG for targeting HepG2 cells

2.4.1. Introduction

As has been explained in section 1.4.2.1, the accumulation of nanoparticles in the solid tumor
can be achieved in principle by two general mechanisms; through a passive or active targeting
[200]. In general, passive targeting is based on the accumulation of MSN in the tumor tissue due
to the well-known EPR effect [201]. However, an improvement of this selectivity can be obtained
by using active targeting, which involves the functionalization of the nanoparticle with
antibodies, aptamers or small-molecule ligands [202], [203]. These small-molecule ligands can
recognize and bind specifically to receptors that are overexpressed by cancer cells [204]. The

overexpression of the receptors is usually to the advantage of tumor growth and spread [205].

The active targeting mechanism has been used to fight the Hepatocellular carcinoma, which is
the primary cancer of the liver [206]. This terrible disease is the third leading cause of cancer
death affecting more than half a million people across the world [207], [208]. Even though
different chemotherapeutic agents have been approved for the treatment of this type of cancer,
there remains an urgent need for the development of selective strategies [209]. It has been
reported that human hepatocellular carcinoma HepG2 cells possess a significant number of
glycyrrhetinic acid (GA) receptors in its membrane [128]-[131]. This particular feature has been
exploited to modify the surface of nanoparticles with this ligand to enhance the concentration
of the nanocarrier in the tumoral tissue (1) [132], [133]. Thereby, to improve the targeting
efficacy of the MSNs synthesised in section 2.3 (CPT-PEG@MSN-hyd-PEG-hyd-DOX), the
functionalization of the system with GA is envisioned. For this purpose, taking advantage of the
radial-capping approximation, the GA ligand would be placed over the DOX (1) drug (Figure 54).
Thus, both GA and DOX (1) will act as pore capping agents preserving the cargo within the MSN.
It is noteworthy the simplicity of the methodology presented in comparison with the systems
presented in section 1.4.2.2 [124], [138], [139]. Besides, the stability of those systems is unstable

under physiological conditions, since leakage of the cargo takes place.
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Figure 54. Schematic representation of MSN functionalized with GA.

2.4.2. Synthesis of the target ligand

The decoration of the MSN with the GA ligand would rely on the presence of the -NH; group of

the DOX (1) drug, which plays a crucial role owing to its reactivity (Figure 55).

Figure 55. CPT-PEG@MSN-hyd-PEG-hyd-DOX system.

A search in the literature reveals that the chemistry of the amino group has been exploited to
build pH-sensitive systems through the formation of a benzoic-imine bond between a linker and
DOX (1) (Figure 56) [210], [211]. In general, the imine bond is less stable in physiological
environments than acetals and hydrazones. Nevertheless, the aromatic imine bond enhances its

stability due to the m-conjugated effect [212].
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Figure 56. Dynamic interaction between DOX (1) and benzaldehyde (35) via pH-sensitive benzoic-imine bond.

However, little attention has been paid for the decoration of the MSN using Schiff-bases for drug
delivery purposes [213]-[218]. To the best of our knowledge, the further functionalization of

MSN with benzoic-imine bonds to attach ligands have not been described in the literature.

In this PhD dissertation, it is proposed to bond the GA ligand to the DOX (1) of CPT-PEG@MSN-
hyd-PEG-hyd-DOX system by means of an aromatic-imine bond. This approach allows the easy
incorporation of the ligand using the functional group of the outer drug of the system (Figure

57).

Figure 57. DDs with GA targeting (CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA).

This system presents two different cleavable bonds. The imine bond (green circle) located in the
outer part of the system that will be cleaved at weakly acidic pH (6.8) while the hydrazone bond

(orange circle) will be cleaved at more acidic pH (4.5).

The rationale for the design of this smart DDS relies on the targeting of the tumoral cells located
in the liver, thanks to a passive targeting that would accumulate the MSNs in the tumor. Then,
the ligand will recognize the overexpressed receptors of the HepG2 cells, allowing the selective
uptake of the system within the cells. Once inside the endosome, part of this imine bond would
be rapidly cleaved due to its acidity. Later, the hydrazone bonds will be cleaved, releasing the
drugs within the cytoplasm (Figure 58). It is noteworthy that the imine bond can be only cleaved
outside the tumoral cells due to the weak acidity pH of the surroundings. However, this fact is
not expected to happen in healthy tissues because there is not such pH. In the event that there
is a premature cleavage of the benzoic-imine bond, the presence of the protonated amino group

of the DOX (1) would enhance the uptake of the MSN in the tumoral cell. However, it is expected
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that the bond would be stable due to the m-conjugation. Hence, the MSN uptake would be

mainly driven by the ligand-receptor interaction.

Figure 58. MSN uptake by passive and active targeting.
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2.4.2.1. Synthesis of the targeting linker

Exploiting the radial-capping design, it is proposed to prepare a benzaldehyde attached to a PEG
linker with a GA ligand located in one end of the chain. In Figure 59, the retrosynthetic analysis

of this new linker is depicted.
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Figure 59. Retrosynthetic analysis of PEG 37.
2.4.2.2. Synthesis of benz-PEG (42)

In order to synthesise the linker 42, tetraethylene glycol (17) is used as a starting material. The
monotosylation of this molecule with 4-toluenesulfonyl chloride yields to PEG tosylate 41.
Compound 41 is then reacted with 4-hydroxybenzaldehyde (38) to give the final product 4-(2-
(2-(2-(2-hydroxyethoxy)ethoxy)ethoxy)ethoxy)benzaldehyde (benz-PEG) (42) (Figure 60) [219].
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Figure 60. Schematic synthesis of benz-PEG (42).

The presence of a singlet at 9.8 ppm (1H) (pink dot) confirms the introduction of the
benzaldehyde moiety. Such signal corresponds to the hydrogen of the aldehyde group (Figure
61 b)). Besides, the removal of the aromatic signals of the tosyl group (blue and green dots) and
the -CHs (red dot) signals indicate the successful introduction of the benzaldehyde group (Figure

61 b)).
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Figure 61. 'H-NMR comparison between PEG 41 a) and PEG 42 b).
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2.4.2.3. Synthesis of GA anhydride (44)

GA (40) contains a carboxylic acid in the C3 position of the structure, which is essential for its
targeting properties [220], [221]. On the other hand, the hydroxyl group located at the C;
position has little influence on the targeting ability [222], [223]. Thus, the derivatization of the
hydroxyl group has been investigated in the literature to synthesise GA (40) conjugates [220].
For this reason, the modification of the hydroxyl group is pursued to attach the benz-PEG (42)
already synthesised. In this regard, following reported methodologies, the synthesis of

compound 44 was performed by reaction of succinic anhydride with GA (40) (Figure 62) [131].
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Figure 62. GA with carboxylic acid (44).

2.4.2.4. Synthesis of benz-PEG-GA (45)

The introduction of benz-peg (42) to acid 44 was carried out by means of the Steglich reaction
using DMAP as a catalyst and DCC as a coupling agent. The compounds were left overnight at
room temperature to give the final product 10-((1-(4-formylphenoxy)-13-ox0-3,6,9,12-
tetraoxahexadecan-16-oyl)oxy)-2,4a,6a,6b,9,9,12a-heptamethyl-13-oxo-
1,2,3,4,4a,5,6,6a,6b,7,8,83,9,10,11,12,12a,12b,13,14b-icosahydropicene-2-carboxylic acid
(benz-PEG-GA) (45) (Figure 63) [224].

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 63. Synthesis of benz-PEG-GA (45).

The correct introduction of the benz-PEG (42) was confirmed by the presence of the PEG chain

signals at 3.6-3.8 ppm (10 H) and the corresponding characteristic proton of the aldehyde group
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(orange dot), which can be located at 9.8 ppm (1H) (Figure 64 b)). Besides, the chemical shift of
the 3-carboxybutyloxy signals 2.63 ppm (2 H) and 2.65 ppm (2 H= (red dot) to 4.1 ppm (2 H)

(brown dot) confirms the formation of the ester (Figure 64).

Figure 64. 'H-RMN comparison between (44) and (45).

Additional proofs of the synthesis of benz-PEG-GA (45) were obtained through HRMS. Figure 65
shows the ESI of the molecule (45), which is in agreement with the theoretical spectrum for the

same compound.

99



Chapter 2. Results and discussions

Figure 65. ESI-FIA-TOF-spectrum of benz-PEG-GA (47).
2.4.3. Construction of the system

After the synthesis of benz-PEG-GA (45), the system was built by imine formation with CPT-
PEG@MSN-hyd-PEG-hyd-DOX (Figure 66).

Oy _OH

Oy _OH

Figure 66. Synthesis of the DDS with GA targeting.

This reaction was carried out following a reported methodology by Pan et al. [210]. The authors
attached an amino polyethylene glycol to the -NH, group of DOX (1) through the formation of a

benzoic-imine bond at pH 8.5. Thus, the same conditions were applied to functionalize benz-
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PEG-GA (45) to CPT-PEG@MSN-hyd-PEG-hyd-DOX. In parallel, as a control system, benz-PEG

(42) was likewise reacted upon the MSN (Figure 67).

Figure 67. Functionalization of CPT-PEG@MSN-hyd-PEG-hyd-DOX with PEG (42) and (45).

Next, the zeta potential was determined in order to assess the contribution of each PEG to the

MSN in comparison with the starting system (CPT-PEG@ MSN-hyd-PEG-hyd-DOX) (Figure 68).
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Figure 68. Zeta potential distribution of CP-PEG@MSN-hyd-PEG-hyd-DOX, CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-
OH and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA. Data represented as mean + SD (n=3). Data measurements pH
5.5.

System CPT-PEG@MSN-hyd-PEG-hyd-DOX show a zeta potential of + 21 mV. This value is
consistent with the presence of the protonated amino group bonded to the sugar moiety of DOX
(1). Whereas, for CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA the potential was completely
reverted, with a negative value of - 20 mV, which is in accordance to reported ones in the
literature for similar systems due to the presence of the carboxylic acid of GA (40) [118].
Contrary, for the MSN functionalized with a benz-PEG (42), the zeta potential value found was +

4 mV.
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2.4.4. Cellular uptake and intracellular distribution

Flow cytometry was carried out in order to compare the uptake of CPT-PEG@MSN-hyd-PEG-
hyd-DOX-PEG-OH, CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA and CPT-PEG@MSN-hyd-PEG-
hyd-DOX in HepG2 cells (Figure 69 a)). The same experiment was performed as well with Hela

cells as a control due to the absence of GA receptors in its cytoplasmatic membrane (Figure 69

b)).

As expected, decorated nanoparticles with GA (40) show more affinity for HepG2, with a 73% of
DOX (1) fluorescence, than Hela cells, with an 11% of DOX (1) fluorescence. Therefore, the ability
of CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA system to discriminate between cancer liver cells
HepG2 and Hela cells has been proved. On the other hand, CPT-PEG@MSN-hyd-PEG-hyd-DOX
presents the highest uptake in both cell lines, with nearly 100% of DOX (1) fluorescence,
independently on the presence of GA (40) receptors. It is hypothesized that the high zeta
potential value (+ 20 mV) is responsible for the disruption of the cytoplasmatic membrane,
enhancing the uptake in both cell lines [148]. Finally, CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-
OH internalizes neither HepG2, 2% of DOX (1) fluorescence, nor Hela cells, 9% of DOX (1)
fluorescence. This type of MSN does not present any target ligand; hence non-internalization is
expected for HepG2 cells. Besides, its charge is not positive enough (+ 4 mV) to disrupt the

membrane of Hela cells.

From the results obtained, it can be stated that the latter MSNs follows different uptake
pathways. For instance, CPT-PEG@MSN-hyd-PEG-hyd-DOX may follow endocytosis mediated by
the electrostatic interaction between the cationic character of the system and the negative cell
membrane [218]. Contrarily, CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA is most likely to follow

receptor-mediated endocytosis because of the presence of the GA (40) ligand [130].
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Figure 69. Flow cytometry analysis of HepG2 cells a) and Hela cells b) that were incubated with CPT-PEG@MSN-
hyd-PEG-hyd-DOX, CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA, CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH for 4 h at
100 ug-mL?. Data represented as mean + SD (n=3).

Additional evidence of the uptake was obtained through CLSM images for each DDS in HepG2
cells for 4 h (Figure 70). From inspection of Figure 70, it can be inferred how the DOX (1)
fluorescence is high for the CPT-PEG@ MSN-hyd-PEG-hyd-DOX and low for the targeted system
with GA (40) after 4 h. Moreover, DOX (1) is principally located in the nucleus of the cells, which
colocalize with the DAPI channel (Figure 70 c)), probably due to the rapidly bounding of this drug
with the chromosomal DNA [225]. For CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH (Figure 70 h)),
the internalization within the HepG2 cells is nearly null due to the low interaction of the system
with the cytoplasmatic membrane. This result is in agreement with the work of Vallet-Regi et al.
[169], which reported that although pegylated MSN can indeed increase the circulation on the

bloodstream, the uptake is hampered by the presence of PEG chains.

These results are consistent with the cytotoxicity assays performed in section 2.2.5 and 2.3.5.
Thus, the low toxicity of the only loaded CPT (4), TPT (4) and CPT-PEG (22) MSN systems is

derived for their inability to enter inside the cells.
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Figure 70. CLSM images of HepG2 cells incubated with CPT-PEG@MSN-hyd-PEG-hyd-DOX a), CPT-PEG@MSN-hyd-
PEG-hyd-DOX-PEG-GA b) and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH d) at 37 °C for 4 h at 100 pug-mL™. Scale bar
20 pum. Blue: dapi, red: DOX

In order to gain insight into the uptake of the systems, the kinetics of CPT-PEG@MSN-hyd-PEG-

hyd-DOX and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA were studied in HepG2 cells from 1 h
to 24 h (Figure 71).
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Figure 71. Kinetics of CPT-PEG@MSN-hyd-PEG-hyd-DOX and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA by Flow
Cytometry of HepG2 cells at 1, 4, 10 and 24 h at 100 ug-mL?. Data represented as mean * SD (n=3).

After a careful inspection of Figure 71, it can be stablished that the untargeted system (CPT-
PEG@MSN-hyd-PEG-hyd-DOX) reaches a plateau after 4 h of incubation achieving 100% of
internalization. Whereas for the GA (40) system (CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA),
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the maximum uptake efficiency at 10 h was 74-80%. Even at higher exposure times (24 h), the
internalization did not increase, suggesting that the GA (40) receptors were completely

saturated, thus preventing endocytosis.

The internalization of MSN in HepG2 cells was further studied by CLSM, labelling the endosomes
of the cells with primary antibody RAB7, for two different periods of time: 1 h (Figure 72) and
10 h (Figure 73).

Figure 72. CLSM images of the uptake of CPT-PEG@MSN-hyd-PEG-hyd-DOX and CPT-PEG@MSN-hyd-PEG-hyd-DOX-
PEG-GA (100 pg-mL?) at 37 °C for 1 h at 100 ug-mL™. Scale bar 20 um. Blue: dapi, red: DOX, green: RAB7.
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Figure 73. CLSM images of the uptake for 10 h of CPT-PEG@MSN-hyd-PEG-hyd-DOX and CPT-PEG@MSN-hyd-PEG-
hyd-DOX-PEG-GA (100 pg-mL™?) at 37 °C for 10 h at 100 pg-mL™. Scale bar 20 um. Blue: dapi, red: DOX, green: RAB7.

From inspection of (Figure 72 b)) and (Figure 72 f)) it can be assessed a difference in DOX (1)
fluorescence for CPT-PEG@MSN-hyd-PEG-hyd-DOX and CPT-PEG@MSN-hyd-PEG-hyd-DOX-
PEG-GA. The untargeted MSN system displays a higher amount of DOX (1) fluorescence in
comparison with GA (40) decorated MSN. These results are in agreement with the kinetic study
performed, which suggest that CPT-PEG@MSN-hyd-PEG-hyd-DOX was more rapidly internalized
within the cells at 1 h than CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA (Figure 71). In this sense,
a similar result was obtained at 10 h for the same MSN systems (Figure 73 b)) and (Figure 73 f))

only detecting an increase of DOX (1) fluorescence.

However, it should be noted a main distinction regarding DOX (1) distribution in the cell
organelles. For instance, DOX (1) released from CPT-PEG@MSN-hyd-PEG-hyd-DOX can be found
either the endosomes or the nucleus of the cell (Figure 73 d)) due to their colocalization (yellow
fluorescence). On the other hand, DOX (1) fluorescence from CPT-PEG@MSN-hyd-PEG-hyd-
DOX-PEG-GA was only detected within the nucleus of the cell (Figure 73 h)). These results are
attributed to the endosomal escape capabilities of the MSN systems. In this sense, the
colocalization of endosomes and DOX (1) released from CPT-PEG@MSN-hyd-PEG-hyd-DOX
demonstrated the presence of this system within this organelle (Figure 73 d)). Highly positive
MSN, such as this MSN (+ 20 mV), tend to be trapped within endosomes due to its inability to
disrupt the endosomal membrane [226]. Differently, DOX (1) fluorescence from CPT-PEG@MSN-
hyd-PEG-hyd-DOX-PEG-GA does not colocalize with endosomes (Figure 73 h)) suggesting that a

rapid endosome escape occurs. This assumption agrees with the anionic character of this
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nanoparticle (- 20 mV). It has been reported that negatively charged MSN are prompt to escape
to the endosome via the proton sponge effect. Besides, more negatively charged nanoparticles
would escape more easily from endosomes of cancer cells owing to their high buffering capacity
[226]. For this reason, released DOX (1) is mainly found in the nuclei ((Figure 72 f) and Figure 73
f)).

2.4.5. Cytotoxicity

The cytotoxicities of MSN systems: CPT-PEG@MSN-hyd-PEG-hyd-DOX, CPT-PEG@MSN-hyd-
PEG-hyd-DOX-PEG-OH and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA were determined by

measuring the growth inhibition of HepG2 cells using the MTT assay (Figure 74).
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Figure 74. Cell viability of HepG2 cells incubated with CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH, CPT-PEG@MSN-
hyd-PEG-hyd-DOX-PEG-GA and CPT-PEG@MSN-hyd-PEG-hyd-DOX for 72 h. Data represented as mean + SD (n=3).

As expected, the relative cell viabilities obtained are consistent with the uptake experiments. In
this sense, control nanoparticles (CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH) shows the lowest
cytotoxicity due to its inability to be internalized within the cells. On the other hand, targeted
system (CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA) exhibit the second cytotoxicity accordingly
with his uptake capability. Lastly, starting system CPT-PEG@MSN-hyd-PEG-hyd-DOX shows the

highest cytotoxicity in accordance with his high uptake.
2.4.6. Conclusions and Outlook

GA ligand has been successfully attached to the DOX (1) drug located in the outer surface of the
CPT-PEG@MSN-hyd-PEG-hyd-DOX system by means of a benzoic-imine bond. To do so,
aldehyde benz-PEG-GA (45) has been synthesised and characterized by *H-NMR and HRMS. The
as-synthesized MSN were characterized by usual methods. As expected, GA labelled MSN show
a negative zeta potential (- 20 mV), which is consistent with the presence of the carboxylic acid

of the GA moiety at the surface of the nanoparticle [118].
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Uptake cytometry assays have demonstrated that the GA system is selectively internalized by
HepG2 cells. Besides, DOX (1) released from CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA is
rapidly localized in the nuclei. This result is rationalized in terms of efficient endosomal escape

ascribed to the presence of the anionic charge of GA (40) ligand.

Although the targeting towards HepG2 cells is clearly improved with the GA (40) ligand, the
uptake capability of the starting system CPT-PEG@MSN-hyd-PEG-hyd-DOX is higher than CPT-
PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA due to its cationic character. It is suggested that this

uptake behaviour is responsible for the cytotoxicities displayed for the MSN systems.

This result opens the door to the functionalization of different ligands in order to provide
different modes of selectivity to the system. Finally, on the current time in vivo experiments are
being carried out to determine the affinity of the synthesised targeting system to the liver and

the reduction of the tumoral tissue located in it.
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2.5. Delivery of chemotherapeutic drugs and a PDT drug based on an MSN

2.5.1. Introduction

In chapter 2.2, it has been demonstrated how the co-delivery of DOX (1) and CPT (4) to Hela
cells by MSN results in a strong synergistic effect. Moreover, the derivatisation of the insoluble
CPT (4) with a PEG chain has increased its solubility, achieving better loading values inside the
MSN, as well as an improvement in cell mortality in HepG2 cells. However, combined
chemotherapeutic agents not always can counteract the MDR effect due to the possibility of
cells to develop other mechanisms to eliminate or fight against chemical drugs [227]. This
drawback can be overcome with the combination of therapies. For instance, the combination of
photodynamic therapy (PDT) with chemotherapy have shown promise results to overcome such

effect [39].

In short, the mechanism of PDT is based upon three pillars: a photosensitizer (PS), light and
molecular oxygen (Figure 75). None of these agents is individually toxic, but the combination of

these three factors cause cellular and tissue damage [228].

Figure 75. PDT factors.

The mechanism of action of photodynamic therapy is based on the photochemical production
of ROS species after irradiation of a PS with light. This process leads to the transfer of one
electron to a higher-energy orbital (Figure 76). Thus, the specie derived from such reaction is
very unstable and emits this excess of energy as fluorescence and/or heat [229]. Instead, an
excited PS may undergo an intersystem crossing to form a more stable triplet state. The
evolution of this state follows two kinds of mechanism: type | and type Il. Type | occurs when
the PS reacts directly with an organic molecule in a cellular microenvironment, acquiring a

hydrogen atom or electron to form a radical. The following autoxidation of the reduced PS
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produces a superoxide anion radical (O;") or hydroxyl (OH") (Figure 76) [230]. In contrast, type Il
mechanism refers to the transfer of energy from triplet state to molecular oxygen leading to the
formation of singlet oxygen (*0,) (Figure 76). The formation of these species is responsible for
the cytotoxicity of PDT. The toxicity can be inter-related from the direct cytotoxic effect on cells,

driven by ROS formation, and the damage to the tumour vasculature.

Figure 76. Schematic illustration of photodynamic therapy [231].

PDT is a doubly selective therapy because the active species, 10,and ROS, are form by irradiation
of a laser and can diffuse only through 0.01-0.02 um from the treated area. Therefore, the
cellular damage is restricted to a very narrow space depending on the localization of the PS

[230], [232].

Most of the PS used in cancer therapy are based on the tetrapyrrole backbone and have
extended m-conjugation system making them highly planar and hydrophobic [233]. The first PS
was Photofrin, a purified form of a water-soluble mixture of porphyrins. However, the relative
low absorbance (630 nm) and long-lasting skin photosensitivity encourage the substitution of
this PS by a second generation of these molecules [233]. In this regard, phthalocyanines (Pcs)
have become an ideal PS due to their own an intense absorption in the phototherapeutic
window, high stability, biocompatibility and the tuneability of optical and photophysical

properties modifying the core [234], [235].

This kind of compounds have been scarcely used in combination with DOX (1) or CPT (4) for
cancer treatment. There is just one example in the literature where a Pc is combined with DOX
(1) and subsequently encapsulated within nanoparticles. In 2017, Ng and Lo et al. [236],
proposed to functionalize DOX (1) with an hydrolysable linker to Pc. Afterwards, the conjugated
was grafted to the walls of the MSN via azide-alkyne cycloaddition reaction. Like similar systems,

the PS and DOX (1) are released to the media by scission of the bond in cancerous cells. Finally,
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irradiation of the PS induces the photo-damage of the PDT, which is combined with the action

of the chemotherapeutic drug.

To the best of our knowledge, there are no reports that combined, DOX (1) and CPT (4), with a
Pc employing MSNs as a DDS. Hence, following our radial-capping approach, it is proposed to
create a regioselective MSN which will act with two different modes of action. The well-known
synergistic effect between DOX (1) and CPT (4), which has been carefully studied in 2.2.5,, in
combination with the photodynamic activity of a particular type of Pc (46) (Figure 77) [237].

K

/

Figure 77. Molecular structure of zinc carboxyphthalocyanine (TT1).

According to this plan, TT1 (46) would be attached to CPT (4) with a cleavable PEG linker (Figure
78 b)). The presence of this PEG is expected to prevent the formation of aggregates and enhance
the solubility of the PS [238]. This fact would improve the loading of the conjugate within the
pores of the MSN. Then, the system would be capped by means of the dihydrazide PEG (14) and
DOX (1), following the methodology presented in section 2.2 (Figure 78 a)).

Figure 78. a) MSN carrying a combination of two therapies; b) Schematic illustration of the structural compounds of

the conjugate.
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2.5.2. Design of TT1-PEG-CPT conjugate (47)

As has been depicted in section 2.3, the functionalization of a cleavable PEG linker enhance the
solubility of hydrophobic drugs and permits the selective release of the active drugs within the
cancerous cells. Thereby, cognizant the procedure of attaching PEG linkers to CPT (4), the
derivatisation of one of its ends is used to add the PS. As it is illustrated in Figure 79, the
proposed conjugate contains a disulphide bridge that will be cleaved due to the reductive
environment of cancerous cells, which possesses a higher concentration of GSH than the

physiological medium [239], [240].

Figure 79. TT1-PEG-CPT conjugate (47). Key bonds to the synthesis of 47 are remarked by red circles.
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2.5.2.1. Synthesis of TT1-PEG-CPT (47)

In Figure 80 is depicted the retrosynthetic pathway to synthesis TT1-PEG-CPT (47).

0
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N \_/

4 HO™:
0

Figure 80. Retrosynthetic analysis of compound 47.

As can be observed in Figure 80, both drugs are linked through two different amide bonds. To
form the first amide bond with a reductive disulphide bond, the reaction of CPT-PYR (34) with
2-mercaptoethanol (30) was carried out, leading to the formation of alcohol 49. Finally, the
carboxylic acid was obtained by reaction led by the alkoxide formation through DMAP providing
(S)-4-(2-((2-((((4ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano[3’,4’:6,7]indolizino[1,2-
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b]quinoline-4-4yl)oxy)carbonyl) oxy)ethyl) disulfanyl)ethoxy) -4-oxobutanoic acid (CPT-COOH)

(50) (Figure 81) [241].
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Figure 81. Synthetic route for the obtention of CPT-COOH (50).

The spectrum of CPT-COOH (50) obtained (Figure 82) is in agreement with reported data [241].
The signal at 3.7 ppm (2H) (red dot), corresponding to the adjacent carbon from alcohol group

49, is shifted to higher field, 4.25 ppm (2H) (blue dot), after the addition of the ester moiety 50

(Figure 82 b)).
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Figure 82.'"H-NMR spectra comparison between compounds 49 a) and 50 b).

The second amide bond can be introduced to TT1 46 after activation of the carboxylic acid with

NHS to yield 51. This compound was a gift from Tomas Torres group. Then, amide formation was

carried out by reaction between amino PEG 52 and compound 51 in THF during 16 h to yield

product 53 (Figure 83).
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Figure 83. Synthesis of compound 53.

Unexpectedly, the product cannot be identified through *H-NRM due to the phthalocyanine

broad signals at the aromatic region. Although, tert-butyl protons can be identified at 1.43 ppm

(27 H) and 1.44 ppm (9H) belonging to tert-butyl protons of the aromatic ring and tert-butyl

protons adjacent to carbamate moiety, respectively (Figure 84).
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Figure 84. 'H-NMR spectra of compound 53.

Further support for the assignment of compound 53 was obtained by ESI. Figure 85 shows the

data of ESI, which is in agreement to the exact mass of the desired molecule 53.

116



Chapter 2. Results and discussions

Figure 85. ESI-FIA-TOF spectrum of 53.

The following goal was to activate carboxylic acid of 50 to react with the deprotected amine 54
(Figure 86). Thereby, after the deprotection of 53 with TFA in DCM, the activation in situ of the
carboxylic acid 50 was achieved using PyBOP [242]. This coupling reagent has been chosen due
to its excellent performance in high weight molecules such as peptides [243]. The mechanism of
action of this coupling reagent stars on the deprotonation of carboxylic acid by a base yielding a
carboxylate, which in turn, attack the electrophile position of the phosphonium salt of PyBOP.
Once the activated acid is formed (HOBt), the primary amine attacks leading to the formation of

the amide (47) (TT1-PEG-CPT) [244].
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Figure 86. Synthesis of compound 47.

Finally, the purification of this new compound was accomplished by silica gel column

chromatography. After the proper elimination of the undesired reactants and reagents with

AcOEt, TT1-PEG-CPT (47) was eluted with a gradient mixture from 99:1 DCM:MeOH to 9:1

DCM:MeOH. A blue sticky solid was obtained, which was further purified/dried after 2-3 washing

steps with pentane and methyl tert-butyl ether. Hence, a blue crystal solid product was finally

achieved and eventually, *H-NMR was successfully registered in CDCls (Figure 87).
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Figure 87. 'H-NMR spectrum in CDCl; of TT1-PEG-CPT (47).

Further evidence of the accomplishment of the reaction was obtained after the characterization
given through HRMS. The most abundant peak is 1927.7199 m/z, that corresponds to the exact

molecular mass of 1925.7184 g/mol in agreement with the chemical formula of the desired

product 47.
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Figure 88. ESI-FIA-TOF spectrum of 47.

2.5.2.2. Cleavage of TT1-PEG-CPT (47)

In order to assess the chemical behaviour of the linker under reductive conditions, the cleavage
study of TT1-PEG-CPT (47) was carried out by t/c using the 7:3 dioxane:Cy as eluents. A sample
of 47 was treated with propane-1,3-dithiol (55). From inspection of Figure 89, it was noticed the
appearance of a new fluorescence spot more polar, belonging to CPT (4). Besides, it was also
observed a colour change from red purplish to red fluorescence, which is hypothesized to be the
compound 56, in agreement of non-aggregated phthalocyanine. Furthermore, the cleavage of
the disulphide bridge, which involved the release mechanism of CPT (4) driven by GSH, leads
with an intramolecular cyclisation providing the 1,3-oxathiolan-2-one (25) and thiirane (57)

[245].
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Figure 89. Disulphide bridge cleavage monitored by tlc 7:3 Dioxane:Cy. Spot of CPT (4) circled in orange.
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2.5.3. Construction of the DDS

The functionalized nanoparticles (MSN-(NH>)i(CHO),) developed in section 2.2 were used to load

the TT1-PEG-CPT (47) and DOX (1). This process was delineated in Figure 90.

Figure 90. Construction of the DDS loaded with TT1-PEG-CPT (47).

2.5.3.1. Loading of the TT1-PEG-CPT (49) into MSN-(NH2)i(CHO),

The first step entails the loading of the conjugate. Thus, different dissolvent mixture to achieve
the best loading of CPT-TT1-PEG (47) were explored. According to Lo et al. [236], [246], and
Chang et al. [247], DMF and DMSO are the most reported solvents mostly used for solubilizing
phthalocyanine conjugates. In our hands, these conditions were not optimal for the loading. It
should be noted that MSN are better dispersed in polar protic organic solvents such as MeOH

or EtOH [248], [249]. Besides, those solvents enhance the embedding of drugs into the porous.

The best loading conditions were achieved with MeOH obtaining an 8% of TT1-PEG-CPT (47)

within the nanochannels of the MSN (Table 7).

122



Chapter 2. Results and discussions

Table 7. Values of Q band in nm and loading in % of solvents used to load TT1-PEG-CPT (47).

Solvent Amax / nm Loading / %
CHCl3/MeOH 4:1 684 6
DMF 680 2
DMSO/MeOH 4:1 680 4
MeOH 679 8

A well-resolved shape spectrum in MeOH was obtained (Figure 91).
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Figure 91. Shape of absorption spectrum of TT1-PEG-CPT (47) in MeOH.

The electronic absorption spectrum of the conjugate 47 in MeOH is typical for monomeric
nonaggregate phthalocyanines [250]. Apart from an intense and sharp Q band at 679 nm, it can

be detected a broadband at 350 nm and a weak vibrionic band at 609 nm.

After the entrapment of TT1-PEG-CPT (47), the construction of the DDs system (TT1-PEG-
CPT@MSN-hyd-PEG-hyd-DOX) was carried out following the capping with the PEG linker (14)
and DOX (1) (2.2) (Figure 90).
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2.5.3.2. Release of TT1-PEG-CPT (47)

Release experiments were performed at pH 4, pH 5.5 and pH 7.4 to mimic the physiological and
tumoral cells environments. The UV/Vis absorption spectrum of the conjugate 47 in acetate

buffer at pH 4 was registered (Figure 92).
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Figure 92. Absorption spectrum shape of TT1-PEG-CPT (47) in acetate buffer (0.1M NaAcO/0.1M AcOH) pH 4.

As expected, the characteristic bands of a Pc (Figure 91) emerged with low intensity and broad
shape, remarking the Q band, lower than the band at 350 nm. These features correspond to the
presence of a high level of aggregates of the conjugate 47, caused by its low solubility in aqueous
media [238]. Therefore, the amount of TT1-PEG-CPT (47) released cannot be accurately
calculated. For this reason, an extraction with CHCIs of the target molecule is envisioned due to

the high solubility of the compound in this solvent.

In Figure 93 a), is represented the release of the conjugate 47 for 24h. A burst release of the
conjugate takes place during the first 2 h. Subsequently, a gradual release was obtained,
achieving a total amount of 6% released. It is hypothesized that the low release can be attributed

to the high insolubility of this molecule in water.
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Figure 93. a) TT1-PEG-CPT (47) release profile at pH 4, pH 5.5 and pH 7.4 values under stirring at 100 rpm and t=37
°C b) Absorption supernatants of TT1-PEG-CPT (47) in CHCls from pH 4 and c) DOX (1) release at pH 4, pH 5.5 and pH
7.4 values under stirring at 100 rpm and t=37 °C.

On the other hand, in Figure 93 b) the absorbance of supernatants extracted from aqueous
acetate buffer (pH 4) with CHCl; is shown. From inspection of Figure 93 b), it can be concluded
that compound 47 can be disaggregated after the extraction with the organic solvent. Conjugate
47 can be observed again in its monomeric form instead of heterogeneous aggregates. Even
though the less level of aggregation presented in CHCl; than in aqueous media, the shape of Q-

band presents lower intensity than in Figure 91.

On the other hand, a burst release of DOX (1) was obtained after 8 h for pH 4 and pH 5.5. Then

a sustainable release was kept till 24 h (Figure 93 c)).
2.5.4. Cellular uptake and intracellular distribution

To corroborate the endocytosis of the nanoparticle, TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX, was
quantitively analysed by fluorescence flow cytometry in Hela cells for 4 h (Figure 94). It can be
assessed that nearly 100% of the system was effectively internalized within Hela cells. The
internalization is consistent with previous results (2.2.4), that can be ascribed to the cationic

character of the MSN produced by the protonated -NH, of DOX (1) [151].
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Figure 94. Flow cytometry analysis of Hela cells that were incubated with TT1-PEG-CPT-PEG@MSN-hyd-PEG-hyd-
DOX for 4 h at 100 pg-mL™.

More evidence of the cellular internalization was obtained after CLSM acquisition, which was
employed to monitor cellular uptake, sense intracellular DOX (1) release and image the cancer
cells. The protocol is as follows: Hela cells were incubated with 100 pg-mL? off TT1-PEG-
CPT@MSN-hyd-PEG-hyd-DOX for 4 h at 37 °C. As can be observed in Figure 95, MSN are
internalized through endosome since DOX (1) and primary antibody rab7 (endosome) colocalize
(Figure 95 d)). Besides, DOX (1) can be detected inside the nucleus of the cell, which is a well-
known feature of this drug (Figure 95 e)). It seems that the endosome formation is strictly
related to the presence of nanoparticles in the medium since fewer endosomes are present in

the control cells (Figure 95 g)).

Figure 95. CLSM of the uptake of TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX at 37 °C for 4 h at 100 pg-mL™. Scale bar 20
pum. Blue: dapi; red: DOX; green: RAB 7.

No stain protocols with nuclear staining have been performed to assess the release of CPT within
the cytoplasm of the cell (Figure 96). To do so, 100 pg-mL? of MSN (TT1-PEG-CPT@MSN-hyd-
PEG-hyd-DOX) were incubated for 4 h in Hela cells. Afterwards, cell images indicated blue, red
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and purple staining in cell bodies, suggesting the efficient uptake and subsequent release of the
three drugs from the MSN. Blue staining (Figure 96 a)) implied the release of CPT (4) molecules
from the nanopores of the particles, whereas the intense red (Figure 96 b)) signified the DOX (1)
fluorescence. Both drugs can be detected in the nucleus and cytoplasm of Hela cells. On the
other hand, Pc (56) was only released on the cytoplasm of the cell (purple staining) (Figure 96

d)), which is in agreement for this type of PS [236].

Figure 96. CLSM of the uptake of TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX at 37°C for 4 h at 100 pg-mL™. Scale bar 20
pum. Blue: CPT; red: DOX; green: RAB 7; purple: Pcs.
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2.5.5. Cytotoxicity

To assess the cytotoxicity of the new system, the MTT assay was adopted to compare the
viability test of Hela cells after incubation with different MSNs (TT1-PEG-CPT@MSN-hyd-PEG-
hyd-DOX, TT1-PEG-CPT@MSN-hyd-PEG-hyd and MSN-hyd-PEG-hyd-DOX) for 72 h. As revealed
in Figure 97, cell viability decreases at higher concentration of TT1-PEG-CPT@MSN-hyd-PEG-
hyd-DOX and MSN-hyd-PEG-hyd-DOX. Whereas for TT1-PEG-CPT@MSN-hyd-PEG-hyd the

cytotoxicity was negligible against Hela cells at concentrations up to 100 pg-mL™.

Figure 97. Cell viability of Hela cells incubated with TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX, MSN-hyd-PEG-hyd-DOX
and TT1-PEG-CPT@MSN-hyd-PEG-hyd for 72 h. Data represented as mean +SD (n=3), *p<.05 and **p<.01. The
concentration of free DOX is the released drug at pH 5.5.

A synergistic effect can be detected for TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX in comparison
with the other systems (TT1-PEG-CPT@MSN-hyd-PEG-hyd and MSN-hyd-PEG-hyd-DOX). The
calculated ICso for TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX was 8.36 pg-mL™ and is equivalent to
the release of 0.19 pug-mL™ of free DOX (1) and 0.002 pug-mL™* of CPT (4) from TT1-PEG-CPT (47).
These values have been calculated as the release of drugs at pH 5.5, which is the average pH
found in late-endosomes and lysosomes of Hela cells [198]. At the same pH conditions, the
calculated Cl value is 0.46 (at ICso), which is consistent with a synergistic interaction of the drugs.
It is worth noting that this value has been obtained only considering the contribution of CPT (4).
It is expected that under red light, the ClI will decrease due to the generation of singlet oxygen
and ROS species of the Pcs [251]. These results are in agreement with previous data result of

viability with CPT(4)/DOX (1) system constructed by our group [151].
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2.5.6. Conclusions and Outlook

A synthetic pathway has been developed to synthesise a double sensitive pH-glutathione
conjugate of CPT with a Pc attached through a PEG chain, TT1-PEG-CPT (47). This new compound
47 has been characterized by H-NMR and HRMS. Besides, its cleavage under reductive
conditions has been assessed in the presence of propane-1,3-dithiol (55). The cleavage of the

disulphide bond assures the liberation of CPT (4) and Pegylated TT1 54 inside the cancerous cells.

A loading of 8% of conjugate TT1-PEG-CPT (47) within an MSN was achieved using MeOH as a
solvent. This value is in agreement to similar systems found in the literature for Pcs [246]. In
addition, the stability of the system has been tested in physiological conditions (pH 7.4)
obtaining a null release of the conjugate 47 and DOX (1). On the other hand, under acidic
environment, a burst sustained release was observed for both drugs at 24 h.

The cytotoxicity of the system TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX has been tested against
Hela cells achieving a synergistic effect in comparison with MSN-hyd-PEG-hyd-DOX and TT1-
PEG-CPT@MSN-hyd-PEG-hyd. The uptake experiments show 100% of internalization in the same
cell line for 4 h. Moreover, the CLSM micrographs show the release of all the drugs inside the

cells.

The photodynamic activity of TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX will be determined under
light irradiation. These experiments will be performed in the future at the laboratory of

professor Ng in The Chinese University of Hong Kong.
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3.1. Instrumentation

TEM Microscopy was carried out using a JEOL microscope model JEM 2011 in Universitat

Autonoma de Barcelona (UAB).

Bio-TEM Microscopy of Hela cells was performed using a JEOL microscope model JEM-1400 in

(UAB).

Fluorescence Confocal Microscope was carried out using a multiphoton spectral Leica model

TCS SP5 (UAB) and Leica model SP8 lighting (1QS).

Uptake Kinetic experiments were carried out using an IncuCyte® S3 Live-cell Analysis System

(Essen Bioscience, Ann Arbor, Ml).
Flow cytometry was performed using a flow cytometer (NovoCyte, ACEA Biosciences, Inc.)

Porous surface nitrogen physisorption analysis was conducted on a Micromeritics Gemini V
surface area and pore size analyser. Pore size distribution curves were obtained from analysis of

the absorption portion of the isotherms using BJH (Barrett-Joyner-Halenda) method.

Dynamic Light scattering (DLS) size and {-potential measurements were obtained by Malvern

Zetasizer Nano Series ZEN 3600.

Infrared Spectra (FTIR) was recorded in a Thermo Scientific Nicolet iS10 FTIR spectrometer with
Smart iTr. Valures are reported in wavenumbers (cm™). The notation used is KBr (potassium

bromide plates) and film (evaporated film from chloroform).
UV-Vis Absorption spectra was recorded in a Thermo Scientific 300 UV-Vis spectrophotometer.

Nuclear Magnetic Resonance spectra (*H-NMR and 3C-NMR) were recorded on a Varian 400-
NMR spectrometer with frequency generators for ranges *H-°F and °N-3!P, temperature control
system, automatic tuning probe and sample introduction robot 50 positions (*H-NMR at 400
MHz and *C-NMR at 100.6 MHz). Chemical shifts are reported in *H-NMR spectra and to solvent
signal of CDCls (77.0 ppm), DMSO-ds (39.5 ppm), or methanol-ds (49.0 ppm) in 3C-NMR spectra.
Coupling constants are reported in Hertz (Hz). Spectral splitting patterns are designed as: s
(singlet), d (doublet), t (triplet), q (quartet), dd (doublet of doublets), ddd (doublet of doublet of

doublets), m (complex multiplet) and brs (broad signal).

High Resolution Mass Spectrometry (HRMS) was conducted on a VG AutoSpec (Micromass

Instruments) Trisctor EBE of high resolution spectrometer operating in FAB or El mode and on
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Biotoff Il (Bruker) apparatus in ESI-TOF mode at Servicio de Espectroscopia de Masas

(Universidad de Santiago de Compostela).

3.2. Protocols

TEM Microscopy

Samples were ultrasonically dispersed in EtOH for 1 h at a concentration of 0.1 mg-mL? and
deposited on an amorphous, porous carbon grid. Sometimes, initial concentration is too high
and 1/10 or 1/100 dilutions need to be carried out. Sonication must be applied 15 min before

using the microscope.

Porous surface
After numerous tests processes it was determined that:

e CTAB removal must be completely achieved.

e MSNs must be washed several times with water and ethanol and final ethanol solutions

must be removed under reduced pressure.
e Final solid samples must be sonicated until the formation of a free powdered solid.

e MSNs must be treated in a lyophilizer at 0.05 mBar, -0.759 °C, 24 h, prior to conduct

adsorption experiments directly inside BET tubs.

e More orless 15 mg are needed.

Dynamic Light scattering (DLS)

Samples were prepared at a concentration of 0.1 mg-mL? in EtOH for size measurements and
0.05 mg-mL? in H,0 for the zeta measurements. Better results are obtained if MSNs have just
been synthetized and have not been dried. Sonication must be applied 1 h before using DLS.
Sometimes, samples need to be filtered in a 0.45 um nylon filter. Normally, in order to adjust
concentration range, the initial concentration must be diluted 1/10 or 1/3. No results can be
achieved by DLS measurements if CTAB is still present in MSNs matrix or if there is any

fluorescent molecule attached to MSNs.

Infrared Spectra (FTIR)
Well dried MSNs need to be obtained. To do so, final solvent is evaporated under reduced

pressure and samples have been placed in a vacuum desiccator at 60 °C for 24 h.
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3.3. Synthetic part of chapter 2.1.

3.3.1. Synthesis of Amino MSNs with CTAB (MSN-NH, (CTAB)) [141]

outer surface

H,N NH,

H,N NH,

inner surface

A solution of 0.2 g of CTAB and 100 mL of NH,OH (0.2 M) was stirred at 1100 rpm for 30 minutes
at 60 °C. Then, 1.6 mL of 0.2 M dilute TEOS (in absolute ethanol) was added dropwise by an
automatic injector for 20 minutes. The solution was stirred at 1100 rpm for 5 h at 60 °C.
Afterwards, 1.6 mL of 12% v/v APTES (in absolute ethanol) and 1.6 mL of 1 M dilute TEOS (in
absolute ethanol) were added to the solution dropwise. The solution was stirred at the same
rom and temperature for another 1 h. Then, the solution was aged at 60 °C for 24 h. Solid
samples were collected by centrifugation at 13,000 rpm for 13 min and were washed and

dispersed with deionized water in order to avoid CTAB elimination.

3.3.2. Synthesis of isothiocyanate MSNs ((MSN)-(NH2)i(NCS), [141]

outer surface

H,N
H,N

inner surface
54 mg of MSN-NH; (CTAB) were dissolved in 20 mL of dry toluene and stirred at 50 °C for 24 h.
Then, 42 mg (0.180 mmol, 20 eq.) of thiocarbonyld-2(1H)-pyridone (13) were added and the
mixture was stirred at room temperature for 24 h. Solid samples were collected by
centrifugation at 13,000 rpm for 13 min and then washed with absolute EtOH twice. Then, the
surfactant component was eliminated by adding to the dispersion 30 mL of 0.1 M NH4NOs
methanolic solution for 24 h. Solid samples were collected by centrifugation and then washed
and dispersed with absolute EtOH and water. The solvent was evaporated under reduced

pressure and the resulting MSN-(NH,)i(NCS), were stored dry.
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3.3.3. Synthesis of tetra(ethylene glycol) methyl ether tosylate (28) [252]

60 O N O
28
2 mL (10.0 mmol) of tetraethyleneglycol monomethyl ether (27) in 10 mL of THF was added to
a solution of 4.50 g of KOH (80.2 mmol) in 40 mL H,0. The resulting mixture was stirred for 1 h
at 0°C. Then 1.91g (10.0 mmol) of p-toluensulfonyl chloride in 10 mL of THF was added
dropwise to the reaction mixture during 1 h at 0 °C. The mixture was stirred for additional 3 h.
The solution was poured onto 1 M HCl and the organic solvent was evaporated. The residue was
extracted three times with chloroform and the organic phase dried over MgSQ,, filtered and the
solvent was removed by rotary evaporation. The transparent crude product was used for the

next step without further purification. Yield: (28) 2.74 g (n= 75%).

1H-NMR (400 MHz, CDCl3) 6 7.78 (d, 2H), 7.32 (d, 2H), 4.15 — 4.12 (m, 2H), 3.68 — 3.65 (m, 2H),
3.63 —3.60 (m, 6H), 3.56 (m, 4H), 3.52 (m, 2H), 3.35 (s, 3H), 2.43 (s, 3H).

3.3.4. Synthesis of 1-Azido-2-[2-[2-[2-(methoxyethoxy)ethoxy]ethoxy]ethane
(58) [253]

N /\/OV\O/\/OV\O/
3
58

2.74 g (7.5 mmol) of tetra(ethylene glycol) methyl ether tosylate (28) was dissolved in ethanol
(50 mL) and 1.20 g (18.5 mmol) of sodium azide were added. The solution was heated under
reflux overnight or until TLC (10% MeOH in CHCIls) showed no starting material. The solvent was
removed under vacuum and DCM was added to the residue. The organic layer was extracted
with water (3 times) and dried over MgSQ,, filtered and the solvent was removed by rotary

evaporation. Yield: (58) 1.02 g (n= 58%).

'H-NMR (400 MHz, CDCl3) 6 3.66 —3.59 (brs, 12H), 3.53 — 3.49 (brs, 2H), 3.37 —3.33 (overlapping

multiplets, 5H).
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3.3.5. Synthesis of triethylene glycol 2-aminoethyl methyl ether (9) [254]

HN OOy
9
100 mg (0.239 mmol) of compound 58 and 15 mg Pd/C were dissolved in 20 mL of MeOH and
stirred at room temperature for 1 h under H, atmosphere. The mixture was filtered and the solid
was washed with MeOH. The filtrate was concentrated to afford triethylene glycol 2-aminoethyl
methyl ether (9). Yield: (9) 88 mg (n=100%).
'H-NMR (400 MHz, CDCl3) § 3.68 — 3.57 (overlapping multiplets, 12H), 3.52 — 3.48 (brs, 2H), 3.36

(s, 3H), 2.86 (t, 2H).

3.3.6. Safranin loading in MSN-(NH2)i-(NCS)

N
o’
TIir
H,N N* NH,
/\NC i

® 11 o ./\Nc
00

N o0

100 mg of MSN-(NH,)i(NCS), were dissolved in 75 mL of absolute ethanol and stirred vigorously
at room temperature for 1 h. Then, 67 mg of Safranin (11) (0.190 mmol) were added and the
mixture was stirred at room temperature for 24 h. Finally, solid samples were collected by
centrifugation at 13,000 rpm for 13 min. Nanoparticles were washed with ethanol once. Safranin
loading content (%LC=[entrapped drug/nanoparticles weight] x 100) was quantified by UV-vis

spectroscopy (518 nm) from the supernatant.
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3.3.7. Functionalization of Safranin loaded MSN-(NH)i-(NCS), with (9) (MSN-
(NHZ)i(OMe)Iong

0} -
. ./\NC HZNK%Q\/%?:3 . ’/\NJ\N (o} o~
=3
"'{ Y X "
NH, ' .\

10 mg of MSN-(NH,)i-(NCS), loaded with Safranin O dye (14) were dissolved in 10 mL of
acetonitrile in a round-bottomed flask. 40 mg (0.19 mmol) of triethylene glycol 2-aminoethyl
methyl ether (9) were added to the solution. The mixture was stirred at room temperature in
the dark for 30 min. Solid samples were collected by centrifugation at 13,000 rpm for 13 minutes
and then washed with acetonitrile twice. The solvent was evaporated under reduced pressure

and the resulting MSN-(NH,)i(OMe)iong Wwere stored dry.

3.3.8. Synthesis of tetraethylene glycol monotosylate (41) [255]

150 O Oy
41

5.0 g(4.44 mL, 25.7 mmol) of tetraethylene glycol (17) were dissolved in 5 mL of THF anhydrous.
Then, 1.68 g (42.0 mmol) of NaOH dissolved in 10 mL of H,O were added to the latter solution.
The mixture was cooled to 0 °C on an ice bath and stirred for 20 min. Afterwards a solution of
4.87 g (26.0 mmol) of TsCl in 20 mL THF was added to the mixture and stirred for 2 h at 0 °C.
Then, the mixture was poured on water and extracted with DCM (5 x 30 mL). The combined
organic phase was washed with water (2 x 30 mL), dried over MgSQO,, and evaporated under
reduced pressure. The crude was purified through a silica gel column chromatographic with
AcOEt:Cy mixtures (80:20). The product 41 was collected and the solvent removed by rotatory
evaporation. Yield: (41) 3.78 g (n=42%).

1H-NMR (400 MHz, CDCl3) & 7.79 (d, 2H), 7.35 (d, 2H), 4.15 (t, 2H), 3.73 — 3.67 (m, 4H), 3.67 -
3.61 (m, 4H), 3.61—3.58 (m, 6H), 2.44 (s, 3H).
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3.3.9. Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethan-1-ol (59) [256]

N3/\/°\/\o/\/°\/\0|-|
59
3.78 g (10.8 mmol) of compound 41 were dissolved in 50 mL of EtOH. Then, 5.47 g (84.1 mmol)
of NaNs; were added at room temperature, and the mixture was stirred vigorously at 70 °C for
18 h. The resulting mixture was poured on water and distilled under reduced pressure to 1/3 of
its volume, in order to evaporate EtOH. The water phase was extracted three times with AcOEt,
and the combined organic phase was dried over MgS0Oa. The solvent was removed by rotatory

evaporation. Yield: (59) 1.66 g (n=70 %).

H-NMR (400 MHz, CDCl3) § 3.73 (t, 2H), 3.70 — 3.65 (m, 10H), 3.61 (t, 2H), 3.40 (t, 2H).

3.3.10. Synthesis of 2-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (60) [257]

Ny OO
60
1.67 g (7.62 mmol) of compound 59 were dissolved in 10 mL of DCM anh. Then 1.1 mL
(7.89 mmol) of EtsN and 92 mg (0.76 mmol) of DMAP were added, and the mixture was stirred
vigorously at 0 °Cin anice bath for 15 min. 1.44 g (7.55 mmol) of TsCl dissolved in 10 mL of DCM
were added dropwise to the mixture and it was stirred at 0 °C for 30 more minutes. Then, the
mixture was stirred at room temperature for 24 h. The resulting mixture was washed with HCI
0.1 M (3 x 15 mL), brine (2 x 15 mL) and water (2 x 20 mL) and dried over MgSQO,. The solvent

was removed by rotatory evaporation. Yield: (60) 2.18 g (n=77%).

1H-NMR (400 MHz, CDCls) & 7.80 (d, 2H), 7.34 (d, 2H), 4.16 (t, 2H), 3.71 — 3.66 (m, 4H), 3.66 —
3.63 (m, 4H), 3.59 (m, 4H), 3.38 (t, 2H), 2.44 (s, 3H).
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3.3.11. Synthesis of 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)ethyl 4-
methylbenzenesulfonate (61) [258]

HN O 0O
61
7.5 g (20.1 mmol) of compound 61 and 0.8 g of Pd/C 10% were dissolved in MeOH (150 mL) and
stirred at room temperature for 5 h under H, atmosphere. TLC showed the reaction completed.
The mixture was filtered and the solid was washed with MeOH. The filtrate was concentrated to
afford the desired compound 61. The colourless oil was used in next step without further

purification. Yield: (61) 6.8 g (n=97%)

1H-NMR (400 MHz, CDCls) & 7.78 (d, 2H), 7.32 (d, 2H), 4.14 (t, 2H), 3.68 (t, 2H), 3.61 — 3.55 (m,
8H), 3.51 (t, 2H), 3.33 —3.22 (m, 2H), 2.43 (s, 3H).

3.3.12. Synthesis of 2,2-dimethyl-4-oxo-3,8,11,14-tetraoxa-5-azahexadecan-16-
yl 4-methylbenzenesulfonate (62) [259]

(o]
>I\0)LN/\/°\/\O/\/°\/\OTS
H
62
0.31 g (0.910 mmol) of compound 61 were dissolved in 5 mL of DCM and added to a solution of
di-tert-butyl dicarbonate (0.15 g, 0.68 mmol) in DCM (5 mL). The reaction mixture was stirred
for 2 hat0°Cin anice bath. Then, the mixture was washed with brine and with water and dried

over MgS04. The solvent was removed by rotatory evaporation. Yield: (61) 138 mg (n=34%).

1H-NMR (400 MHz, CDCls) & 7.80 (d, 2H), 7.34 (d, 2H), 4.16 (t, 2H), 3.69 (t, 2H), 3.63 — 3.56 (m,
8H), 3.52 (t, 2H), 3.30 (m, 2H), 2.45 (s, 3H), 1.43 (s, 9H).
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3.3.13. Synthesis of tert-butyl-(2-(2-(2-(2-azidoethoxy) ethoxy) ethoxy) ethyl)
carbamate (63) [260]

o
>|\0)J\N/\/0\/\0/\/0\/\ N3
H
63
0.14 g (0.312 mmol) of compound 62 were dissolved in 20 mL of EtOH. Then 0.10 g (1.54 mmol)
of NaN3 was added at room temperature, and the mixture was stirred vigorously at 70 °C for 18
h. The resulting mixture was poured on water and distilled under reduced pressure to 1/3 of its
volume, in order to evaporate EtOH. The water phase was extracted three times with AcOEt,
and the combined organic phase was dried over MgS0Oa. The solvent was removed by rotatory

evaporation. Yield: (63) 99 mg (n=99%).

1H-NMR (400 MHz, CDCl3) & 3.70 — 3.60 (brs, 10H), 3.54 (t, 2H), 3.39 (t, 2H), 3.32 (m, 2H), 1.44
(s, 9H).

3.3.14. Synthesis of tert-butyl (2-(2-(2-(2-
aminoethoxy)ethoxy)ethoxy)ethyl)carbamate (64) [260]

(o]
H
64
99 mg (0.311 mmol) of compound 63 were dissolved in dry THF (5 mL). 96 mg (0.365 mmol) of

triphenyl phosphine were added to the solution. Then 1.0 mL of H,O was added, after which the
mixture was heated under reflux at 75 °C for 18 h. The reaction mixture was diluted with water
(7 mL) and washed with toluene (5 mL) and stirred for 10 min at room temperature. Then the
aqueous layer was evaporated under reduced pressure. The product was diluted with DCM and

dried over MgS0.. The solvent was removed by rotatory evaporation. Yield: (64) 28 mg (n=31%).

'H-NMR (400 MHz, CDCl3) § 3.69 — 3.59 (brs, 8H), 3.56 — 3.48 (m, 4H), 3.31 (m, 2H), 2.87 (t, 2H),
1.44 (s, 9H).
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3.3.15. Synthesis of N,N,N,2,2-pentamethyl-4-ox0-3,8,11,14-tetraoxa-5-
azahexadecan-16-aminium (65) [261]

o
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H | >
65

77 mg (0.264 mmol) of compound 64 was dissolved in 5 mL of ACN and 139 mg (1.0 mmol) of
K,COs3 were added. The mixture was stirred at room temperature for 30 min. Then, 58.0 L of
Mel were added and the mixture was heated under reflux at 85 °C for 20 h. After cooling down
at room temperature, K;CO5; was removed by filtration and solvent was removed by rotatory

evaporation. Yield: (65) 85 mg (n=97%).

'H-NMR (400 MHz, CDCls) § 4.02 (brs, 4H), 3.70 (t, 2H), 3.63 (t, 2H), 3.60 (brs, 4H), 3.52 (t, 2H),
3.46 (s, 9H), 3.30 (m, 2H), 1.44 (s, 9H).

3.3.16. Synthesis of 2-(2-(2-(2-aminoethoxy)ethoxy)ethoxy)-N,N,N-
trimethylethan-1-aminium (10)

©_
M

HN O O
10

5 mL (6.53 mmol) of TFA 5% in DCM was added to 161 mg (0.480 mmol) of compound 65. The
mixture was stirred at 0 °C in an ice bath for 40 min. The product was purified by precipitation

in diethyl ether. Yield: (10) 47 mg (n=42%).

'H-NMR (400 MHz, CD;0D) & 4.04 —3.97 (m, 2H), 3.80 — 3.71 (m, 10H), 3.68 (t, 2H), 3.28 (s, 9H),
3.19(t, 2H).

142



Chapter 3. Experimental Parts

3.3.17. Functionalization of Safranin loaded MSN-(NH,)i-(NCS)o with (10) (MSN-
(NHZ)i(N+)Iong
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10 mg of MSN-(NH,)i-(NCS), loaded with Safranin O dye (11) were dissolved in 10 mL of
acetonitrile in a round-bottomed flask. 40.0 mg (0.17 mmol) of PEG 10 and 0.2 mL of TEA were
added to the solution. The mixture was stirred at room temperature in the dark for 30 min. Solid
samples were collected by centrifugation at 13,000 rpm for 13 minutes and then washed with
acetonitrile twice. The solvent was removed by rotatory evaporation and the resulting MSN-

(NH2)i(N+)iong Were stored dry.

3.3.18. Release experiments [141]

Release experiments were performed at pH 7.4 (PBS buffer). For each release study, MSNs (10
mg) were dispersed by sonication (2 min) in the buffer solution (1.5 mL) and kept at 37 °C, while
being stirred (100 rpm). At every designated interval, buffer solutions were taken out for analysis
and centrifugated (13,000 rpm, 13 min). The solid residues were dispersed in fresh buffer
solution (1.5 mL). The quantities of safranin (11) released into the buffer solution were

measured by UV-vis absorption spectroscopy at 518 nm.
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3.4. Synthetic part of chapter 2.2.

3.4.1. Synthesis of 2-isothiocyanate-1,1-dimethoxyethane (15) [151]

o
CN\/LO/
15

0.2 mL (1.9 mmol) of 2,2.dimethoxyethan-1-amines (16) was dissolve in 10 mL of DCM anh.
Then, 0.6 g (2.6 mmol, 1.4 eq) of 1,1’-thiocarbonydil-2(1H)-pyridonde (13) was added. The
mixture was stirred at room temperature for 24 h. The solvent was washed twice with

bicarbonate and removed by rotatory evaporation. Yield: (15) 0.16 g (n= 60%).
1H-NMR (400 MHz, CDCl3): & 4.46 (t, 1H), 3.60 (d, 2H), 3.43 (s, 9H).
3.4.2. Synthesis of bifunctionalized amino-aldehyde (MSN-(NH2)i(CHO),) [151]

outer surface

HoN CHO

H,N

inner surface

0.2 g of MSN-(NH;) (CTAB) were reacted with 0.1 g (0.68 mmol, 4 eq.) of 2-isothiocyanate-1,1-
dimethoxyethane (15) in 50 mL of toluene. 24 h later, MSNs were washed twice with toluene
and ethanol and then the surfactant was eliminated with 30 mL of 0.1 M NH4NO; yielding (MSN-
(NH,)i(Acet)o. Then MSNs were washed with methanol and acetal protecting groups was

removed by stirring MSNs in HCl solution for 6 h.
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3.4.3. Synthesis of diethyl 3,6,9,12,15-pentaoxaheptadecanedioate (19) [151]

(0] (0] (0] (0]

~— E/\O/\/ \/\g/\/ \/\0/\[)( ~
1.7 mL (9.8 mmol) of tetraethyleneglcyol (17) in 20 mL of anhydrous THF and with 1.2 g (0.05
mol, 5 eq.) of NaH were added and stirred at 0°C for 30 min. Then, the solution was headed at
80 °C until colour change from yellow to brown, 6 h. 3.3 mL (34 mmol, 3.4 eq.) of ethyl
bromoacetate was added to the solution and left in the reflux for 24 h. The white precipitate
was filtered, and the solvent was removed by rotatory evaporation. Then, the final oil was
digested for 24 h in Cy to obtain product dimethyl-3,6,9,12,15-pentaoxaheptadecanodioate
(19). Yield (19): 1.41 g (n=40%).

1H NMR (400 MHz, CDCI3) 6 4.26-4.17 (m, 4H), 4.15 (s, 4H), 3.78-3.6 (m, 16H), 1.29 (t, J=7.2 Hz,
6H).

3.4.4. Synthesis of dimethyl 3, 6,9, 12, 15 pentaoxaheptadecanedihydrazide
(14) [151]

H H
-N N.
HoN \n/\o/\/o\/\o/\/o\/\o/\n/ NH,
(o] 14 o

0.8 g (2.4-10° mol) diester PEG 19 were dissolved in 25 mL of EtOH and 0.6 mL (2.1 eq.) of
NH.NH;, were added. After 24 h of reflux, the eluent is eliminated at reduced pressure to give
and oil, which after been washed with EtOH/Cy/DCM gave the product 3,6,9,12,15-
pentaoxaheptadecanedihydrazide (14). Yield (14): 0.60 g (n=80%).

'H NMR (400 MHz, CDCI3)) 6 6.81 (brs, 6H), 4.07 (s, 4H), 3.71-3.64 (m, 16H).
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3.4.5. Dual CPT@MSN-hyd-PEG-hyd-DOX [151]
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18 mg (5.16-10° mol) of CPT (4) was dissolved in 35 mL of CHCl3 with the aid of sonication at 60
°C until total dissolution of the drug was achieved. Then, CPT (4) solution was added to a stirred
suspension of MSN-(NH,)i(CHO), (30 mg) in MeOH (25 mL). Afterwards (24 h), a solution
dihydrazide-PEG (14) (0.080 g, 2.36:10* mol) in MeOH (20 mL) was added. After 24 h, MSNs
were centrifuged (13,000 rpm for 13 minutes), and the supernatant was collected to quantify
the loading of the drug by UV-vis spectroscopy (354 nm). Then, the resulting MSNs were
dispersed in a solution of DOX (1) (21 mg, 3.6:10° mol) in MeOH (20 mL). Finally, after 48 h MSNs
were washed with MeOH (three times) and H,O (three times) until no red supernatant was
obtained and then lyophilized. DOX (1) and CPT (4) loading content (%LC=[entrapped
drug/nanoparticles weight] x 100) were quantified by UV-vis spectroscopy (490 and 354 nm,
respectively) from the supernatant (the amount of CPT (4) released to the supernatant during
the pore capping was subtracted from the initial value of loaded drug (CPT@MSN-
(NH2)i(CHO),)).
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3.4.6. Dual TPT@MSN-hyd-PEG-hyd-DOX [151]
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18 mg (4.27-10° mol) of TPT (5) were dissolved in 35 mL of ethanol with the aid of sonication
until total dissolution of the drug was achieved. Then, TPT (5) solution was added to a stirred
suspension MSN-(NH,)i(CHO), (30 mg) in ethanol (25 mL) (700 rpm, 23 °C). Afterwards (24 h), a
solution dihydrazide-PEG (14) (0.080 g, 2.36:10* mol) in MeOH (20 mL) was added. After 24 h,
MSNs were centrifuged (13,000 rpm for 13 minutes), and the supernatant was collected to
quantify the loading of the drug by UV-vis spectroscopy (385 nm). Then, the resulting MSNs were
dispersed in a solution of DOX (21 mg, 3.6-10° mol) in MeOH (20 mL). Finally, after 48 h MSNs
were washed with MeOH (three times) and H,O (three times) until no red supernatant was
obtained and then lyophilized. DOX (1) and TPT (5) loading content (%LC=[entrapped
drug/nanoparticles weight] x 100) were quantified by UV-vis spectroscopy (490 and 385 nm,
respectively) from the supernatant (the amount of TPT (5) released to the supernatant during

the pore capping was subtracted from the initial value of loaded drug (TPT@MSN-(NH,);(CHO),)).
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3.4.7. Synthesis of MSN-hyd-PEG-hyd-DOX [151]
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To MSM-(NH,)i(CHO), (30 mg) in MeOH (30 mL) a solution of dihydrazyde-PEG (14) (0.080 g,
2.36:10 mol) in MeOH (20 mL) was added. Then, after 48 h, MSNs were centrifuged, washed
with MeOH and the supernatant was collected. Afterward, DOX (1) (21 mg, 3.6-10° mol) was
added to the resulting MSNs suspended in MeOH (20 mL). Finally, after 48 h MSNs were washed
with MeOH (three times) and H,0 (three times), until no red supernatant was obtained and then
lyophilized. DOX (1) loading was quantified by UV-vis spectroscopy (490 nm) from the

supernatant.
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3.4.8. Synthesis of CPT@MSN-hyd-PEG-hyd
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18 mg (5.16-10° mol) of CPT (4) was dissolved in 35 mL of CHClz with the aid of sonication at 60
°C until total dissolution of the drug was achieved. Then, CPT (4) solution was added to a stirred
suspension of MSN-(NH,)i(CHO), (30 mg) in MeOH (25 mL). Afterwards (24 h), a solution
dihydrazide-PEG (14) (0.080 g, 2.36:10* mol) in MeOH (20 mL) was added. After 24 h, MSNs
were centrifuged (13,000 rpm for 13 minutes), and the supernatant was collected to quantify
the loading of the drug by UV-vis spectroscopy (354 nm). Finally, MSNs were washed with MeOH

(three times) and H,0O (three times) and then lyophilized.
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3.4.9. Synthesis of TPT@MSN-hyd-PEG-hyd
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18 mg (4.27-10° mol) of TPT (5) were dissolved in 35 mL of ethanol with the aid of sonication
until total dissolution of the drug was achieved. Then, TPT (5) solution was added to a stirred
suspension MSN-(NH,)i(CHO), (30 mg) in ethanol (25 mL) (700 rpm, 23 °C). Afterwards (24 h), a
solution dihydrazide-PEG (14) (0.080 g, 2.36:10* mol) in MeOH (20 mL) was added. After 24 h,
MSNs were centrifuged (13,000 rpm for 13 minutes), and the supernatant was collected to
quantify the loading of the drug by UV-vis spectroscopy (385 nm). Finally, MSNs were washed
with MeOH (three times) and H,0 (three times) and then lyophilized.

3.4.10. Release experiments of CPT@MSN-(NH,)i(PEG-DOX), and TPT@MSN-
(NH2)i(PEG-DOX), [151]

Release experiments were performed at pH 7.4 (PBS buffer), pH 6.5 (phosphate buffer, 0.2M
NaH,P04/0.2m Na,HPO,), pH 5.5, 4.5 and 4 (acetate buffer, 0.1M NaAcO/0.1 M AcOH). For each
release study, MSNs (10 mg) were dispersed by sonication (2 min) in the buffer solution (1.5 mL)
and kept at 37 °C, while being stirred (100 rpm). At every designated interval, buffer solutions
were taken out for analysis and centrifugated (13,000 rpm, 13 min). The solid residues were
dispersed in fresh buffer solution (1.5 mL). The quantities of the drugs released into the buffer
solution were measured by UV-vis absorption spectroscopy at 490 nm for DOX (1), 354 nm for

CPT (4) and 385 nm for TPT (5).
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3.4.11. In vitro cytotoxicity [151]

In vitro cytotoxicity was performed using the MTT assay in Hela cells. Experiments were carried
out in 96-well plates (0.1 mL/well) where 10,000 cells/well were seeded using complete DMEM
media (10% FBS, 1% glutamine, 1% penicillin/streptomycin). Twenty-four hours later, cells were
incubated with MSNs for 24, 48 and 72 h at 37 °C and 5% CO,. After a washing step with PBS,
the MTT solution was added (0.5 mg/mL). Cells were incubated for 3 h at 37 °C and 5% CO,, the
MTT solution was removed, and formazan crystals were dissolved in 0.1 mL of DMSO. Finally,

formazan absorbance was measured at 560 nm.

3.4.12. Confocal microscopy for cellular internalization [151]

Uptake experiments were carried out on glass coverslips. 180,000 Hela cells/well were seeded
using complete DMEM media (10% FBS, 1% glutamine and 1% penicillin/streptomycin). Twenty-
four hours later, cells were incubated with 50 pg-mL? CPT@MSN-hyd-PEG-hyd-DOX for 4 h at
37 °C and 5% CO;. Then, cells were washed with PBS and fixed with 10% formalin. Finally, cells
were observed in a fluorescence confocal microscopy (multiphoton spectral Leica model TCS

SP5).

3.4.13. Bio-TEM [151]

Two million Hela cells were seeded onto a Petri dish in a complete DMEM medium and
incubated at 37 °C with 5% CO; atmosphere for 24 h. Next, medium was removed, and cells were
incubated in a new medium supplemented with CPT@MSN-hyd-PEG-hyd-DOX at 50 pug-mL™* for
4 h. Then, cells were fixed, first with 2% glutaraldehyde buffered in 0.1 M sodium cacodylate at
room temperature for 1 h and afterward, with 2% osmium tetroxide containing 1.5% of
potassium ferricyanide buffered in 0.1 M sodium cacodylate for 90 min at room temperature.
Finally, samples were dehydrated in grading alcohols (70%, 90% and 100%) and included in Epon
for at least 24 h at 60 °C. Thin slides were cut using microtome, deposited on copper grids, and
stained with 5% uranyl acetate and 0.4% lead citrate. Observations were performed with

transmission electron microscope (JEOL microscope model JEM-1400).
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3.4.14. Flow cytometry [151]

Hela cells were seeded at a density of 20,000 cells/well in 96-well plates with complete DMEM
media (10% FBS, 1% glutamine and 1% penicillin/streptomycin) and incubated at 37 °C, 5% CO,
for 24 h. Then, 50 ug:mL? CPT@MSN-hyd-PEG-hyd-DOX were added, and after 4 h incubation
period, cells were prepared for flow cytometry. Briefly, cells were washed with PBS and
harvested with 40 pL of trypsin per well. After a few minutes, 120 L of complete DMEM were
added, to stop trypsin reaction, and cells were fixed with 100 pL of paraformaldehyde 2%. DOX

(1) internalization was measured by flow cytometry.

3.4.15. IncuCyte® S3 live-cell analysis [151]

Uptake kinetics experiment were carried out in 96-well plates (0.1 mL/well) where 15,000 Hela
cells/well were seeded using complete DMEM media (10% FBS, 1% glutamine and 1%
penicillin/streptomycin). Twenty-four hours later, cells were incubated with CPT@MSN-hyd-
PEG-hyd-DOX (1-50 pg-mL?) for 13.5 h and 50.5 h at 37 °C and 5% CO,. DOX release was

monitored with IncuCyte ® S3 live-cell analysis system, capturing live-cell images every 30 min.

152



Chapter 3. Experimental Parts

3.5. Synthetic part of chapter 2.3.
3.5.1. Synthesis of 2,5,8,11-tetraoxatridecane-13-thiol (24) [262]

e N P e
24
To a 50 mL reaction flask were added 1.85 g (17.0 mmol) of compound 28, anhydrous EtOH (10
mL), 0.39 g (17.0 mmol) of thiourea and distilled H,O (7 mL). The flask was fitted with a
condenser and nitrogen inlet, and the reaction mixture was refluxed for 3 h. A solution of 0.81
g (20.4 mmol) of NaOH in distilled H,0 (5 mL) was added and refluxed continued overnight. The
reaction mixture was concentrated to approximately 10 mL, diluted with distilled H,O (5 mL),
neutralized with concentrated HCI, and extracted with CH,Cl, (3 x 5 mL). The solution was dried

over MgSQ,, evaporated to dryness and distilled (50 °C/1mm). Yield: (24) 1.18 g (n= 64%).

'H NMR (400 MHz, Chloroform-d) & 3.68 — 3.57 (m, 13H), 3.54 (dd, J = 5.8, 3.5 Hz, 2H), 3.37 (s,
3H), 2.68 (dt, J = 8.2, 6.5 Hz, 2H), 1.58 (t, J = 8.2 Hz, 1H).

3.5.2. Synthesis of 2-(Pyridyl-disulfanyl)ethanol (33) [263]

<
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33

0.3 g (1.36 mmol) of 2,2’-pyridildisulphide (31) was dissolved in DCM (5 ml) and 78 pul (64 mg,
0.82 mmol) of 2-mercaptoethanol (30) dissolved in DCM (5 ml) was added to the mixture
dropwise over 30 minutes. The mixture was stirred overnight. The result crude was purified
through a silica gel column chromatographic with Cy:AcOEt mixtures 8:2. The product (33) was

collected and the solvent was removed by rotatory evaporation. Yield: (33) 96.9 mg (n=38 %).

1H NMR (400 MHz, CDCls) &(ppm): & 8.49 (d, J=4.7 Hz, 1H), 7.57 (t, J=8.1 Hz, 1H), 7.40 (d, J = 8.0
Hz, 1H), 7.19 — 7.08 (m, 1H), 3.85 — 3.74 (m, 2H), 2.98 — 2.87 (m, 2H).
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3.5.3. Synthesis of Camptothecin-(4-pyridyldisulfanyl)ethyl carbonate (CPT-
PYR) (34) [263]

A solution of 167 mg (1.36 mmol) of DMAP, 100 mg (0.33 mmol) of CPT (4) and 55 mg (0.18
mmol) of triphosgene were dissolved in anhydrous DCM (30 ml). The solution was reacted at
room temperature. After 15 minutes, 55 mg (0.18 mmol) of compound 33 was added to the
solution, and the mixture was stirred vigorously at room temperature for 18 h under argon
atmosphere. The reaction was quenched by washing the organic layer with brine and dried using
anhydrous MgS0.. The result crude was purified through a silica gel column chromatographic
with AcOEt. The product 34 was collected and the solvent was removed by rotatory evaporation
to yield the pure product as a yellow solid. Yield: (34) 91 mg (n=98 %).

1H NMR (400 MHz, CDCls) 6(ppm): 8.54 (s, 1H), 8.50 (s, 1H), 8.37 (d, J = 8.6 Hz, 1H), 7.98 (d, J =
7.4 Hz, 2H), 7.89 (t, J = 7.7 Hz, 1H), 7.72 (q, J = 7.1, 6.7 Hz, 1H), 7.58 (s, 1H), 7.34 (s, 1H), 5.69 (d,
J=17.3 Hz, 1H), 5.39 (d, J = 17.4 Hz, 1H), 5.34 (s, 2H), 4.35 (t, J = 6.0 Hz, 2H), 3.18 (t, J = 6.0 Hz,
2H), 2.27 (m, 1H), 2.17 (m, 1H), 1.01 (t, J = 7.2 Hz, 3H).
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3.5.4. Synthesis of (S)-4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-
pyrano[3’,4’:6,7]indolizino[1,2-b]quinolin-4-yl (2,5,8,11-tetraoxa-14,15-
dithiaheptadecan-17-yl) carbonate (CPT-PEG) (22)

R
\0/\/ 22

50 mg (0.08 mmol) of camptothecin-(4-pyridyldisulfanyl)ethyl carbonate (34) was dissolved in
DCM. 20 mg (0.08 mmol) of 2,5,8,11-tetraoxatridecane-13-thiol (24) was dissolved in DCM (5
ml) and added to the solution dropwise over 30 minutes. The mixture was stirred for 6 h at room
temperature. The result crude was purified through a silica gel column chromatographic with
ACOEt. The product 22 was collected and the solvent was removed by rotatory evaporation.
Yield: (22) 43 mg (n= 75%).

H NMR (400 MHz, Chloroform-d) & 8.41 (s, 1H), 8.25 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.1 Hz, 1H),
7.85 (ddd, J = 8.4, 6.8, 1.4 Hz, 1H), 7.68 (t, J = 7.5 Hz, 1H), 7.36 (s, 1H), 5.70 (d, J = 17.2 Hz, 1H),
5.39 (d, J = 17.3 Hz, 1H), 5.31 (s, 2H), 4.37 (d, J = 7.2 Hz, 1H), 3.63 (s, 5H), 3.36 (s, 3H), 2.93 (td, J
=6.9, 1.7 Hz, 2H), 2.84 (t, ) = 6.5 Hz, 2H), 2.29 (dd, J = 14.2, 7.3 Hz, 1H), 2.15 (dd, J = 14.2, 7.3 Hz,
1H), 1.00 (t, J = 7.5 Hz, 3H).

13C NMR (100 MHz, Chloroform-d) & 167.40 , 157.42 , 153.60, 152.32, 148.81, 146.42 , 145.78
,131.54,130.99, 129.69, 128.65, 120.56, 96.41, 78.12, 77.36,72.08 , 70.74 , 70.65, 70.49,
69.54,67.22,66.82,59.18,50.17, 38.73, 36.57,32.05, 7.79..

ESI-MS m/z: calcd. 674.20 found 675.20 (M-H).
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3.5.5. Dual CPT-PEG@MSN-hyd-PEG-hyd-DOX [151]
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18 mg (2.66:10°° mol) of CPT-PEG (22) were dissolved in 35 mL of CHCls with the aid of sonication
at 60 °C until total dissolution of the drug was achieved. Then, CPT-PEG (22) solution was added
to a stirred suspension MSN-(NH,);(CHO), (30 mg) in MeOH (25 mL) (700 rpm, 23 °C). Afterwards
(24 h), a solution dihydrazide-PEG (14) (0.080 g, 2.36:10* mol) in MeOH (20 mL) was added.
After 24 h, MSNs were centrifuged, and the supernatant was collected to quantify the loading
of the drug by UV-vis spectroscopy (354 nm). Then, the resulting MSNs were dispersed in a
solution of DOX (1) (21 mg, 3.6:10° mol) in MeOH (20 mL). Finally, after 48 h MSNs were washed
with MeOH (three times) and H,O (three times) until no red supernatant was obtained and then
lyophilized. DOX (1) and CPT-PEG (22) loading content (%LC=[entrapped drug/nanoparticles
weight] x 100) were quantified by UV-vis spectroscopy (490 and 354 nm, respectively) from the
supernatant (the amount of CPT-PEG (22) released to the supernatant during the pore capping
was subtracted from the initial value of loaded drug (CPT-PEG@MSN-(NH3)i(CHO),)).
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3.5.6. Release experiments of CPT-PEG@MSN-hyd-PEG-hyd-DOX [151]

Release experiments were performed at pH 7.4 (PBS buffer), pH 6.5 (phosphate buffer, 0.2M
NaH,P04/0.2m Na,HPO,), pH 5.5, 4.5 and 4 (acetate buffer, 0.1M NaAcO/0.1 M AcOH). For each
release study, MSNs (10 mg) were dispersed by sonication (2 min) in the buffer solution (1.5 mL)
and kept at 37 °C, while being stirred (100 rpm). At every designated interval, buffer solutions
were taken out for analysis and centrifugated (13,000 rpm, 13 min). The solid residues were
dispersed in fresh buffer solution (1.5 mL). The quantities of the drugs released into the buffer
solution were measured by UV-vis absorption spectroscopy at 490 nm for DOX (1) and 354 nm

for CPT-PEG.

3.5.7. Invitro cytotoxicity [151]

In vitro cytotoxicity was performed using the MTT assay in HelLa and HepG2 cells. Experiments
were carried out in 96-well plates (0.1 mL/well) where 10,000 cells/well were seeded using
complete DMEM media (10% FBS, 1% glutamine, 1% penicillin/streptomycin). Twenty-four
hours later, cells were incubated with MSNs for 24, 48 and 72 h at 37 °C and 5% CO,. After a
washing step with PBS, the MTT solution was added (0.5 mg/mL). Cells were incubated for 3 h
at 37 °C and 5% CO,, the MTT solution was removed, and formazan crystals were dissolved in

0.1 mL of DMSO. Finally, formazan absorbance was measured at 560 nm.
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3.6. Synthetic part of chapter 2.4.

3.6.1. Synthesis of 4-(2-(2-(2-(2-hydroxyethoxy) ethoxy) ethoxy) ethoxy)
benzaldehyde (benz-PEG) (42) [264]

0O

H
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42
0.73 g (6 mmol) of 4-hydroxybenzaldehyde (40), 2.10 g (6 mmol) of tetraethylene glycol
monotosylate (41) and 2.50 g (18.1 mmol) of K,CO5; were dissolved in dry MeCN (50 mL). The
solution was heated at reflux under a nitrogen atmosphere for 3 days. After the addition of
CH,Cl; (50 mL), the mixture was filtered and the precipitate was washed with CH,Cl, (2 x 50 mL).
The organic filtrates were combined and the solvents were evaporated to afford the crude as a
pale orange oil. The product 42 was used in the next step without further purification. Yield: (42)

1.80 g (n=99%).

1H NMR (400 MHz, CDCls) & (ppm): 2.60 (t, j=5.9 Hz, 1H), 3.77-3.56 (m, 12H), 3.92-3.87 (m, 2H),
4.25-4.20 (m, 2H), 7.05-6.99 (m, j=8,4 Hz, 2H), 7.86-7.80 (m, j=8.4 Hz, 2H).
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3.6.2. Synthesis of 10-((3-carboxypropanoyl)oxy)-2,4a,6a,6b,9,9,12a-
heptamethyl-13-oxo-
1,2,3,4,4a,5,6,6a,6b,7,8,83,9,10,11,12,12a,12b,13,14b-
icosahydropicene-2-carboxylic acid (44) [129]
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4.7 g (10.0 mmol) of GA (40), 2.2 g (22.0 mmol) of succinic anhydride (43) were mixed with
anhydrous pyridine (80 mL). The reaction mixture was agitated and heated at 80 °C for 48 h.
After removal of solvent, the residue was dissolved in CHCl, (80 mL), washed with HCI (1 mol/I,
20 mL x 3), and extracted with CH,Cl, (30 mL x 3). The CH,Cl, layers were combined and dried
with MgS0,. The solvent was removed by rotatory evaporation, and the residual solid was
purified through silica column chromatograph (hexane:AcOEt = 1:1) to afford product 44. Yield:
(44) 3.5 g (n=61%).

1H NMR (400 MHz, CDCls) & (ppm): 0.83 (s, 3H), 0.90 (s, 6H), 1.14 (s, 3H), 1.18 (s, 3H), 1.24 (s,
3H), 1.38 (s, 3H), 2.38 (s, 1H), 2.66-2.74 (d, 4H), 2.80 (d, 1H), 4.55-4.59 (dd, 1H).
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3.6.3. Synthesis of 10-((1-(4-formylphenoxy)-13-ox0-3,6,9,12-
tetraoxahexadecan-16-oyl)oxy)-2,4a,6a,6b,9,9,12a-heptamethyl-13-oxo-
1,2,3,4,4a,5,6,6a,6b,7,8,83,9,10,11,12,12a,12b,13,14b-
icosahydropicene-2-carboxylic acid (benz-PEG-GA) (45) [118]
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50 mg (0.08 mmol) of compound 44 and 23 mg (0.07 mmol) of benz-PEG (42) were dissolved in
4 mL of anhydrous DCM. The reaction mixture was agitated for 10 minutes at 0 °C. Then, 13 mg
(0.1 mmol) of DMAP and 18 mg (0.08 mmol) of DCC were dissolved in 5 mL of anhydrous DCM.
This solution was added to the latter and keep overnight at room temperature under nitrogen
atmosphere. Finally, the organic layer was washed with water (2 x 50 mL), dried with MgSQ,,

filtered and evaporated in vacuo to afford benz-PEG-GA (45). Yield: (45) 47 mg (n=64%).

H NMR (400 MHz, CDCl3) 6 9.87 (s, 1H), 7.86 — 7.77 (m, J = 8.4 Hz, 2H), 7.00 (m, J = 8.4 Hz, 2H),
5.67 (s, 1H), 4.52 (dd, J = 11.6, 4.8 Hz, 1H), 4.26 — 4.18 (m, 4H), 4.14 (d, J = 9.6 Hz, 2H), 3.91 —
3.85 (m, 2H), 3.76 — 3.56 (m, 8H), 3.51 — 3.39 (m, 4H), 2.83 — 2.74 (m, 1H), 2.68 — 2.59 (m, 2H),
2.38 (s, 1H), 1.38 (s, 3H), 1.24 (s, 3H), 1.18 (s, 3H), 1.14 (s, 3H), 0.90 (s, 6H), 0.83 (s, 3H).

13C NMR (100 MHz, CDCls) § 200.26 , 190.94, 172.19,170.21, 163.93, 157.54, 132.05, 130.10
, 128.35,114.97, 81.15,71.39, 70.29, 69.34 , 67.84 , 63.86, 61.73, 55.10 , 49.59 , 46.80,
45.49,43.31,39.60, 38.17,36.99, 33.87, 31.96, 29.88, 27.66, 26.99 , 24.76, 23.53, 18.76,
17.76, 16.16.

ESI-MS m/z: calcd. 850.49 found 851.49 (M-H).
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3.6.4. Dual conjugate CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH and CPT-
PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA [210]
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5 mg of MSNs (CPT-PEG@MSN-hyd-PEG-hyd-DOX) was placed in a round-bottomed flask with
10 mL of basic water (pH 8.5). Then an excess amount of benz-PEG (42) or benz-PEG-GA (45)
were added to the solution. The mixture was stirred at room temperature for 24 h. Solid samples
were collected by centrifugation at 13,000 rpm for 13 minutes, washing with basic water (pH
8.5), twice. Solvent was eliminated and MSNs were stored dry yielding CPT-PEG@MSN-hyd-PEG-
hyd-DOX-PEG-OH and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA.

3.6.5. Invitro cytotoxicity [151]

In vitro cytotoxicity was performed using the MTT assay in HepG2 cells. Experiments were
carried out in 96-well plates (0.1 mL/well) where 10,000 cells/well were seeded using complete
DMEM media (10% FBS, 1% glutamine, 1% penicillin/streptomycin). Twenty-four hours later,
cells were incubated with MSNs (CPT-PEG@MSN-hyd-PEG-hyd-DOX, CPT-PEG@MSN-hyd-PEG-
hyd-DOX-PEG-OH and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA) for 24, 48 and 72 h at 37 °C
and 5% CO,. After a washing step with PBS, the MTT solution was added (0.5 mg/mL). Cells were
incubated for 3 h at 37 °C and 5% CO,, the MTT solution was removed, and formazan crystals

were dissolved in 0.1 mL of DMSO. Finally, formazan absorbance was measured at 560 nm.
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3.6.6. Flow cytometry [151]

Hela and HepG2 cells were seeded at a density of 20,000 cells/well in 96-well plates with
complete DMEM media (10% FBS, 1% glutamine and 1% penicillin/streptomycin) and incubated
at 37 °C, 5% CO, for 24 h. Then, 100 pug-mL*? of CPT-PEG@MSN-hyd-PEG-hyd-DOX, CPT-
PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA were
added, and after 1 h, 4 h, 10 h and 24 h incubation period, cells were prepared for flow
cytometry. Briefly, cells were washed with PBS and harvested with 40 pL of trypsin per well.
After a few minutes, 120 uL of complete DMEM were added, to stop trypsin reaction, and cells
were fixed with 100 pL of paraformaldehyde 2%. DOX internalization was measured by flow

cytometry.

3.6.7. Confocal microscopy for cellular internalization [151]

Uptake experiments were carried out on glass coverslips. 200,000 HepG2 cells/well were seeded
using complete DMEM media (10% FBS, 1% glutamine and 1% penicillin/streptomycin). Twenty-
four hours later, cells were incubated with 100 pg-mL? of CPT-PEG@MSN-hyd-PEG-hyd-DOX,
CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-OH and CPT-PEG@MSN-hyd-PEG-hyd-DOX-PEG-GA for
1h,4 hand 10 h at 37 °C and 5% CO,. For immunofluorescence, cells were fixed with 10%
formalin in PBS for 10 minutes at room temperature. After 3 washing steps with PBS, cells were
permeabilized using 0.1% Triton-X-100 in PBS for 10 minutes at room temperature. Then, cells
were blocked using 5% milk powder in PBS for 1 h at room temperature. Subsequently, cells
were incubated with mouse monoclonal anti-Rab7 primary antibody diluted in the blocking
solution overnight at 4 °C followed by three PBS washing steps. The secondary antibody, goat
anti-mouse Alexa fluor 555, was diluted in the blocking solution and incubated for 1 h at room
temperature. Afterwards, nuclei were stained using DAPI at 1:1000 for 10 minutes at room
temperature. Finally, cells were observed in a fluorescence confocal microscopy (Leica model

SP8 lighting).
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3.7. Synthetic part of chapter 2.5.

3.7.1. Synthesis of (S)-4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-
pyrano[3',4":6,7]indolizino[1,2-b]quinolin-4-yl (2-((2-
hydroxyethyl)disulfanyl)ethyl) carbonate (49) [241]
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80 mg (0.142 mmol) of CPT-PYR (34) were dissolved in DCM (8 mL), followed by the slow addition
(19.8 mL) of 20 uL (0.277 mmol) of 2-mercaptoethanol (30) dissolved in 5 mL of DCM. Then, the
mixture was stirred 12 h at room temperature. Finally, the crude was washed with bicarbonate
and brine three times each one and concentrated by rotatory evaporation obtaining a brown oil

(49). Yield: (49) 100 mg (n=90%).

1H-NMR (300 MHz, CDCls) &(ppm): 8.42 (s, 1H), 8.23 (d, J = 8.5 Hz, 1H), 7.95 (d, J = 8.0 Hz, 1H),
7.87 — 7.81 (m, 1H), 7.72 — 7.64 (m, 2H), 7.44 (s, 1H), 5.71 (d, J = 17.2 Hz, 1H), 5.39 (d, J = 17.2
Hz, 1H), 4.40 — 4.33 (m, 2H), 3.94 — 3.84 (m, 2H), 3.12 — 2.78 (m, 5H), 2.23.
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3.7.2. Synthesis of (S)-4-(2-((2-((((4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-
pyrano[3',4":6,7]indolizino[1,2-b]quinolin-4-yl) oxy) carbonyl) oxy) ethyl)
disulfanyl) ethoxy)-4-oxobutanoic acid (50) [241]

400 mg (4.00 mmol) of succinic anhydride (43), 204 mg (0.38 mmol) of compound 49 and 19 mg
(0.16 mmol) of DMAP were dissolved in anhydrous DCM (200 mL). The reaction mixture was
stirred overnight at room temperature and then washed with water (1 x 100 mL), 50 mM HCI
aqueous solution (1x 100 mL), and brine (1 x 100 mL). The organic layer was separated and dried
over anhydrous Na;SO4. The solution of product 50 was concentrated by rotatory

evaporatoration. Yield: (50) 201 mg (n=83%).

H-NMR (300 MHz, CDCls) &(ppm): 8.44 (s, 1H), 8.32 (d, J = 8.4 Hz, 1H), 7.95 (d, J = 8.2 Hz, 1H),
7.86 (ddd, J = 8.5, 6.9, 1.4 Hz, 1H), 7.69 (ddd, J = 8.1, 7.0, 1.1 Hz, 1H), 7.43 (s, 1H), 5.71 (d, J =
17.3 Hz, 1H), 5.39 (d, J = 17.3 Hz, 1H), 5.32 (s, 2H), 4.46-4.25 (m, 4H), 3.00-2.86 (m, 4H),
2.79-2.61 (m, 4H), 2.37-2.07 (m, 2H), 1.01 (t, J = 7.5, 3H).
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3.7.3. Synthesis of TT1-PEG-NHBOC (56)

80 mg (0.09 mmol) of Phthalocyanine 51 was dissolved in 5 mL anhydrous THF. Then, 116 mg
(0.18 mmol, 3 equivalents) of PEG linker 52 were dissolved in 10 mL of THF and added to the
solution. The mixture was stirred 12 h at RT. The crude was washed with 100 mL of HCI 1M twice,
100 mL of saturated solution of Na,CO3 and 100 mL of water. The product 53 was concentrated

by rotatory evaporator.

1H-NMR (400 MHz, CDCls) &(ppm): 9.56 —9.39 (m, 9H Ar. Pc), 8.28 (m, 7H Ar. Pc), 5.08-4.99 (m,
3H), 3.64-2.83 (m, 128H PEG), 1.44 (s, 9H tert-butyl), 1.43 (s, 27H tert-butyl ar.). IR (evap. film):
3341.8 (N-H); 2954.8-2868.2 (C-H ar.) 1712.5-1613.7 (C=0); 1392.2-1255.4 (C-0) cm™

ESI-MS m/z: calcd. 1414.66 found 1415.66 (M-H).

3.7.4. Synthesis of TT1-PEG-NH; (54)
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37 mg (0.26 mmol) of compound 53, were dissolved in 10 mL of anhydrous DCM. The mixture
was cooled at 0 °C and stirred for 30 minutes. Then, 1 mL (13 mmol) of trifluoroacetic acid (TFA)
was added dropwise. Afterwards, the mixture was stirred for 1.5 h at 0 °C and the solvent was
removed at vacuum. The product 54 is directly utilized in the next step without further

purification.
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3.7.5. Synthesis of TT1-PEG-CPT (47)
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35 mg (0.027 mmol) of compound 54 were dissolved in 3 mL of anhydrous DCM. Followed by
the addition of 16 mg (0.029 mmol, 1.1 eq.) of compound 50 and 14 mg (0.02 mmol, 1 eq.) of
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate. 2 drops of DIPEA were
added to the mixture and it was stirred for 4 h. Then, the mixture was washed trice with brine
and the organic layer was removed by rotatory evaporation. A gradient flash silica
chromatographic column was performed starting from AcOEt eluent conditions, gradually
changed to DCM and finally to 95:5 DCM:MeOH. Finally, crude 47 is washed with water and
centrifugated twice, repeating the same process with tert-butyl ether. The isolated product 47

was obtained as a blue solid. Yield: (47) 18 mg (n=35%).

1H-NMR (400 MHz, DMSO-d6) &(ppm): 9.9-7.7 (m 12H; Pc-H), 8.7-5.2 (m 10H; Arcpr-H), 4.3 (m
2H; CH,) 3.8-3.3 (br 48H, PEG-H), 3.0 (m 2H; CH>) 2.9 (M 2H; CH>), 2.4 (M 2H; CH,), 2.3 (M 2H;
CH;), 2.2 (M 2H; CH,), 1.8 (m 27H; C(CHs)3, 0.8 ppm (m 3H; CHs).

'H-NMR (400 MHz, CDCls) 6(ppm): 9.51-7.78 (m 12H; Pc-H), 8.38-5.29 (m 10H; Arcpr-H), 4.38 (m
2H; CH,) 3.64-3.39 (br 46 H, PEG-H), 2.93 (m 2H; CH;) 2.89 (m 2H; CH,), 2.63 (m 2H; CH;), 2.60
(M 2H; CHy), 2.28 (M 2H; CH,), 2.18 (m 27H; C(CH3s)s, 1.01 ppm (m 3H; CHs).

ESI-MS m/z: calcd 1924,71 found 1925,72 (M-H).

UV/Vis (MeOH) xmsx. (€)= 679, 674, 609, 350 nm
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3.7.6. Dual conjugate TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX
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1.4 mg (7.27-107 mol) of TT1-PEG-CPT (47) were dissolved in 3 mL of CHCl3 with the aid of
sonication until total dissolution of the conjugate was achieved. Then, TT1-PEG-CPT (47) solution
was added to a stirred suspension MSN-(NH,)i(CHO), (5 mg) in MeOH (5 mL) (700 rpm, 23 °C).
Afterwards (48 h), a solution of dihydrazide-PEG (14) (0.054 g, 1.60-10*) in MeOH (15 mL) was
added. After 24 h, MSN were centrifuged, and the supernatant was collected to quantify the
loading of the conjugate 47 by UV-vis spectroscopy (679 nm). Then, the resulting MSNs were
dispersed in a solution of DOX (1) (21 mg, 3.6:10” mol) in EtOH (20 mL). Finally, after 48 h MSNs
were washed with EtOH (three times) and H,O (three times) until no red supernatant was
obtained and then lyophilized. DOX (1) and TT1-PEG-CPT (47) loading content (%LC=[entrapped
drug/nanoparticles weight] x 100) were quantified by UV-vis spectroscopy (490 and 679 nm,
respectively) from the supernatant (the amount of TT1-PEG-CPT (47) released to the
supernatant during the pore capping was subtracted from the initial value of loaded drug (TT1-

PEG-CPT@MSN-(NH,)i(CHO),)).
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3.7.7. Synthesis of TT1-PEG-CPT@MSN-hyd-PEG-hyd
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1.4 mg (7.27-107 mol) of TT1-PEG-CPT (47) were dissolved in 3 mL of CHCl; with the aid of
sonication until total dissolution of the conjugate was achieved. Then, TT1-PEG-CPT (47) solution
was added to a stirred suspension MSN-(NH,)i(CHO), (5 mg) in MeOH (5 mL) (700 rpm, 23 °C).
Afterwards (48 h), a solution of dihydrazide-PEG (14) (0.054 g, 1.60-10*) in MeOH (15 mL) was
added. After 24 h, MSN were centrifuged, and the supernatant was collected to quantify the
loading of the conjugate 47 by UV-vis spectroscopy (679 nm). Finally, MSNs were washed with
EtOH (three times) and H,0 (three times) and then lyophilized.

3.7.7. Release experiments of TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX [151]

Release experiments were performed at pH 7.4 (PBS buffer), pH 5.5 and 4 (acetate buffer, 0.1M
NaAcO/0.1 M AcOH). MSNs (10 mg) were dispersed by sonication (2 min) in the buffer solution
(1.5 mL) and kept at 37 °C, while being stirred (100 rpm). At every designated interval, buffer
solutions were taken out for analysis. The resulting precipitate was isolated by centrifugation at
13,000 rpm for 13 minutes. 0.8 mL of the supernatant was extracted and stored in order to
calculate the concentration of TT1-PEG-CPT (47) through UV/Vis spectroscopy. The Eppendorf
was refilled again with 1 mL of the previous buffer. When the release was accomplished, 1,2 mL
of CHCl; was added to each sample to extract the conjugate 47 from buffer solution and 1 mL
was taken to measure the absorbance samples at 244 nm through UV-light. Then, the values

were interpolated in a calibration curve.
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3.7.8. Invitro cytotoxicity

In vitro cytotoxicity was performed using the MTT assay in Hela cell line. A concentration of
10,000 cells per well is chosen. Cells are seeded using complete DMEM media (10% FBS, 1%
glutamine, 1% penicillin/streptomycin) into 96 well plate (uL/well). 24 h later, cells were
incubated with MSN-hyd-PEG-hyd-DOX, TT1-PEG-CPT@MSN-hyd-PEG-hyd and TT1-PEG-
CPT@MSN-hyd-PEG-hyd-DOX for 24, 48 and 72 h at 37 °C and 5% CO.. After a washing step with
PBS, the MTT solution was added (0.5 mg/mL). Cells were incubated for 3 h at 37 °C and 5% CO..
MTT solution was removed and formazan crystals were dissolved in 0.1 mL of DMSO. Finally,
formazan absorbance was measured at 560 nm.

The statistical study was performed using an unpaired t-student test, double tailed and with a

confidence interval of 95%.

3.7.9. Flow cytometry

Hela cells were seeded at a density of 20,000 cells/well in 96-well plates with complete DMEM
media (10% FBS, 1% glutamine and 1% penicillin/streptomycin) and incubated at 37 °C, 5% CO,
for 24 h. Then, 100 pg-mL? of TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX were added, and after 4 h
incubation period, cells were prepared for flow cytometry. Briefly, cells were washed with PBS
and harvested with 40 uL of trypsin per well. After a few minutes, 120 uL of complete DMEM
were added, to stop trypsin reaction, and cells were fixed with 100 pL of paraformaldehyde 2%.

DOX internalization was measured by flow cytometry.

3.7.10. Confocal microscopy for cellular internalization [151]

Uptake experiments were carried out on glass coverslips. 180,000 Hela cells/well were seeded
using complete DMEM media (10% FBS, 1% glutamine and 1% penicillin/streptomycin). Twenty-
four hours later, cells were incubated with TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX for 4 h at 37
°C and 5% CO,. For immunofluorescence, cells were fixed with 10% formalin in PBS for 10
minutes at room temperature. After 3 washing steps with PBS, cells were permeabilized using
0.1% Triton-X-100 in PBS for 10 minutes at room temperature. Then, cells were blocked using
5% milk powder in PBS for 1 h at room temperature. Subsequently, cells were incubated with
mouse monoclonal anti-Rab7 primary antibody diluted in the blocking solution overnight at 4 °C
followed by three PBS washing steps. The secondary antibody goat anti-mouse Alexa fluor 555

diluted in the blocking solution and incubated for 1 h at room temperature. If required, nuclei
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were stained using DAPI (Sigma-Aldrich) at 1:1000 for 10 minutes at room temperature. Finally,

cells were observed in a fluorescence confocal microscopy (Leica model SP8 lighting).

170



Chapter 4. Conclusions







Chapter 4. Conclusions

Chapter 4. Conclusions

1. The functionalization of the outer surface of MSN with PEG’s functionalized with
guaternized amine end-groups provided a highly effective capping methodology. This
new procedure has been termed: radial-capping. The effectiveness of these chains in
the pore capping has been assessed studying the release of Safranin under physiological
conditions. From these experiments, it has been determined that the presence of a
cationic moiety at the end of PEGs chains offered a better pore capping than those with

neutral groups PEGs of the same length.

2. A pH-triggered DDS for the co-delivery of drugs based on the so called radial-capping
approach has been synthesized. CPT / TPT have been loaded within the pores of the
MSN. Then, the system was capped by the addition of a DOX-PEG moiety in the surface
of the MSN. The stability of the as-prepared DDS, CPT@MSN-hyd-PEG-hyd-DOX /
TPT@MSN-hyd-PEG-hyd-DOX, was studied under physiological conditions, showing a
negligible release of the drugs, thus, reducing the intrinsic toxicity of the treatment. On
the other hand, under acidic conditions a burst and sustained release take places.
Uptake experiments have demonstrated that CPT@MSN-hyd-PEG-hyd-DOX internalizes
within Hela cells and are located within endosomes in the cytoplasm. Moreover, the
release of the drugs leads to a synergistic effect that is more evident for the combination

of DOX and CPT than the combination of DOX and TPT.

3. The cytotoxicity of the as-synthesized DDS, CPT@MSN-hyd-PEG-hyd-DOX, was
improved by increasing the loading content of CPT inside the MSN. To do so, a soluble
prodrug of CPT has been synthesised by the addition of a cleavable PEG chain. A 6.3%
of this prodrug, CPT-PEG, was loaded within the nanochannels of an MSN, which
corresponds to 31% of extra “free” drug in comparison with CPT. The system was
assembled following the radial-capping based on the functionalization of the DOX-PEG-
moiety in the outer surface of the MSN. The synthesized CPT-PEG@MSN-hyd-PEG-hyd-
DOX shows higher cytotoxicity in HepG2 cells than Hela cells in comparison with the

starting CPT@MSN-hyd-PEG-hyd-DOX.

4. The targeting capability of the CPT-PEG@MSN-hyd-PEG-hyd-DOX system towards
HepG2 cells was improved by the decoration of the surface of the nanoparticle with the

Glycyrrhetinic acid (GA) ligand. For this purpose, a benzaldehyde moiety attached to a
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PEG linker with a GA ligand located in one end has been synthesized and characterized
by 'H-NMR and HRMS. Then, the linker was attached to the DDS by imine formation with
the amino group of the outer DOX of CPT-PEG@MSN-hyd-PEG-hyd-PEG-DOX. Uptake
analysis has demonstrated that CPT-PEG@MSN-hyd-PEG-hyd-PEG-DOX-PEG-GA is able
to discriminate between Hela and HepG2 cells, showing higher endocytosis in the latter
cell line. Besides, the anionic character of the system derived from the carboxylic acid

of the GA moiety enhances the endosomal escape.

A pH-triggered DDS for the co-delivery of DOX and a cleavable conjugate Phtalocyanine-
CPT has been prepared. This DDS was designed for the combination of chemo- and
photodynamic therapies of cancer. To do so, a synthetic pathway to attach CPT and
phthalocyanine with a cleavable PEG linker was developed. This new conjugate
improves the solubility of both drugs. In this regard, 8% of loading within an MSN was
achieved. Thus, employing the same radial-capping approximation, the DOX-PEG moiety
was attached to the outer surface of the nanomaterial. Release of the three drugs from
TT1-PEG-CPT@MSN-hyd-PEG-hyd-DOX was confirmed by CLSM, displaying the presence
of phthalocyanine, CPT and DOX inside the cell. Besides, the synergistic effect between

CPT and DOX was assessed in Hela cells.
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