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AN ABSTRACT OF THE THESIS OF

Mohamad Hassan Sakr  for Master of Science
Major: Chemistry

Title: Preparation and in-vitro cytotoxicity evaluation of ruthenium polypyridyl-
sensitized paramagnetic titania nanoparticles for photodynamic therapy

Core-shell-shell magnetite-silica-titania nanoparticles (FesOs@SiO.@TiO2 NPs)
were synthesized by successive sol-gel methods. The magnetite cores were
electrostatically stabilized and dispersed by the addition of polyacrylic acid. Infrared,
energy-dispersive X-ray and X-Ray diffraction measurements of the multilayered NPs
confirmed the presence of the surfactant polymer and the three oxides. The surface area,
measured by nitrogen adsorption, increased following every step of the synthesis from
95 m?/g to 233 m?/g. The intensity-weighted mean diameter of the TiO, coated sample
was measured by dynamic light scattering and found to be 98.8 nm. Following
hydrothermal treatment of the final nanocomposites, a ruthenium polypyridyl dye was
anchored to their surface. The total reactive oxygen species (ROS) generation and
singlet oxygen production by the obtained hybrid NPs (naked NPs + Ru-dye) were
evaluated by fluorescence and UV-Vis spectroscopy in solution. Using a green light
(532 nm) for excitation, the total ROS generated by the hybrid NPs were more than
500% times than those generated by the naked ones, and 550% more than those
generated by the ruthenium dye alone. Employing a white light produced similar results.
As for singlet oxygen generation, the hybrid NPs produced negligible amounts. These
findings demonstrate that our hybrid NPs can potentially act as type | photodynamic
therapy (PDT) agents generating free radicals, unlike the currently employed ones in
medicine which follow type Il mechanism predominantly (generating singlet oxygen).
This type of photosensitizers can prove advantageous in fighting PDT-resilient hypoxic
tumors, and avoiding type Il photosensitizers-induced hypoxia in non-hypoxic tumor
cells.
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CHAPTER 1

PHOTODYNAMIC THERAPY

1.1 Definition and Mechanisms of Action

The term photodynamic therapy (PDT) as applied to biomedical science and, more
particularly, to clinical medicine is generally defined as the use of a compound or drug
(photosensitizer) that has no or minimal effect alone but which, when activated by light,
generates one or more reactive chemical species that are able to modify or kill cells and
tissues [1]. Its advantages include cost effectiveness, highly localized treatments, sparing of
extracellular matrix that allows regeneration of normal tissue, repetition of therapy without
accumulation of toxicity, possibility of combining with chemotherapy, which leads to higher
cure rates, and induction of immunity, which may contribute to long-term tumor control and
suitability for outpatient therapy [2].

Depending on the part of the body being treated, the photosensitizer is administered
by intravenous injection or local application. Light is applied to the area to be treated after the
drug has been absorbed by the pathologic tissue. The photosensitizer activated by light forms
reactive oxygen species (ROS) that kill the cancer cells directly by way of type | and/or type
Il reactions. Type | reaction involves the production of radicals resulting from the activated
sensitizer reacting with plasma membrane or other intracellular molecules. Type Il reaction
involves generation of singlet oxygen (*O2) upon energy transfer from the activated sensitizer
to oxygen. PDT may also work by destroying tumor-associated vasculature, leading to tumor
infarction or by alerting the immune system to attack the cancer. Responses to photodynamic
treatment are dependent on the type of photosensitizer used, its extracellular and intracellular

localization, the total dose administered, the total light exposure dose, light fluence rate, the
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time between the administration of the drug and light exposure, the oxygenation status of the
tissue, and the type of cells involved [3].

Cancer cells respond to photodynamic damage by eliciting a rescue response and/ or
by undergoing cell death. Rescue responses often involve changes in gene and protein
expression of stress proteins, allowing the cells to cope with the damage. PDT may result in
cell death via apoptosis, necrosis, or autophagy, which can be affected by the cell type, the
nature of photosensitizers, the incubation protocol, and the light dose [4, 5]. The physical and
chemical natures of the photosensitizers, such as hydrophobicity and charge, are of great
importance in determining their subcellular localization. The sensitivity of intracellular
components to photo-oxidation via photodynamic action plays an important role in photo-
cytotoxicity. Photosensitizers can localize in mitochondria, lysosomes, endoplasmic
reticulum, Golgi apparatus, and plasma membranes, which leads to different signaling
pathways involved in cell death [6].

The essential goal of PDT is to induce efficient damage to tumor tissue while sparing
the surrounding tissue. A selective therapeutic effect of PDT is achieved from preferential
accumulation of photosensitizers and from irradiation of the target tissue. Some
photosensitizers can reach higher concentrations in tumor tissue than in surrounding healthy
tissue due to the abnormal physiology of tumors, such as poor lymphatic drainage, leaky
vasculature, decreased pH, increased number of receptors for low-density lipoprotein, and

abnormal stromal composition [7].

1.2 Photosensitizers
A large number of photosensitizers have been tested in vivo and in vitro in PDT
experiments, but very few have shown ideal properties; for this reason, recent studies have

focused on the development and efficacy of new photosensitizers [8]. The prerequisites for an
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ideal sensitizer include chemical purity, selectivity for tumoral cells, chemical and physical
stability, short time interval between administration and maximal accumulation within tumor
tissues, activation at wavelengths with optimal tissue penetration and rapid clearance from the
body [9]. The four main classes of photosensitizers are porphyrin derivatives, chlorins, and
phtalocyanines which all exhibit different photochemical and photophysical properties in

terms of mechanisms of action and light activation [8].

1.2.1 Photophysics and Photochemistry

For all the photosensitizers in current clinical use and with many of those under development,
the primary photophysical process involved is believed to be the generation of singlet oxygen,
10, by the process illustrated in Figure 1. In this so-called Type Il reaction, the singlet
oxygen is produced from ground-state oxygen (30>) that is present in the target cells or tissues
which gets excited by energy exchange from the triplet state (T1) of the photosensitizer. This
triplet state is generated from the singlet state (S1) that is formed by absorption of a photon of
light by the ground-state photosensitizer molecule (So). In this process, the S state of the
photosensitizer is regenerated, so that the cycle is complete: typically, this may occur many
thousands times for a given molecule during a PDT treatment, so that in effect the
photosensitizer serves as a catalyst in the conversion of light energy. The 10, molecule is
responsible then for chemical alterations in target biomolecules in the cells/tissue, resulting in
one or more of the various biological effects. For maximum efficacy, the quantum efficiency
of the photosensitizer should be high, i.e., the probability that a molecule of 1O, will be
generated following absorption of a photon by the photosensitizer ground state, should be
close to 100%. It is the fact that the ground state of oxygen (30) is a triplet state, making the
T1 — 302 transition quantum-mechanically allowed (no change of spin), that allows

photosensitizers to have usefully high O, quantum yields [1].
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Figure 1: Jablonski energy diagram for Type Il photophysics, showing absorption of a photon by the molecular ground state
(So), raising it to an excited singlet state (S1), from where it may i) undergo intersystem crossing to the triplet state (T41), ii)
decay radiatively, emitting a fluorescence photon or iii) de-excite nonradiatively (dashed line). The T1 state can then either
decay back to So by phosphorescence emission, or can exchange energy with ground-state oxygen (0 ) to generate the
excited singlet oxygen state (02 ). 102 may then cause biochemical changes with nearby molecules in the cells or tissue or
may decay radiatively to 302, emitting a near-infrared photon. Two photo-bleaching pathways are also indicated [1].

The energy gap between the excited and ground-state oxygen molecules is close to 1
eV, so that this would be the minimum photon energy required to trigger the Type-I11 reaction.
In practice, the efficiency of 1O, production is limited to photon energies above 1.5 eV,
corresponding to wavelengths below about 800 nm. In the alternative, Type | reaction, the
chemical changes in the biomolecules (which are generally different from those in Type Il
reactions, although the “downstream” biological effects may be similar), are caused by
interactions of either the excited singlet (Sy) or triplet (T1) states themselves, without the
oxygen intermediary [1].

Table 1 lists the series of reactions that occur during PDT. PS is the photosensitizer,
1PS is PS in ground state, *PS* and 3PS* are PS in singlet excited and triplet excited states,
respectively, and D is an electron donor molecule, e.g., NADH (nicotinamide adenine

dinucleotide), cysteine, etc. The reaction between 3PS* and 'PS leads to PS anion and cation
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radicals, PS™ and PS™, respectively. D can react with *PS* to produce more PS™* and oxidized
donor (D*). The superoxide anion, Oz, is shown to form via two routes: (1) PS™" electron
exchange with oxygen and (2) electron transfer of *PS* with oxygen. O, formation from
3PS*, however, competes with the production of singlet oxygen (type I1). Also, two
superoxide anion molecules can combine with protons to produce hydrogen peroxide. The
subsequent steps include reduction of Fe** by O, ", and Fe?* reaction with hydrogen peroxide
to form a hydroxyl radical. This species can interfere with the biological functions of nucleic
acids, fatty acids, and certain amino acids [10]. Type Il process involves only a limited
number of molecules because the reacting species must have triplet state multiplicity [11].
Type | and Type Il processes can occur at the same time; however, Type Il is the dominant

process in PDT and it is a catalytic process [10].

Table 1: Reactions occurring during photodynamic action [10].

Excitation 'PS + hv — 'PS* — *PS*
Photoprocess Reaction Product
Type I PS* + 'PS - PS™ + PS™
PS* + D - PS”+D"
PS™ + O, — 'PS+ 0,
PS* + 0O, — PS"+0,”
20, +2H" — 0, + H,0,
Fe' + 0, - Fe* + 0,
Fe’* + H,0, —  0,+OH +OH
Type 11 PS* +°0, — 'PS +'0,

The lifetime of singlet oxygen is very short due to its reactivity. In H2O, the lifetime
is 3.5 ps, in D20 it is 68 pus [12], in organic solvents its lifetime is 10-100 ps [11], and in
lipids it is 50—100 ps [13]. The lifetime decreases dramatically to 0.2 s inside cells, due to

high reactivity with biological substances. Rapid reactivity and a short lifetime limit the
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singlet oxygen distribution in cells. Thus, PDT treatments are localized at the point of O,

generation and are only about 10 nm in diameter (thickness of a cell membrane) [11, 14].

1.2.2 Main Families

Photosensitizers can be categorized by direct chemical structure and come from
several broad families. The first family discovered was based on hematoporphyrin (Hp) and
its derivatives, Figure 2. After purification and manipulation hematoporphyrin derivative
(HpD) is transformed into commercial products variously called Photofrin®, Photosan,
Photocan, etc [15]. These products are composed of differing fractions of porphyrin
monomers, dimers, and oligomers which are required for successful therapy [16]. Depending
on the purification steps these commercial products may not be identical, though clinically
they appear equivalent [17]. Interestingly, with knowledge of the heme synthetic pathway,
one can exploit the endogenous photosensitizer protoporphyrin [28]. The prodrug d-
aminolevulinic acid when administered, even topically, will alter the natural heme synthesis
feedback loop to create enough excess protoporphyrin for clinical utility [18].

Not to be outdone, nature has given us the magnificent series of chemical events in
photosynthesis. Clearly, light energy is well used in this process. Chlorophyll like substances
termed chlorines have excellent photosensitizing properties [19]. Multiple drugs have been
created with some being commercially available. These include modifications of chlorophyll
and chemically synthesized structures. Purins, degradation products of chlorophyll, also are
relevant [20]. Certain bacteria and algae have chlorophyll like activity such as the
bacteriochlorins [21]. Dyes remain a fertile ground to develop successful photosensitizers.

Phtalocyanine dyes appear to have great potential, as do Napthalcyanines [19, 22].

17



1.2.2.1 Porphyrins

Photofrin® is commercially available from Axcan Pharma, Inc. and has the longest
clinical history and patient track record [18]. The photosensitizer is actually a proprietary
combination of monomers, dimers, and oligomers derived from chemical manipulation of
hematoporphyrin (Hp) [23]. The latter was produced by Scherer in 1841 by removing iron
from blood (Heme) and then treatment with water [24]. HpD was developed by treating Hp
with AcOH/H2SO4 to give a mixture of monomers, dimers, and oligomers, linked by ether,
ester, and carbon-carbon bonds [25]. The types of steps associated with its synthesis are
illustrated in Figure 2 [26]. Removal of monomers from HpD by heating the reaction mixture
in the last step of the synthesis until hydrolysis is complete led to Photofrin®, a product
consisting of ether-linked dimers and trimers [17, 24]. Similarly named photosensitizers
derived by similar or different means from hematoprophyrins are also available from different
groups in different parts of the world [27]. In the US, Photofrin® is FDA approved for early
and late endobronchial lesions as well as Barrett’s esophagus and esophageal obstructing
lesions [28, 29]. Off label use has been extensive as well and is approved worldwide for a

number of additional uses.
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Figure 2: Synthesis of hematoporphyrin derivative (HpD) from heme [10]

Photofrin® and HpD are known as first generation photosensitizers mainly because
they exist as complex mixtures of monomeric, dimeric, and oligomeric structures, and the
intensity of light absorption at the maximum wavelength (Emax) of Photofrin® is low (Emax at
630 nm ~ 3000 M~ cm™). This low Emax means that Photofrin® absorbs light weakly at 630
nm. The higher the Emax Value the greater the potential photodynamic effect. Also, at 630 nm,
the effective tissue penetration of light is small, 2-3 mm, limiting treatment to surface tumors.
Its long-term skin phototoxicity lasts six to ten weeks, meaning sunlight and strong artificial
light exposure must be avoided during this period. Although Photofrin® has its weaknesses, it
gives a high singlet oxygen quantum yield, ®» = 0.89, which indicates efficient generation of
10, per photon absorbed. Photofrin® is also safe and was approved in 1993 in Canada for

treatment of bladder cancer and in the US FDA for treating esophageal cancer in 1995, lung
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cancer in 1998, and Barrett’s esophagus in 2003 [30]. Photofrin® treatment extends to head,

neck, abdominal, thoracic, brain, intestinal, skin, breast, and cervical cancer [31].

12212 ALA

5-Aminolevulinic acid (ALA) is a prodrug and a naturally occurring amino acid that
is converted enzymatically to protoporphyrin IX (PplX) [32]. ALA, under trade name
Levulan Kerasticks®, was US FDA approved for non-oncological PDT treatment of actinic
keratosis in 1999 [33]. Application of ALA prodrug to skin enzymatically transforms it to
PpIX photosensitizer via the heme pathway shown in Figure 3. The final step in heme
formation by enzyme ferrochelatase is a rate-limiting step, and excess ALA accumulates PpIX
in the mitochondria before it slowly transforms into heme [34]. While the PplX absorption
maximum is at 630 to 635 nm, it metabolizes within 48 hours, reducing skin sensitization

[35]. Its potential PDT applications extend to Bowen’s disease, basal cell carcinoma, and

other diseases [36].
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Figure 3: Pathway for heme biosynthesis [10]

The methyl ester of ALA, methyl aminolevulinate (MAL, Metvix®, or Metvixia®;
Figure 4), was approved by the US FDA in 2004 for treatment of actinic keratosis. Under the
trade name Metvixia®, MAL is also used as a topical treatment and has an advantage over
Levulan® due to the nature of the irradiation source. Blu-U® light was approved for use with
Levulan® as the most efficient source emitting at 400 nm, while Aktilite® was approved for
Metvixia® which emits at 630 nm and provides deeper tissue penetration. MAL is the active
component in Visonac® and is being studied for acne vulgaris in Phase Il trials

(NCTO01347879) in the US [10].
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Figure 4: Molecular structures of methyl aminolevulinate (MAL) and Hexaminolevulinate (HAL) [10]

Hexaminolevulinate, the n-hexyl ester of ALA, (HAL, Hexvix®, Cysview®; Figure 4)
was approved in 2010 by the US FDA in the diagnosis of bladder cancer. HAL is converted to
PpIX 50-100 times more efficiently than ALA [37]. Phase Il trials are underway for treatment
of cervical intraepithelial neoplasia (NCT01256424), and Phase I1/111 trials are ongoing for

genital erosive lichen planus (NCT01282515).

1.2.2.2 Chlorins

Several photosensitizers evaluated for PDT efficacy are from the chlorin family,
Figure 5, and include benzoporphyrin derivative monoacid ring A (BPD-MA, Verteporfin,
Visudyne®), meta-tetra(hydroxyphenyl)chlorin (m-THPC, Foscan®), tin ethyl etiopurpurin
(SnET2, Rostaporfin, Purlytin™), and N-aspartyl chlorin e6 (NPe6, Talaporfin) which is
derived from chlorophyll a. When compared to porphyrins, the structure of chlorins differs by
two extra hydrogens in one pyrrole ring. This structural change leads to a bathochromic shift

in the absorption band from 640 to 700 nm and gives a Emax ~ 40,000 M~tcm™ [10].
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Figure 5: Examples of chlorins evaluated for PDT use [10].

BPD-MA, Figure 5, is activated by light at 689 nm and has a lower time interval of
skin phototoxicity than Photofrin®, due to rapid plasma and tissue pharmacokinetics which
enables faster excretion of the drug from the body [38]. In 1999, US FDA approved the use of
BPD-MA as Visudyne® for age-related macular degeneration in ophthalmology [39].
Additionally, a 24-month study of Verteporfin treatment showed improvement in patients
with non-melanoma skin cancer [40].

PDT treatment of neck and scalp cancer with m-THPC was approved in Europe, and
the drug was used successfully for treating breast, prostate, and pancreatic cancers [39, 41,
42]. Light activation at 652 nm is very effective and only small doses of m-THPC are required

during treatment. A weakness of m-THPC is high skin photosensitivity in some patients.
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SnET2, under the trademark Purlytin™, has been evaluated in Phase I/II trials for the
treatment of metastatic breast adenocarcinoma, basal cell carcinoma, and Kaposi’s sarcoma
[43]. This drug has also finished Phase 111 trials for the treatment of age-related macular
degeneration but has not yet been approved by the FDA, due to a requirement of further
efficacy and safety assessments. Purlytin™ is activated at 664 nm and has deeper tissue
penetration than Photofrin®. The drawback of the drug is a possibility of dark toxicity and
skin photosensitivity.

NPe6 is another photosensitizer that can be irradiated at 664 nm for potential PDT
treatment of fibrosarcoma, liver, brain, and oral cancer, and was approved in Japan in 2003 to
treat lung cancer. Similar to BPD-MA, NPe6 causes minimal skin photosensitivity, unlike

Photofrin® [30, 44].

1.2.2.3 Phthalocyanines

Phthalocyanines (Pc) require metal complex formation to exhibit PDT properties
since their presence allows the intersystem crossing to occur [45]. Their Amax can be found at
670—700 nm, with Emax ~ 200,000 M~*cm™. One specific Pc derivative is aluminum
phthalocyanine tetrasulfonate, AIPcS4, Photosens, (Figure 6) which has a Amax at 676 nm.
AlPcS4, as Photosens, has been used in Russia to treat stomach, skin, lip, oral, and breast

cancer. However, Photosens produces skin phototoxicity for several weeks [10].
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Figure 6: Examples of phthalocyanine PDT sensitizers [45]

Silicon phthalocyanine 4, Pc4, Figure 6, is a phthalocyanine has a maximum
absorbance at 675 nm, and it has completed Phase I trials for treating actinic keratosis,

Bowen’s disease, skin cancer, and State I or Il mycosis fungoides [46].

1.3 Ruthenium Polypyridyl Complexes

Ruthenium polypyridyl complexes comprise a versatile class of compounds with
unique electrochemical and photophysical properties that have wide applications as oxidation
catalysts, photocatalysts, dye sensitizers for solar cells, fabrication of molecular devices, DNA
intercalation, and protein binding [47]. Over the last 20-30 years, they have been investigated
in perhaps greater detail than any other class of luminescent metal complexes. The extensive
synthetic chemistry available allows for systematic manipulation of their physical properties
while substituents, which allow immobilization on a variety of surfaces, can be introduced.
the investigation of ruthenium polypyridyl complexes exploded in the mid to late 1970’s with

the realization that the combination of excited state and electrochemical properties of the
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compound [Ru(bpy)s]** (bpy: bipyridine) should enable it to split water into hydrogen and
oxygen [48].

For more than 30 years there has been great interest in the study of the interaction of
ruthenium polypyridyl complexes with nucleic acids [49-59]. The anticancer activity of
ruthenium complexes is known since decades. NAMI-A and KP1339 are the two most
prominent examples of Ru-based anticancer agents since they are currently undergoing
clinical trials [52]. Although the targets of ruthenium antitumor complexes have not yet been
explicitly established, both NAMI-A and KP1019 can coordinate irreversibly to DNA. Other
targets such as plasma proteins and glutathione are also thought to be more important than
DNA for their antitumor activities [56]. Another branch in the research of light-activated
ruthenium complexes has investigated the ability of such compounds to release ligands and/or
undergo ligand exchanges upon light irradiation. For instance, Zayat [60] and Salierno and co-
workers [61] have reported complexes that release biologically active molecules upon light
irradiation. On the other hand, Sun [62], Goldbach [63], Wachter [64], and Sgambellone et al.
[65] have described a series of ruthenium complexes which undergo ligand exchange and
subsequent DNA binding or even cleavage upon irradiation at red —NIR wavelengths. Many
Ru(I1) polypyridyl complexes have been confirmed to possess DNA photocleavage activities
through an 'O, mechanism, thus exhibiting their PDT application potential [66].

The use of ruthenium in PDT, however, has been quite limited so far. There have
been multiple reports on porphyrin PSs decorated with ruthenium-based substituents. The
resulting hybrid complexes exhibited significantly higher phototoxicity than the individual
moieties [67-77]. Charlesworth [78] and Carneiro et al. [79] also investigated organic PSs,
phtalocyanines, conjugated to ruthenium moieties. Although the increased Pls are promising,
this approach is not ideal as it requires an even longer synthetic pathway than the macrocyclic

organic PSs alone. Following a similar approach, Zhou and co-workers coordinated
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hypocrellin B, an easily prepared phototoxic compound, to ruthenium. The resulting complex
showed promising photosensitizing and photodamage properties in the red —NIR region
superior to the hypocrellin B alone [80].

As part of supramolecular systems, ruthenium polypyridyl complexes are rivaled
only by porphyrins and metalloporphyrins as active components for photoinduced energy and
electron transfer [81]. The luminescence in these compounds originates from a triplet metal-
to-ligand charge transfer (MLCT) excited state, it is possible to tune the related excited-state
properties such as the luminescence wavelength, lifetime and quantum yield by tailoring the
ligand structure and the rigidity of the complexes. The excitation into either a Franck-Condon
LIL charge transfer band, an appended chromophore via antenna effect, or the ‘MLCT
absorption band is followed by a rapid intersystem crossing which leads to the population of
accessible triplet states. Therefore, one of the initial steps of the relaxation is an ultrafast
intersystem crossing (ISC) from the *MLCT to the lowest-lying 3MLCT excited state in less
than 20 fs. A plethora of such complexes have now been synthesized and studied by means of
numerous spectroscopic techniques. They have been found to exhibit long luminescence
lifetimes due to the triplet character of the emitting lowest 3MLCT excited state; a few

nanoseconds to a few milliseconds are possible for Ru(ll) complexes [82].

1.4 Nanoparticles in Photodynamic Therapy

The essential goal of PDT is to induce efficient damage to tumor tissue while sparing
the surrounding tissue. A selective therapeutic effect of PDT is achieved from preferential
accumulation of photosensitizers and from irradiation of the target tissue. Some
photosensitizers can reach higher concentrations in tumor tissue than in surrounding healthy
tissue due to the abnormal physiology of tumors, such as poor lymphatic drainage, leaky

vasculature, decreased pH, increased number of receptors for low-density lipoprotein, and
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abnormal stromal composition [83]. However, most photosensitizers are hydrophobic and
tend to aggregate easily in aqueous media, which causes a decrease in their quantum yield and
problems for intravenous administration. Although many photosensitizers have been
developed, few have made it to clinical trials owing to factors such as poor selectivity in terms
of target tissue and healthy tissue, low extinction coefficients, absorption maxima at relatively
short wavelengths, and high accumulation rates in skin [84].

Increasing the selective accumulation of the photosensitizers within the tumor tissue
allows a lower effective dose of the PDT drug. One can take advantage of the intrinsic
features of cancer cells, such as specific surface antigens, low-density lipoprotein receptor,
and oxidation state [85]. To enhance PDT efficacy, a photosensitizer can be bound to ligands
such as monoclonal antibodies or LDL, or can be delivered via carrier systems such as
liposomes and micelles [86, 87]. The use of nanoparticles to improve the efficiency of PDT is
a promising approach because (1) their large surface area can be modified with functional
groups for additional biochemical properties, (2) they have large distribution volumes and are
generally taken up efficiently by cells, (3) controlled release of drugs is possible, (4) many
synthetic strategies allow transportation of hydrophobic drugs in blood, and (5) preferential
accumulation in the solid tumor site is easy due to the enhanced permeability and retention
effect (EPR) [88]. The latter is a phenomenon caused by the abnormal organization of the
tumor neovasculature, the high porosity of the blood vessels comprising these vessels and
differences in lymphatic drainage. The EPR effect facilitates both diffusion of heavy weighted
PS delivery carriers into, and their retention within, tumours [89].

Nanoparticles for PDT were classified into active and passive according to the
functional roles in the enhancement of PDT efficacy. Regarding active roles, they may act
like catalysts to produce free radicals from dissolved oxygen, and serve as ROS modulators or

light sources for activating photosensitizers. Nanoparticles such as quantum dots (QDs), up-
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conversion nanoparticles, and scintillation nanoparticles can be used as light sources to
activate photosensitizers due to their fluorescence emission properties [6]. Passive NPs are
those acting as mere carriers of PSs. NPs for PDT were also classified by material
composition into biodegradable and non-biodegradable. The formers are made of polymers
that are often enzymatically hydrolyzed in a biological environment and hence release the
photosensitizers. Non-biodegradable nanoparticles are used to protect the photosensitizers
from the fluctuations of the environment, in which the release of the photosensitizers from the
nanoparticle carriers is not necessary. Their advantages over biodegradable polymeric
nanoparticles are: (1) their particle size, shape, porosity, and monodispersibility can be easily
controlled during the preparation process; (2) some of them are made of inert materials which
are stable to environmental fluctuations; (3) they are not subject to microbial attack; and (4)
exquisite control of the pore size allows oxygen diffusion in and out of the particles but not
for the drug to escape. Similarly to biodegradable nanoparticles, nondegradable nanoparticles

can serve as multifunctional platforms for drug delivery [6, 88].
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CHAPTER 2

TiO, NANOPARTICLES

2.1 Crystal Structure and Basic Photochemistry

Titanium dioxide (TiO>) is one of the most studied photocatalyst materials by virtue
of its chemical stability, low cost and nontoxicity [90]. It occurs as four major crystal
structures: the stable rutile (tetragonal, a = b = 4.584 A, ¢ = 2.953 A), metastable anatase
(tetragonal, a=b = 3.782 A, ¢ = 9.502 A), brookite (rhombohedral, a = 5.436 A, b = 9.166 A,
¢ =5.135 A) and TiO; (B) (monoclinic,a=12.16 A, b=3.74 A, ¢ = 6.51 A). The brookite
and TiO (B) structures are less studied in experimental investigations. Both the rutile and
anatase crystals are formed by a basic building block consisting of a titanium atom
surrounded by six oxygen atoms in a more or less distorted octahedral configuration. Figure 7
depicts the unit cell structures of the rutile and anatase TiO». The differences in the two
crystal structures are the distortion of each octahedron and the assembly pattern of the
octahedral chains. In rutile, the distortion of the cubic lattice is slight so that the unit cell is
stretched beyond a cubic shape. In anatase, the octahedron is significantly distorted, and thus
its symmetry is lower than orthorhombic. These polymorphs determine electronic band
structures, surface structure, and thus the bulk diffusion, surface transfer capability and redox
potentials of photoinduced charge carriers. Among various polymorphs of TiOz, rutile is the
most stable phase for particle having a size above 35 nm, while anatase is considered to be

the most thermodynamically stable for the nanoparticles with a size below 10-20 nm [91].
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Anatase Rutile

Figure 7: Bulk crystal structure of rutile (left) and anatase (right). Titanium atoms are gray, and oxygen atoms are red [91].

Photocatalysis of TiO- involves three processes: the excitation, bulk diffusion and
surface transfer of photo-induced charge carriers. Figure 8 shows the three processes in a

photocatalytic reaction [91].
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Valence band

Figure 8: Schematic illustration of main processes in a photocatalytic reaction [91].

First, the semiconductor photocatalyst particles absorb a photon with energy larger
than the band gap. The electrons in the valence band of the photocatalyst are excited to the
conduction band. Simultaneously, the holes are left in the valence band. Secondly, the excited
electrons and holes separate and migrate to the surface of the photocatalyst which is
drastically affected by crystal structure, crystallinity, and by the particle size of the
photocatalyst. However, recombination of photo-generated electron and hole pairs results in a
decrease in the photocatalytic activity. Lastly, the electrons and holes can lead to produce
surface chemical reactions. The holes can react with surface adsorbed H-O to produce

hydroxyl radicals. Meanwhile, the electrons are usually scavenged by O to yield superoxide
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radical anions. These species in solution can react to give other cytotoxic reactive oxygen
species (ROS) such as hydrogen peroxide and peroxy radicals, which are harmful to cancer
cells. The major reactions that result in the formation of ROS are shown as simplified

equations (1)—(6) [91].

TiO, + hv — h' +e” (1)

H,0 +h" - *OH + H' (2)

0, +e” — 0, (3)

0,*” + H - HO,* (4)

2 HO,* —» H,0, + 0, (5)
H,0, + 0, - *OH + OH™ + O, (6)

2.2 Photodynamic activity of TiO2

The photo-killing activity of TiO> to malignant cells was first reported on a TiO> film
electrode by A. Fujishima et al. [92]. In the system, Hela cells were cultured on the surface of
TiOz electrode. When the electrode was anodically polarized under UV-irradiation, Hela cells
were damaged from the membrane. However, cancer cells were not killed when the electrode
was located 10 mm away from the cell surface, so they prepared a polarized, illuminated TiO>
microelectrode in 1995 [93], which showed selective antitumor activity of a single cancerous
T24 cell.

Considering the electrode system was not feasible and available, TiO> particles were
applied, even nanoparticles were also prepared, which could yield an extremely large surface
area and be incorporated by the living cells, resulting in higher reaction rates [91]. Under
these experimental conditions, with the photo-induction of UVA, more and more researchers
showed the phototoxic effect in vitro of TiO2 nanoparticles on a series of human cancer cells,

such as cervical cancer cells (HeLa) [94], bladder cancer cells (T24) [95], monocytic
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leukemia cells (U937) [96] and adenocarcinoma cells (SPC-A1) [97], colon carcinoma cells
(Ls-174-t) [98], breast epithelial cancer cells (MCF-7, MDA-MB-468) [99], glioma
cells(U87) [100], and human hepatoma cells (Bel 7402) [91].

Importantly, the anticancer effect of TiO2 has been also demonstrated in vivo,
indicating that photo-excited TiO2 nanoparticles may be a potential way to treat cancer in the
future. R. Cai et al. [101] injected Hela cells under the skin of nude mice to cause tumors to
form, when the size of the tumors grew to about 0.5 cm, they injected a solution containing
fine particles of TiO> to the tumor. After 2 or 3 days, the skin covering the tumor was cut
open to be exposed and irradiated by UVA. This treatment clearly inhibited the tumor growth.
After 13 more days, the treatment was repeated and a further marked antineoplastic effect was
observed. Furthermore, TiO> particles can significantly suppress the growth of bladder and
glioma cancer cells implanted into nude mice as well, even prolong the survival time [95,

100].

2.3 Dye-Sensitized TiO2 Nanoparticles

For practical applications, the band gap of TiO. (~ 3.2 eV for anatase and brookite, ~
3.0 eV for rutile) is so large that it can be only activated under ultraviolet (UV) irradiation.
UV light is also harmful to the human body, and UV only accounts for almost 5% of the sun’s
energy compared to visible light (45%), therefore, the shift in the optical response of TiO>
from the UV to the visible spectral range will have a profound positive effect on the practical
applications. To overcome this many modification strategies have been proposed, including
doping, co-doping with two or more foreign ions, surface sensitization by organic dyes or
metal complexes, and decoration with noble metal deposition [102-107].

It has been shown in 1991 by Gratzel et al. that TiO2 nanoparticles could be

sensitized with ruthenium polypyridyl complexes for the fabrication of Dye Sensitized Solar
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Cells (DSSC). Significant improvement of solar cell responsiveness is possible when metallic
oxides are modified by covalent attachments or adsorption of dyes [108]. TiO2 deactivates the
excited state of the ruthenium complexes via the electron transfer reaction that is on the
picosecond to femto-second time scale, generating the oxidized complex form Ru (111).
Consequently, in the case of aqueous media as a surrounding, the possibility of water splitting
by Ru (I1) polypyridyl complexes is of major interest. In fact, it is when TiO- is sensitized
with Ru (1) polypyridyl complexes that direct water splitting is made possible with both
visible light as well as near-infrared light; this is due to the fact that the difference between
the potentials of the H2/H>O and H>O/O- half-cell reactions is only 1.23 V [109]. Photo-
induced electron transfer reactions in molecular donor-acceptor dyads and in sensitizer-
semiconductor dyads often result in high quantum yield for transient photochemical charge
separation. Hydrogen or oxygen can be made in good quantum yield if these systems are

coupled to sacrificial electron donors or acceptors, Figure 9 [110].
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Figure 9: Scheme illustrating forward electron transfer in sensitized TiO2 in aqueous systems [109].
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Generally, water splitting by visible light requires two electrons for hydrogen
formation and four electrons for oxygen formation, and this corresponds to the most favorable
thermodynamic conditions for the reaction to take place. It is a multi-electron process that
requires 1.23 eV per electron transferred [111]. The energies required for the reactions of the
formation of radical intermediates are considerably higher when compared with those of
multi-electron reactions that require -0.414 V and +0.816 V at pH = 7 versus NHE, for the H»
and O evolving reactions, respectively. These reactions with their required corresponding

energies are summarized in the following equations:

H'+e — H °0=261V
20H" + 2H"+2e — 2H,0 E°=231V
2H"+2¢ —— H, °=-041V
O, + 4H +4e — 2H,0 Ec=082V
H,O0, + 2H"+2¢ — 2H,0 E°=135V
Therefore, successive one-electron oxidations of water molecule yield O2", H20»,

HO" and O.. A potential diagram that includes the redox potentials at pH = 7 for one- two-

and four-electron couples that involve these states is shown in Figure 10 [112].

0, 0,” H,0, H,0 + HO" 2H,0
( —-0.33 (-0.16) | +0.89 L1 +0.38 | +2.32 |

( +0.281 L +1.349 |

t +0.815 |

Figure 10: Potential diagram for water at pH = 7 [112].
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2.4 Photodynamic Activity of Dye Sensitized-TiO2 Nanoparticles

Janczyk et al. investigated the photodynamic activity of platinum(IV) chloride
sensitized TiO2 NPs. In vitro experiments with the mouse melanoma cells (S-91) and murine
macrophage cell line (RAW 264.7) have demonstrated phototoxicity of the material through
efficiently generated various reactive oxygen species (*OH, O2"", H202, 1O;) and also reactive
chlorine species induced by visible light irradiation (A > 455 nm) [113, 114]. Similarly, Lei et
al. extended the absorption spectrum of TiO2 NPs by attaching ascorbic acid (AA) molecules
to their surfaces. Upon visible light irradiation (>550 nm), TiO2-AA hybrids were able to
transform supercoiled DNA into linear form. The group found that *OH, Oz, and O, were
the reactive agents contributing to the DNA cleavage. The drawback of this method is that
AA is irreversibly oxidized to dehydroascorbic acid and would not regenerate inside a cell
[115]. Recently, there have been a few reports on the sensitization of TiO2 with known
organic and metallorganic photosensitizers, clinically approved or presently investigated for
PDT. Such combination can potentially yield a synergistic effect of the assembly in tumor
therapy. For example, Tokuoka et al. attached an FDA approved porphyrin photosensitizer,
chlorin e6, to TiO2 NPs. Irradiation of polychromatic light (550—750 nm), that excites chlorin
e6, significantly damaged the EL-4 cells and a higher cell-killing effect was found for the
dye-TiOz particles than for the system using chlorin e6 alone [116]. Lopez et al. incorporated
an efficient photosensitizer, Zinc phthalocyanine (ZnPc) molecules, into the porous network
of TiO using the sol-gel method. However, the photodynamic effect of the composite TiO»-
ZnPc on tumor and non-malignant mammalian cells was less potent than that of pure ZnPc
alone. The authors attributed this result to the fact that the composite material was less

internalized by the cells than the pure dye was [117].
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CHAPTER 3

DESIGN OF RUTHENIUM POLYPYRIDYL-SENSITIZED TiO,
HYBRID NANOPARTICLES

Based on our group’s background in the research area of dye-sensitized solar cells
(DSSCs), we set to develop ruthenium polypyridyl dyed titania-based hybrid NPs that follow
Type | PDT mechanism exclusively. To that end, core-shell-shell magnetite-silica-titania
nanoparticles Fes0,@SiO@TiO2 (C-NPs) were synthesized by successive sol-gel methods,
Scheme 1. The super-paramagnetic magnetite cores can be used as contrast agents for MRI as
previously mentioned, and with the application of an external magnetic field at the tumor site,
their accumulation and retention in the target tissue can be greatly enhanced. Next, a
ruthenium dye, [(4,4"-dcbpy)2Ru(dm-bpy)].2CI (where dc = dicarboxy, dm = dimethyl, and
bpy = 2,2'-bipyridine), was anchored to the nanoparticles forming the hybrid photosensitizer
Fe304@Si0.@TiO.@Dye (D-NPs). The role of titania, is to accept the electron injected from
the photo-excited dye into its conduction band (similar to how DSSCs work). Theoretically,
both the holes in the oxidized dye and accumulated electrons in TiO2 can oxidize and reduce,
respectively, surrounding species (especially oxygen and water) to form cytotoxic free-
radicals (PDT Type I). The silica buffer layer between magnetite and titania is necessary since
SiO- acts as an insulating layer preventing electron-hole recombination at the magnetite
center, thus increasing the lifetime of the photo-generated holes (at the dye end) and electrons

(at the titania end), and hence their photo-reactivity [118].

si0, —sio,

Fe;0, — Fe, 0,

A-NPs B-NPs C-NPs D-NPs
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Scheme 1: schematic representation of A, B, C and D nanoparticles.

The Fe30,@SiO@TiO2 nanocomposites are sensitized with a polypyridyl ruthenium
complex through the latter’s CO2H groups, resulting in a coupling interaction between the
photosensitizer energy levels and the energy bands of the TiO2 semiconductor and their
photosensitizing powers are measured by the degree of ROS generated upon light irradiation.
Upon photoexcitation, an efficient electron injection from the dye into the conduction band of
the semiconductor takes place as an ultrafast process on the femtosecond scale. Consequently,
TiO2 will deactivate the excited state of the ruthenium complexes via the electron transfer
generating the oxidized complex form Ru (I11). The strong oxidizing power of Ru (I11)
complexes (Eox ~ 1.5 eV versus NHE) leads to direct and indirect oxidation of species within
the cells such as peptides and DNA bases. However, the lifetime of the oxidized metal center
should be long enough for redox reactions to take place, and this is the case of Ru (I11) that
lives between 0.1 to 20 ms when anchored to TiO2 [119]. As a result, highly destructive
radical species could be generated causing oxidative damage to cells and subsequent cell
death. Also cell damage could take place reductively by electron transfer from the conduction
band of the TiO2 semiconductor to the accepting species in the cell.

Fes04@SiO.@TiO2 NPs synthesis has been reported in the literature using different
methods, but their applications, whether bare or with a photosensitizer’s assistance, have been
focused on their photocatalytic activity for water purification mainly [118, 120-130]. To our
knowledge, the use of ruthenium polypyridyl complexes-sensitized metal oxides in PDT has
never been reported. Recently, Truillet, C. et al. synthesized gadolinium based nanoparticles
with a Ru(ll) polypyridyl complex covalently grafted on the inorganic magnetic matrix in
order to obtain MRI/PDT multifunctional platforms [131]. Although these hybrid
nanocomposites demonstrated in vitro cytotoxicity, the ruthenium-based complex didn’t

sensitize the metal oxide; the latter was only a MRI contrast agent and a mere support for the
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dye generating the singlet oxygen species in the medium. In this thesis work, we demonstrate
the effective cytotoxic properties of this novel composition of NPs in an in vitro model of

human lung cancer cell line (A549 cells).
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CHAPTER 4

EXPERIMENTAL

4.1 Instruments and Equipment

X-Ray diffraction measurements were performed using Bruker D8 Discover. Fourier
transform infrared (FT-IR) spectra were collected on Nicolet 4700, Thermo Electron
Corporation. The surface areas of the different samples were calculated according to
Brunauer-Emmet-Teller (BET) model from nitrogen adsorption isotherms carried out on
Nova 2200e Surface Area and Pore Size Analyzer, Quantachrome Instruments. Throughout
the work, NP samples were concentrated using Amicon® pressure-based stirred cells
diafiltration set-up, Figure 11. Energy-dispersive X-ray spectroscopy (EDX) spectra and
scanning electron microscopy (SEM) images of the nanoparticles were obtained using Tescan
Mira 3 MLU, and X-Max Silicon drift detector with 20 mm? detector size, Oxford
Instruments. The hydrodynamic radii of the NPs were measured using 90Plus Particle Size
Analyzer, Brookhaven Instruments Corporation. Total reactive oxygen species (ROS) and
singlet oxygen generations were assessed by measuring the emission of a fluorescent probe
using Fluorolog FL-1057 from Horiba Jobin Yvon, and the UV-Vis spectra of another probe
using Jasco V-570, respectively. Images of excitation and viability of A549 cells were
captured with two channels 488nm (Calcein) and 561nm (PI) using LSM710 confocal
microscope (Zeiss, Germany). In case of ROS production, images were immediately captured

after excitation at 520nm (DHE) and 488nm (DCF).
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Figure 11: Diafiltration set-up and operation with Amicon selector valve, stirred cell and accessory reservoir. 1 - Ultrafiltrate,
2 - Ultrafiltration equipment, 3 - Pressure supply, 4 - Selector valve, 5 - Inlet, 6 - Outlet, 7 - Feed liquid, 8 - Reservoir

4.2 Materials

Iron (I1) chloride tetrahydrate (FeCl2.4H20) (99%), Iron (111) chloride hexahydrate
(FeCls.6H20) (97%), Propidium iodide (PI), and fluorescein isothiocyanate were purchased
from Sigma-Aldrich. Tetraethyl orthosilicate (TEOS) (CsH2004Si) (99%), Poly (acrylic acid,
sodium salt) —(CsHsNaO2)-» (Mw = 2,100), 9,10-dimethylanthracene (DMA), and 3-
Hydroxytyramine hydrobromide were obtained from Aldrich. Titanium (1V) isopropoxide
(C12H2804Ti) (98%) was purchased from Acros Organics and Degussa P25 titania from
Sigma-Aldrich. Sodium phosphate monobasic (NaHPO4.H20) from Fisher Scientific
Company and sodium phosphate, dibasic, anhydrous (Na;PO4) from Solar Laboratories, Inc.
were used to make phosphate buffer solutions. 2,7-Dichlorodihydrofluorescein diacetate
(DCFH-DA) was purchased from Cayman Chemical Company. Dihydroethidium (DHE) and
Calcein-AM were purchased from life technologies. Glass Bottom Culture Dishes (Confocal
dishes) were purchased from Matek®(USA), glass bottom 8 well chambers from BD falcon-
USA. For cell culture, DMEM AQ culture media, Penicillin G, Streptomycin, Fetal Bovine

Serum and Sodium Pyruvate were ordered from Sigma-Aldrich. Solvents, and other
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chemicals, were of analytical grade and used without further purification. Distilled and
deionized water was used throughout the work.
Synthesis of Polyacrylic-Acid-Capped Iron Oxide Nanoparticles (PAA-Fe304), (A-NPs):

Stable Fe3O4 ferrofluid was synthesized using the method of coprecipitation of Fe(ll)
and Fe(l11) salts in the presence of PAA oligomer as a surfactant as reported elsewhere [132,
133] with modifications. Typically, 5.57 g (21.24 mmol) of FeCl3.6H20 and 2.01 g (10.21
mmol) of FeCl2.4H,0 were dissolved in 100 ml of water inside a 500 ml 3-necked round
bottom flask (RBF). Separately, 1.74 g of PAA were dissolved in 50 ml of water then
transferred into the RBF. The mixture was probe sonicated for 15 min, followed by purging
with nitrogen gas for 20 minutes while heating it up to 60°C. Next, under vigorous mechanical
stirring, excess NH4OH (10 ml, 28% by weight) were quickly added to the reactor using a
syringe. Upon addition of the ammonium solution, the color of the mixture turned from
orange to black immediately. The temperature was raised to 90°C over 15 min and stirring
was continued for another 45 min. The resultant solution was left to cool down to room
temperature and then filtered under pressure against water until it became neutral (the pH of
the filtrate was periodically checked using a litmus paper). The final concentration was found
to be = 32 mg/ml of water.

Coating of Nanoparticles with Silica to get Fe304@Si02, (B-NPs):

Following the Stober method [134], with modification, the coating of magnetite
nanoparticles with silica was carried out in a basic ethanol/water mixture at 25°C. In a 5-liter
3-necked RBF, 20 ml of PAA-Fe304 solution were diluted in a 640 ml of water and 1920 ml
of ethanol, then probe sonicated for 30 min. Next, excess NH4sOH (48 ml, 28% by weight)
was added to the solution before it was deaerated with nitrogen for 30 min. Then, under
vigorous mechanical stirring, 4.8 g (28.54 mmol) of TEOS diluted in 320 ml of ethanol were

added drop-wise from a separatory funnel as slow as possible; and stirring was continued for
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12 h. The resultant solution was probe sonicated for 30 min and then pressure filtered against
ethanol to a final concentration of = 12 mg/ml of ethanol.
Coating of Nanoparticles with Titania to get Fe304@SiO2@TiO2, (C-NPs):

Coating of nanoparticles with titania was carried out using the sol-gel method as
reported elsewhere with modifications [118]. Typically, 71 ml of silica-coated NPs were
diluted into 3270 ml of ethanol then probe sonicated in a 5-liter RBF for 30 min. separately,
under rapid magnetic stirring at 0°C, 8.54 ml (29.12 mmol) of titanium isopropoxide were
added to 430 ml of isoproponal. Stirring of the isopropoxide solution was continued for 5
min. Next, under vigorous mechanical stirring at 50°C, the titanium sol was added drop-wise
to the reactor over 3 hours. The solution was left to age at 50°C for 4 hours, before adding 30
ml of water. The reaction was left stirring at 60°C for an extra 30 min. After 24 h, it was
probe sonicated for 30 min, and then pressure filtered against water making sure no traces of
ethanol are left. The final volume of the solution was adjusted to 80 ml. The solution was
hydrothermally treated inside an acid digestion bomb at 200°C for 24 h. The final
concentration of this solution was measured to be 19.6 mg of NPs per ml of water.
Anchoring of Ruthenium dye on titania-coated NPs (Fe304@SiO2@TiO2@Dye), (D-
NPs):

The inorganic dye used was (dc-bpy)2Ru(dm-bpy).2PFs (Dye) where dc-bpy is 4,4'-
dicarboxy-2,2'-bipyridine, dm-bpy is 4,4’-dimethyl-2,2'-bipyridine. This dye was available
from previous work [119]. To anchor it to titania-coated NPs, a solution of the latter was
pressure filtered against ethanol until it became water free. Next, excess dye in ethanol was
added to the filtered C-NPs solution, bath sonicated for 30 min, and then left in the dark
overnight. After 24 h, the solution was washed multiple times by centrifugation until the
supernatant solution obtained after centrifugation was colorless. The concentration of NPs in

this solution was found to be 9.5 mg/ml of ethanol.
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Total ROS generation in solution measurements:

To measure ROS generated by D-NPs in solution, a PBS, 0.1 M, was prepared, and a
solution of DCFH, 3.5 mM, was reconstituted by dissolving DCFH-DA in 10 mM NaOH.
Next, 3 ml of PBS and 10 pl of DCFH were transferred into a quartz cuvette. Finally, 0.5 mg
of various NP solutions (A-NPs, B-NPs, C-NPs, D-NPs, Deguassa P25 TiO2 NPs) was added.
The solution inside the cuvette was then exposed to either green (532 nm, 5 mW) or white
light while (with a UV filter up to 350 nm) bubbling it with air to ensure oxygen saturation,

and the emission spectrum (Aex = 500 nm, Aem = 520 nm) was recorded at different intervals

with light being on for 5 min and off for another 5, Figure 12.
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Figure 12: The setup of the total ROS generation in solution. Excitation with green light (top) and white light (bottom) were
carried out.

Singlet oxygen generation in solution measurements:

Singlet oxygen generation was measured using DMA as a probe. 2 solutions were
prepared: the first contains 7.5 x 10° M DMA and 1.5 x 10° M of Dye, and another one
having the same concentration of DMA plus 0.408 mg of D-NPs. UV-Vis and emission
spectra (Aex =397 nm, Aem = 410-600 nm) were recorded at t = 0 (immediately upon adding
Dye or D-NPs) and after 80 min of excitation using the same green light used before, Figure
12. Again, both solutions were bubbled with air throughout the experiment.

Measuring the quantity of Dye anchored to the NPs in D-NPs:

Dye was desorbed from D-NPs upon addition of aqueous NaOH. The resultant
solution was centrifuged and the UV-Vis spectrum of the supernatant was measured. The
concentration of the dye in the solution and hence its amount anchored on the NPs were
calculated (£475 nm = 17000 I.mol-*cm®). Concentration of Dye was calculated to be 50 mmol/g
of NPs.

Cell culture:
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A549 cells, a human lung adenocarcinoma epithelial cell line, were grown in DMEM
AQ culture media supplemented with Penicillin G 100 U/ml and Streptomycin 100 pg/ml,
10% Fetal Bovine Serum (FBS) and Sodium Pyruvate. Cells were cultured in a 37 °C
incubator with 5% CO, atmosphere.

Cellular uptake of nanoparticles:

We assessed the uptake of NPs into A549 cells using two independent methods: flow
cytometry and microscopy. In flow cytometry experiments, we quantified the uptake of
fluorescein isothiocyanate (FITC) labeled C-NPs (FITC-C-NPs) by cells. The latter were
prepared by adding excess dopamine to C-NPs and leaving them over night. The next day, the
NPs were captured, using a strong magnet, and washed multiple times with water to remove
the remaining free dopamine. The FT-IR spectrum of the resulting NPs confirmed the
presence of dopamine on the nanocomposites. Next, excess FITC in ethanol was added to the
resulting NPs solution, and was left overnight. The next day, the remaining free FITC was
removed by washing using ethanol multiple times, then water, to obtain FITC-C-NPs .Cells
were seeded in 6-well plates (10* cells/cm?) until reaching 50% confluence after which FITC-
C-NPs were added. At different time points, cells were washed, trypsinized, and collected by
centrifugation at 100g and re-suspended in 4% formaldehyde with gently vortex to avoid cell
clumping. Cell suspensions were analyzed by flow cytometry where fluorescence intensity
was plotted for each sample.

Nanoparticles internalization was also assessed by fluorescence microscopy. A549
cells, seeded in confocal dishes, were loaded with FITC-C-NPs overnight. Before imaging,
calcein-blue AM (Invitrogen), a blue fluorescent cell marker dye, was added. After thorough
washing of the un-internalized dye, we acquired 3D images of the cells using a laser scanning
confocal fluorescent microscope.

Excitation and Viability Measurements of A549 Cells:
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A549 cells were seeded in glass bottom 8 well chambers (5000 cells/well). After 24
h, cells were treated with D-NPs or left untreated. For treatment, D-NPs were suspended in
95% ethanol and adjusted to 1 mg/ml. A solution of 1% v/v was added to 1 ml of media
resulting in a concentration of 10 pg/ml. After 24 h of incubation, cells were washed to
remove unbound D-NPs. One 8 well chamber was covered with aluminum foil and one was
kept uncovered. The 8-well chambers were then placed on the surface of a projector light, and
excited for 15 minutes with a halogen lamp. Light output was measured to be 100 mW.s™.
Following excitation, the 8-well chambers were imaged and then placed in a humidified CO>
incubator. After 16 h of incubation, calcein-AM was added to each well and images were
obtained. Calcein-AM is a permeable dye that enters the cells where endogenous esterases
cleave the AM group rendering the now fluorescent calcein impermeable. Living cells retain
the dye within the cytoplasm while dead cells lose the dye. Fluorescence microscopy and
bright field imaging were performed and living cells were counted in an automated way using
Cell Profiler software while dead cells were counted manually by looking for cells that had
lost the calcein fluorescence.

Measurement of Intracellular ROS:

Intracellular ROS generation was assessed in A549 D-NPs-treated cells by an ROS
sensitive dye, Dihydroethidium (DHE). Dihydroethidium was used according to the
manufacturer’s protocol. Cells were cultured in confocal dishes, treated with D-NPs
overnight, washed with PBS and incubated with 3 uM DHE at 37° C for 15 min. Cells were

then excited for 5 min and live imaged at 520 nm.
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CHAPTER 5

RESULTS AND DISCUSSION

Core-shell-shell magnetite-silica-titania nanoparticles (C-NPs), Scheme 1, were
synthesized by successive sol-gel methods. The magnetite cores (A-NPs) were
electrostatically stabilized and dispersed by the addition of polyacrylic acid. Infrared, energy-
dispersive X-ray and X-Ray diffraction measurements of the multilayered NPs confirmed the
presence of the surfactant polymer and the three oxides. Figure 13 shows the FT-IR spectra of
PAA alone, and those of the NPs at different stages of their synthesis. The strong band at ca.
1710 cm™ in PAA spectrum is attributed to the carbonyl group stretching mode [135]. The
appearance of the latter in the spectrum of A-NPs with a lower intensity is indicative of the
presence of PAA in the magnetite NPs [136]. The spectrum of A-NPs also exhibits the
characteristic absorption band of Fe-O stretching vibration at 582 cm™ as previously reported
[132]. The spectrum of B-NPs shows the symmetric and asymmetric vibrations of Si-O-Si at
around 800 and 1080 cm?, respectively [125]. The broad band in the spectrum of C-NPs

between 500 and 800 cm™ is that of Ti-O-Ti vibration modes [125].
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Figure 13: FT-IR spectra of PAA (solid-black), A-NPs (dotted-red), B-NPs (dashed-green), and C-NPs (dashed-dotted-blue).

The X-ray diffraction patterns of the different NPs are presented in Figure 14. The
XRD pattern of A-NPswas in agreement with the JCPDS card No. 19-0629, presenting
the characteristic peaks at 26: 30.4° (220), 35.7° (311), 43.4° (400), 53.8° (422), 57.4° (511)
and 63.0° (440) of cubic spinel structure of magnetite [122]. Coating the FesO4 cores with
SiO2 didn’t change the structure of the former as can be seen in the diffractogram of the B-
NPs. The XRD pattern of the latter show the attenuation of the FesO4 peaks, and a new broad
peak between 20" and 28" which is indicative of the amorphous nature of the SiO layer [122].
The diffractogram of the C-NPs comprises peaks for TiO: layer along with those of the
magnetic core. The peaks at 25.4° (101) and 48.1° (200) are characteristic of the anatase

polymorph of TiO, (JCPDS card No. 21-1272) [137].
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Figure 14: XRD diffractogram of A-NPs (dashed-red), B-NPs (dotted-green), and C-NPs (solid-blue) in addition to JCPDS
card No. 19-0629 of Fe304.

The energy dispersive x-ray spectroscopy analysis of the different NPs showed the
presence of the 5 expected elements: C, O, Fe, Si, and Ti. The relative percentage of iron to

silicon was consistent at 2:3 in both the silica coated and the titania coated samples, Table 2.

Table 2: Percentage of oxygen, iron, silicon and titanium in each sample as obtained from EDX measurements

Sample Oxygen Iron Silicon Titanium
B-NPs - 39.37 60.63 -
C-NPs - 12.10 17.55 70.35

The morphology of the various nanocomposites was characterized by SEM, Figure
15. The NPs had a nearly spherical shape at the different stages of their synthesis. Figure 15
also shows the particle size distributions obtained from SEM images of the different NPs. The

mean equivalent diameters of the nanocomposites are summarized in Table 3.
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Figure 15: SEM images of the different nanoparticles A-NPs, B-NPs and C-NPs (above) and The particle size distributions
obtained for each from SEM (below).

Table 3: Mean diameters of the different NPs obtained by SEM and DLS.

Sample | SEM mean equivalent DLS number-weighted DLS intensity-weighted
diameter (nm) mean diameter (nm) hydrodynamic diameter
(nm)
A-NPs 17 17 62
B-NPs 27 26 90
C-NPs 40 33 99

The hydrodynamic diameter of the different nanocomposites was measured using

DLS, Figure 16 and table 3. The intensity-weighed mean diameter grew from 62 nm for A-

NPs to 90 nm for B-NPs, and to 99 nm for C-NPs, which is within the optimum size range for

cellular uptake [138]. The intensity-weighed values can also be converted mathematically to

number-weighed ones which can be directly compared to the mean equivalent diameters

obtained by the SEM. The values obtained for the different NPs by the two instruments were

comparable, Table 3.
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Figure 16: DLS intensity-weighed hydrodynamic diameter distribution of A-NPs, B-NPs, and C-NPs.

Brunauer-Emmett-Teller (BET) surface areas for the different nanocomposites are
summarized in Table 4. The surface area increased with the addition of each coating layer but
then decreased following the hydrothermal treatment. This suggests that the increased
crystallinity of TiO2 achieved by the treatment was accompanied by a deterioration of its

porous structure.

Table 4: BET surface area of the different NPs.

Sample BET Surface Area (m?/g)
A-NPs 95
B-NPs 145
C-NPs (before hydrothermal treatment) 233
C-NPs (Hydrothermally treated) 126

The total ROS generation in solution was measured using Dichloro-dihydro-
fluorescein (DCFH) as a probe, Scheme 2. The latter is a non-fluorescent molecule, however,
in the presence of ROS in solution, it’s readily oxidized to DCF which is highly fluorescent

[139].
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Scheme 2: reaction of the conversion of DCFH to DCF in the presence of free radicals [139].

The emission fluorescence intensity at 520 nm of several samples (Blank, A-NPs, B-
NPs, C-NPs, D-NPs, Dye, and Deguassa P25 TiO» NPs) were measured at successive
excitation with green light, or white light, Figure 17 top and bottom, respectively. The results
of A-NPs and B-NPs were comparable to the blank/control trials. Degussa P25 TiO2, NPs
generated slightly higher intensities. ROS generated by the Dye and C-NPs showed similar
effectiveness in oxidizing DCFH, however, neither of which achieved what D-NPs were able
to. After the first excitation which lasted for 5 min, the NPs were left in the dark for 5 min and
then were excited again for another 5 min. the further increase in DCF fluorescence intensity
indicates that more ROS has been generated following every excitation (a similar trend was
observed after 2 more excitations, but data are not shown). After 2 excitations only, D-NPs
generated more than 5 times with green light and around 4 times with white light what any of
the other samples were able to. The fact that the quantity of ROS generated can be controlled
by the frequency of excitations means that photo-treatments can be repeated until the desired

therapeutic effect is achieved.
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Figure 17: Fluorescence intensities of DCF at 520 nm after successive 5 min intervals light excitation (top: green light,
bottom: white light) of a blank control, A-NPs, B-NPs, C-NPs, D-NPs, Dye, and Deguassa P25 TiO2 NPs. Excitation
intervals were separated by a 5 min in-dark interval.
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In the second set of experiments, we chose a singlet-oxygen-specific molecular probe
9,10-dimethylanthracene (DMA\), to measure if any 1O, is generated by D-NPs. DMA is a
fluorescent compound (Agxcitation = 375 nm, Aemission = 436 nim) that reacts selectively
with 02 to form the non-fluorescent 9,10-endoperoxide with a very high rate constant (2 x

107 — 9 x 108 M~1s71) in many organic solvents, as well as water, Scheme 3 [139].

CH, CH;
102
—_—
CH, CH;
9,10-Dimethylanthracene Endoperoxide

Scheme 3: Reaction of DMA with 1O to produce endoperoxide [139].

The endo-peroxide generation was measured using 2 spectroscopic techniques: UV-
Vis and fluorescence spectroscopy. Figure 18 shows the UV-Vis spectra of D-NPs along with
those of Dye and a control/blank. DMA absorbance at 375 nm decreased from 0.89 to 0.53
(more than 40%) in 80 min of illumination with a green light. In contrast, D-NPs and the
blank/control showed practically no decrease in DMA absorbance confirming the absence of
any singlet oxygen generation. The fluorescence spectra, Figure 18, show a similar result. The
dye alone was able to generate enough singlet oxygen in 80 min to decrease the fluorescence
intensity of DMA at 424 nm by more than 35%. The spectra of D-NPs and the blank are
similar and show negligible decrease in absorbance and fluorescence after 80 min of
excitation. These results prove that our D-NPs photosensitizers don’t generate singlet oxygen

upon excitation, and therefore act mainly through Type | mechanism in their PDT action.
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Figure 18: UV-Vis (top) and fluorescence emission spectra (bottom) of DMA before and after 80 min excitation with a green
light for the samples a-a’ (blanks), b-b’ (Dye) and c-¢’ (D-NPs) in PBS buffer.

After demonstrating the efficiency of D-NPs at generating ROS in solution, we set to
assess their efficacy at killing malignant cells upon light excitation. We chose A549 cells, a
commonly used lung cancer cell line model, to determine their NPs internalization, in-cell
ROS generation and light induced cell death.

The uptake of NPs into A549 cells was assessed using two independent methods:
flow cytometry and fluorescence microscopy. In the former, we quantified the uptake of
fluorescein isothiocyanate (FITC) labeled C-NPs (FITC-C-NPs) by cells. This enabled us to
use fluorescence assays to measure nanoparticle uptake and visualize nanoparticles within
cells. As shown in Figure 19, A549 cells incubated with FITC-C-NPs take up the NPs over
several hours with no increase in uptake after 16 hours, and therefore all subsequent

experiments were performed after at least 16 hours of incubation time.
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Figure 19: Nanoparticle uptake by A549 cells. A. The histograms shows fluorescence intensity measured via flow cytometry
of different time points after treating A549 cells with FITC-C-NPs. Maximum uptake is seen after 16 hours.

However, flow cytometry, while excellent at quantifying overall fluorescence
associated with cells, it does not assert whether the NPs are indeed internalized into the cells.
Therefore, laser scanning confocal microscopy was performed to ensure the internalization,
Figure 20. Calcein blue was used to label the interior of the cells, and we were able to observe
that in some cells nanoparticles are clearly within the cytoplasmic volume. We also observed
that some nanoparticles appear to be at the periphery of the cells which could be either at the

cell membrane or just within that. Some cells also appear empty of any NPs.

58



Slices: abc

Figure 20: DIC (left) and fluorescence images (middle and right) of A549 cells incubated with FITC-C-NPs. A549 cells are
labeled with calcein blue, a cytoplasmic fluorescent dye (blue in middle and right panels). FITC-C-NPs appear green in the
fluorescence images and as dark regions in the DIC image. Note the heterogeneity in nanoparticle localization. Cell 1 for
example has many nanoparticles on the periphery and internally while cell 2 has little noticeable fluorescence within the
cytoplasm. The slices are obtained by acquiring confocal images and show NPs within the cytoplasmic volume of some cells.
Scale bar is 20 pm.

After determining nanoparticle uptake, we assessed ROS production by DHE
oxidation, Figure 21. D-NPs treated cells, control untreated cells and control C-NPs treated
cells were incubated with DHE and directly imaged. A significant increase in ROS production

was observed in comparison to the basal level produced in control cells.
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Figure 21: Generation of ROS in A549 D-NPs treated cells. ROS production is significantly increased in D-NPs treated cells.
C-NPs treated cells and untreated cells have very low levels of ROS. Images taken in red channel for DHE stain. Scale bar:

Sum.

The observation that D-NPs treated cells showed large ROS production within cells
following light excitation suggested that the viability will be compromised. To test this we
carried out a microscopy based viability assay. Control untreated cells, control C-NPs treated
cells and D-NPs treated cells were all excited with a white light source for 15 minutes and
after 24 hours viability was assessed by imaging cells after the addition of calcein green.

Living cells with intact cell membranes retain calcein while dead cells lose the dye. Excited
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D-NPs treated cells show a large increase in cell death as compared to control cells or to cells

treated with C-NPs, Figure 22.

Control

Not
Excited
(NE)

Excited
(E)

Figure 22: Excitation of A549 D-NPs treated cells with a white light source induces cell death. Top: Images of excited and
non-excited A549 D-NPs treated cells and untreated cells were taken 16 hours after excitation. C-NPs treated cells and
untreated cells were used as controls. The images are bright field overlaid with calcein green fluorescence. Scale bar:
100pm.

Quantification of cell viability was done by counting the number of living (calcein
green containing) and dead cells (non-calcein green containing). Significant numbers of dead
cells were observed only with excitation of D-NPs. Cell death was less than 1% of all cells in
the control and C-NPs treated cells, while in D-NPs treated one it was between 20 and 40%.

Although our experiment showed a large increase in the death of cells treated with
D-NPs compared to controls, the majority of cells remained viable. It is possible that this is
due to the fact that different cells took up different amounts of nanoparticles as shown in

Figure 20, and/or different cells may also have varying ROS scavenging systems.
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CHAPTER VI

CONCLUSION AND FUTURE WORK

In this work, we reported the preparation of core-shell-shell magnetite-silica-titania
nanoparticles (FesOs@SiO.@TiO2> NPs) which were stained with a polypyridyl ruthenium
dye. The dyed NPs (D-NPs) proved superior to both the naked NPs and the dye alone at
generating ROS in solution upon excitation with either white or green light. However, in the
ROS generated in solution by the above mentioned NPs no detection of O, was found. We
further demonstrated in a proof-of-concept experiment that these nanoparticles are taken up
by A549 lung cancer cells. Light excitation of these D-NPs treated A549 cells show an
intracellular increase in ROS, and a large increase in cell death after 24 hr.

Future work should focus on enhancing the cellular uptake of the nanocomposites
and increasing their efficiency in ROS generation. The former can be achieved by modifying
their surface with different functional moieties such as targeting molecules (for example
antibodies against certain types of cancer cells). As for ROS generation, exploiting the
ruthenium polypyridyl dye for its potential third order nonlinear optical (NLO) process which
allows it the simultaneous absorption of two photons. This would allow the excitation with a
lower energy laser in the red to NIR light which has a deeper penetration in tissues.
Theoretically, the more light that reaches the nanoparticles inside the cells, the more they will
be excited, and the more ROS will be generated. On the biology part, future work should also
investigate the efficiency of D-NPs in-vitro on cells grown at low oxygen levels to verify that

the ROS generated, and subsequent cell death, is indeed effective in hypoxic conditions.
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