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Supervisor’s Foreword

Light has long been used for medicinal purposes. By combining the action of this
source of energy, a photosensitive drug and molecular oxygen, a new therapeutic
modality, namely photodynamic therapy (PDT), has been developed. This can be
used for the treatment of some localized and superficial cancers, as well as certain
non-cancerous conditions. Compared with the traditional therapies in oncology,
photodynamic therapy is relatively non-invasive and has fewer side effects, higher
tolerance of repeated doses, and higher specificity that can be achieved through
precise delivery of light with modern fiber optic systems and various types of
endoscopy. Although positive therapeutic outcomes have been reported, only a
few photosensitive drugs have been clinically approved so far and they still suffer
from a number of deficiencies, such as weak absorption in the tissue-penetrating
near-infrared region, sustained skin photosensitivity, low initial selectivity, and
long drug-to-light intervals. As a result, considerable efforts have been expended
in the development of more efficient photosensitizers toward targeted PDT and that
can conjugate with chemotherapeutic agents to achieve dual cancer therapy. This
multi-disciplinary field of study has received much current attention.

This thesis describes a series of novel phthalocyanine-based photosensitizers,
including their molecular design, synthesis, spectroscopic and photophysical
properties, in vitro photodynamic activity, and potential of being used for com-
bined chemo- and photodynamic therapy and targeted PDT. After a general
overview of the background and current status in this research area given in
Chap. 1, the details of the studies are presented in the following chapters for
conjugates with a chemotherapeutic oxaliplatin derivative, a polyamine ligand
with a view to targeting the polyamine transporters over-expressed in tumor cells,
and a ferrocene-based quencher that can inhibit their photodynamic activity, yet
can be removed under a tumor-associated environment, such as low pH and high
thiol concentration, thereby restoring their photocytotoxicity. A dual activatable
photosensitizer has also been reported for the first time. The activation effects have
been well demonstrated both in solution and at the cellular level. The studies
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Xii Supervisor’s Foreword

reported in the thesis are original and significant, and can stimulate further
investigations in this important research field. We imagine that “smarter”
photosensitizers that can respond selectively at tumors could be developed in the
near future, which could advance further this promising treatment modality.

Hong Kong, May 2013 Dennis K. P. Ng
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Chapter 1
Introduction

1.1 Introduction

Photodynamic therapy (PDT) involves the administration of a non-toxic drug
known as photosensitizer systemically, locally, or topically to a patient bearing a
lesion, which is frequently, but not always cancer [1, 2]. After an incubation
period, the lesion is illuminated by red visible light (620-690 nm). In the presence
of oxygen, it leads to the generation of cytotoxic reactive oxygen species (ROS)
and consequently to cell death and tissue destruction [3, 4]. The use of PDT as a
cancer therapy is particularly attractive because of its potential specificity. This is
due to the fact that the photosensitizer can localize in the malignant tissue. When
the light is directly focused on the lesion, the ROS that generated during photo-
sensitization results in cellular destruction in that particular region. In recent years,
PDT has become a subject of intense investigation as a possible treatment
modality for various forms of cancer [4-6].

1.1.1 History of Photodynamic Therapy

The use of light in the treatment of disease can be traced back over 4,000 years
[7-9]. Ancient Egyptian, Indian, and Chinese civilizations used light to treat
various diseases including psoriasis, rickets, vitiligo, and skin cancer [10]. Reports
of contemporary PDT first appeared during the investigations led by Finsen in the
late nineteenth century [11]. He found that exposure of red light can prevent the
formation and discharge of smallpox pustules [11]. He also successfully demon-
strated phototherapy by employing heat-filtered light from a carbon-arc lamp in
the treatment of cutaneous tuberculosis, for which he won the Nobel Prize in
Physiology and Medicine in 1903 [12]. In 1900, Raab, a German medical student
discovered that a combination of acridine red and light can kill a species of
paramecium [13]. He reported that the combined cytotoxic effect was greater than
that of the individual components. In the same year, Prime, a French neurologist,

J. T. F. Lau, Towards Dual and Targeted Cancer Therapy 1
with Novel Phthalocyanine-based Photosensitizers, Springer Theses,
DOI: 10.1007/978-3-319-00708-3_1, © Springer International Publishing Switzerland 2013



2 1 Introduction

used eosin (a brominated derivative of fluorescein) orally in the treatment of
epilepsy, but discovered that this treatment induced dermatitis in sun-exposed
areas of skin [14]. This discovery led to the first therapeutic medical application of
a combination of photosensitizer and light in the treatment of skin cancer [15].
This process was described as “photodynamic action” [16]. The more recent era of
PDT was initiated by Lipson in the 1960s when he discovered a mixture of
chemicals, termed hematoporphyrin derivative (HpD), which had tumor-localizing
properties [17]. It was also found that this mixture could be activated with red
light, resulting in the PDT effect. A timeline starting from the ancient development
to the recent milestones in the evolution of PDT is presented in Fig. 1.1.

The therapeutic application of PDT to patients with cancer took a long time to
develop until a significant breakthrough occurred in 1975 when Dougherty et al.
reported that the administration of HpD and red light could completely eradicate
mammary tumor growth in mice [18]. In the same year, Kelly also reported that
light activation of HpD could also eliminate bladder carcinoma in mice [19]. The
first approval of PDT by a regulatory authority occurred in 1993 in Canada using a
purer and better characterized derivative of HpD called Photofrin® for the treat-
ment of bladder cancer [20]. The first approval of using Photofrin® for PDT by the
Food and Drug Administration (FDA) in the United States was obtained in 1995
for palliation of obstructive esophageal cancer [20]. The success of treatments and
subsequent approvals of using Photofrin® generated worldwide interest in this
treatment modality. To date, more selective and potent photosensitizers have been
developed, and are now under investigation in clinical trials (Table 1.1).

1.1.2 Basic Principles of Photodynamic Therapy

1.1.2.1 Photophysical Mechanisms

The photophysical processes involved in PDT are illustrated in Fig. 1.2. The
ground electronic state of the photosensitizer is a singlet state (Sp). Upon
absorption of light of appropriate wavelengths (1), the photosensitizer is excited to
the short-lived first excited state (S;). The photosensitizer can return to the Sy state
by emitting the absorbed energy as fluorescence (2) or by internal conversion (3).
Alternatively, the S; photosensitizer can convert to the first excited triplet state
(Ty) by intersystem crossing (4). The S; state is rather short-lived, with typical
values for singlet state lifetimes (t;) being in nanoseconds, while triplet state
lifetimes (t7) are in the microsecond to millisecond range. In general, the T, state
is longer lived than the S; state, and hence the biologically relevant photochem-
istry is often mediated by this state [21, 22]. The T} photosensitizer can also return
to the S, state by emitting phosphorescence (5).

There are two types of photodynamic reactions [21, 22]. In Type I mechanism,
the excited photosensitizer interacts with biomolecules resulting in hydrogen atom
or electron transfer that leads to the production of ROS such as superoxide,
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Table 1.1 Photosensitizers for malignant diseases [108]

Photosensitizers Trade Potential indications
name
HpD, porfimer sodium Photofrin® Cervical, endobronchial, esophageal, bladder,

and gastric cancers

Benzoporphyrin derivative Veteporfin Basal cell carcinoma
monoacid ring A

meta-tetrahydroxyphenylchlorin ~ Foscan Head, neck, prostate, and pancreatic cancers

5-Aminolevulinic acid Levulan Basal cell carcinoma, head and neck, and
gynecological tumors

Boronated protoporphyrin BOPP Brain tumors
Lutetium texaphyrin Lutex Cervical, prostate, and brain tumors
Phthalocyanine 4 Pc4 Cutaneous/subcutaneous lesions from diverse

solid tumor origins

Taporfin sodium Talaporfin Solid tumors from diverse origins
Chemical
A Reactions
Sh
Sy
Sg_
S)y—48 8 —— -
51 . 4 ©:
A i p— Type | Mechani
e | Mechanism
T 30, yp!
E 10,
! 2¢3 ° Type Il Mechanism
302
o LY Y

Photosensitizer

Fig. 1.2 Modified Jablonski diagram showing various photophysical processes (I: absorption;
2: fluorescence; 3: internal conversion; 4: intersystem crossing; 5: phosphorescence) of an
excited photosensitizer
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Fig. 1.3 Typical reactions of singlet oxygen with selected biomolecules

hydroperoxyl and hydroxyl radicals, and hydrogen peroxide. Alternatively, the
photosensitizer in T state can undergo an energy transfer with oxygen to form
cytotoxic singlet oxygen ('O,). This process is classified as Type II mechanism.
'0, is regarded as the main mediator of phototoxicity in PDT. Both Type I and
Type II mechanisms cause oxidative damage within the target tissues which lead
to cell death and tumor destruction. However, it is generally accepted that the
generation of 'O, from Type II mechanism predominates during PDT. Figure 1.3
illustrates how different kinds of biomolecules react readily with this highly
reactive molecule [23].

1.1.2.2 Biological Mechanisms

It is now known that there are three main biological mechanisms emanating from
photodynamic treatment [24]. PDT can generally induce tumor destruction in vivo
in three different ways, namely direct tumor cell destruction, vascular destruction,
and elicitation of an antitumor immune response. These three mechanisms can
influence each other and the combination of all these components is required for
long-term tumor control. In the following subsections, these three mechanisms are
briefly discussed.



6 1 Introduction
Direct Damage and Cell Death

The ROS generated during PDT can kill tumor cells directly. Tumor cells being
directly eliminated by PDT undergo at least two types of cell death: necrosis or
apoptosis [3, 25, 26]. Necrosis is a violent and quick form of degeneration that
results from extensive cellular damage. It is characterized by the destruction of
organelles and disruption of the plasma membrane leading to the release of intra-
cellular contents into the extracellular compartment. In contrast, apoptosis is a
mechanism of genetically programmed death of old cells in both physiological and
pathological conditions of a living organism. It is characterized by a common
sequence of morphological and biochemical changes including condensation of
chromatin and formation of apoptotic bodies. In vivo PDT of tumors has been shown
to reduce a number of clonogenic tumor cells through direct photodamage [27].

Vascular Damage

The viability of tumor cells depends on the amount of nutrients supplied by blood
vessels. Over the last two decades, there have been a number of reports of PDT-
induced damage to tumor microvasculature leading to persistent post-PDT tumor
hypoxia/anoxia and nutrient deficiency, which in turn is lethal to the tumor [21, 25,
28]. The mechanism underlying the vascular occlusion includes vessel constric-
tion/collapse, macromolecular leakage, leukocyte adhesion, blood flow stasis, and
thrombus formation.

Inflammatory and Immune Response

Photodynamically induced changes in the plasma membrane and the membrane
cell organelles can trigger multiple signal transduction pathways. These include a
variety of protein kinase signaling cascades which elicit an inflammatory or
immune response leading to cell death [24, 29]. In fact, studies in the late 1980s
and early 1990s have reported the infiltration of lymphocytes, leukocytes, and
macrophages into PDT-treated tissue which indicates an activation of the immune
response [30, 31]. The differences in the nature and intensity of the inflammatory
response between normal and cancerous tissues may contribute to the selectivity of
PDT-induced damage [24, 32].

1.2 Photosensitizers of Photodynamic Therapy

Photosensitizers are compounds that are capable of absorbing light of a specific
wavelength and transforming it into other forms of energy. Although photosen-
sitizing compounds such as methylene blue, rose bengal, and acridine (Fig. 1.4)
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Fig. 1.4 Examples of non-porphyrinic photosensitizers
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Fig. 1.5 Structures of porphyrinic photosensitizers

are potential PDT agents, the majority of the photosensitizers are cyclic tetra-
pyrroles and their analogues, such as porphyrins, chlorins, bacteriochlorins,
expanded porphyrins, and phthalocyanines (Fig. 1.5).

1.2.1 Characteristics of Ideal Photosensitizers

Photosensitizers play a crucial role in PDT. The key characteristic of a photo-
sensitizer is its ability to preferentially accumulate in diseased tissue and, via the
generation of cytotoxic species, induce a desired biological effect. In order to
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develop novel photosensitizers with high potency and selectivity, the character-
istics of efficient photosensitizers must first be known [33-35].

A good photosensitizer is preferably a single and well-characterized compound
with a known and constant composition. The synthetic route should be short and
efficient. The compound should have minimum dark toxicity and negligible cyto-
toxicity in the absence of light. It should exhibit greater retention in diseased/target
tissue over healthy tissue, and be eliminated from the body readily to avoid gen-
eralized skin photosensitization. Its triplet quantum yield (®,) should be high and
the triplet state energy (AE,) should be larger than the energy of singlet oxygen
(AEx = 94 kJ mol™") so that energy transfer can occur to generate '0,. 1t should
not significantly self-aggregate in the body because aggregation decreases ®, and
singlet oxygen quantum yield (®,) [36]. It should have strong absorption in the red/
near-infrared region of the electromagnetic spectrum (650-850 nm) so that the light
penetration can be as deep as possible [37, 38]. However, the absorption wave-
length should not be too long. Otherwise, the energy would not be sufficient to
trigger the formation of 'O, [33, 39]. In addition, the photostability of a compound
often decreases when its absorption wavelength increases [39, 40]. Preferably, the
photosensitizer would not strongly absorb in the region of 400—600 nm to minimize
the risk of generalized photosensitivity caused by sunlight.

1.2.2 First-Generation Photosensitizers

Photofrin®

The first photosensitizer being approved for clinical use by governmental
regulatory agencies is the first-generation hematoporphyrin derivatives. The most
typical and well-known example is Photofrin®. It is a mixture of dimers and
oligomers of hematoporphyrin in which the porphyrin units are linked by ether
and/or ester linkages (Fig. 1.6). It has been approved for clinical use against early-
and late-stage lung cancer, esophageal cancer, bladder cancer, and malignant,
nonmalignant, and early-stage cervical cancer in the worldwide. Despite the
clinical success achieved using Photofrin®, this drug has several serious limita-
tions. First, the high degree of chemical heterogeneity makes it difficult to control
its behavior in vivo, both in terms of the photosensitizing properties and the
distribution between the tumor and the normal tissues. Since the composition of
these oligomers may vary in different preparations and storage times, it is difficult
to study the structure—activity relationship [33]. Secondly, Photofrin® absorbs
weakly at the therapeutic wavelength of ca. 630 nm (Fig. 1.7). This restricts the
treatment to a tumor depth of no more than 5 mm [41]. In addition, the small
extinction coefficient at 630 nm (¢ = 3 x 10° M™' cm™") lowers the probability
of photoexcitation, thus requiring the administration of a relatively large amount
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of dye (2-5 mg kg~' body weight) in order to obtain a satisfactory photothera-
peutic response. Thirdly, Photofrin® has been proved to be ineffective for cancers
such as pigmented melanoma due to the overlapping absorption spectra of the
photosensitizer and melanin in the malignant tissue [42]. More importantly, this
drug exhibits extended retention in cutaneous tissue for up to 10 weeks post-
injection [43].
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Table 1.2 Absorption characteristics for several classes of second-generation photosensitizers

Compound type Amax (nm) eM'em™)
Porphyrins 620-640 3,500
meso-substituted porphyrins 650 18,000
Chlorins 680 40,000
Phthalocyanines 700 200,000
Naphthalocyanines 780 350,000
Bacteriochlorins 780 150,000

1.2.3 Second-Generation Photosensitizers

The limitations on the use of Photofrin® in PDT have led to the development of new
and more effective photosensitizers. The investigations to identify these new
“second-generation” photosensitizers are mainly directed toward porphyrin ana-
logues which absorb in the far-red spectral region. The absorption characteristics
for several classes of second-generation photosensitizers are presented in Table 1.2.
In the following subsections, some important classes of second-generation photo-
sensitizers are highlighted.

Porphyrins

meso-Tetraphenylporphyrin (TPP) (see 1.1 in Fig. 1.8) was the first porphyrin as a
single compound to be evaluated as a photosensitizer. TPP has an absorption
maximum of 630 nm and is an efficient generator of 'O, but has limited solubility in
water. To enhance the hydrophilicity of TPP, suitable substituents have been added
to its periphery. Sulfonation of TPP gives meso-tetra(4-sulfonatophenyl)porphyrin
(p-TPPS,) (see 1.2 in Fig. 1.8), which is an excellent producer of 10, (@, = 0.71)
[43] and has excellent water solubility, and was viewed as a promising photosen-
sitizer for PDT [44]. Due to its hydrophilicity, it does not require a carrier to avoid
self-aggregation in the plasma which will decrease its @ [45—47]. In addition, it is
membrane permeable, displays lysosomal accumulation in tumor cells, and is
effective both in vitro and in vivo. However, clinical trials with p-TPPS, were ceased
after neurotoxicity was reported in mice being exposed to high doses of p-TPPS,
[48, 49].

Recently, dendritic porphyrin derivatives have been prepared in which a por-
phyrin chromophore is buried inside a hydrophobic shell. Surface modifications on
the periphery have provided a cationic or anionic surface for a zinc porphyrin core
with up to 32 charged terminal groups. These compounds have been found to be
effective photosensitizers in vitro (see 1.3a-b in Fig. 1.9) [50]. In addition, a series
of tetraphenylporphyrin derivatives bearing amino acids, peptides, or diamines
(see 1.4a—f in Fig. 1.9) have also been prepared which are also potential photo-
sensitizers [51].
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Fig. 1.8 meso-Substituted porphyrins 1.1 and 1.2 that have been developed as potential
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Chlorins and Bacteriochlorins

Porphyrins generally have a strong absorption at around 400 nm, which is called
the Soret band (or B-band). Unfortunately, the short-wavelength absorption of this
band does not allow deep penetration into tissue. These compounds exhibit weak
absorptions at around 630 nm. By contrast, their derivatives chlorins and bacte-
riochlorins have strong absorption maxima around 680 and 780 nm, respectively
(Table 1.2). Figure 1.5 shows the structures of a general porphyrin, chlorin, and
bacteriochlorin. Reduction of a peripheral double bond of porphyrins shifts the
/Amax to the red. The dihydroporphyrins obtained are called chlorins. In bacterio-
chlorins, two double bonds on the opposite sides of the macrocycle are reduced,
which further moves their absorption to the red.

meta-Tetrahydroxyphenylchlorin (m-THPC) is probably the most useful
chlorin-based photosensitizer (see 1.5 in Fig. 1.10). m-THPC (also called Foscan
or Temoporfin) shows a strong absorption at 652 nm. It has been approved in
Europe for the palliative treatment of head and neck cancer, and additional indi-
cations have been filed for prostate and pancreatic tumors [32, 52, 53]. It has also
been used effectively in recurrent breast cancer for chest wall lesions [54].
However, it shows long-term skin photosensitization of up to 6 weeks, which is
one drawback to its use.

Naturally occurring chlorin eg (see 1.6a in Fig. 1.10), derived from oxidation of
chlorophyll a, has an absorption maximum at 654 nm with a value of ¢ of ca.
4 x 10* M~' em™'. However, it also exhibits long-term skin photosensitization
and requires high doses [55]. Alkyl esters of chlorin eq and other derivatives such
as mono-L-aspartyl chlorin eg (see 1.6b in Fig. 1.10) have been found to be more
bioavailable and effective at lower doses and are being evaluated for topical
delivery [56].
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1.5 m-THPC 1.6b Mono-L-aspartyl chlorin eg,
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R' = (L)-NHCH(CO,H)CH,CO,H

Fig. 1.10 Structures of meta-tetrahydroxyphenylchlorin (1.5), chlorin eq (1.6a), and mono-L-
aspartyl chlorin e (1.6b)
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1.2.4 Phthalocyanine-Based Photosensitizers

Phthalocyanines (Pcs) have been extensively studied as second-generation
photosensitizers for PDT (see structure in Fig. 1.5) [57-60]. Due to the four
additional peripheral benzene rings, they have absorptions at longer wavelengths
compared with porphyrins (Table 1.2). These absorptions, normally in the red
visible region, allow a deeper light penetration into tissues. In addition to the
bathochromic shift of the Q-band absorption maxima, Pcs have higher molar
extinction coefficients by two orders of magnitude over that of the longest Q-band
absorption of HpD (Pc: ¢ ~ 10° M~' ecm™'; HpD: ¢ ~ 10° M~' cm™"). Hence,
Pcs have desirable photophysical and photochemical properties. Very often, these
properties can be altered through rational modification of the substituents either on
the periphery of the macrocycle or at the axial positions linked to the metal center.
However, Pcs tend to aggregate which shortens the singlet excited state lifetime
and hence decreases the singlet oxygen quantum yield by dissipating energy
through internal conversions [61]. This problem can be overcome by incorporating
large substituents or using emulsifying agents, such as Cremophor EL to create a
micro-heterogeneous environment [62, 63]. In addition, the central metal ions of
Pcs also play influential roles on their photophysical properties. Normally, Pcs
containing a closed d shell and diamagnetic metal center, such as Zn**, AIP*, and
Ga®* have higher triplet state quantum yields (®, > 0.4) and longer lifetimes
(t7 > 200 ps) [64]. The triplet state of these compounds varies in energy from 110
to 126 kJ mol™", which is sufficient to generate singlet oxygen (94.5 kJ mol™")
with high quantum yields (0.3-0.5) [65].

In the following subsections, selected examples of phthalocyanines that were
studied as second-generation photosensitizers for PDT are discussed.

Zinc Phthalocyanines

The preparation of unsubstituted zinc(II) phthalocyanine (ZnPc) involves a
straightforward and one-step condensation reaction of phthalonitrile in the pres-
ence of zinc acetate [66, 67]. This compound is highly insoluble in almost all
organic solvents and aqueous media, and hence it needs to be formulated as
emulsions or conjugated with proteins for biological uses. Unlike silicon(IV)
phthalocyanines (SiPcs), aggregation is a very common phenomenon for ZnPcs,
especially in aqueous media, since Zn>* ion does not support two axial ligands as
SiPcs do. As mentioned earlier, aggregation tends to reduce the photosensitizing
efficiency, and thus numerous efforts have been put on synthesizing hydrophilic
and non-aggregated Phthalocyanines in order to inhibit molecular aggregation in
aqueous media.

Ng et al. reported two hexadeca-carboxy phthalocyanines which exhibited a
considerable water solubility in the presence of NaOH (see 1.7 and 1.8 in Fig. 1.11)
[68]. Both compounds (in their deprotonated forms) were not significantly aggre-
gated in aqueous media when pH > 7, probably due to the inherent repulsion of the
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highly negatively charged molecules. The in vitro photodynamic activities of both
compounds (in their deprotonated forms) were investigated against two different
cell lines, namely murine macrophage J774 and human hepatocarcinoma HepG2. It
was found that the zinc(I) analogue 1.8 exhibited a high and selective photocy-
totoxicity against J774 cells due to the expression of class-A scavenger receptors in
J774 cells but not in HepG2 cells [69, 70]. The conclusion was supported by a
polyinosinic acid competitive assay.

Awruch et al. reported two novel isosteric cationic zinc(II) phthalocyanines (see
1.9a-b in Fig. 1.12) [71]. The photodynamic effect and the cellular uptake of both
phthalocyanines were evaluated on human nasopharynx KB carcinoma cells. Upon
exposure to light (4.7 J em™2, 1.96 mW cm™?), phthalocyanine 1.9a showed a
higher cytotoxicity than 1.9b with ICs values (defined as the dye concentration to
kill 50 % of the cells) of 1.45 pM for the former and 10.5 uM for the latter
phthalocyanine. In addition, 1.9a showed a relatively higher cellular uptake and
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Fig. 1.13 Structures of 1,4-di-o-substituted zinc phthalocyanines 1.10-1.12

more efficient ROS generation. It also tended to accumulate in the lysosomes of
the KB cells.

Ng et al. further reported a series of 1,4-di-a-substituted zinc phthalocyanines
1.10-1.12 (see structures in Fig. 1.13) [72, 73]. These phthalocyanines are highly
soluble and remain non-aggregated in N,N-dimethylformamide (DMF). Compared
with the unsubstituted ZnPc, these 1,4-di-a-substituted analogues exhibit a red-
shifted Q-band (689-701 nm). Upon illumination (48 J cm ™2, 40 mW cmfz),
these phthalocyanines are highly cytotoxic toward human colon adenocarcinoma
HT29 and human hepatocarcinoma HepG2 cells, with ICsy values as low as
0.02 pM. The high photodynamic activity of these compounds can be attributed to
their high cellular uptake, low aggregation tendency in the biological media, and
high efficiency in generating ROS.

Silicon Phthalocyanines

Another class of phthalocyanines that receives a great deal of attention is sili-
con(IV) phthalocyanines. Axial ligation of hydrophilic or amphiphilic groups in
silicon(IV) phthalocyanines can tune the properties of the macrocycles such as the
solubility in biological media, aggregation behavior, and targeting properties.
The silicon(IV) phthalocyanine Pc4 (1.13) developed by Kenney et al. is per-
haps the most representative example. Scheme 1.1 shows the synthetic route used
to prepare this compound [74]. Owing to the high photodynamic activities,
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Scheme 1.1 Synthesis of silicon(IV) phthalocyanine Pc4 (1.13)

Pc4 has been studied extensively. It is highly effective in causing regression of the
RIF-1 tumor at low drug dosage with little cutaneous photosensitivity. It is also
effective in killing HIV and blood-borne parasites, rendering this compound to be
used in the photosterilization of red blood cells and platelets concentrates [75].
Based on the fact that positively charged rhodamine B (Rh B) accumulates
specifically in the mitochondria of living cells, Wong et al. have recently designed
two axially ligated silicon(IV) phthalocyanine-rhodamine B conjugates 1.14a-b
(see structures in Fig. 1.14) [60]. Their linear and two-photon photophysical
properties, subcellular localization, and photocytotoxicity have been studied.
These conjugates localize almost exclusively in the mitochondria in human
nasopharyngeal carcinoma HK-1 cells and human cervical carcinoma HeLa cells.
In addition, they demonstrate substantial PDT activities via two-photon excitation
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Fig. 1.14 Structures of silicon(IV) phthalocyanine-rhodamine B conjugates 1.14 a-b
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of the Rh B chromophore. As revealed by nuclei-staining method and flow
cytometric DNA content analysis, apoptotic cell death was induced by these
conjugates upon photoactivation.

1.3 Toward Targeted Photodynamic Therapy

Although some photosensitizers used in PDT can exhibit a certain degree of tumor
selectivity, it is desirable to have further control of their photodynamic action.
Various strategies have been developed to improve the drug specificity for dis-
eased tissue and to achieve targeted PDT [76]. In the following sections, two key
strategies are briefly discussed, including (1) the utilization of site-specific
delivery agents to carry the photosensitizers to target tissue (e.g. antibodies,
peptides, or folic acid) [77-79] and (2) the development of smart PDT agents that
can be activated upon interaction with tumor-associated stimuli [80].

1.3.1 Site-Specific Delivery of Photosensitizers

1.3.1.1 Conjugation to Monoclonal Antibodies

A major challenge in PDT is to improve the tumor selectivity of the photosensi-
tizers. One of the strategies is through the conjugation with monoclonal antibodies
(MAbs) which have high affinity toward tumor-associated antigens. Since the
expression of these antigens on normal tissues is limited, it is anticipated that these
tissues will be relatively free from these MAb-conjugated photosensitizers.

Vrouenraets et al. investigated the photodynamic activities of the MAb con-
jugate of tetrasulfonated aluminum(IIl) phthalocyanine 1.15 (AIPcS4;-MAb) and
meso-tetra(hydroxyphenyl)chlorin 1.16 (m-THPC-MAb) (see structures in
Fig. 1.15) [81, 82]. Preliminary in vitro data showed that the AlPcS,-MADb con-
jugate was highly toxic to A431 cells. This conjugate was 7500 times more toxic
than the free compound (ICsp: 0.12 vs. 900 nM), and about 60 times more toxic
than m-THPC-MAD. In an extended in vitro evaluation, AIPcS4- and m-THPC-
MAD conjugates were studied using five different squamous cell carcinoma (SCC)
cell lines as target and three different MAbs (BIWA 4, E48, and 425) for targeting.
In contrast to free AlPcS, (ICso > 700 nM), MAb-conjugated AlPcS, was found
to be highly photocytotoxic in all the five cell lines. AIPcS;-BIWA 4 was most
consistently effective with ICsy values ranging from 0.06 to 5.4 nM. However,
m-THPC-MADb conjugates were ineffective. These results showed that AlPcS,-
MAD conjugates have a higher potential than m-THPC-MADb conjugates for use in
PDT.
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Fig. 1.15 Structures of aluminum(IIl) phthalocyanine tetrasulfonate- and meso-tetra(hydroxy-
phenyl)chlorin-monoclonal antibody conjugates

1.3.1.2 Conjugation to Tumor Vessel-Targeted Peptides

Endothelial cells are crucial in angiogenesis, the process of new blood vessel
formation associated with tumor growth and metastasis [83]. By specifically tar-
geting tumor endothelial cells, it is possible to induce vascular shutdown and
enhance treatment efficacy. «,f5-Integrin, a heterodimeric transmembrane glyco-
protein receptor, is overexpressed in proliferating endothelial cells in and around
tumor tissues [84]. This integrin may therefore represent a promising target for the
delivery of photosensitizers. Owing to the fact that cyclic peptides containing an
arginine-glycine-aspartic acid (RGD) motif show high affinity for this integrin,
conjugation of photosensitizers to cyclic RGD may potentiate the vascular effect of
PDT that is thought to play a major role in tumor eradication. Vernon et al.
synthesized a protoporphyrin IX-cyclic RGD conjugate 1.17 (PpIX:cRGD) (see
structure in Fig. 1.16) [85]. Pharmacokinetic analysis of this PpIX:cRGD-treated

HaN 1.17 PpIX:cRGD 118 R= FAla-Thr-Trp-Leu-Pro-Pro-Arg-OH

Fig. 1.16 Structures of protoporphyrin IX-cyclic RGD conjugate 1.17 and 5-(4-carboxyphenyl)-
10,15,20-triphenylchlorin-ATWLPPR conjugate 1.18
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mice showed significant drug retention and accumulation in tumor tissue with
higher tumor : normal tissue ratios than the free photosensitizer.

Receptors for growth factors are overexpressed on cancer cells, which are also
excellent targets for specific photosensitizer delivery system. Vascular endothelial
growth factor (VEGF) is considered to be a key mediator of angiogenesis in
cancer. Therefore, after conjugation with photosensitizer, it can also trigger the
vascular effect of PDT. Barberi-Heyob et al. conjugated 5-(4-carboxyphenyl)-
10,15,20-triphenylchlorin (TPC) to a VEGF receptor-specific heptapeptide
(ATWLPPR) (see 1.18 in Fig. 1.16) [86]. Its uptake by human umbilical vein
endothelial (HUVEC) cells was up to 25-fold higher than that of free TPC. In nude
mice xenografted with U87 human malignant glioma cells expressing VEGF
receptors, the conjugated photosensitizer could target angiogenic endothelial cells
as well as tumor cells.

1.3.1.3 Conjugation to Folic Acid

Folic acid is a vitamin which has a high affinity for folate receptor, a glycosyl-
phosphatidylinositol-anchored cell surface receptor that is overexpressed in many
human tumors but absent in most normal tissues [87]. Although the precise
mechanism of folate receptor transport of folic acid into cells remains unresolved,
folate conjugates are taken up non-destructively by mammalian cells via receptor-
mediated endocytosis [88]. Schneider et al. reported the first conjugation of TPP
with folic acid (see 1.19 and 1.20 in Fig. 1.17) and studied their targeted delivery to
human nasopharynx KB carcinoma cells, which overexpress folate receptors [89].
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Fig. 1.17 Structures of tetraphenylporphyrin-folic acid conjugates 1.19-1.20
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After 24 hincubation, the cellular uptake of these conjugates was on average 7-fold
higher than that of TPP. Moreover, the cellular uptake kinetics suggested that these
conjugates enter into the cells through an active transport via receptor-mediated
endocytosis. The cellular uptake of 1.19 and 1.20 showed a reduction of 70 % in the
presence of a competitive concentration of folic acid. While TPP displayed no
photocytotoxicity, conjugates 1.19 and 1.20 showed 50 % growth inhibition at a
light dose of 22.6 and 6.7 J cm™2, respectively.

1.3.2 Activatable Photosensitizers

Activatable photosensitizers are a special class of photosensitizers that can be
activated by a wide variety of molecular stimuli, resulting in increased cytotoxic
singlet oxygen generation. This is often accomplished by maintaining the photo-
sensitizers in a quenched state prior to activation. Forster resonance energy
transfer (FRET), photoinduced electron transfer (PET), and self-quenching are
potential quenching strategies in the design of activatable photosensitizers.
Compared to conventional PDT which relies on specific light and photosensitizer
delivery, activation by appropriate stimuli confers an additional control of the
specificity of the PDT process.

1.3.2.1 Environmental Activatable Photosensitizers

Environmental activation is an important factor in controlling the singlet oxygen
generation of photosensitizers. It was documented that the singlet oxygen pro-
duction efficiency of photosensitizers is dependent on solvent properties including
pH and hydrophobicity. As shown in Fig. 1.18, the common photosensitizer
methylene blue (1.21) displays a 5-fold enhancement in singlet oxygen quantum
yield as the pH increases from 5 to 9 under which the photosensitizer is

Methylene Blue Toluidine Blue
® @
\,Iq Z s rlu/ \rlu s NH;
1.21 1.22
® ®
pH=9 —*H o pH-5 pH=9 D = pH=5
(I)Az 0.95 _ H@ (DAz 0.2 CDA= 0.9 - H® (DA= 0.25

Fig. 1.18 pH-dependent changes in singlet oxygen quantum yields of methylene blue (1.21) and
toluidine blue (1.22)
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deprotonated [28]. The structurally related photosensitizer toluidine blue (1.22)
shows a similar response upon deprotonation [90]. Solvent hydrophobicity also
plays an important role in determining the photosensitizer efficiency. For example,
palladium-bacteriopheophorbide a (1.23) undergoes an approximately 2-fold
change in singlet oxygen quantum yield as the solvent changes from acetone to
deuterated water (Fig. 1.19).

Although solvent and pH effects have long been recognized to affect singlet
oxygen production, efforts have only been made recently to exploit these prop-
erties in the design of activatable photosensitizers. For example, by attaching a
pH-sensitive moiety to photosensitizers, pH-activated photosensitizers can be
formed that can function at a low pH environment. O’Shea et al. synthesized a
novel series of amine-containing BF,-chelated azadipyrromethenes. Their singlet
oxygen production in DMF could be switched on and off through changing the pH
environment (Fig. 1.20) [91]. Upon addition of HCI, the amino groups were
protonated, which inhibited the PET process thereby promoting the production of
singlet oxygen. These photosensitizers were demonstrated to effectively kill the
MRC5-SV40 transformed fibroblast cells.
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Fig. 1.20 A PET-based pH-activatable photosensitizer. The BF,-chelated azadipyrromethene
showed a higher singlet oxygen production efficiency when the amino moieties became
protonated
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Fig. 1.21 Hydrophobically activatable photosensitizer with protein targeting ligand for
chromophore-assisted light inactivation

This approach was extended to PET-based quenchers that are only active in a
hydrophobic environment. Figure 1.21 shows an example of these activatable
photosensitizers in which a boron dipyrromethene (BODIPY)-based photosensi-
tizer is linked to a modulatable PET-based quencher and an inositol 1,4,5-tri-
phosphate unit (a protein-targeting ligand) (1.24) that can deliver the
photosensitizer to the IP3 receptors of cells [92], where it was activated by binding
in a hydrophobic pocket and could then specifically damage that protein through
singlet oxygen generation. This approach demonstrated the specific inactivation of
specific proteins in live cells.

1.3.2.2 Photodynamic Molecular Beacons

Molecular beacons are FRET-based target-activatable probes. They offer a control
of fluorescence emission in response to specific cancer targets, and thus are useful
tools for in vivo cancer imaging. By combining the principles of molecular bea-
cons and PDT, photodynamic molecular beacons (PMB) have recently been
developed for controlling the photosensitizer’s ability to generate singlet oxygen
and, ultimately, for controlling its PDT activity. The PMB comprise a photosen-
sitizer (PS), a quencher (Q), and a disease-specific linker, keeping them in close
proximity so that the photosensitizer is quenched due to FRET. When the linker
interacts with target molecules, such as tumor-associated enzymes or nucleic acids,
the PS and Q are separated which abolishes the quenching effect by FRET, thereby
restoring the photoactivity of the photosensitizer (Fig. 1.22).
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Fig. 1.22 Schematic diagram showing the general working principle of PMB

Enzyme-Activated PMB

Enzymes are biological catalysts and central to all facets of cellular functions.
They are therefore excellent targets. In fact, overexpression of enzymes is often
correlated with specific diseases. Activation of photosensitizer can be confined to
the location where the enzyme is present, while in tissues not expressing the
enzyme, the photosensitizer remains inactive.

Zheng et al. have developed an activatable photosensitizer that targets matrix
metalloproteinase-7 (MMP-7), which plays a crucial role in the pathogenesis of
cancer [93]. The system is composed of an enzyme-specific peptide sequence, a
pyropheophorbide a photosensitizer, and a BHQ3 quencher (see 1.25 in Fig. 1.23).
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Fig. 1.23 Structure of a pyropheophorbide a-based activatable photosensitizer 1.25. It is linked
to a BHQ3 quencher via an MMP-7 enzyme-specific peptide sequence
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Upon incubation of this photosensitizer with MMP-7, the production of singlet
oxygen was greatly enhanced. Inhibition of the enzyme activity, the use of non-
MMP-7-expressed cells, or modification of linker peptide sequence resulted in
lowering the PDT activity.

Nucleic Acid-Activated PMB

Apart from enzymes, nucleic acids can also be used to regulate the activity of
photosensitizers. Since gene mutations or altered gene expressions lie at the heart
of almost all diseases, nucleic acid-based activatable photosensitizers could form
the basis of PDT that removes unwanted cells expressing specific genes and dis-
criminating even single-base mismatches.

Zheng et al. have reported a PMB of which the singlet oxygen production can
be triggered by tumor-specific mRNA [94]. They have synthesized a c-raf-1
mRNA-triggered PMB using pyropheophorbide a as the photosensitizer, carot-
enoid as the quencher, and c-raf-1 mRNA-targeted antisense oligonucleotide as the
loop sequence (see 1.26 in Fig. 1.24). The conformationally restricted hairpin (or
stem-loop) structure forces the quencher to efficiently inhibit the photoreactivity of
the photosensitizer. In the presence of tumor-specific c-raf-I mRNA, the hairpin
opens and the photosensitizer emits fluorescence and generates cytotoxic 'O, upon
irradiation. The 'O, production of pyropheophorbide a is quenched in its native
state by 15-fold and is restored to 9-fold after addition of target RNA. In addition,
upon incubation of c-raf-1 expressing MDA-MB-231 cancer cells with the PMB,
the PMB displays efficient cellular uptake and subsequently effective PDT acti-
vation in targeted cells.
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Fig. 1.24 Schematic diagram showing the working principle of mRNA-triggered photodynamic
molecular beacon 1.26
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1.4 Dual Chemo- and Photodynamic Therapy

Degenerative diseases such as cancer usually involve more than one pathological
process. As a result, attempts to combat such diseases with single therapeutic
approaches may not always be efficient. For this reason, the use of combination
therapy with modalities that target different disease pathways represents an
alternative strategy. As mentioned in Sect. 1.1.2, in the presence of tissue oxygen,
the photosensitizer triggers a series of photochemical and photobiological pro-
cesses that may lead to direct cancer cell damage, tumor microvascular occlusion,
and host immune response. Due to these multiple actions, PDT has been recently
evaluated as a potential adjuvant for conventional cancer treatments such as
radiotherapy, immunotherapy, and chemotherapy. In the following, the combina-
tion of PDT with chemotherapy is briefly reviewed. For dual PDT and chemo-
therapy, there are three general approaches, including the use of covalent
conjugates, co-encapsulation of a photosensitizer and an anticancer drug in a
polymeric nanocarrier, and sequential administration of these agents.

1.4.1 Covalent Conjugation

One approach in the context of combination treatments consists of the use of
covalent conjugates of a photosensitizer and a chemotherapeutic drug. Brunner et al.
developed a series of porphyrin-platinum complex conjugates in which a porphyrin
derivative is covalently linked to a platinum complex [95]. The hypothesis for the
use of such systems was based on the combined effect of PDT and cytostatic activity,
as well as the porphyrin-mediated targeting of tumors. These porphyrin-platinum
complex conjugates were prepared by complexation of the platinum complexes of a
1,2-diamine ligand with hematoporphyrin or 13,17-bis (2-carboxyethyl)-3,8-bis[1-
(ethyleneglycolmonoethylether)oxyethyl]-2,7,12,18-tetramethylporphin (see 1.27—
1.30 in Fig. 1.25). Their cytotoxicity was evaluated against MDA-MB-231
mammary carcinoma cells and compared to that of cisplatin and Photofrin® either
alone or in combination [96]. Three of the tested conjugates were as active as or even
more active than cisplatin in association with PDT.

Apart from these porphyrin-platinum complex conjugates, Guo et al. reported a
molecular combo of silicon(IV) phthalocyanine and a cisplatin analogue (see 1.31
in Fig. 1.26) [97]. The cytotoxicity of the conjugate was evaluated toward human
cervical cancer HeLa cells, both in the absence and presence of light. At a con-
centration of 100, the conjugate only achieved inhibition ratios of 45-55 %.
However, the cytotoxic activities increased drastically after exposure to red light.
At a concentration of 1 uM, the red light irradiation led from 7- to 25-fold
enhancement in inhibitory efficiencies. In addition, both conjugates exhibited a
nuclei-localization behavior and DNA binding ability, which may be due to the
presence of the Pt(II) moieties. As a result, the use of DNA-targeting Pt(II)
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Fig. 1.25 Structures of porphyrin-platinum complex conjugates 1.27-1.30. Refer to the original
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moieties allowed the photosensitizing unit to bind to DNA and induce oxidative
damage to it. On the other hand, the incorporation of a photoactive SiPc moiety
might allow the Pt(Il) unit induce photochemical reactions, such as DNA
platination.

1.4.2 Co-encapsulation in Polymeric Micelles

Recently, nanomaterials such as polymer-drug conjugates [98], liposomes [99],
nanoparticles [100], and polymeric micelles[101, 102] have been considered as
potential carriers for hydrophobic drugs. When photosensitizers are incorporated
into polymeric micelles formed by amphiphilic block copolymers, they can
actually act as nanosized photosensitizing agents for PDT. If another cytotoxic
hydrophobic drug is also encapsulated into the micelles, this system may serve as a
potential dual carrier for combined PDT and chemotherapy for the treatment of
cancer.

Shieh et al. synthesized a chlorin-core star-shaped block copolymer (CSBC)
based on methoxy poly(ethylene glycol) (mPEG) and poly(e-caprolactone) (PCL).
In the presence of paclitaxel (PTX), it assembled in aqueous media to form a
micelle-like structure in which both the photosensitizer and PTX are entrapped
inside (see 1.32 in Fig. 1.27) [103]. In the absence of PTX, the polymeric micelles
exhibited phototoxicity against MCF-7 human breast cancer cells at a chlorin
concentration of 125 pg mL~" with 7 or 14 J cm ™2 light irradiation (53 % or 38 %
cell survival, respectively). The cell viability of PTX-loaded micelles was further
evaluated with 7 J cm™? light irradiation. The cell viability in the dark was
inhibited by about 35 % by PTX alone and 33 % by the PTX-loaded micelles at
the highest PTX concentration (20 ug mL™") for 24 h. After light irradiation,

NH HN

self-assembly
CSBC
HN fe)
Nz o~ _~_ M o
= = et P NF N e
R=H jo-" r-' ) r
. Paclitaxel PaclitaxellCSBC micelles

PCL-mPEG
1.32 CSBC

Fig. 1.27 Structure of chlorin-core star block copolymer 1.32 and schematic drawing of self-
assembled paclitaxel/CSBC micelles
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about a further 62 % of cells were killed by the micelles at 20 pg mL~" PTX
concentration, whereas there was no conspicuous difference with PTX alone. The
significantly higher cytotoxicity after irradiation showed that there was a syner-
gistic effect for the two components.

Apart from PTX, the same research group also encapsulated 7-ethyl-10-
hydroxy-camptothecin (SN-38), which is an antitumor agent that targets the
nuclear enzyme topoisomerase I (Top I) to CSBC [104]. The combined effects of
SN-38/CSBC micelles were evaluated in an HT29 human colon cancer xenograft
model. SN-38/CSBC-mediated PDT synergistically inhibited tumor growth,
resulting in up to 60 % complete regression of well-established tumors after three
treatments. These treatments also decreased the microvessel density and cell
proliferation within the subcutaneous tumors.

1.4.3 Sequential Administration

The rationale behind the combination of PDT and chemotherapeutic drugs is the
different modes of cytotoxic action. Light-activated photosensitizers generate ROS
that oxidize various biomolecules in close proximity of the site of localization of
the photosensitizers (Sect. 1.1.2.1). Meanwhile, chemotherapeutic drugs like cis-
platin, doxorubicin, and mitomycin C (see structures in Fig. 1.28) kill cancer cells
by binding to DNA and interfering with subsequent processes in cell replication.
As a result, combination of PDT and chemotherapeutic drugs is likely to produce
an additive or even synergistic effect from a clinical point of view. In fact, it is
well-documented that the combination of these therapeutic modalities might
improve the overall outcome of the treatment of cancer.

Nonaka et al. investigated the cytotoxic and apoptotic effects of a combination
of Photofrin® and cisplatin on L5178Y mouse lymphoma cells [105]. PDT with
Photofrin® (5 pg mL™") alone or chemotherapy with cisplatin (20 pg mL™")
alone killed 41.5 & 8.5 % or 42.9 £ 6.5 % of L5178Y cells, respectively, while a
combination of these two treatments killed 99.7 4+ 0.6 %. Apoptotic cell death

Cisplatin

Doxorubicin MitomycinC

Fig. 1.28 Structures of cisplatin, doxorubicin, and mitomycin C
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after combination treatment also revealed to be 49.6 £ 7.8 % compared to
12.4 £ 3.4 % after PDT alone, and 18.8 &+ 2.6 % after cisplatin treatment alone.
The study demonstrated that combined treatment of PDT and cisplatin resulted in
enhanced apoptotic cell death as well as a cytotoxic effect on L5178Y cells.

The sequence of the addition of the chemotherapeutic drug and the photosen-
sitizer exerts a great influential effect on the overall therapeutic outcome.
Kirveliene et al. observed that the antitumor activity was more pronounced when
MH-22A murine hepatoma cells were subject to photodynamic treatment with
m-THPC followed by the treatment with doxorubicin [106]. The difference
in cytotoxicity between doxorubicin and the combined treatment with doxorubicin
before PDT was approximately 40 %, while it exceeded 60 % when doxorubicin
was added after PDT. The contribution of combination was evaluated by analysis
of variance. The analysis revealed an antagonistic component when doxorubicin
was given first. On the other hand, when doxorubicin was added after PDT, the
combined action resulted in the addition of cytotoxicities of individual compo-
nents. In vivo data showed that the antitumor activity of PDT 15 min before
doxorubicin regimen was higher than that of doxorubicin 24 h before PDT.
However, the statistical significance between these two sequences was not as high
as it was observed in vitro.

Datta et al. studied the effect of 5-aminolaevulinic acid (5-ALA)-mediated
photodynamic treatment in combination with mitomycin C on the J82 bladder
cancer cells and a mitomycin C-resistant counterpart (J82/MMC) [107]. 5-ALA
itself is not a photosensitizer, but a key precursor in the biosynthesis of the nat-
urally occurring porphyrin, heme (Scheme 1.2). The immediate precursor to heme
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is a pure endogenous porphyrin called protoporphyrin IX (PpIX), which is an
effective photosensitizer. Cell viability assays demonstrated that the J82/MMC
was not cross-resistant to PDT and suggested a higher sensitivity of J82/MMC to
PDT than the parent cell line. For both cell lines, an enhanced effect was observed
only when the cytostatic agent was given followed by a photodynamic treatment.

1.5 Objectives of this Study

The increasing number of drug resistance cases toward conventional chemother-
apeutic drugs and the nonspecific toxicity of drugs on healthy tissues give impetus
to the development of new therapeutic methods. One of the possible strategies to
circumvent these growing problems is dual and targeted PDT. Since photosensi-
tizers play a crucial role in controlling the therapeutic outcome, it is imperative to
explore new photosensitizers that can accommodate the present imperfections. The
objective of this thesis is to design and construct novel phthalocyanine-based
photosensitizers toward dual and targeted PDT, with a view to improving their
specific delivery to cancerous tissue and efficiency in PDT.
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Chapter 2

A Zinc(IT) Phthalocyanine Conjugated
with an Oxaliplatin Derivative for Dual
Chemo- and Photodynamic Therapy

2.1 Introduction

As mentioned in Chap. 1, there has been considerable interest in combining
photodynamic therapy (PDT) with other anticancer therapeutic methods. The
combination of modalities that act on different disease pathways has shown several
advantages, such as enhanced therapeutic efficacy, reduced side effects, and
retarded drug-resistance problem [1]. For dual PDT and chemotherapy, there are
generally three approaches, including sequential administration of a photosensi-
tizer and an anticancer drug, the use of their covalent and non-covalent conjugates,
and co-encapsulation of these agents in a polymeric nanocarrier. For some of the
cases, additive or synergistic effects have been observed which can reduce the
effective doses of anticancer drugs.

In light of the potential advantages of combined chemo- and PDT, we have been
interested in studying phthalocyanine-based photosensitizers conjugated with
platinum-based anticancer drugs. The latter have been widely used for the treatment
of a variety of cancers through disruption of DNA in the nucleus [2, 3]. It is believed
that the combination of these two components can embrace the advantages of the
two very different therapeutic mechanisms and the resulting conjugates can exhibit
synergistic anticancer effects. In this chapter, we report the preparation and in vitro
photodynamic activities of such a conjugate, in which an oxaliplatin derivative is
linked to a zinc(II) phthalocyanine core through a triethylene glycol spacer. The
conjugate is highly potent of which the cytotoxicity is five-fold higher than that of
the analogue without the platinum complex, demonstrating the cooperative effects
of the two cytotoxic components.

J. T. F. Lau, Towards Dual and Targeted Cancer Therapy 35
with Novel Phthalocyanine-based Photosensitizers, Springer Theses,
DOI: 10.1007/978-3-319-00708-3_2, © Springer International Publishing Switzerland 2013


http://dx.doi.org/10.1007/978-3-319-00708-3_1

36 2 A Zinc(Il) Phthalocyanine Conjugated with an Oxaliplatin Derivative

2.2 Results and Discussion
2.2.1 Molecular Design, Synthesis, and Characterization

In this conjugate, a zinc(Il) phthalocyanine was employed as the photosensitizing
unit due to its near-infrared fluorescence emission, high singlet oxygen generation
efficiency, and high photostability [4-6]. Owing to the high therapeutic efficacy of
oxaliplatin [2, 3, 7] a derivative of this drug was selected as the cytostatic part. The
two components were linked with a triethylene glycol chain, which can enhance
the amphiphilicity and biocompatibility of the system. Scheme 2.1 shows the
synthetic route used to prepare this conjugate. Starting with the commercially
available triethylene glycol (2.1), protection of one of the hydroxyl groups with
3,4-dihydropyran under an acidic condition afforded 2-[2-[2-(tetrahydropyranyl-
oxy)ethoxyJethoxy]-ethanol (2.2) [8]. This compound was then tosylated to give
compound 2.3 [8], followed by substitution with sodium iodide in refluxing ace-
tone to give l-iodo-8-(tetrahydro-2H-pyran-2-yloxy)-3,6-dioxaoctane (2.4) [9]. It
was then reacted with diethyl methylmalonate in the presence of NaH in N,
N-dimethylformamide (DMF) to give compound 2.5. The tetrahydropyranyl pro-
tecting group of 2.5 was then removed with concentrated sulfuric acid to give
compound 2.6. Nucleophilic aromatic substitution reaction of 4-nitrophthalonitrile
with alcohol 2.6 afforded the substituted phthalonitrile 2.7. This compound then
underwent mixed cyclization with an excess of 1,2-dicyanobenzene in the pres-
ence of Zn(OAc),-2H,O and 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU) in
n-pentanol to give the “3 4 1” unsymmetrical phthalocyanine 2.8 in 18 % yield.
This compound was then hydrolyzed with NaOH in acetone to yield the carboxyl
derivative 2.9, which was further complexed with trans-(d,1)-1,2-diaminocycloh-
exanedinitratoplatinum(Il) (2.10) [10] in an aqueous NaOH solution to give the
phthalocyanine-platinum complex conjugate 2.11. This compound was purified by
flash column chromatography followed by recrystallization from a mixture of
DMF and ethanol.

For comparison, two model compounds, phthalocyanine 2.14 and oxaliplatin
analogue 2.17, were also prepared. Scheme 2.2 shows the preparation of phtha-
locyanine 2.14. Treatment of triethylene glycol monomethyl ether (2.12) with
4-nitrophthalonitrile in the presence of anhydrous potassium carbonate in DMF
gave 4-(3,6,9-trioxadecyloxy)phthalonitrile (2.13) [11]. It was then treated with an
excess of 1,2-dicyanobenzene and Zn(OAc),-2H,0 to afford the f-substituted
phthalocyanine 2.14. Scheme 2.3 shows the synthetic route for the preparation of
oxaliplatin analogue 2.17. Trans-(d,l)-1,2-diaminocyclohexane (2.15) underwent a
ligand substitution reaction with potassium tetrachloroplatinate(Il) in water to give
dichloroplatinum(II) complex 2.16 in good yield. Silver nitrate was then used to
precipitate the two chloro ligands to obtain dinitratoplatinum(II) complex 2.10.
Trans-(d,])-1,2-diaminocyclohexane-malonatoplatinum(II) (2.17) was prepared by
treating 2.10 with an aqueous solution of malonic acid and KOH [10]. All the new
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Scheme 2.1 Synthesis of phthalocyanine-platinum complex conjugate 2.11

compounds were fully characterized with various spectroscopic methods and
elemental analysis (for phthalocyanines 2.9, 2.11, and 2.14) or accurate mass
measurements (for phthalocyanine 2.8 and all the precursors).
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Scheme 2.3 Synthesis of rrans-(d,])-1,2-diaminocyclohexanemalonatoplatinum(Il) (2.17)

2.2.2 Electronic Absorption and Photophysical Properties

The absorption spectrum of 2.11 in DMF was typical as the spectra for non-
aggregated phthalocyanines (Fig. 2.1). It showed a B-band at 344 nm, two vib-
ronic bands at 607 and 639 nm, and an intense and sharp Q-band at 672 nm, which
strictly followed the Lambert—Beer’s law. Upon excitation at 610 nm, the com-
pound showed a fluorescence emission at 688 nm with a fluorescence quantum
yield (®Og) of 0.22 relative to the unsubstituted zinc(Il) phthalocyanine (ZnPc)
(®p = 0.28) [12]. The spectral data of the reference compound 2.14 were very
similar to those of 2.11, except its slightly higher value of @ (0.25) probably due
to the absence of the heavy platinum complex (Fig. 2.2 and Table 2.1).

To evaluate the photosensitizing efficiency of these two compounds, their
singlet oxygen quantum yields (®,) were determined in DMF by a steady-state
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Table 2.1 Electronicabsorption and photophysical data for 2.11 and 2.14 in DMF
Compound Amax (nm) (log &) Aem(nm)? v D°)
2.11 344 (4.69), 607 (4.48), 639 (4.42), 672 (5.23) 688 0.22 0.56
2.14 347 (4.78), 606 (4.50), 639 (4.42), 672 (5.27) 688 0.25 0.57

& Excited at 610 nm

b Using ZnPc in DMF as the reference (O = 0.28)
¢ Using ZnPc as the reference (P, = 0.56 in DMF)

method with 1,3-diphenylisobenzofuran (DPBF) as the scavenger. The concen-
tration of the quencher was monitored spectroscopically at 411 nm with time of
irradiation (Fig. 2.3), from which the values of ®, could be determined by the
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method described previously [13]. The results showed that both compounds are
highly efficient singlet oxygen generators and the values of ®, were virtually
identical to that of ZnPc (@, = 0.56) (Table 2.1).

2.2.3 In Vitro Photodynamic Activities

The cytotoxic effects of conjugate 2.11 in a Cremophor EL emulsion were then
investigated. The surfactant was added to solubilize the compound in water and
reduce its aggregations. Since oxaliplatin is one of the most important chemo-
therapeutic drugs in colorectal cancer treatment [7], HT29 human colon adeno-
carcinoma cells were used for these studies. In order to reveal the photo- and
chemo-cytotoxic effects of 2.11, the antiproliferative properties of the two refer-
ence compounds 2.14 and 2.17 were also examined. Figure 2.4 shows the dose-
dependent survival curves for these compounds. It can be seen in Fig. 2.4a that the
non-platinum-containing phthalocyanine 2.14 does not show any dark toxicity up
to 100 uM. However, upon illuminating with red light (4 > 610 nm), it shows
substantial cytotoxicity with an ICsy value, defined as the dye concentration
required to kill 50 % of the cells, of 0.55 pM (Fig. 2.4b, Table 2.2). The oxa-
liplatin analogue 2.17 exhibits cytostatic activity both in the absence and presence
of light, and the corresponding ICs values are 10.7 and 5.5 pM, respectively. It is
interesting to note the enhanced cytotoxicity under illumination. The actual
mechanism however remains elusive at this stage. Having a photosensitizer and a
chemotherapeutic drug in the same molecule, conjugate 2.11 is highly photocy-
totoxic. The ICsq value is as low as 0.11 pM, which is five-fold lower than that of
2.14. In fact, this conjugate is much more potent than the classical photosensitizer
porfimer sodium, which has an ICs, value of 4.5 pg mL™"' under the same
experimental conditions (vs. 0.12 ug mL™" for 2.11). Its cytotoxicity is also

Fig. 2.3 Comparison of the |
rate of decay of DPBF (initial c 16 e = ZnPc
concentration = 70 uM) S 144 a 2.1
sensitized by 2.11, 2.14, or g | 4 ® 214
ZnPc (all at 3 pM) in DMF 5 127 [ ]
as shown by the decrease in TR 1 .
the absorbance at 411 nm E 1.0 7 b
=) 1 fn
‘S 0.8 ]
3 1 n
g 0.6 '- n .
o - 4]
2 0.4 1 n "
< 0.2
T T T T T T T T
0 2 4 6 8 10 12 14
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significantly higher than that of oxaliplatin and some of its derivatives, of which
the ICsy values are in the range of 2-30 pg mL™' [14]. Conjugate 2.11 also
exhibits some dark toxicity (ICsq = 78.5 uM), which can be attributed to the
oxaliplatin moiety as 2.14 is nontoxic under these conditions. As a better control,
the cytotoxicity of an equimolar mixture of 2.14 and 2.17 was also studied and
compared with that of 2.11. It can be seen in Fig. 2.4b and Table 2.2 that the
mixture is relatively more potent than 2.14 alone (ICsq = 0.42 vs. 0.55 uM)
probably due to the additional antitumor effect of the oxaliplatin derivative.
However, its photocytotoxicity is still significantly lower than that of 2.11
(IC50 = 0.42 vs. 0.11 pM). The results clearly show that the two antitumor
components in conjugate 2.11 work in a cooperative fashion.

Considering the fact that the aggregation state of photosensitizers is an
important factor relating to their photodynamic activities,[4-6] the aggregation
behavior of conjugate 2.11 and the reference compound 2.14, formulated with
Cremophor EL, in the Dulbecco’s modified Eagle’s medium (DMEM) was
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Table 2.2 ICs, values for 2.11, 2.14, 2.17, and an equimolar mixture of 2.14 and 2.17 against
HT29 cells

Compound IC%0(LM)
In Dark With Light
2.11 78.5 0.11
2.14 =< 0.55
217 10.7 5.5
1:1 mixture of 2.14 and 2.17 _f 0.42

9 Defined as the dye concentration required to kill 50 % of the cells
¢ Non-cytotoxic up to 100 uM
T Not determined

examined by absorption and fluorescence spectroscopic methods. As shown in
Fig. 2.5, both compounds show a relatively sharp and intense Q-band, and a
relatively strong fluorescence emission. The results suggest that both compounds
are not significantly aggregated under these conditions, which seems to be in
accord with their high photocytotoxicity.

To account for the different photocytotoxicity of these two compounds, their
cellular uptake was examined by fluorescence microscopy and absorption spec-
troscopy. As shown by the images captured by confocal laser scanning microscopy
(Fig. 2.6a), both compounds could enter into the cells causing intracellular fluo-
rescence after incubation for 2 h. The average relative fluorescence intensity per
cell of these compounds was also measured and compared in Fig. 2.6b. It can be
seen that the intracellular fluorescence intensity of 2.11 is about five-fold lower than
that of 2.14. However, to take into account that these two compounds may have
different efficiency in generating fluorescence inside the cells, an extraction method
was also employed to quantify the cellular uptake. After incubation with these
phthalocyanines, the cells were washed and DMF was used to lyse the cells and
extract the dyes. The dye concentrations inside the cells were quantified by mea-
suring their Q-band absorbance at 672 nm. The results are depicted in Fig. 2.6c,
which shows that the cellular uptake of 2.11 is actually about seven-fold higher than
that of 2.14. The presence of the oxaliplatin derivative in 2.11 may enhance the
amphiphilicity of the overall compound, thereby promoting the cellular uptake. The
higher cellular uptake of 2.11 is in accord with its higher photocytotoxicity.

In addition, the intracellular production of ROS by these compounds was also
studied using 2’,7'-dichlorodihydrofluorescein diacetate (DCFDA) as the quencher
[15]. DCFDA (see structure in the next page) is a fluorescent probe for visualizing
oxidative stress in living cells. When DCFDA is taken up by cells, it undergoes
deacetylation by esterase enzymes. Oxidation of the deacetylated product by the
nearby ROS leads to the formation of 2',7'-dichlorofluorescein, which can be
visualized with its strong emission at 525 nm when excited at 488 nm. There are
two ways to produce intracellular ROS during the PDT process: (1) during PDT by
the photosensitizer and (2) after PDT by the cells. In this study, by including
DCFDA in the assay mixture during the illumination period, a direct production of
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ROS by the drugs was demonstrated. As shown in Fig. 2.7, both 2.11 and 2.14 as
well as the mixture of 2.14 and 2.17 can sensitize the production of ROS upon
illumination. Conjugate 2.11 is the most efficient compound in producing intra-
cellular ROS, which may be a result of its higher cellular uptake. Since the
oxaliplatin derivative 2.17 is not a photosensitizer, it is expected that it does not
produce any ROS even after illumination. The ROS production efficiencies of 2.14
and the mixture of 2.14 and 2.17 are therefore comparable to each other. All these
results suggest that the higher photocytotoxicity of conjugate 2.11 can be attrib-
uted to its low aggregation tendency and higher cellular uptake and efficiency in
generating intracellular ROS.
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Fig. 2.6 (a) Confocal fluorescence images of HT29 cells after incubation with 2.11 or 2.14 for
2 h (both at 5 pM). The corresponding bright field images are given in the left column. (b)
Comparison of the relative intracellular fluorescence intensity of 2.11 and 2.14 (number of
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Fig. 2.8 (a) Visualization of (i) the bright field image, intracellular fluorescence of HT29 using
filter sets specific for (ii) 2.11 (5 pM; in red) and (iii) LysoTracker (in green), and (iv) the
corresponding superimposed image. Figure (b) shows the fluorescence intensity profiles of 2.11
(red) and LysoTracker (green) traced along the green line in Figure (a) (iv)

The subcellular localization of conjugate 2.11 was also investigated. The cells
were first incubated with the compound in the culture medium for 2 h, then stained
with LysoTracker Green DND-26, ER-Tracker Green, MitoTracker Green FM, or
SYTO-16 (for 10-20 min), which are specific dyes for lysosomes, endoplasmic
reticulum, mitochondria, and nucleus, respectively. As shown in Fig. 2.8, the
fluorescence caused by the LysoTracker (excited at 488 nm, monitored at
510-570 nm) can superimpose with the fluorescence caused by 2.11 (excited at
633 nm, monitored at 650-750 nm). The very similar fluorescence intensity line
profiles of 2.11 and LysoTracker traced along the green line in Fig. 2.8a (iv) also
confirms that 2.11 can target the lysosomes of the cells. By contrast, the fluores-
cence images of 2.11 could not be merged with those of the ER-Tracker, Mito-
Tracker, and SYTO-16 (excited at 488 nm, monitored at 510-570 nm) (Fig. 2.9),
showing that 2.11 is not localized in the endoplasmic reticulum, mitochondria, and
nucleus of the cells.

It has been reported that PDT is a strong inducer of apoptosis in many situations
[16]. The earliest hallmark of apoptosis is the loss of plasma membrane asym-
metry. In apoptotic cells, the membrane phospholipid phosphatidylserine is
translocated from the inner to outer leaflet of the plasma membrane, thus exposing
phosphatidylserine to the external cellular environment. Annexin V-green fluo-
rescent protein (GFP) has high affinity for phosphatidylserine and therefore serves
as a sensitive probe for identifying apoptotic cells [17]. Generally, annexin V-GFP
is costained together with propidium iodide (PI), which is a fluorescent probe to
distinguish viable cells from dead cells, as the former with intact membranes
exclude PI. We studied the mode of cell death induced by 2.11 by examining the
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Fig. 2.9 Visualization of the bright field images (column 1), intracellular fluorescence of HT29
using filter sets specific for 2.11 (5 puM; column 2, in red) and ER-Tracker, MitoTracker, or
SYTO-16 (column 3, in green), and the corresponding superimposed images (column 4)

dual fluorescence of annexin V-GFP/PI using flow cytometry. In order to find out
whether the introduction of the oxaliplatin derivative will alter the cell death
mechanism, the results for 2.14 and 2.17 were also compared. The cell populations
in different phases of cell death, namely viable (annexin V-GFP™/PI"), early
apoptotic (annexin V-GFP*/PI7), and necrotic or late-stage apoptotic (annexin
V-GFP*/PI") were examined at the respective ICs, values of the drugs. The only
exception was for 2.14 in the dark for which the ICs, value could not be deter-
mined, a dye concentration of 100 uM was used for the measurements. As shown
in Table 2.3, when the cells were treated with 2.11 or 2.14 in the presence of light,
about 50 % of apoptotic cells and less than 10 % of necrotic cells were observed.
Compound 2.11 also exhibited a significant dark toxicity, showing 41 % of
apoptotic cells and 9 % of necrotic cells after the treatment due to the oxaliplatin
derivative. For 2.14 in the dark, more than 95 % of the tumor cells remained viable
even at 100 uM. The oxaliplatin derivative 2.17 could induce apoptotic as well as
necrotic cells, both in the absence and presence of light. The results showed that
apoptosis is the major pathway for the PDT action of 2.11 and the presence of the
oxaliplatin derivative does not significantly affect the cell death pathways.
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Table 2.3 Flow cytometric analysis of the cell death mechanism induced by 2.11, 2.14, and 2.17
at their respective ICs, values in the absence and presence of light (A > 610 nm, 40 mW cm ™2,
48 J cm™?) on HT29 cells. Data are expressed as mean value  S.D. of three independent

experiments

Drug (uM)  Illumination Cell population (%)
Viable Early apoptotic ~ Late apoptotic/necrotic
Blank 0 — 95.0 £ 1.2 33+£05 1.2 +£03
2.11 0.11 + 365+ 1.1 542+£29 84+ 1.6
78 — 489+ 15 410=£12 93 +0.7
2.14 0.55 + 449+19 502+£19 44 +07
1008 - 953 £ 1.8 22+ 15 21+12
2.17 5.5 + 452 +48 414 +£18 13.0 £ 3.1
10.7 — 538 +£35 25730 199 £ 0.6

¢ The ICs, value could not be determined

2.3 Summary

In summary, we have synthesized and characterized a zinc(Il) phthalocyanine-
platinum complex conjugate and evaluated its in vitro photodynamic activities.
This conjugate contains both photo- and chemotherapeutic agents which are
covalently linked and function in a cooperative manner. The introduction of the
oxaliplatin derivative can enhance the cellular uptake and intracellular ROS
generation efficiency of the phthalocyanine unit, resulting in a higher cytotoxicity.
The ICsq value of the conjugate is as low as 0.11 uM toward the HT29 cells, which
is five-fold lower than that of the reference compound without the oxaliplatin
derivative. The conjugate also shows preferential localization in the lysosomes of
the cells and induces cell death mainly through apoptosis. The overall results show
that this conjugate is a highly promising antitumor agent for dual chemo- and
photodynamic therapy.
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Chapter 3

Zinc(II) Phthalocyanine-Polyamine
Conjugates as Efficient Photosensitizers
for Photodynamic Therapy

3.1 Introduction

One of the major imperfections of photodynamic therapy (PDT) is the nonselective
delivery of photosensitizers to both targeted tumor and healthy cells. It frequently
leads to necrosis of surrounding healthy tissues along with a cutaneous photo-
sensitivity that may last for several weeks after treatment. As a result, targeted
delivery of photosensitizers to cancer cells appears to be a viable means to cir-
cumvent these problems. It could alleviate associated toxicity of the photosensi-
tizers by reducing their uptake by healthy cells. In addition, it could increase
efficiency of PDT by lowering the effective dosage required to kill the tumor cells.
Over the past decade, various strategies have been explored to enhance the tumor
selectivity of photosensitizers. These include encapsulation of photosensitizers in
liposomes [1], polymeric micelles [2, 3], and silica-based nanoparticles [4], and
bioconjugation of photosensitizers to various tumor-specific vehicles, such as
epidermal growth factor, adenoviral proteins, and monoclonal antibodies [5, 6].
Photodynamic molecular beacons and activatable photosensitizers that can be
activated by tumor-associated stimuli are also highly promising ways to achieve
targeted PDT [7-9].

Polyamines, such as spermine, spermidine, and putrescine (see structures in
Fig. 3.1) play crucial roles in a number of cell processes including cell prolifer-
ation and differentiation [10—12]. Rapidly dividing cells such as tumor cells
require large amounts of polyamines to sustain rapid cell division. They can either
be internally biosynthesized or imported from exogenous sources through specific
polyamine transporters (PAT). In fact, a wide variety of tumor types ranging from
neuroblastoma, melanoma, human lymphocytic leukemia to murine L1210 cells,
have been shown to contain elevated polyamine levels and active PAT for
importing exogenous polyamines [13]. Based on the high demand for these bio-
logical growth factors by the highly proliferating tumor cells, vectorization of
chemotherapeutic and DNA-targeting drugs by polyamines will be another
attractive approach for targeted delivery. To date, a substantial number of poly-
amine-containing cytotoxic drugs, such as chlorambucil [14, 15], nitroimidazole
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Fig. 3.1 Structures of naturally occurring polyamines

[16], aziridine [17, 18], acridine [19, 20], paclitaxel [21], and camptothecin [22, 23],
have been synthesized with improved tumor selectivity and/or enhanced thera-
peutic efficacies. Several polyamine-appended porphyrin- and chlorin-based
photosensitizers have also been prepared with their in vitro phototoxicity briefly
examined [24-28].

By virtue of specific molecular recognition events occurred during the impor-
tation of exogenous polyamines through the PAT system, tethering polyamines to
phthalocyanine-based photosensitizers will be a possible way toward targeted
PDT. Recently, Ng et al. [29] have reported a series of silicon(IV) phthalocyanines
substituted axially with a range of polyamines with different lengths and spacers
between the nitrogen centers. All these compounds are highly photocytotoxic
against human colon adenocarcinoma HT29 cells and Chinese hamster ovary
(CHO) cells. Some of them can effectively inhibit the growth of the tumor of HT29
tumor-bearing nude mice. However, experiments show that the cellular uptake of
these phthalocyanines may not involve the PAT of the cells. Early studies sug-
gested that small structural changes could lead to dramatic differences in the
transport behavior of polyamine analogues [19, 20]. In order to enhance the
selectivity of the photosensitizers to PAT active tumor cells, we extend our study
by introducing a new series of polyamine moieties with different lengths and
spacers between the nitrogen centers to zinc(II) phthalocyanine. Unlike the
polyamine analogues adopted in our previous study, these polyamine moieties do
not contain any methyl groups at the nitrogen atoms and show stronger resem-
blance to the naturally occurring polyamines (Fig. 3.1). This chapter describes the
synthesis, photophysical properties, and in vitro photodynamic activities of these
zinc(Il) phthalocyanine-polyamine conjugates.

3.2 Results and Discussion
3.2.1 Preparation and Characterization

The zinc(II) phthalocyanine-polyamine conjugates were synthesized starting from a
series of fert-butoxycarbonyl (Boc) protected hydroxyamines (3.2a—b and 3.7a-b).
These compounds were prepared according to the synthetic strategies as described
by Phanstiel and co-workers [30]. Scheme 3.1 shows the synthetic route for hy-
droxyamines 3.2a-b. Treatment of the commercially available 2-aminoethanol
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Scheme 3.1 Synthesis of N-Boc protected hydroxyamines 3.2a—b

(3.1a) or 2-(2-aminoethylamino)ethanol (3.1b) with di-terz-butyl dicarbonate in a
mixture of methanol and triethylamine (Et;N) gave 3.2a-b. The preparation of
hydroxyamines 3.7a-b involved a modular approach for the introduction of varying
chain lengths between the nitrogen centers (Scheme 3.2). It was commenced with a
typical N-Boc protection of 3-amino-1-propanol (3.3a) or 4-amino- 1-butanol (3.3b)
with di-tert-butyl dicarbonate to afford 3.4a-b, followed by O-sulfonylation to
obtain compounds 3.5a-b. These compounds then underwent mesylate displace-
ment reactions with 3.3a-b to afford 3.6a—b. Further N-Boc protection of the
internal amino groups gave N-Boc protected hydroxyamines 3.7a—b in satisfactory
yields.

Zinc(Il) phthalocyanines are promising second-generation photosensitizers for
PDT because of their general robustness and desirable photophysical properties
[31]. In addition, appropriate substituents could be grafted at their peripheral
positions to adjust their amphiphilicity, reduce their aggregation tendency, and
enhance tumor selectivity. We therefore conjugated the polyamines moieties to a
zinc(Il) phthalocyanine core. Scheme 3.3 shows the synthetic pathway for the
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36a n=1 (70%) 3.7a n=1 (82%)
3.6b n=2 (64%) 3.7b n=2 (85%)

Scheme 3.2 Synthesis of N-Boc protected hydroxyamines 3.7a-b
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Scheme 3.3 Synthesis of phthalocyanine-polyamines conjugates 3.10a—d

preparation of these phthalocyanine-polyamine conjugates. Nucleophilic aromatic
substitution reaction of 4-nitrophthalonitrile with N-Boc protected hydroxyamines
3.2a-b and 3.7a-b in N,N-dimethylformamide (DMF) afforded the substituted
phthalonitriles 3.8a—d. These compounds then underwent mixed cyclization with
an excess of 1,2-dicyanobenzene in the presence of Zn(OAc),-2H,O and 1,8-
diazabicyclo[5.4.0Jundec-7-ene (DBU) in n-pentanol to give the “3 4 17
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unsymmetrical N-Boc protected phthalocyanines 3.9a—d. These polyamine moie-
ties could enhance the solubility and reduced the aggregation of these macrocy-
cles, facilitating their separation from the other cyclized side products, particularly
the unsubstituted zinc(Il) phthalocyanine (ZnPc), which was found to be the major
product. Hence, these f-substituted phthalocyanines could be isolated readily by
silica-gel column chromatography followed by size exclusion chromatography in
16-20 % yield. Phthalocyanines 3.10a—d were obtained subsequently after N-Boc
deprotection with a mixture of trifluoroacetic acid (TFA) and dichloromethane.

All the zinc(Il) phthalocyanines 3.9a-d and 3.10a-d were fully characterized
with various spectroscopic methods. The 'H NMR spectra of 3.9a-d were
recorded in CDCl; with a trace amount of pyridine-ds to reduce their aggregation.
The spectra show signals at ¢ 8.82-9.32 (6H), 8.35-9.04 (1H), and 8.07-8.90 (1H)
for the phthalocyanine o-ring protons together with signals resonated at o
7.83-8.08 (6H) and 7.04-7.55 (1H) for the phthalocyanine f-ring protons. The
methylene protons on the polyamine chains are widely spread from J 1.61 to 4.58.
The signals for the methyl protons of the N-Boc groups appear as one (for 3.9a) or
two (for 3.9b-d) strong singlet(s) between J 1.41-1.61. For the deprotected ana-
logues 3.10a—d, the 'H NMR spectra were recorded in pyridine-ds. The spectra
are similar to those of 3.9a—d in which the eight a- and seven f5-ring protons of the
phthalocyanine are resonated at 6 7.71-9.76, while the methylene protons on the
polyamine chains are widely spread from 6 1.03 to 4.76. However, the signals for
the methyl protons of the N-Boc moieties are absent, indicating that all the amino
groups are deprotected completely.

The ESI mass spectra of all these phthalocyanines showed the molecular ion
signals. Accurate mass measurements were also performed to confirm the identity
of these compounds. The experimental values were in good agreement with the
theoretical values for all the cases as shown in the Experimental Sect. 7.3).

3.2.2 Electronic Absorption and Photophysical Properties

The electronic absorption spectra of phthalocyanines 3.9a—d and 3.10a—d are very
similar and typical for non-aggregated phthalocyanines. It is likely that DMF,
being a coordinating solvent, binds axially to these zinc(Il) phthalocyanines,
reducing their aggregation tendency. Figure 3.2 shows the spectra of the N-Boc
protected phthalocyanine 3.9d and the deprotected analogue 3.10d for exempli-
fication. They show a broad B-band peaking at 344-349 nm, an intense and sharp
Q-band at 672-673 nm, together with a vibronic band at 606—608 nm. The Q-band
strictly follows the Lambert—Beer’s law suggesting that aggregation of these
compounds is not significant. The very similar spectral features of the N-Boc
protected and the deprotected series indicate that the phthalocyanine 7 systems are
not perturbed by the presence of the N-Boc groups. These data are summarized in
Table 3.1.


http://dx.doi.org/10.1007/978-3-319-00708-7

54 3 Zinc(II) Phthalocyanine-Polyamine Conjugates

Fig. 3.2 Electronic

(3.9d] (uM)
—1.0
l | —20
3.0
—5.0
8.0

—120

4 6 8 10 12

[3.9d] (uM)
!
AN

500 600 700 800
Wavelength (nm)

[3.10d] (LM)
—10
—20

! 3.0

- (a) £ 24
absorption spectra of (a) 3.9d 2.4 1 :‘ 20
and (b) 3.10d in different 5
concentrations in DMF. The 204 & 16
inset plots the Q-band § 12
absorbance versus the o 161 8 08
concentration of the e é 0.4
phthalocyanine, and the line g 1242 oo
represents the best-fitted 3 “o

. . ko)
straight line < 551 r
0.4 4
0.0 T
300 400
(b) 204 g 20
Q 1.6
©
164 ® 12
(o]
§ 0.8
Q o
2 124504
< 8
Ee] < 0.0+
o 0
8 08+
< }
> K

4 6 8 10 12 14
[3.10d] (1M)

A

300 400

500 600 700 800
Wavelength (nm)

Table 3.1 Electronic absorption and photophysical data for 3.9a-d and 3.10a-d in DMF

Compound Amax (nm) (log &) Jem(nm)? O (29N
3.9a 346 (4.73), 606 (4.46), 672 (5.23) 683 0.25 0.54
3.9b 346 (4.75), 606 (4.49), 672 (5.25) 682 0.26 0.51
3.9¢ 346 (4.73), 606 (4.45), 672 (5.23) 686 0.24 0.58
3.9d 346 (4.72), 606 (4.46), 672 (5.23) 685 0.26 0.58
3.10a 346 (4.70), 606 (4.48), 672 (5.18) 684 0.19 0.32
3.10b 348 (4.71), 606 (4.47), 673 (5.17) 682 0.17 0.29
3.10c 349 (4.65), 608 (4.42), 672 (5.11) 684 0.16 0.34
3.10d 344 (4.69), 607 (4.47), 672 (5.16) 683 0.19 0.31

% Excited at 610 nm
b Using ZnPc in DMF as the reference (®g = 0.28)
¢ Using ZnPc as the reference (Pp = 0.56 in DMF)
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Fig. 3.3 Proposed mechanism of the quenching of the singlet excited state of the phthalocyanine
core by the peripheral amino groups through PET before and after N-Boc deprotection

The fluorescence emission spectra of these compounds were also recorded in
DMEF. Upon excitation at 610 nm, these compounds showed a fluorescence emission
at 682-686 nm with fluorescence quantum yield (@) of 0.16-0.26 relative to
unsubstituted ZnPc (O = 0.28) [32]. The fluorescence quantum yields of 3.10a—d
are relatively lower as compared to their corresponding N-Boc protected counter-
parts 3.9a—d. When the Boc group is attached to the amino group, its electron-
withdrawing nature tends to reduce the electron density of the nitrogen atoms and
this renders a less effective quenching of the singlet excited state of the phthalocy-
anine core through intramolecular photoinduced electron transfer (PET) (Fig. 3.3).
By contrast, the electron density of the amino moiety is higher after deprotection. As
a result, the PET process is more likely to occur, and hence their @ values are
comparatively lower. In fact, reductive quenching of the singlet excited state of
phthalocyanines by amino moieties has been reported earlier [33, 34].

To evaluate the photosensitizing efficiency of these compounds, their singlet
oxygen quantum yields (®,) were determined by a steady-state method using 1,3-
diphenylisobenzofuran (DPBF) as the scavenger. The concentration of the
quencher was monitored spectroscopically at 411 nm with time of irradiation
(Fig. 3.4), from which the values of ®, could be determined. As shown in
Table 3.1, all the phthalocyanines can generate singlet oxygen in DMF. The sin-
glet oxygen generation efficiency of the N-Boc protected analogues 3.9a-d is
comparable to that of ZnPc. However, due to the PET process, the singlet oxygen
generation efficiency is reduced after removal of the Boc groups [35-37].

To gain a better understanding of the aggregation behavior of these compounds
in the biological environment, the electronic absorption and fluorescence spectra
were also recorded in the Roswell Park Memorial Institute (RPMI) 1640 culture
medium. All the compounds displayed two broad Q-bands (Fig. 3.5a). Upon
excitation at 610 nm, these compounds did not show fluorescence (Fig. 3.5b),
probably due to their aggregation in the culture medium. However, the Q-bands
become sharpened and more intense (Fig. 3.5¢) and a strong fluorescence was
observed after the addition of 0.05 % Cremophor EL (Fig. 3.5d). These obser-
vations indicate that these compounds, particularly 3.10d, are not extensively
aggregated in the culture medium containing Cremophor EL. The non-aggregated
nature of these compounds is highly desirable as aggregation almost inevitably
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shortens the triplet lifetime of the dyes, resulting in a drastic reduction of the
overall photosensitizing efficiency [38—40]

3.2.3 In Vitro Photodynamic Activities

The photodynamic activities of phthalocyanines 3.10a—d were evaluated against
two different cell lines, namely, B16 melanoma and CHO cells. Both cell lines are
known to have high PAT activity [30, 41], Fig. 3.6 shows the cytotoxic effects of
3.10a-d on B16 and CHO cells. All of these compounds are essentially non-
cytotoxic in the absence of light but exhibit high photocytotoxicity. The ICs,
values of these compounds against both cell lines are compiled in Table 3.2.
Generally, all these compounds show higher photocytotoxicity toward the B16
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Fig. 3.5 Electronic absorption and fluorescence spectra (lex = 610 nm) of 3.10a-d in the
absence [(a) and (b)] and presence of 0.05 % Cremophor EL [(c¢) and (d)] in the RPMI culture
medium (all at 8 pM)

cells. The ICs values for the B16 cells are about two- to three-fold lower than
those for the CHO cells. Compound 3.10d, which has the longest polyamine chain,
in particular, exhibits the highest potency against both cell lines with ICs, values
as low as 0.34 uM (for B16 cells) and 0.97 uM (for CHO cells).

In order to account for the different photodynamic activities, the intracellular
production of reactive oxygen species (ROS) by 3.10a—d was also studied by using
2/, 7'-dichlorodihydrofluorescein diacetate (DCFDA) as the scavenger [42]. As
depicted in Fig. 3.7, these compounds cannot generate ROS in the absence of light.
However, they can sensitize the production of ROS upon illumination and the
efficiency follows the order 3.10d > 3.10c > 3.10b =~ 3.10a. The ROS generation
efficiency of these compounds is comparatively higher toward the B16 cells. The
trend in ROS production is generally in accordance with that observed for the
photocytotoxicity toward both cell lines.

To have a better understanding on the role of the polyamine moieties, we
performed a competitive experiment in which the cellular uptake of 3.10a-d
against B16 and CHO cells was studied in the presence of excess spermidine.
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Fig. 3.6 Comparison of the
cytotoxic effects of 3.10a
(squares), 3.10b (triangles),
3.10c (circles), and 3.10d
(stars) on (a) B16 and

(b) CHO cells in the absence
(closed symbols) and
presence (open symbols) of
light (A > 610 nm, 40 mW
cmfz, 48 ] cmfz). Data are
expressed as mean
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independent experiments,
each performed in
quadruplicate

Table 3.2 ICsq values
for phthalocyanines
3.10a—d against B16 and
CHO cells
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4 Defined as the dye concentration required to kill 50 % of the

cells

As an important control experiment, it was demonstrated that spermidine does not
cause any cytotoxicity to both cells up to a concentration of 5 mM. Figure 3.8 shows
the results for the B16 cells as an example. During the incubation of the
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Fig. 3.7 ROS production induced by 3.10a (squares), 3.10b (triangles), 3.10c (circles), and
3.10d (stars) in (a) B16 and (b) CHO cells in the absence (closed symbols) and presence (open
symbols) of light (A > 610 nm, 40 mW cm ™2, 487 cmfz). Data are expressed as mean
value £+ S.E.M. of three independent experiments, each performed in quadruplicate

Fig. 3.8 Cytotoxic effect of 120 -
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phthalocyanines (8 uM), a solution of spermidine in medium (0.05-5 mM) was
added. After 2 h incubation, the cells were lysed and the dye concentrations inside
the cells were quantified by measuring their Q-band absorbance and the results are
depicted in Fig. 3.9. For both of these cell lines, the cellular uptake of 3.10a—d was
found to be virtually identical with that in the absence of spermidine. The results
suggested that the cellular uptake of these compounds may not involve the PAT of
the cells and so the polyamine moieties do not play the related functional role in these
compounds.

In addition to an extraction method, we also employed confocal laser scanning
microscopy to investigate the cellular uptake of these compounds toward both cell
lines. The confocal fluorescence images of these compounds against B16 cells are
shown in Fig. 3.10a as an example. All the compounds could enter into the cells
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Fig. 3.9 Comparison of the percentage of cellular uptake of 3.10a (white), 3.10b, (light gray),
3.10c (gray), and 3.10d (dark gray) on (a) B16 and (b) CHO cells in the absence and presence of
free spermidine (0.05-5 mM) as determined by an extraction method. Data are expressed as mean
value + standard deviation (S.D.) of three independent experiments

causing intracellular fluorescence after incubation for 2 h. The average relative
fluorescence intensity per cell of these compounds against both cell lines was also
measured and compared in Fig. 3.10b. It can be seen that the intracellular fluo-
rescence intensity of 3.10d is about six- to eight-fold higher than that of the other
compounds for both cell lines. This result is in accord with the uptake experiment
as determined by an extraction method in which 3.10d exhibits the highest cellular
uptake among the four compounds toward both cell lines (Fig. 3.9). Hence, the
trend in photocytotoxicity can be explained by the difference in cellular uptake and
ROS production efficiency.

Since phthalocyanine 3.10d is the most potent compound toward both cell lines,
the subcellular localization of this compound was also investigated by confocal
microscopy. The cells were incubated with this compound together with Lyso-
Tracker Green DND-26, ER-Tracker Green, or MitoTracker Green FM, which are
specific dyes for lysosomes, endoplasmic reticulum, and mitochondria, respec-
tively. For the B16 cells, the fluorescence caused by MitoTracker (excited at
488 nm, monitored at 500-570 nm) could be well superimposed with the fluo-
rescence caused by 3.10d (excited at 633 nm, monitored at 650-750 nm)
(Fig. 3.11). The very similar fluorescence intensity profile of 3.10d and Mito-
Tracker traced along the green line in this figure [Fig. 3.11a (iv)] also confirmed
that this compound can target mitochondria of the cells, which is an important
target for the initiation of apoptosis by PDT [43]. By contrast, the fluorescence
images of 3.10d and ER-Tracker or LysoTracker (excited at 488 nm, monitored at
500-570 nm) could not be superimposed, indicating that this compound is not
localized in endoplasmic reticulum and lysosomes of the cells (data not shown).

For the CHO cells, the subcellular localization property of 3.10d is different
from that in B16 cells. As shown in Figs. 3.12 and 3.13, the fluorescence caused by
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Fig. 3.10 (a) Confocal fluorescence images of B16 cells after incubation with 3.10a—d for 2 h
(all at 2 uM). The corresponding bright field images are given in the upper row. (b) Comparison
of the relative intracellular fluorescence intensity of 3.10a—d against B16 (gray bars) and CHO
(white bars) cells (number of cells = 30). Data are expressed as mean value + S.D. of three
independent experiments

3.10d is well merged with the fluorescence caused by both the ER-Tracker and
MitoTracker. The fluorescence intensity line profiles of 3.10d and both the
Trackers are also very similar. The results suggested that 3.10d accumulates
preferentially in both the endoplasmic reticulum and mitochondria. Endoplasmic
reticulum is known to play a central role in lipid and protein biosynthesis and serve
as an intracellular calcium store. It has been shown that accumulation of photo-
sensitizers in this organelle also results in efficient triggering of cell death upon
illumination [33, 34]. On the contrary, the fluorescence image of 3.10d could not
overlap with that of the LysoTracker, showing that this compound is not localized
in the lysosomes of the cells (data not shown).



62 3 Zinc(II) Phthalocyanine-Polyamine Conjugates
(b)
250

200 | |
150 | ‘.

= M

Fluorescence Intensity (a. u.)

[
o
——
= _=
==
==
{“‘g
1=

o
1=

0 10 20 30 40 50 60 70
Distance (um)

Fig. 3.11 (a) Visualization of (i) the bright field image, intracellular fluorescence of B16 cells
using filter sets specific for (ii) 3.10d (2 uM; in red) and (iii) MitoTracker (in green), and (iv) the
corresponding superimposed image. Figure (b) shows the fluorescence intensity profiles of 3.10d
(red) and MitoTracker (green) traced along the green line in Figure (a) (iv)

To study the mode of cell death induced by 3.10d, a flow cytometric assay of
annexin V-green fluorescent protein (GFP) and propidium iodide (PI) costaining
was employed [44]. The cell populations in different phases of cell death, namely
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Fig. 3.12 (a) Visualization of (i) the bright field image, intracellular fluorescence of CHO cells
using filter sets specific for (ii) 3.10d (2 pM; in red) and (iii) ER-Tracker (in green), and (iv) the
corresponding superimposed image. Figure (b) shows the fluorescence intensity profiles of 3.10d
(red) and ER-Tracker (green) traced along the green line in Figure (a) (iv)
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Fig. 3.13 (a) Visualization of (i) the bright field image, intracellular fluorescence of CHO cells
using filter sets specific for (ii) 3.10d (2 uM; in red) and (iii) MitoTracker (in green), and (iv) the
corresponding superimposed image. Figure (b) shows the fluorescence intensity profiles of 3.10d
(red) and MitoTracker (green) traced along the green line in Figure (a) (iv)

viable (annexin V-GFP~/PI"), early apoptotic (annexin V-GFP*/PI ™), and necrotic
or late-stage apoptotic (annexin V-GFP*/PI) were examined at different drug
doses. As shown in Table 3.3, above 91 % of the B16 and CHO cells are negative
for annexin V-GFP and PI after treatment with 3.10d (1.36 uM for B16 and
3.88 uM for CHO cells) in the absence of light. This indicates that this compound

Table 3.3 Flow cytometric analysis of the cell death mechanism induced by 3.10d in the
absence and presence of light (2 > 610 nm, 40 mW cm ™2, 48 J cm™?) on B16 and CHO cells.
Data are expressed as mean value + S.D. of three independent experiments

Drug (uM) Illumination Cell population (%)
Viable Early apoptotic Late apoptotic/necrotic
(a) B16 cells
0 — 917+ 14 344+09 45420
1.36 - 91.0 £ 0.2 534+08 274+03
0.34 + 4577 £ 43 413 £33 12.8 £ 0.8
0.68 + 14.0 + 0.6 643 £ 2.0 215+ 1.6
1.36 + 1.7+ 1.5 704 £ 1.9 274 £ 25
(b) CHO cells
0 — 94.6 + 0.1 1.8 £ 09 3.1 +£1.2
3.88 - 91.0 £+ 14 54405 30+ 1.1
0.97 + 49.1 £ 0.6 462 £ 1.1 47+ 1.7
1.94 + 257+ 24 53.6 £ 1.3 207 £ 1.2
3.88 + 10.8 + 2.4 632+ 23 254 £ 04
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is essentially non-cytotoxic toward both cell lines in darkness. However, upon
illumination, the percentage of cells in the early apoptotic stage increases from
41 % to 70 % for B16 and 46 % to 63 % for CHO cells as the concentration of
3.10d increases. A significant amount of necrotic cells (less than 30 %) was also
observed (in annexin V-GFP*/PI" region) for both cell lines. These results sug-
gested that apoptosis is a major pathway for the PDT action of this compound
toward both cell lines.

3.3 Summary

In summary, we have prepared and characterized a series of novel zinc(Il) phthal-
ocyanines with polyamine moieties. The phthalocyanines 3.10a—d exhibit relatively
lower fluorescence and singlet oxygen quantum yields as compared with the N-Boc
protected analogues as a result of the quenching effect by the amino moieties. Upon
illumination, these compounds are highly photocytotoxic against B16 and CHO
cells, particularly for the phthalocyanine which bears the longest polyamine chain
(3.10d), of which the ICsq values are as low as 0.34 pM. The higher photodynamic
activity of this compound can be attributed to its lower aggregation tendency in the
biological media, higher ROS generation efficiency, and higher cellular uptake.
Confocal microscopic studies of 3.10d have shown that it localizes preferentially in
the mitochondria of B16 and CHO cells. It also displays high affinity to the endo-
plasmic reticulum of the CHO cells. As revealed by flow cytometric studies, it can
induce predominately apoptosis upon illumination toward both cell lines.
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Chapter 4

A Redox-Responsive Silicon(1V)
Phthalocyanine for Targeted
Photodynamic Therapy

4.1 Introduction

Photodynamic therapy (PDT) is a promising therapeutic modality for cancer
relying on the in situ generation of cytotoxic singlet oxygen ('O,) by activation of
a photosensitizer with light [2, 10, 31]. By controlling how the light and the
photosensitizer are delivered to tumor tissues, a certain degree of selectivity can be
achieved. Compared to other treatment modalities, directed light delivery already
confers high specificity to PDT because the distant body organs are unaffected and
spared from singlet oxygen damage. Among the various strategies that have been
explored to enhance the specificity of photosensitizers (Sect. 1.3 in Chap. 1),
activatable photosensitizers have received considerable attention [22]. Upon
interactions with various tumor-associated stimuli, such as the acidic environment
of tumors, [13, 14, 24] cancer-related proteases [3, 4, 21, 30, 33], and mRNAs [5],
the photosensitizing ability of these photosensitizers can be triggered, which offers
a new level of selectivity for therapeutic applications. Disulfide linkages are also
commonly used for the construction of activatable agents which can be cleaved by
biological reducing agents such as glutathione (GSH). GSH is the most abundant
cellular thiol and a major reducing agent in various biochemical processes [25].
The intracellular GSH concentration (ca. 10 mM) is known to be substantially
higher than the extracellular levels (ca. 2 uM), which provides a mechanism for
selective intracellular release [12]. The GSH concentrations are also elevated by as
much as two-fold in tumor tissues as compared with normal tissues, which also
offers a control of tumor selectivity of drugs [1, 8, 16]. A substantial number of
disulfide-linked systems have been prepared and used for drug delivery and con-
trolled release [6, 7, 15, 17, 32], and as fluorescent probes for thiols [20, 34] and
protein transduction [19] in living cells. Recently, a disulfide-linked polymeric
delivery system for photosensitizers has also been reported, in which the photo-
sensitizing molecules of mesochlorin eq are linked to a N-(2-hydroxypropyl)
methacrylamide copolymer backbone [9]. In the presence of the reducing agent
dithiothreitol (DTT), the conjugate shows a time-dependent reductive cleavage
with a concomitant increase in singlet oxygen quantum yield. It also exhibits faster
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release kinetics and a higher cytotoxicity in SKOV-3 human ovarian carcinoma
cells as compared to the analogue with a proteolytically cleavable spacer. As part
of our continuing interest in the development of efficient and selective photo-
sensitizers for PDT, we have designed a novel ferrocenyl-substituted silicon(IV)
phthalocyanine linked with a disulfide linkage. The preparation and basic photo-
physical properties of this compound, as well as the effect of the reductive stimulus
on its in vitro properties are described in this chapter.

4.2 Results and Discussion
4.2.1 Preparation and Characterization

Scheme 4.1 shows the preparation of the redox-responsive silicon(IV) phthalo-
cyanine and its non-cleavable analogue. The preparation starts with a modified
Vilsmeier reaction of ferrocene (4.1) with N,N-dimethylformamide (DMF) and
phosphoryl chloride (POCl3) in chloroform to give ferrocenecarboxyaldehyde
(4.2) [27]. It underwent a base-catalyzed Claisen-Schmidt condensation with
p-hydroxyacetophenone (4.3) to afford 3-ferrocenyl-1-(p-hydroxyphenyl)-prop-2-
en-1-one (4.4) [35], which was then further reacted with ethyl bromoacetate (4.5)
in the presence of anhydrous potassium carbonate in refluxing acetone to give
compound 4.6. This compound was then hydrolyzed with NaOH in acetone to
obtain compound 4.7. Treatment of 4.7 with 2-hydroxyethyl disulfide (4.8a) or 1,
6-hexanediol (4.8b) in the presence of N,N'-dicyclohexylcarbodiimide (DCC),
4-(dimethylamino) pyridine (DMAP), and 1-hydroxybenzotriazole (HOBt) gave
the corresponding alcohols 4.9a and 4.9b, respectively. Further nucleophilic
substitution of the readily available silicon(IV) phthalocyanine dichloride (4.10)
with alcohol 4.9a or 4.9b and pyridine in toluene afforded the redox-responsive
phthalocyanine 4.11a and the non-cleavable analogue 4.11b, respectively.
Attempts to use a stronger base such as NaH or potassium carbonate were not
successful during the preparation of these phthalocyanines. The reaction turned to
a brownish black mixture immediately upon addition of these bases. These
phthalocyanines are soluble in common organic solvents. Considering the fact that
4.10 is completely insoluble in water as well as many organic solvents, it is
conspicuous that the presence of these axial ligands can greatly enhance the
hydrophilicity of the phthalocyanine core. These compounds were purified readily
by neutral alumina column chromatography, followed by recrystallization from a
mixture of CHCl; and ethanol. For comparison, the non-ferrocene-containing
phthalocyanine 4.12 was also prepared by typical axial substitution of 4.10 with
alcohol 4.8a (Scheme 4.2).
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Scheme 4.2 Synthesis of silicon phthalocyanine 4.12

4.2.2 Electronic Absorption and Photophysical Properties

The electronic absorption spectra of 4.11a, 4.11b, and 4.12 in DMF were typical
for non-aggregated phthalocyanines (Fig. 4.1a—c). They showed a B-band at
353-355 nm, an intense and sharp Q-band at 674-676 nm, together with two
vibronic bands at 608 and 642-646 nm (Table 4.1). The ferrocene-appended
phthalocyanines 4.11a and 4.11b showed two additional bands at 330-332 and
494498 nm due to the absorptions of the ferrocenyl m-conjugated system. It is
supported by comparing the spectra with that of 4.9a, which displays two
absorption peaks at 311 and 489 nm in DMF (Fig. 4.1d). Upon excitation at
610 nm, these phthalocyanines showed a fluorescence emission at 684—-688 nm. It
can be seen in Table 4.1 that the fluorescence quantum yields of 4.11a and 4.11b
(@ = 0.04—0.05) are exceptionally low as compared with that of 4.12
(®g = 0.28) relative to the unsubstituted zinc(Il) phthalocyanine (ZnPc) in DMF
(®p = 0.28) [28] It is likely that the ferrocenyl moieties quench the singlet excited
state of the phthalocyanine core by photoinduced electron transfer (PET). In fact,
similar phenomenon has been reported for related ferrocene-porphyrinic conju-
gates in which the fluorescence of porphyrin is quenched as a result of PET from
the ferrocenyl moiety [11, 18, 26, 29].

To evaluate the photosensitizing efficiency of the phthalocyanines, their singlet
oxygen quantum yields (®,) were determined by a steady-state method with 1, 3-
diphenylisobenzofuran (DPBF) as the scavenger in DMF. The changes in con-
centration of the quencher were monitored spectroscopically at 411 nm with time
(Fig. 4.2), from which the values of ®, could be determined by the method
described previously [23]. All these phthalocyanines could generate singlet oxygen
(®p = 0.13-0.34), but the efficiency is lower than that of ZnPc (D, = 0.56)
(Table 4.1) [23]. The relatively low singlet oxygen quantum yields of 4.11a and
4.11b as compared with that of 4.12 may also be attributed to the quenching effect
induced by the ferrocenyl moieties, which disfavors intersystem crossing and
eventually the formation of singlet oxygen.
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Fig. 4.1 Electronic absorption spectra of (a) 4.11a (b) 4.11b (c) 4.12, and (d) 4.9a in DMF in
different concentrations. The insets of spectra (a) to (c¢) plot the Q-band absorbance versus the
concentration of the phthalocyanine, and the line represents the best-fitted straight line

Table 4.1 Electronic absorption and photophysical data for 4.11a, 4.11b, and 4.12 in DMF

Compound  Ayax (nm) (log &)

Jem(nm)? @' D

4.11a 332 (4.90), 353 (4.86), 494 (3.67), 608 (4.51), 646 (4.44), 676 (5.29) 688 0.04 0.17
4.11b 330 (4.88), 353 (4.85), 498 (3.63), 608 (4.51), 642 (4.48), 674 (5.28) 684 0.05 0.13
4.12 355 (4.85), 608 (4.58), 645 (4.52), 674 (5.36) 687 0.28 0.34

@ Excited at 610 nm. © Using ZnPc in DMF as the reference (O = 0.28). “ Using ZnPc as the reference

(@A = 0.56 in DMF)
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In order to better mimic the aggregation behavior of the phthalocyanines in the
biological environment, we also recorded their electronic absorption and fluores-
cence spectra in the Roswell Park Memorial Institute (RPMI) 1640 culture med-
ium with 0.5 % Cremophor EL (Fig. 4.3). As shown in Fig. 4.3a, the
phthalocyanines display sharp and intense Q-bands which indicate that they are
essentially non-aggregated in the culture medium. Due to the quenching effect
induced by the ferrocenyl moieties, phthalocyanines 4.11a and 4.11b show rela-
tively weaker fluorescence intensities as compared with 4.12 in the medium
(Fig. 4.3b).

To demonstrate the redox-responsive properties of 4.11a, its fluorescence
response to DTT was also investigated. Figure 4.4 shows the time-dependent
changes in fluorescence spectra of 4.11a and 4.11b in different concentrations of
DTT in phosphate buffered saline (PBS). Figure 4.5 summarizes the time-

(a) (b)
2.0+ S 600+ —a11a
——4.11a o 4.11b
4.11b = 500+ —4.12
o 1871 |—a12 =
o c 4004
S L
£ 10 < 300
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Ke) < 200
< 051 3
o 1004
5 .
0.0 e —7J —— u—:’_ 0 =—= ‘\‘\** —
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Wavelength (nm) Wavelength (nm)

Fig. 4.3 (a) Electronic absorption and (b) Fluorescence spectra (1., = 610 nm) of 4.11a, 4.11b,
and 4.12 in the RPMI culture medium with 0.5 % Cremophor EL (all at 8 pM)
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Fig. 4.4 Changes in fluorescence spectra (1., = 610 nm) of (a) 4.11a and (b) 4.11b (both at
4 pM) with time upon exposure to different concentrations of DTT in PBS with 0.5 %
Cremophor EL

dependent changes in fluorescence intensities of 4.11a and 4.11b upon exposure to
different concentrations of DTT in PBS. Upon addition of 1040 mM DTT, the
fluorescence intensity of 4.11a increases significantly within the first 6 h whereas
the fluorescence intensity increases slightly in the presence of 0-2 pM DTT. The
increase in fluorescence intensity results from the cleavage of disulfide linkers,
hence releasing the ferrocenyl moieties and preventing the reductive quenching.
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Fig. 4.5 Changes in
fluorescence intensities of
4.11a (closed symbols) and
4.11b (open symbols) upon
exposure to 0 uM (circles),
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For the non-cleavable analogue 4.11b, no significant fluorescence enhancement
was observed even in the presence of 40 mM DTT.

In order to examine the aggregation behavior of these phthalocyanines during
the kinetic study, their respective Q-band was monitored over 24 h. As shown in
Fig. 4.6, the Q-band remains relatively sharp and intense for both 4.11a and 4.11b,
indicating that aggregation behavior of these phthalocyanines was not altered
before and after the cleavage of the disulfide bonds in a reducing environment. As
a result, the fluorescence enhancement could be attributed to the relaxation of the
quenching effect upon reductive cleavage of the disulfide bonds rather than the
changes in the aggregation behavior of the phthalocyanines.

DTT-mediated production of singlet oxygen was also investigated. Figure 4.7
compares the rates of decay of DPBF sensitized by 4.11a, 4.11b, and 4.12 upon
exposure to different concentrations of DTT for 24 h in PBS solution. All these
phthalocyanines could not induce singlet oxygen generation without illumination
even in the presence of 10 mM DTT. At 2 uM DTT, which was used to mimic the
extracellular reducing environment (e.g. plasma), 4.11a could slightly produce
singlet oxygen upon illumination. However, upon exposure to a higher concen-
tration of DTT (5—-10 mM), which mimics the intracellular reducing environment,
the singlet oxygen production efficiency of 4.11a increased remarkably. The
enhancement in singlet oxygen generation could be ascribed to the reductive
cleavage of the disulfide bonds, resulting in restoration of the photosensitizing
property. By contrast, such an increase was not observed for 4.11b even in the
presence of 10 mM DTT for 24 h. The singlet oxygen generation efficiencies of
4.11a, 4.11b, and 4.12, as reflected by the slope of the best-fit straight line fitted to
the decay curve, are summarized in Table 4.2 for comparison. The greater the
value of the slope represents the higher singlet oxygen generation efficiency. It is
worth-noting that the singlet oxygen generation efficiency of 4.11a is comparable
to that of 4.12 in the presence of 10 mM DTT for 24 h. These results indicate that
the free ferrocenyl moieties generated after the disulfide bond cleavage do not
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Fig. 4.6 Changes in absorption spectra of (a) 4.11a and (b) 4.11b (both at 4 pM) upon exposure
to 40 mM DTT in PBS with 0.5 % Cremophor EL with time. The changes in Q-band absorbance
upon exposure to 0—40 mM DTT with time are shown in (¢) and (d) for 4.11a and 4.11b,
respectively

Table 4.2 Summary of the slope values of the best-fitted straight line of the DPBF decay curves
of 4.11a, 4.11b, and 4.12 upon exposure to different concentrations of DTT for 24 h with and
without illumination

[DTT] ISlopel (min~")
With light In dark
4.11a 4.11b 4.12 4.11a 4.11b 4.12
0 pM 0.020 0.016 - - - -
2 M 0.021 - - - - -
5 mM 0.096 - - - - -
10 mM 0.114 0.022 0.120 0.002 0.002 0.002

significantly affect the production of singlet oxygen. By attaching the ferrocenyl
moieties to the phthalocyanine core, the fluorescence emission and singlet oxygen
production of phthalocyanine are greatly reduced.
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4.2.3 In Vitro Photodynamic Activities

The therapeutic efficacy of all these compounds was also investigated against
MCF-7 human breast cancer cells. Figure 4.8 shows the dose-dependent curves of
phthalocyanines 4.11a, 4.11b, 4.12, and ferrocenyl compound 4.9a with different
concentrations of DTT in the absence and presence of light. The data for both 6 h
and 24 h drug incubation are shown. It can be seen that all these compounds are
non-cytotoxic in the absence of light regardless of the concentration of DTT and
the incubation time. In the absence of DTT (Fig. 4.8a and b), phthalocyanines
4.11a and 4.11b exhibit similar photocytotoxicity, while the photocytotoxicity of
4.12 is relatively higher, which may be attributed to the absence of the ferrocenyl
moieties. The ferrocenyl compound 4.9a does not show any cytotoxicity up to a
concentration of 1 mM (data not shown). To mimic the reducing environment of
tumor, MCF-7 cells were first pretreated with DTT (2 uM or 4 mM) for 1 h, prior
to incubation with the phthalocyanine solutions. In general, the photodynamic
activity of these compounds remains virtually unchanged in the presence of 2 uM
DTT (Fig. 4.8c and d). However, in the presence of 4 mM DTT, the photocyto-
toxicity of 4.11a, but not 4.11b and 4.12, is significantly increased (Fig. 4.8e and
f). Table 4.3 lists their corresponding ICso values. It can be seen that the ICsq
values of 4.11a decrease by 2.0-2.5 fold upon addition of 4 mM DTT for both 6 h
and 24 h incubation. The values are comparable to those of 4.12 under the same
experimental conditions (IC5o = 76 nM for 6 h incubation and 50 nM for 24 h
incubation). These results demonstrate that phthalocyanine 4.11a is a promising
photosensitizer of which the in vitro photodynamic activity can be greatly
enhanced in a reducing environment as in tumor cells.

To further investigate the reductive cleavage of 4.11a at the cellular level, its
cellular uptake was examined by confocal laser scanning microscopy. MCF-7 cells
were treated with different concentrations of DTT for 1 h, prior to incubation with
the phthalocyanine solutions. In Fig. 4.9a, it can be seen that the MCF-7 cells,
after being treated with 4.11a, show strong intracellular fluorescence in the
presence of 4 mM DTT, while the fluorescence is hardly observed in the cases of
0-2 pM DTT. As revealed by the images, there is no significant enhancement in
fluorescence intensity for the non-cleavable analogue 4.11b even in the presence
of 4 mM DTT. The average relative fluorescence intensity per cell of these
compounds was also measured and is compared in Fig. 4.9b. It is clear that the
intracellular fluorescence intensity of 4.11a is about 9-fold higher than that of
4.11b at high concentration of DTT (4 mM). These results further demonstrate that
the increase in fluorescence intensity is a result of the cleavage of the disulfide
bonds of 4.11a in the reducing environment.

To reveal the subcellular localization of 4.11a after cleavage of the disulfide
bonds, MCF-7 cells were stained with ER-Tracker, LysoTracker DND 26, or
MitoTracker Green FM, which are specific fluorescence dyes for endoplasmic
reticulum, lysosomes, and mitochondria, respectively, together with 4.11a. As
shown in Fig. 4.10, the fluorescence caused by the ER-Tracker (excited at 488 nm,
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Fig. 4.8 Cytotoxic effects of 4.11a (squares), 4.11b (triangles), 4.12 (rhombus), and 4.9a (stars)
on MCEF-7 cells pre-treated with different concentrations of DTT, prior to drug incubation for 6 h
(a, ¢, and e) and 24 h (b, d, and f) in the absence (closed symbols) and presence (open symbols) of
light (A > 610 nm, 40 mW cm ™2, 48 J cm™2). Data are expressed as mean value + standard
error of the mean (S.E.M.) of three independent experiments, each performed in quadruplicate

monitored at 510-560 nm) can superimpose with the fluorescence caused by 4.11a
after the disulfide bond cleavage (excited at 633 nm, monitored at 650-760 nm).
This observation suggests that the photosensitizing fragment of 4.11a can selec-
tively localize in the endoplasmic reticulum of the cells. The very similar
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Fig. 4.9 (a) Confocal fluorescence images of MCF-7 cells pretreated with different concentra-
tions of DTT, prior to incubation with 4.11a or 4.11b (both at 1 uM) for 24 h (lower rows). The
corresponding bright field images are shown in the upper rows. (b) Comparison of the
intracellular fluorescence intensity of 4.11a and 4.11b in the presence of various concentrations
of DTT. Data are expressed as mean value =+ standard deviation (S.D.) (number of cells = 30)
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Table 4.3 Comparison of the ICs, values of 4.11a, 4.11b, and 4.12 against MCF-7 cells after 6
and 24 h incubation

1C%5, (M)

6 h Drug Incubation 24 h Drug Incubation
OpuM DTT 2puM DTT 4mMDTT OpMDTT 2puM DTT 4 mM DTT
4.11a 160 150 81 124 119 50
4.11b 179 162 163 149 135 130
4.12 80 75 76 52 51 50

4 Defined as the dye concentration required to kill 50 % of the cells
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Fig. 4.10 (a) Visualization of (i) the bright field image, intracellular fluorescence of MCF-7 cells
(pretreated with 4 mM DTT) using filter sets specific for (ii) 4.11a (1 pM; in red) and (iii) ER-
Tracker (in green), and (iv) the corresponding superimposed image. Figure (b) shows the
fluorescence intensity profiles of 4.11a (red) and ER-Tracker (green) traced along the green line
in (a)(iv)

fluorescence intensity line profiles of 4.11a and ER-Tracker traced along the green
line in Fig. 4.10a (iv) further confirms the result. By contrast, the fluorescence
images of 4.11a could not overlap with the images of the MitoTracker and
LysoTracker (Fig. 4.11), indicating that 4.11a could not localize in the mito-
chondria or lysosomes of the MCF-7 cells after reductive disulfide bond cleavage.
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Fig. 4.11 Visualization of intracellular fluorescence of MCF-7 cells (pretreated with 4 mM
DTT) using filter sets specific for 4.11a (1 pM; in red, column 2) and LysoTracker or
MitoTracker (in green, column 3). The corresponding superimposed and bright field images are
given in columns 4 and 1, respectively

4.3 Summary

In summary, we have prepared a redox-responsive silicon(IV) phthalocyanine as
potential photosensitizer for targeted PDT. In response to a DTT in millimolar
range, which mimics the intracellular reducing environment of tumor cells, the
fluorescence intensity, singlet oxygen generation efficiency, and photocytotoxicity
of 4.11a are significantly enhanced as a result of the cleavage of the disulfide
bonds, thus restoring its fluorescence and photosensitizing property. As revealed
by confocal microscopy, the photosensitizing fragment of 4.11a can selectively
accumulate in the endoplasmic reticulum of the MCF-7 cells. By replacing the
ferrocenyl moiety with other ferrocene-containing anticancer drugs, it is envisaged
that the resulting conjugates can exhibit targeted dual therapeutic effects. This
further investigation is certainly worth-promising.
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Chapter 5

A Dual pH- and Redox-Responsive
Phthalocyanine-Based Photosensitizer
for Targeted Photodynamic Therapy

5.1 Introduction

As mentioned in Chap. 1 (Sect. 1.3.2), different cancer-related stimuli have been
explored to “turn on” the activatable photosensitizers with a view to controlling
their photodynamic actions. One of the unique features of tumors is their highly
reducing environment as compared to normal tissues due to an elevated level of
glutathione (GSH) [4, 6, 15]. In Chap. 4, we have described a redox-responsive
silicon(IV) phthalocyanine and evaluated the effect of the reductive stimulus on its
photophysical properties and in vitro photodynamic activity. In response to a
reducing condition analogous to tumor environment, it shows a significant
enhancement in fluorescence intensity, singlet oxygen generation efficiency, and
photocytotoxicity as a result of reductive cleavage of the disulfide bonds. Another
special characteristic of tumors is their relatively low pH in the extracellular region
(ca. 6.8) compared with that around normal tissues (ca. 7.3) [11, 27]. The pH-
dependent behavior of several classes of photosensitizers, such as porphyrins [7-9,
19], chlorins [7-9, 19, 20, 24, 25], chalcogenopyrylium dyes [3], and phenylene
vinylenes [1], has been briefly examined. Recently, we have reported a series of
pH-responsive silicon(IV) phthalocyanines substituted with amino moieties in
which their photosensitizing properties are greatly enhanced at lower pH, mainly
due to protonation of the amino groups which inhibits the intramolecular photo-
induced electron transfer (PET) process [14, 16].

The aforementioned examples have vividly demonstrated the use of a single
stimulus for photosensitizer activation. In fact, another promising approach is to
use two stimuli for the activation of photosensitizer in which the photosensitizer
can be fully turned on only when it is exposed to two stimuli concurrently. To this
end, Akkaya et al. have reported a boron dipyrromethene (BODIPY)-based acti-
vatable photosensitizer in which it exhibits about 6-fold increase in singlet oxygen
generation at low pH and high concentration of sodium ion, but no increase in
either low pH or high concentration of sodium ion [21]. In addition, dual pH- and
redox-sensitive micelles [5] and microcapsules [10] for pinpointed intracellular
delivery of anticancer drugs have also been developed. The anticancer drugs are
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effectively released due to the carrier’s susceptible nature to both intracellular
reduction and low pH conditions after internalization by tumor cells.

As an extension of our work described in Chap. 4, we have designed a novel
dual pH- and redox-responsive phthalocyanine-based activatable photosensitizer.
The preparation and basic photophysical properties of this compound, as well as
the effect of the pH and reducing stimulus on its in vitro properties are described in
this chapter.

5.2 Results and Discussion
5.2.1 Molecular Design, Synthesis, and Characterization

In order to confer a redox-responsive property to the phthalocyanine, the ferroce-
nyl-chalcone ligand 4.9a (see Chap. 4) was introduced to one of the axial positions.
To further incorporate a pH-responsive property to the same phthalocyanine,
another ferrocenyl ligand 5.8 was conjugated to the macrocycle through an acid-
labile hydrazone linker, which can be selectively cleaved under acidic conditions
with pH ranging from 5 to 6 [2]. It is anticipated that the photosensitizing property
of the phthalocyanine is inhibited by the ferrocenyl moieties when they are in close
proximity. However, when it is exposed to a highly reducing and acidic environ-
ment as in the tumor tissues, the disulfide and hydrazone linkers of this compound
are expected to be cleaved favorably, thus restoring the photosensitizing property.
Scheme 5.1 shows the synthesis of the acid-labile ferrocenyl carbonyl hydra-
zone ligand 5.8. Starting with the commercially available 3,5-dihydroxybenzoic
acid (5.1), it was first esterificated to methyl 3,5-dihydroxybenzoate (5.2) with the
aid of a catalytic amount of H,SO,4 and methanol [26]. It was then reduced by
lithium aluminium hydride (LiAlH,4) in anhydrous tetrahydrofuran (THF) to give 3,
5-dihydroxybenzyl alcohol (5.3) [17]. One equiv. of ethyl bromoacetate (4.5) was
allowed to react with 1 equiv. of alcohol 5.3 in the presence of anhydrous potassium
carbonate and acetone to afford the monosubstituted product 5.4. To enhance the
solubility and reduce the aggregation tendency of the phthalocyanine before and
after cleavage of both disulfide and hydrazone linkers, a triethylene glycol mono-
methyl ether chain was introduced by treating 5.4 with tosylate 5.5 [22] to give
compound 5.6. Treatment of hydrazine hydrate with ester 5.6 in ethanol gave
hydrazine 5.7 in good yield, which further reacted with ferrocenecarboyaldehyde
(4.2) in refluxing ethanol to give the ferrocenylcarbonylhydrazone ligand 5.8.
Scheme 5.2 shows the synthetic route for the preparation of the unsymmetrical
phthalocyanine 5.9. The readily available silicon(IV) phthalocyanine dichloride
(4.10) was first refluxed with alcohol 4.9a in the presence of excess pyridine in
toluene for 2 h, prior to the addition of ferrocenylcarbonylhydrazone 5.8. The
reaction mixture was continued to reflux for another 4 h to give the unsymmetrical
phthalocyanine 5.9 in 15 % yield. Apart from the unsymmetrical phthalocyanine
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Scheme 5.1 Synthesis of ferrocenylcarbonylhydrazone 5.8

5.9, a considerable amount of the symmetrical phthalocyanine 5.10 was also
isolated in 43 % yield. In view of the potential pH-responsive property of this
compound, we also included it in the following study. This compound was also
prepared by treating ferrocenylcarbonylhydrazone 5.8 with phthalocyanine 4.10
under a similar reaction condition (Scheme 5.3). As expected, the reaction led to a
higher yield (79 %) of 5.10.

All the new compounds were fully characterized with various spectroscopic
methods. Figure 5.1 shows the '"H NMR spectrum of 5.9 in CDCls. It shows two
AA’BB’ downfield multiplets at 6 9.61-9.63 and 8.33-8.35 (8H each), which are
assigned to the phthalocyanine o- and f-ring protons, respectively. For the ferrocenyl-
chalcone unit, H, and H,, resonate as two separate triplets at 6 —1.77 and —0.38,
respectively. These signals appear at very upfield positions due to the shielding effect
of the phthalocyanine ring. With reference to the "H NMR spectrum of symmetrical
phthalocyanine 4.11a (see Appendix 24) and the "H—"H COSY spectrum of 5.9 (see
Appendix 32 for the full spectrum), the signals for H. and H, are masked by the signal
of residual water in CDCl5 and the multiplets at 0 3.43-3.62, respectively. The four
sets of doublets in between 6 6.81 and 7.91 correspond to the aromatic (Hyand H,)
and vinyl protons (H;, and H;) of the ligand. As revealed by the coupling constants (J),
the signals resonated at ¢ 7.08 and 7.73 are due to the vinyl protons (J = 15.2
and 15.6 Hz, respectively), whereas the signals at 6 6.81 and 7.91 correspond to
the aromatic protons (J = 8.8 Hz). This assignment was further supported by
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the "H—"H COSY spectrum in which two sets of correlated signals are observed
(Fig. 5.2a). By taking reference to the "H NMR spectrum of 4.11a, the singlet (2H) at
0 4.39 can be assigned to H,. Since H, does not couple with any nearby protons, it
resonates as an isolated signal in the '"H-'"H COSY spectrum (Fig. 5.2b). For the
ferrocenylcarbonylhydrazone unit, the signal for H; is shifted upfield as a singlet at
0 —0.70 due to the phthalocyanine ring current effect. Similarly, aromatic protons
H,, Hs, and Hy are also shifted upfield. The strong singlet (3H) at 6 3.36 and the
multiplets at 6 3.43-3.62 (14H, of which 2H belong to H,) are assigned to the methyl
and methylene protons of the triethylene glycol chain, respectively. The three distinct
singlets at 0 3.83, 8.00, and 8.74 can be unambiguously assigned to the methylene
proton Hs, imine proton H;, and amide proton Hg, respectively, with reference to the
"HNMR spectrum of 5.10 (see Appendix 33). As the two ferrocene units of 5.9 locate
at two different electronic environments, it is expected that each of them resonates as
two sets of signals with three singlets in a ratio of 2:2:5, which is typical for a
monosubstituted ferrocene. The assignment is also confirmed by two sets of corre-
lated signals as shown in the '"H—"H COSY spectrum (Fig. 5.2b).

5.2.2 Electronic Absorption and Photophysical Properties

Figure 5.3 shows the electronic absorption spectra of phthalocyanines 5.9 and 5.10
in DMF. These spectra are typical for non-aggregated phthalocyanines with a
B-band at 354 nm, an intense and sharp Q-band at 677-678 nm, together with two
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Fig. 5.1 'H NMR spectrum of 5.9 in CDCl;

vibronic bands at 608-611 and 646—-647 nm (Table 5.1). For the unsymmetrical
phthalocyanine 5.9, two additional bands at 330 and 496 nm, probably due to the
absorption of the n-conjugated ferrocenyl-chalcone system, were also recorded. In
fact, a similar phenomenon has been observed for phthalocyanines 4.11a and 4.11b
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as described in Chap. 4. Upon excitation at 610 nm, these phthalocyanines showed
a fluorescence emission at 687-688 nm. Due to the quenching effect of the singlet
excited state of the phthalocyanines by the ferrocenyl moieties, they displayed
relatively low fluorescence quantum yields (O = 0.03-0.05) relative to unsubsti-
tuted zinc(Il) phthalocyanine (ZnPc) in DMF (@ = 0.28) (Table 5.1) [23]. These
values are comparable to the values for 4.11a and 4.11b (see Table 4.1).
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Fig. 5.3 Electronic absorption spectra of (a) 5.9 and (b) 5.10 in different concentrations in DMF.
The inset plots the Q-band absorbance versus the concentration of the phthalocyanine, and the
line represents the best-fitted straight line

To evaluate the photosensitizing efficiency of phthalocyanines 5.9 and 5.10,
their singlet oxygen quantum yields (®,) were determined by a steady-state
method with 1,3-diphenylisobenzofuran (DPBF) as the scavenger in DMF. The
changes in concentration of the quencher were monitored spectroscopically at
411 nm with time (Fig. 5.4), from which the values of @4 could be determined by
the method described previously [18]. Both phthalocyanines could generate singlet
oxygen (Op = 0.07—0.10), but the efficiency was much lower than that of ZnPc
(®A = 0.56) (Table 5.1) [18]. The relatively low singlet oxygen quantum yields of
5.9 and 5.10 may also be attributed to the quenching effect by the ferrocenyl
moieties, which disfavor intersystem crossing and eventually the formation of
singlet oxygen. A similar phenomenon has also been observed for 4.11a and 4.11b
as described in Chap. 4.

In order to gain a better understanding on the aggregation behavior of the
phthalocyanines in the biological environment, their electronic absorption and
fluorescence spectra were also recorded in the Roswell Park Memorial Institute
(RPMI) 1640 culture medium with 0.5 % Cremophor EL. As shown in Fig. 5.5a,
both phthalocyanines display a sharp and intense Q-band, indicating that they are
essentially non-aggregated in the culture medium. Their corresponding fluores-
cence spectra in the same condition are shown in Fig. 5.5b. To demonstrate the
quenching effect exerted by the ferrocenyl moieties, the spectra of 4.11a and 4.12
are also included for comparison. Among these four compounds, 4.12 shows the
greatest fluorescence intensity since the two ferrocenyl moieties are absent in this
compound. As expected, the three ferrocenyl phthalocyanines 4.11a, 5.9, and 5.10
show very weak fluorescence intensity due to the quenching effect, particularly for
5.10, which has the shortest separation between two the quencher and the
phthalocyanine ring.
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Table 5.1 Electronic absorption and photophysical data for 5.9 and 5.10 in DMF

Compound Amax (nm) (log &) Aem(nm)® O DY

5.9 330 (4.84), 354 (4.86), 496 (3.47), 687 0.05 0.10
608 (4.53), 646 (4.49), 677 (5.29)

5.10 354 (4.79), 611 (4.48), 647 (4.43), 688 0.03 0.07
678 (5.25)

“ Excited at 610 nm. ” Using ZnPc in DMF as the reference (O = 0.28). © Using ZnPc as the
reference (O, = 0.56 in DMF)
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Fig. 5.4 Comparison of the rates of decay of DPBF (initial concentration = 70 uM) sensitized
by 5.9, 5.10, and ZnPc (all at 3 M) in DMF as shown by the decrease in the absorbance at
411 nm
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Fig. 5.5 (a) Electronic absorption spectra of 5.9 and 5.10 in the RPMI culture medium with
0.5 % Cremophor EL (both at 8 uM). The fluorescence spectra (Aox = 610 nm) of 4.11a, 4.12,
5.9, and 5.10 under the same conditions are shown in (b)
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Fig. 5.6 Changes in fluorescence spectra (4.x = 610 nm) of (a) 5.9 and (b) 5.10 (both at 4 pM)
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5.2.3 pH- and Redox-Responsive Properties

To investigate the pH- and redox-responsive properties of these phthalocyanines,
their fluorescence response toward different concentrations of dithiothreitol (DTT),
and different pH in phosphate buffered saline (PBS) was first studied. For com-
parison, the response of the redox-sensitive phthalocyanine 4.11a and the non-
cleavable control 4.11b is also included.

5.2.3.1 Fluorescence Response to DTT

The redox-responsive properties of 4.11a, 5.9, and 5.10 were evaluated by mon-
itoring their changes in fluorescence intensity with different DTT concentrations
against time. In Chap. 4, we have reported the time-dependent changes in fluo-
rescence spectra of 4.11a and 4.11b at different concentrations of DTT in PBS
(Fig. 4.4). In the present investigation, we have also performed a similar study to
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examine the effect of DTT on the fluorescence intensities of 5.9 and 5.10.
Figure 5.6 shows the time-dependent changes in fluorescence intensities of 5.9 and
5.10 in PBS with 10 mM DTT for exemplification. Figure 5.7 summarizes the
time-dependent changes in fluorescence intensities of all the phthalocyanines upon
exposure to different concentrations of DTT in PBS. It can be seen that phthalo-
cyanine 4.11a shows the greatest enhancement in fluorescence intensity in the
presence of 10 or 40 mM DTT as a result of the disulfide bond cleavage. As
expected, compound 5.10 shows negligible changes in fluorescence intensity as the
acid-labile hydrazone linkers are not responsive to a reducing stimulus. For the
unsymmetrical phthalocyanine 5.9, it shows moderate fluorescence enhancement
in the presence of 10 or 40 mM DTT. The moderate increase in fluorescence
intensity is attributed to the cleavage of the disulfide bond, thus releasing one
ferrocenyl moiety. Since the singlet excited state is still partially quenched by the
ferrocenylcarbonylhydrazone moiety, the fluorescence intensity enhancement was
not as significant as 4.11a under the same experimental condition. Upon addition
of 2 uM DTT, which mimics the extracellular environment, the fluorescence
intensities of both 4.11a and 5.9 only increase slightly.

In order to examine the aggregation behavior of these phthalocyanines during
the kinetic study, their respective Q-band was monitored over 12 h. As shown in
Fig. 5.8, the Q-bands remained relatively sharp and intense, suggesting that the
phthalocyanine fragment formed after cleavage of the disulfide bond of 5.9 and
compound 5.10 are essentially non-aggregated throughout the study.

5.2.3.2 Fluorescence Response to pH

The effect of pH on the fluorescence emission of 4.11a, 5.9, and 5.10 was also
examined. Figure 5.9 shows the time-dependent changes in fluorescence spectra of
5.10 in PBS at pH 4.5, 6.0, and 7.4, which were used to mimic the tumor lysosomal
compartment, tumor interstitial environment, and extracellular environment of
normal tissues, respectively. It can be seen that the fluorescence increases to a
greater extent at lower pH. Figure 5.10 summarizes the corresponding time-
dependent changes in fluorescence intensities of 4.11a, 5.9, and 5.10 in PBS at the
above pH values. For compound 5.10, there are no significant changes in the
fluorescence intensity over 12 h at pH 7.4, while its fluorescence intensity
increases significantly at pH 4.5 and 6.0. The enhancement of fluorescence
intensities at pH 4.5 and 6.0 is attributed to the hydrolytic cleavage of the
hydrazone bond, thus releasing the ferrocenyl moieties and inhibiting the
quenching effect. The fluorescence intensity of 5.10 increases by about 6-fold
when the pH decreases from 7.4 to 4.5. For the unsymmetrical phthalocyanine 5.9,
it shows moderate increase in fluorescence intensity at pH 4.5 and 6.0 due to the
release of only one ferrocenyl moiety. As the singlet excited state of the phtha-
locyanine is still partially quenched by the remaining ferrocenyl-chalcone moiety
after cleavage of the hydrazone bond, the fluorescence intensity enhancement is
not as drastic as 5.10 under the same experimental condition. For compound 4.11a,
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Fig. 5.8 Changes in absorption spectra of (a) 5.9 and (b) 5.10 (both at 4 ptM) upon exposure to
40 mM DTT in PBS with 0.5 % Cremophor EL with time. The changes in Q-band absorbance
upon exposure to 0-40 mM DTT with time are shown in (c¢) and (d) for 5.9 and 5.10, respectively

which does not possess any pH-responsive linkages, no significant fluorescence
enhancement was observed at pH 4.5 to 7.4. Similarly, the Q-band of these
compounds remained sharp and intense during the 12-hour kinetic study (data not
shown). The results suggest that these compounds or their phthalocyanine frag-
ments are essentially non-aggregated throughout the study.

5.2.3.3 Fluorescence Response to DTT and pH

We proceeded to examine the time-dependent changes of fluorescence intensities
of 4.11a, 4.11b, 5.9, and 5.10 in PBS at pH 6.0 or 7.4 in the presence of 2 M or
10 mM DTT (Fig. 5.11). For the redox-responsive phthalocyanine 4.11a,
enhancement in fluorescence intensity was observed in a higher DTT concentra-
tion (10 mM) and was independent of the change in pH (Fig. 5.11a). By contrast,
the fluorescence enhancement of the pH-responsive analogue 5.10 was observed
when the pH was changed from 7.4 to 6.0 regardless the concentration of DTT
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(Fig. 5.11d). For the unsymmetrical phthalocyanine 5.9, the fluorescence
enhancement was most significant when it was exposed to pH 6.0 and 10 mM
DTT, while the response was comparatively less significant at either low pH or
high DTT concentration. The fluorescence increase was minimal at pH 7.4 and
2 uM DTT (Fig. 5.11c). These observations suggest that both the disulfide and
hydrazone linkages of 5.9 are cleaved in the presence of 10 mM DTT at pH 6.0,
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releasing the two ferrocenyl moieties, thereby minimizing the quenching effect and
restoring the fluorescence intensity. As expected, for the non-cleavable control
4.11b, there were negligible changes in fluorescence intensities at all these con-
ditions (Fig. 5.11b). As revealed by the sharp and intense Q-band of these
phthalocyanines (data not shown), these compounds and their fragments remained
essentially non-aggregated throughout the kinetic study.

5.2.3.4 Effect of DTT on Singlet Oxygen Production

Apart from fluorescence response, the effects of DTT and pH on the efficiency of
singlet oxygen generation of 5.9 and 5.10 in PBS were also studied. For com-
parison, the response of 4.11a was also included. Figure 5.12 compares the rates of
decay of DPBF sensitized by 4.11a, 5.9, and 5.10 upon exposure to different
concentrations of DTT for 8 h in PBS. All these phthalocyanines could not induce
singlet oxygen generation in the dark even in the presence of 10 mM DTT (data
not shown). Upon illumination and at 2 uM DTT, which was used to mimic the
extracellular reducing environment, all these phthalocyanines could produce a
small amount of singlet oxygen. In the presence of 10 mM DTT, which mimics the
intracellular reducing environment, the singlet oxygen production efficiency of
4.11a and 5.9 increased remarkably. The enhancement in singlet oxygen genera-
tion could be ascribed to the reductive cleavage of the disulfide bonds, resulting in
restoration of the photosensitizing property. Since 5.9 still contains the ferro-
cenylcarbonylhydrazone moiety after cleavage of the disulfide bond, the singlet
oxygen generation efficiency of 5.9 is lower than that of 4.11a. For 5.10, which
does not contain disulfide linkages, the singlet oxygen production was minimal
even in the presence of 10 mM DTT.
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Fig. 5.11 Time-dependent changes in fluorescence intensities of (a) 4.11a, (b) 4.11b, (c) 5.9,
and (d) 5.10 (all at 4 pM) in PBS (with 0.5 % Cremophor) at pH 6.0 or 7.4 and in the presence of
2 uM or 10 mM DTT
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5.2.3.5 Effect of pH on Singlet Oxygen Production

The effects of pH on the production of singlet oxygen of these phthalocyanines were
also examined. Figure 5.13 compares the rates of decay of DPBF induced by these
phthalocyanines in PBS at different pH (4.5, 6.0, and 7.4) for 8 h. In the absence of
light, all these phthalocyanines could not sensitize the production of singlet oxygen
(data not shown). At pH 7.4, they could slightly produce singlet oxygen upon illu-
mination. Under a mildly acidic condition (pH 6.0), both 5.9 and 5.10 showed an
increase in the production of singlet oxygen. The singlet oxygen generation effi-
ciency was further enhanced when the pH was decreased to 4.5. Such an increase in
singlet oxygen generation could be attributed to the hydrolysis of the hydrazone
linkers under acidic conditions, thus releasing the ferrocenyl moieties and reducing
the quenching effect. Since 5.9 still contains a ferrocenyl-chalcone moiety after
cleavage of the hydrazone bond, its singlet oxygen generation efficiency is lower
than that of 5.10 at the same pH. As expected, the control 4.11a is not responsive to
pH due to the absence of acid-labile linkages. These results demonstrate that com-
pound 5.10 is also a promising tumor-selective photosensitizer as it exhibits
remarkably different fluorescence emission and singlet oxygen generation properties
atpH 4.5, 6.0, and 7.4, which are the general pH environments for tumor lysosomal
compartments, tumor interstitium, and normal tissues, respectively [11, 12, 27].

5.2.3.6 Effect of DTT and pH on Singlet Oxygen Production

To show the effects of pH and DTT on the singlet oxygen generation efficiency of
these compounds, we also compared the rates of decay of DPBF induced by these
phthalocyanine in PBS at pH 6.0 or 7.4 and in the presence of 2 uM or 10 mM DTT
for 8 h (Fig. 5.14). In the absence of light, these phthalocyanines could not produce
singlet oxygen (data not shown). Upon illumination, these phthalocyanines exhibited
different extent of singlet oxygen generation efficiency. For the redox-responsive
phthalocyanine 4.11a, the singlet oxygen generation efficiency was increased only
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Fig. 5.14 Comparison of the rates of decay of DPBF (initial concentration = 70 pM) sensitized
by (a) 4.11a, (b) 4.11b, (c) 5.9, and (d) 5.10 (all at 4 pM) in PBS with 0.5 % Cremophor EL at
different pH (6.0 and 7.4) for 8 h in the presence of light (1 > 610 nm)

when the DTT concentration was increased from 2 pM to 10 mM (Fig. 5.14a). On
the other hand, the singlet oxygen generation efficiency of the pH-responsive
derivative 5.10 increased only when the pH decreased from 7.4 to 6.0 (Fig. 5.14d).
For the unsymmetrical phthalocyanine 5.9, the production of singlet oxygen was the
greatest at pH 6.0 and in the presence of 10 mM DTT, while the efficiency was
comparatively lower at either low pH or high DTT concentration (Fig. 5.14c). As
expected, the non-cleavable control 4.11b could not cause any singlet oxygen gen-
eration enhancement under all these conditions (Fig. 5.14b).

5.2.4 In Vitro Photodynamic Activities

The pH- and redox-dependent fluorescence emission of unsymmetrical phthalo-
cyanine 5.9 at the cellular level was also examined. In this study, MCF-7 human
breast cancer cells were first pretreated with different concentrations of DTT
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(04 mM) for 1 h, followed by incubation with the ionophore nigericin at two
different pH (5.0 or 7.4) for 30 min. Nigericin is an H'/K* antiporter, which
enables the electroneutral transport of extracellular H* ions in exchange for
intracellular K™ ions, and can equilibrate the intracellular and extracellular pH [13,
28]. After the cells were treated with 5.9 (1 uM) for a further 1 h, the corre-
sponding fluorescence images of the cells were captured with a confocal micro-
scope (Fig. 5.15a), and the intracellular fluorescence intensities were determined
(Fig. 5.15b). As shown in Fig. 5.15, very weak fluorescence was observed when
the cells were exposed to 0-2 uM DTT at pH 7.4. However, the fluorescence
intensity increased by about 3-fold when the DTT concentration was increased to
4 mM. This can be attributed to the cleavage of the disulfide bond and the sepa-
ration of the ferrocenyl-chalcone moiety from the phthalocyanine partially
relieved the quenching effect, leading to an enhancement in intracellular fluores-
cence intensity. At pH 5.0, the cells showed moderate intracellular fluorescence in
the presence of 0-2 M DTT due to the cleavage of the acid-labile linker and the
release of ferrocenyl moiety. The intracellular fluorescence under this condition
was stronger when compared with that exposed to 4 mM DTT at pH 7.4. It is
likely that after the cleavage of the acid-labile hydrazone linker, the quenching
effect induced by the remaining disulfide-linked ferrocene is not as efficient as the
hydrazone-linked ferrocene due to the longer distance between the phthalocyanine
ring and the ferrocenyl moiety, and hence relatively higher fluorescence intensity
was observed. The fluorescence intensity was particularly strong when the cells
were exposed to 4 mM DTT at pH 5.0, under which both disulfide and hydrazone
linkages are cleaved, rendering the compound to be fully “turned on”. Considering
the fact that these conditions are analogous to the reducing and low pH environ-
ment as in the tumor, the results suggest that 5.9 is a potential dual pH- and redox-
responsive photosensitizer for targeted PDT.

The pH-dependent fluorescence emission of 5.10 was also investigated. The
MCEF-7 cells were first incubated with nigericin at three different pH environments
(5.0, 6.0, or 7.4) for 30 min, followed by incubation with 5.10 for 1 h. As shown in
Fig. 5.16, the intracellular fluorescence intensities are much stronger at pH 5.0 and
6.0 than that at pH 7.4 (by about 9- to 10-fold). On the basis that the general pH
environments for tumors and normal tissues fall in this region (from 6.0 to 7.4)
[11, 27], the results suggest that compound 5.10 is also a promising pH-controlled
photosensitizer for targeted PDT.

The photodynamic activities of phthalocyanines 5.9 and 5.10 were also eval-
uated against MCF-7 cells. To demonstrate the effect of reducing stimulus on the
cytotoxicity, the cells were pretreated with DTT (2 uM or 4 mM) for 1 h, prior to
incubation with the phthalocyanine solutions for 6 h. Figure 5.17 shows the dose-
dependent survival curves for these two compounds with different concentrations
of DTT in the absence and presence of light. Both compounds are essentially non-
cytotoxic in the absence of light regardless of the concentration of DTT, but
exhibit high photocytotoxicity. The ICso values are summarized in Table 5.2. In
the presence of light, the photocytotoxicity of 5.9 remains nearly unchanged in the
absence and presence of 2 puM DTT. However, the antiproliferative effect is
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Fig. 5.15 (a) Fluorescence images of MCF-7 cells after incubation with 0-4 mM DTT for 1 h
and then with nigericin (at pH 5.0 or 7.4) for 30 min, followed by incubation with 5.9 (1 uM) for
1 h. (b) Comparison of the relative intracellular fluorescence intensity of 5.9 at different DTT
concentrations and pH values. Data are expressed as mean value & standard deviation (S.D.)
(number of cells = 30)

greatly enhanced when the DTT concentration is increased to 4 mM with ICs,
value as low as 64 nm. The enhancement in photocytotoxicity can be attributed to
the cleavage of the disulfide bond, thus releasing one ferrocenyl moiety and par-
tially relieving the quenching effect. Compound 5.10 is highly potent with ICsq
values in the range of 73-75 nM. It can be seen that its photocytotoxicity is
independent of the concentrations of DTT.
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Fig. 5.16 (a) Fluorescence images of MCF-7 cells after incubation with a nigericin solution
(25 pM) at pH 5.0, 6.0, or 7.4 for 30 min, followed by incubation with 5.10 (1 pM) for 1 h. The
corresponding bright field images are shown in the upper row. (b) Comparison of the relative
intracellular fluorescence intensity of 5.10 in the presence of nigericin at different pH values.
Data are expressed as mean value + S.D. (number of cells = 30)

Fig. 5.17 Cytotoxic effects
of (a) 5.9 and (b) 5.10 on
MCEF-7 cells pretreated with
0 uM (squares), 2 pM
(circles), and 4 mM
(triangles) DTT, prior to drug
incubation for 6 h in the
absence (closed symbols) and
presence (open symbols) of
light (4 > 610 nm,

40 mW cm™2, 48 J cm ™).
Data are expressed as mean
value = standard error of the
mean (S.E.M.) of three
independent experiments,
each performed in
quadruplicate
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Table 5.2 ICs, values for phthalocyanines 5.9 and 5.10 on MCF-7 cells

Compound 1C5¢ (nM)

0 uM DTT 2 uM DTT 4 mM DTT
5.9 100 105 64
5.10 75 76 73

The pH-dependent photocytotoxicity study of 5.9 and 5.10 against MCF-7 cells
was not performed. Based on our previous results, most of the cells were killed
when they were maintained in an acidic medium (e.g. pH = 6.5) for 2-3 heven in
the absence of the phthalocyanines. Therefore, the study could not give any
meaningful and conclusive results.

5.3 Summary

In summary, we have prepared and characterized a dual pH- and redox-responsive
silicon(IV) phthalocyanine 5.9. The fluorescence intensity and singlet oxygen
generation efficiency of this compound are enhanced in a slightly acidic condition
or in the presence of DTT (4 mM). The enhancement is particularly significant
when the compound is exposed to an environment at low pH value and with a high
level of DTT, which is analogous to the acidic and reducing environment found in
tumor tissues. In addition, we have also described a pH-responsive silicon(IV)
phthalocyanine 5.10, which also shows pH-dependent properties in fluorescence
emission and singlet oxygen generation. In the pH range of ca. 5-7, which can
differentiate the environments for tumors and normal tissues, it shows stronger
fluorescence emission and behaves as a more efficient singlet oxygen generator at
lower pH. These pH- and/or redox-responsive properties render compounds 5.9
and 5.10 highly promising tumor-selective photosensitizers for targeted PDT.
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Chapter 6
Conclusion and Future Outlook

Research related to targeting photosensitizers to cancerous tissues has been an area
of increasing interest in photodynamic therapy (PDT) over the past decade. This
thesis seeks to explore different approaches to develop phthalocyanine-based
photosensitizers toward dual and targeted PDT, with a view to improving their
specific delivery to cancerous tissues and efficiency in PDT. These strategies
include conjugation to a platinum-based anticancer drug, vectorization by
polyamines, and the development of activatable photosensitizers that can only be
activated upon exposure to tumor-associated redox and/or pH conditions.
The molecular design, synthesis, electronic, and photophysical properties as well
as the in vitro photodynamic activities of these phthalocyanines are discussed and
examined. Some promising results have been obtained and indicated that these
methods are potentially useful for dual and targeted PDT. Although phthalocya-
nines have been extensively studied in various technological avenues, such as
materials science, optoelectronics, catalysis, and nanotechnology, their applica-
tions in biomedicine is still relatively little studied. With the advancement in the
discovery of tumor-targeting ligands such as peptides and monoclonal antibodies,
as well as the facile synthesis of functionalized phthalocyanines, there is a great
potential for further development of phthalocyanines as smart and efficient
photosensitizers for dual and targeted PDT. It is hoped that this thesis can provide
the grounding and stimulate further exploration in this important area.
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Chapter 7
Experimental Section

7.1 General

Experimental details regarding the purification of solvents, instrumentation,
spectroscopic, and photophysical measurements, as well as in vitro studies fol-
lowed the general procedures as described in Sects. 7.1.1-7.1.9 unless otherwise
specified.

7.1.1 Materials and Methods

N,N-dimethylformamide (DMF) and n-pentanol were distilled under reduced
pressure from barium oxide and sodium, respectively. Pyridine, dichloromethane,
and acetonitrile were distilled from calcium hydride under nitrogen. Tetrahydro-
furan (THF) and toluene were distilled from sodium benzophenone ketyl and
sodium, respectively, under nitrogen prior to use. All the other solvents were of
analytical reagent grade and used without further purification. All non-aqueous
reactions were performed under an atmosphere of nitrogen. All reactions were
monitored by thin layer chromatography (TLC) performed on Merck precoated
silica gel 60F,s4 plates, and the compounds were visualized by irradiation with UV
light and/or by treatment with a spray of 5 % w/v dodecamolybdophosphoric acid
in ethanol followed by a brief heating. Chromatographic purifications were per-
formed on silica gel (Macherey—Nagel, 230-400 mesh) columns with the indicated
eluents. Gel permeation chromatography was carried out on Bio-Rad Bio-Beads S-
X1 beads (200400 mesh).

"H and "*C{'H} NMR spectra were recorded on a Bruker Avance III 400
spectrometer (1H, 400 MHz; 13C, 100.6 MHz) in deuterated solvents. Spectra were
referenced internally using the residual solvent (‘H: & 7.26 for CDCls, 6 2.49 for
DMSO-dg, 6 4.79 for D,0, 6 2.05 for acetone-dg, and 6 7.22 for pyridine-ds for the
most upfield signal) or solvent (**C: 6 77.0 for CDCls, 6 39.5 for DMSO-de, 6 29.8
for acetone-dgs, and 6 150.4 for pyridine-ds for the most downfield signal)

J. T. F. Lau, Towards Dual and Targeted Cancer Therapy 107
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resonances relative to SiMe,. Electrospray ionization (ESI) mass spectra were
measured on a Thermo Finnigan MAT 95 XL mass spectrometer. Elemental
analyses were performed by Medac Ltd., Brunel Science Center, U. K.

7.1.2 Photophysical Measurements

UV-Vis and steady-state fluorescence spectra were taken on a Cary 5G UV-Vis-
NIR spectrophotometer and a Hitachi F-7000 spectrofluorometer, respectively.

Determination of Fluorescence Quantum Yields in DMF
Fluorescence quantum yields [® sampie)] Were determined by the equation [1]:

(I)F( ample) = (Fsample) ( Aref ) (”sample)zq)F( .
e F ref Asample Mref )
where F, A, and 7 are the measured fluorescence (area under emission peak), the
absorbance at the excitation position (610 nm), and the refractive index of the
solvent, respectively. Unsubstituted zinc(II) phthalocyanine (ZnPc) in DMF was
used as the reference [®f ey = 0.28] [2]. To minimize reabsorption of radiation

by the ground state species, the emission spectra were obtained in very dilute
solutions of which the absorbance at 610 nm was less than 0.05.

Determination of Singlet Oxygen Quantum Yields in DMF

Singlet oxygen quantum yields (®,) were measured in DMF by a steady-state
method described by Nyokong and coworkers with some modifications [3].
A mixture of 1,3-diphenylisobenzofuran (DPBF; 70 uM) and the phthalocyanines
(3 uM), without saturation with air or oxygen, was illuminated with red light
coming from a 100 W halogen lamp after passing through a water tank for cooling
and a color glass filter (Newport, cut-on at 610 nm). The decay of DPBF at
411 nm was monitored with time. The singlet oxygen quantum yields of the
phthalocyanines (@) were obtained by using the following equation:

W x Iabs(ZnPc)

Op = X
A A(znke) WZnPc X Iabs

where Ips and Ipszapc) are the rates of light absorption by the phthalocyanines and
ZnPc, respectively. The photobleaching of DPBF by the phthalocyanines and ZnPc
denoted as W and W,,p. were determined as the slopes of their corresponding
DPBF decay curves under the same conditions. The singlet oxygen quantum yields
of the phthalocyanines were correlated with ZnPc in DMF as a reference
[PAznpe) = 0.56].
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7.1.3 Cell Lines and Culture Conditions

The HT29 human colon adenocarcinoma cells (ATCC, cat. no. HTB-38) were
maintained in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen, cat. no.
10313-021) supplemented with fetal calf serum (10 %), penicillin—streptomycin
(100 units mL™" and 100 pg mL™', respectively), L-glutamine (2 mM), and
transferrin (10 pg mL™"). The B16 melanoma (ATCC, cat. no. CRL-6475), Chi-
nese Hamster Ovary (CHO; ATCC, cat. no. CCL-61), and MCF-7 human breast
cancer cells (ATCC, cat. no. HTB-22) were maintained Roswell Park Memorial
Institute (RPMI) 1640 medium (Invitrogen, cat. no. 23400-021) supplemented
with fetal calf serum (10 %), sodium pyruvate (1 mM), and penicillin—strepto-
mycin (100 units mL~" and 100 pg mL ™", respectively).

7.1.4 Photocytotoxicity Assay

Approximately 3 x 10* cells per well in the culture medium were inoculated in
96-multiwell plates and incubated overnight at 37 °C in a humidified 5 % CO,
atmosphere. The cells, after being rinsed with phosphate buffered saline (PBS),
were incubated with 100 pL of the drug solutions for 2 h at 37 °C under 5 % CO,.
The cells were then rinsed again with PBS and re-fed with 100 pL of the culture
medium before illuminated at ambient temperature. The light source consisted of a
300 W halogen lamp, a water tank for cooling, and a color glass filter (Newport)
cut-on 610 nm. The fluence rate (1 > 610 nm) was 40 mW cm 2. An illumination
of 20 min led to a totally fluence of 48 J cm™2. Cell viability was determined by
means of the colorimetric MTT assay [4]. After illumination, the cells were
incubated at 37 °C under 5 % CO, overnight. An MTT (Sigma) solution in PBS
(3 mg mL™", 50 pL) was added to each well followed by incubation for 2 h under
the same environment. A solution of sodium dodecyl sulfate (SDS; Sigma, 10 %
by weight, 50 pL) was then added to each well. The plate was incubated in an
oven at 60 °C for 30 min and then 80 pL of iso-propanol was added to each well.
The plate was agitated on a Bio-Rad microplate reader at ambient temperature for
10 s before the absorbance at 540 nm of each well was taken. The average
absorbance of the blank wells, which did not contain the cells, was subtracted from
the readings of the other wells. The cell viability was then determined by the
equation:

% Viability = [Z(A,-/Aco,m1 % 100)| /n

where A; is the absorbance of the ith data (i = 1, 2, ..., n), Aconwor 1S the average
absorbance of the control wells, in which the phthalocyanine was absent, and
n (= 4) is the number of data points.
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7.1.5 ROS Measurements

ROS production was determined by using 2’,7’-dichlorodihydrofluorescein diace-
tate (DCFDA; Molecular Probes) as the probe. Approximately 3 x 10* cells per
well in the culture medium was inoculated in a 96-multiwell plate for 24 h before
photodynamic treatment. After the cells were incubated with different concen-
trations of the drugs (2-fold dilution from 2 pM) for 2 h in darkness, the cells were
rinsed with PBS before 100 uL of DCFDA (10 uM in PBS) was added to each
well. The mixture was incubated at 37 °C under 5 % CO, for 30 min in darkness,
followed by illumination for 20 min at ambient temperature using a halogen lamp
light source as described in Sect. 7.1.4. Fluorescence measurements were made in
a fluorescence plate reader (TECAN Polarion) with a 485 nm excitation filter and a
535 nm emission filter set at a gain of 60.

7.1.6 Intracellular Fluorescence Studies

For the detection of intracellular fluorescence intensity of the phthalocyanines,
approximately 6 x 10* cells in the culture medium (2 mL) were seeded on a
coverslip and incubated overnight at 37 °C under 5 % CO,. The medium was
removed and then the cells were incubated with phthalocyanine dilutions in the
medium (2 mL) for 2 h under the same conditions. The cells were then rinsed with
PBS twice, and then viewed with a Leica SP5 confocal laser scanning microscope
equipped with a 633 nm helium—neon laser. The emission signals from 650 to
760 nm were collected and the images were digitized and analyzed by Leica
Application Suite Advanced Fluorescence Software. The intracellular fluorescence
intensities (for a total of 30 cells in each sample) were also determined.

7.1.7 Cellular Uptake Determined by an Extraction Method

Approximately 2 x 10° cells in the culture medium (2 mL) were seeded on a Petri
dish (diameter = 35 mm). After incubation at 37 °C under 5 % CO, overnight,
the medium was removed and the cells were rinsed with PBS (2 mL). The cells
were then incubated with phthalocyanine dilutions in the medium (2 mL) for 2 h
under the same conditions. The medium was removed and the cells were rinsed
with PBS (2 mL) and then harvested by 0.25 % trypsin-EDTA (Invitrogen,
0.5 mL). The trypsin was then quenched with the medium (0.5 mL). The solution
was transferred to centrifuge tubes and centrifuged at 2,400 rpm for 5 min. The
cell pellet was then washed with PBS (1 mL) and the suspension was centrifuged
again. After removing the PBS, the cells were lysed with DMF (1 mL). The
mixture was sonicated for 20 min and then centrifuged again. The supernatants
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were transferred for UV-Vis spectroscopic measurements. The Q-band absorbance
of the phthalocyanines was compared with the respective calibration curves to give
the uptake concentrations. Each experiment was repeated for three times.

7.1.8 Subcellular Localization Studies

About 6 x 10* cells in the culture medium (2 mL) were seeded on a coverslip and
incubated overnight at 37 °C under 5 % CO,. The medium was then removed. The
cells were incubated with phthalocyanine dilutions in the medium (2 mL) for 2 h
under the same conditions. For the study using LysoTracker, LysoTracker Green
DND-26 (Molecular Probes; 2 uM in culture medium) was then added, and the
cells were incubated under these conditions for a further 10 min. For the study
using MitoTracker, the cells were incubated with MitoTracker Green FM (Invit-
rogen; 0.25 uM in culture medium) for 10 min. For the study using ER-Tracker,
the cells were incubated with ER-Tracker Green (Invitrogen; 0.2 uM in culture
medium) for 20 min. For the study using SYTO-16, the cells were incubated with
SYTO-16 (Invitrogen; 0.5 pM in culture medium) for 10 min. For all the cases,
the cells were then rinsed with PBS and viewed with a Leica SP5 confocal laser
scanning microscope equipped with a 488 nm argon laser and a 633 nm helium-
neon laser. All the Trackers were excited at 488 nm and monitored at
500-570 nm, while the phthalocyanines were excited at 633 nm and monitored at
650-760 nm. The images were digitized and analyzed by Leica Application Suite
Advanced Fluorescence Software. The subcellular localization of the phthalocy-
anines was revealed by comparing the intracellular fluorescence images caused by
the Trackers and the dyes.

7.1.9 Flow Cytometric Studies

Approximately 6 x 10° cells in the medium (2 mL) were seeded on a Petri dish
(diameter = 35 mm) and incubated for 24 h at 37 °C under 5 % CO,. For 2.11,
2.14, and 2.17, the HT29 cells were treated with the respective concentrations of
these compounds as mentioned in Table 2.3, while the B16 or CHO cells were
treated with different concentrations of 3.10d as described in Table 3.3. The cells
were then incubated under the same conditions for 2 h. The cells were rinsed thrice
with PBS and refilled with 2 mL of the culture medium before being illuminated at
ambient temperature using a halogen lamp light source as described in Sect. 7.1.4.
After incubation for 24 h, the cells were rinsed with PBS and then harvested by
0.25 % trypsin—EDTA (Invitrogen, 0.5 mL). The trypsin was quenched with the
medium (0.5 mL) and the mixture was centrifuged at 2,400 rpm for 5 min at room
temperature. The pellet was then washed again by PBS and then subject to cen-
trifugation. The cells were suspended in 1 mL of binding buffer (10 mM HEPES,
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140 mM NaCl and 25 mM CaCl,, pH = 7.4) containing annexin V-GFP (5 pL)
and PI (2 pg mL™"). After incubation in darkness for 15 min at room temperature,
the signals of annexin V-GFP and PI were measured by a BD FACSCanto flow
cytometer (Becton-Dickinson) with 10* cells counted in each sample. Both
annexin V-GFP and PI were excited by a 488 nm argon laser. The emitted fluo-
rescence was monitored at 500-560 nm for annexin V-GFP and at >670 nm for
PI. The data collected were analyzed by using WinMDI 2.9.

7.2 Experiments Described in Chapter 2
7.2.1 Synthesis
Preparation of 2-[2-[2-(Tetrahydropyranyloxy)ethoxy]ethoxy]ethanol (2.2) [5]

H O/\/O\/\ O/\/O\EOJ

A mixture of triethylene glycol (2.1; 51.65 g, 343.94 mmol), 3,4-dihydropyran
(31.83 g, 378.39 mmol), and concentrated HCI (10 drops) was stirred at room
temperature for 24 h. The reaction was then quenched with an aqueous solution of
NaHCO; (100 mL). The aqueous layer was extracted with CH,Cl, (200 mL x 3).
The combined organic layers were dried over anhydrous Na,SO, and concen-
trated. The crude product was then purified by silica-gel column chromatography
using ethyl acetate/MeOH (9:1 v/v) as the eluent. The product was obtained as a
colorless oil (56.37 g, 70 % yield). R [ethyl acetate/MeOH (9:1 v/v)] = 0.54. '"H
NMR (CDCl3): 6 = 4.62-4.64 (m, 1 H, THP-CH), 3.84-3.85 (m, 2 H), 3.71-3.75
(m, 2 H), 3.66-3.70 (m, 6 H), 3.60-3.65 (m, 3 H), 3.47-3.52 (m, 1 H), 1.79-1.86
(m, 1 H, THP), 1.68-1.76 (m, 1 H, THP), 1.50-1.64 (m, 4 H, THP).

Preparation of Compound 2.3 [5]

QU

g //S \O/\/O\/\ O/\/O\[OJ

A mixture of 2-[2-[2-(tetrahydropyranyloxy)ethoxy]lethoxy]ethanol (2.2;
14.88 g, 63.55 mmol), tosyl chloride (TsCl; 18.17 g, 95.31 mmol), and pyridine
(7.7 mL, 95.20 mmol) was stirred in CH,Cl, (80 mL) under an inert atmosphere
for 24 h. The mixture was washed with 10 % HCI solution (v/v, 100 mL) and then
with water (100 mL x 3). The organic layer was dried over anhydrous Na,SO,4
and concentrated. The residue was subject to silica-gel column chromatography
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using diethyl ether as the eluent. The product was obtained as a colorless oil
(12.83 g, 52 % yield). Ry (diethyl ether) = 0.69. '"H NMR (CDCl5): 6 = 7.80 (d,
J = 8.4 Hz,2 H, ArH), 7.34 (d, J = 8.0 Hz, 2 H, ArH), 4.60-4.64 (m, 1 H, THP-
CH), 4.12-4.17 (m, 2 H), 3.82-3.89 (m, 2 H), 3.57-3.73 (m, 8 H), 3.47-3.52 (m, 2
H), 2.44 (s, 3 H, CH3), 1.79-1.85 (m, 1 H, THP), 1.68-1.75 (m, 1 H, THP),
1.49-1.62 (m, 4 H, THP).

Preparation of 1-Iodo-8-(tetrahydro-2H-pyran-2-yloxy)-3,6-dioxaoctane
(2.9) [6]

SRR e

Sodium iodide (10.00 g, 66.72 mmol) was added to a solution of 2.3 (5.18 g,
13.35 mmol) in acetone (100 mL). The mixture was brought to reflux for 24 h.
The inorganic salt was removed by suction filtration and the filtrate was concen-
trated under reduced pressure. The residue was then redissolved in ethyl acetate
(100 mL) and this solution was washed with saturated sodium thiosulfate solution
(100 mL x 2) and water (100 mL x 1). The organic layer was dried over anhy-
drous Na,SO,4 and concentrated. The crude product was subject to silica-gel col-
umn chromatography using ethyl acetate/hexane (9:1 v/v) as the eluent to afford
the product as a colorless oil (4.36 g, 95 % yield). R¢ [ethyl acetate/hexane (9:1 v/
v)] = 0.54. "H NMR (CDCls): § = 4.63 (t,J = 3.2 Hz, 1 H, THP-CH), 3.84-3.90
(m, 2 H), 3.73-3.79 (m, 4 H), 3.67-3.70 (m, 4 H), 3.60-3.64 (m, 1 H), 3.48-3.52
(m, 1 H), 3.26-3.29 (m, 2 H, -CH,I), 1.79-1.86 (m, 1 H, THP), 1.69-1.76 (m, 1 H,
THP), 1.50-1.64 (m, 4 H, THP).

Preparation of Compound 2.5

N
00O

Q\O/\/O\/\O/\LO

"

Diethyl methylmalonate (4.00 g, 22.96 mmol) was added to a slurry suspension

of NaH (0.83 g, 34.58 mmol) in DMF (30 mL) at O °C under a nitrogen atmo-

sphere. A solution of 2.4 (7.90 g, 22.95 mmol) in DMF (30 mL) was then added in

dropwise to the reaction mixture. The mixture was heated at 60 °C overnight, then

the solvent was evaporated under reduced pressure. The residue was then subject

to silica-gel column chromatography using ethyl acetate/hexane (9:1 v/v) as the

eluent to obtain the product as a yellow oily liquid (4.83 g, 54 % yield). R [ethyl

acetate/hexane (9:1 v/v)] = 0.42. "H NMR (CDCls): § = 4.62 (t, J = 4.0 Hz, 1

H, CH), 4.16 (dq, J = 2.0, 7.2 Hz, 4 H, CH,), 3.83-3.89 (m, 2 H, CH,), 3.47-3.67

(m, 10 H, CHy), 2.18 (t, /] = 6.4 Hz, 2 H, CH,), 1.67-1.87 (m, 3 H, CH and CH,),
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1.48-1.63 (m, 3 H, CH and CH,), 1.43 (s, 3 H, CH3), 1.24 (t, J = 7.2 Hz, 6 H,
CH3). >C{'H} NMR (CDCls): § = 172.1, 98.9, 70.5 (two overlapping signals),
70.2, 67.2, 66.6, 62.2, 61.2, 52.0, 35.0, 30.5, 25.4, 20.0, 19.5, 14.0. MS (ESI): m/
2413 (100 %, [M + Na]*). HRMS (ESI): m/z calcd for C;oH3,NaOg [M + Na]*:
413.2146; found: 413.2145.

Preparation of Compound 2.6

N

0. _0

H O/\/O\/\O/\//\Efo

O

)

Concentrated sulfuric acid (5 drops) was added to a solution of 2.5 (1.08 g,
2.77 mmol) in ethanol (10 mL). The mixture was stirred at room temperature for
3 h, then it was neutralized with an aqueous solution of NaHCOj;. The solvent was
evaporated under reduced pressure, then the residue was redissolved in diethyl
ether. The insoluble material was removed by filtration. The filtrate was evapo-
rated to give a pale yellow oil (0.62 g, 73 % yield). "H NMR (CDCl5): § = 4.16
(dq, J = 2.8, 7.2 Hz, 4 H, CH,), 3.72 (t, / = 4.0 Hz, 2 H, CH,), 3.52-3.61 (m, 8
H, CH,), 2.19 (t,J = 6.4 Hz, 2 H, CH,), 1.43 (s, 3H, CH3), 1.23 (t, / = 7.2 Hz, 6
H, CH;). >C{'H} NMR (CDCly): 6 = 172.2, 72.4, 70.3, 70.2, 67.1, 61.8, 61.3,
51.9, 35.0, 19.9, 14.0. MS (ESD): m/z 329 (100 %, [M + Na]*). HRMS (ESID): m/
z caled for C4Hy6NaO; [M + NaJ*: 329.1571; found: 329.1580.

Preparation of Phthalonitrile 2.7

e Jo
NC O/\/O\/\O/\;[fo
O.

)

A mixture of 2.6 (0.58 g, 1.89 mmol), 4-nitrophthalonitrile (0.16 g,
0.92 mmol), and anhydrous K,COj; (0.38 g, 2.75 mmol) in DMF (20 mL) was
stirred at 110 °C under nitrogen for 24 h. The solvent was removed at 60 °C under
reduced pressure. The residue was mixed with HO (50 mL), then it was extracted
with CHCI; (50 mL x 3). The combined organic layers was dried over anhydrous
Na,SO,4 and concentrated in vacuo. The crude product was subject to silica-gel
column chromatography using hexane/ethyl acetate (1:1 v/v) as the eluent to
afford the product as a pale yellow oil (0.21 g, 53 % yield). R; [hexane/ethyl
acetate (1:1 v/v)] = 0.29. "H NMR (CDCl5): 6 = 7.70 (d, J = 8.8 Hz, 1 H, ArH),
7.31 (d, J =2.8 Hz, 1 H, ArH), 7.23 (dd, J = 2.8, 8.8 Hz, 1 H, ArH), 4.22 (t,
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J = 4.8 Hz, 2 H, CH,), 4.16 (dq, J = 2.4, 7.2 Hz, 4 H, CH,), 3.85-3.89 (m, 2 H,
CH,), 3.64-3.69 (m, 2 H, CH,), 3.47-3.59 (m, 4 H, CH,), 2.18 (t, /] = 6.4 Hz, 2
H), 1.42 (s, 3 H, CH3), 1.23 (t, J = 7.2 Hz, 6 H, CH;). >C{'H} NMR (CDCl5):
5 =172.1,162.0, 135.2, 119.8, 119.5, 117.4, 115.6, 115.2, 107.4, 70.9, 70.2, 69.1,
68.6, 67.3, 61.2, 51.9, 35.0, 20.0, 14.0. MS (ESI): m/z 455 (100 %, [M + Na]™).
HRMS (ESI): m/z caled for C,,H,sN,NaO; [M + Na]*: 455.1789; found:
455.1800.

Preparation of Phthalocyanine 2.8

5/ \E
R Jo
|/N—Z:n—N\
i O/\/O\/\O (@]
N\\ENE/,N Oj

A mixture of 2.7 (0.53 g, 1.23 mmol), 1,2-dicyanobenzene (1.42 g,
11.08 mmol), and Zn(OAc),#2H,0 (0.81 g, 3.69 mmol) in n-pentanol (25 mL)
was heated to 100 °C, then a small amount of 1,8-diazabicyclo[5.4.0Jundec-7ene
(DBU; 1 mL) was added. The mixture was stirred at 140-150 °C for 24 h. After
cooling, the volatiles were removed under reduced pressure. The residue was
dissolved in CHCl; (150 mL), then part of the ZnPc formed was removed by
filtration. The filtrate was collected and evaporated to dryness in vacuo. The
residue was purified by silica-gel column chromatography using CHCl; and then
CHCI3/MeOH (100:1 v/v) as the eluents. The crude product was purified by size
exclusion chromatography with Bio-Beads S-X1 beads using THF as the eluent.
The product was then further purified by recrystallization from a mixture of THF
and hexane to give a green solid (0.19 g, 18 % yield). 'H NMR (CDCl; with a
trace amount of pyridine-ds): 6 = 8.92-9.10 (m, 6 H, Pc-H,), 8.71 (d, J = 8.0 Hz,
1 H, Pc-H,), 8.24 (s, 1 H, Pc-H,)), 7.89-8.01 (m, 6 H, Pc-Hy), 7.42 (d, J = 8.0 Hz,
1 H, Pc-Hp), 4.57 (vt, J = 4.4 Hz, 2 H, CH,), 4.16-4.23 (m, 6 H, CH,), 3.91 (t,
J =44Hz, 2 H, CHy), 3.74 (t, ] = 44 Hz, 2 H, CH,), 3.66 (t, J = 6.8 Hz, 2 H,
CH,), 2.30 (t, J/ = 6.8 Hz, 2 H, CH,), 1.50 (s, 3 H, CH3), 1.25 (t,/ = 7.2 Hz, 6 H,
CH3). BC{'H} NMR (CDCl; with a trace amount of pyridine-ds): 6 = 172.1,
160.1, 153.0, 152.9, 152.7, 152.6, 152.3, 152.2, 139.8, 138.1, 138.0, 137.9, 137.7,
131.2, 128.6, 128.5, 128.4, 128.3, 123.1, 122.2, 122.1, 122.0, 117.9, 104.8, 70.9,
70.4, 69.9, 67.9, 67.3, 61.2, 52.0, 35.1, 20.0, 14.0 (some of the aromatic signals
were overlapped). MS (ESI): an isotopic cluster peaking at m/z 881 (80 %,
M + H]"). HRMS (ESI): m/z calcd for Cy46HsNgO7Zn [M + H]*: 881.2384;
found: 881.2391.
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Preparation of Phthalocyanine 2.9
- /E ; ~

N ) N
N
/3N HO.__O
| N—2n—N{
i O/\/O\/\O 0
N\Z\ Ng/N OH

A mixture of 2.8 (0.15 g, 0.17 mmol), 5 M NaOH (0.3 mL, 1.5 mmol), and
acetone (20 mL) was heated under reflux for 2 h. The volatiles were removed
under reduced pressure. The green residue was washed thoroughly with acetone,
then redissolved in water and acidified with 3 M HCI until pH = 4. The green
precipitate was washed thoroughly with water and ethanol, then dried in vacuo
(0.11 g, 78 % yield). '"H NMR (DMSO-d; with a trace amount of pyridine-ds):
0 =925934 (m, 6 H, Pc-H,), 9.05 (d, /= 8.0 Hz, 1 H, Pc-H,), 8.65 (d,
J =2.0Hz, 1 H, Pc-H,), 8.17-8.23 (m, 6 H, Pc-Hp), 7.69 (dd, J = 2.0, 8.0 Hz, 1
H, Pc-Hyp), 4.66 (vt,J = 4.4 Hz, 2 H, CHy), 4.08 (vt,J = 4.4 Hz, 2 H, CH,), 3.80
(t, J =4.4 Hz, 2 H, CH,), 3.64 (t, J = 4.4 Hz, 2 H, CH,), 3.53 (t, J = 7.2 Hz,
2 H, CH,), 2.08 (t, J = 7.2 Hz, 2 H, CH,), 1.35 (s, 3 H, CH3) *C{'H} NMR
(DMSO-dg with a trace amount of pyridine-ds): 6 = 174.3, 160.3, 152.8, 152.6,
1524, 152.2, 152.1, 139.9, 138.0, 137.8, 137.7, 130.9, 129.2, 129.0, 123.2, 122.4,
122.2, 117.9, 105.4, 70.4, 70.0, 69.5, 68.1, 67.4, 51.2, 35.5, 20.9 (some of the
aromatic signals were overlapped). MS (ESI): isotopic clusters peaking at m/z 780
(100 %, M — CO,]*) and 824 (35 %, M'). HRMS (ESI): m/z caled for
C4,H3,NgO;Zn [M]*: 824.1680; found: 824.1654. Anal. calcd for C4,H3,NgO-Zn:
C, 61.06; H, 3.90; N, 13.56. Found: C, 60.81; H, 3.56; N, 13.27.

Preparation of Trans-(d,l)-1,2-diaminocyclohexanedinitratoplatinum(II) (2.10)

(7]

Hy

N SN0,

H,

A solution of trans-(d,1)-1,2-diaminocyclohexanedichloroplatinum(Il) complex
(2.16; 0.99 g, 2.60 mmol) and AgNO; (0.88 g, 5.18 mmol) in H,O (30 mL) was
vigorously stirred at 60 °C for 1 h and then at room temperature overnight. The
mixture was then filtered through a fine sintered glass funnel to remove the AgCl
formed and the filtrate was evaporated to dryness at 60 °C in vacuo to obtain the
product as a yellow solid (0.87 g, 77 % yield). '"H NMR (D,0): 6 = 2.35-2.38 (m,
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2 H), 2.00-2.04 (d, J = 13.2 Hz, 2 H), 1.53-1.55 (m, 2 H), 1.24-1.32 (m, 2 H),
1.09-1.17 (m, 2 H).

Preparation of Phthalocyanine 2.11

N /; ;\ N
N
/ i \! O o H2
| N—2zn—N_ | ~._ N
/ \S O/\/O\/\ o /pt\
N (0] N
Nx =N
; . ; o Hp

Phthalocyanine 2.9 (0.25 g, 0.30 mmol) was dissolved in water (50 mL) con-
taining 5 M NaOH (0.15 mL, 0.75 mmol). It was then added to a solution of 2.10
(0.13 g, 0.30 mmol) in water (30 mL). The mixture was heated at 70 °C for 48 h.
The resulting blue precipitate was filtered and washed thoroughly with water and
ethanol. The crude product was then subject to flash silica-gel column chroma-
tography using DMF as the eluent. The product was further purified by recrys-
tallization from a mixture of DMF and ethanol to afford a blue solid (0.12 g, 35 %
yield). Ry (DMF) = 0.65. "H NMR (DMSO-d; with a trace amount of pyridine-
ds): 6 =9.38-9.44 (m, 6 H, Pc-H,), 9.24 (d, J/ = 8.4 Hz, 1 H, Pc-H,), 8.87 (d,
J =2.0Hz, 1 H, Pc-H,), 8.21-8.24 (m, 6 H, Pc-Hp), 7.77 (dd, J = 2.0, 8.4 Hz, 1
H, Pc-Hp), 4.67 (vt, J = 4.4 Hz, 2 H, CH,), 4.04 (vt, /] = 4.4 Hz, 2 H, CH,), 3.75
(t, J =44 Hz, 2 H, CH,), 3.61 (t, ] = 4.4 Hz, 2 H, CH,), 3.53 (t, / = 7.2 Hz, 2
H, CH,), 2.34 (br s, 2 H, CH,), 1.88-1.97 (m, 4 H, CH,), 1.49 (br s, 2 H, CH,),
1.16-1.37 (m, 5 H, CH, and CH3), 0.98-1.05 (m, 2 H, CH,). The *C{'H} NMR
spectrum could not be obtained due to its low solubility in common organic
solvents. MS (ESI): an isotopic cluster peaking at m/z 1133 (38 %, [M + H]").
HRMS (ESI): m/z caled for C,gH4sN;cO,PtZn [M + H]*: 1133.2404; found:
1133.2415. Anal. caled for C45H44NoO;PtZn: C, 50.87; H, 3.91; N, 12.35. Found:
C, 50.50; H, 3.63; N, 11.95.

Preparation of 4-(3,6,9-Trioxadecyloxy)phthalonitrile (2.13) [8]

JO

A mixture of triethylene glycol monomethyl ether (2.12; 4.63 g, 28.20 mmol),
4-nitrophthalonitrile (2.44 g, 14.09 mmol), and anhydrous K,CO; (5.84 g,
42.25 mmol) in DMF (30 mL) was stirred at 80 °C under an inert atmosphere for
24 h. The solvent was evaporated at 60 °C under reduced pressure, then the res-
idue was redissolved in H,O (100 mL). The solution was extracted with CHCl;
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(100 mL x 3). The combined organic layers were dried over anhydrous Na,SO,4
and concentrated. The crude product was subject to silica-gel column chroma-
tography using hexane/ethyl acetate (1:1 v/v) as the eluent to afford the product as
a white solid (2.37 g, 58 % yield). R¢ [hexane/ethyl acetate (1:1 v/v)] = 0.48. '"H
NMR (CDCl3): 6 = 7.70 (d, J = 8.8 Hz, 1 H, ArH), 7.31 (s, 1 H, ArH), 7.23 (dd,
J=120, 92Hz, 1 H, ArH), 423 (t, J=44Hz, 2 H, Ph-OCH,), 3.89
(t, J=4.8 Hz, 2 H, CH,), 3.71-3.72 (m, 2 H, CH,), 3.63-3.68 (m, 4 H), 3.55
(t, J = 4.8 Hz, 2 H, CH,), 3.38 (s, 3 H, CH3).

Preparation of Phthalocyanine 2.14

N [ > N
R
GQN_Z”_NQ(D\ o 0
! O/\/ \/\O/\/ ~N

N\\ENE/,N
A mixture of 1,2-dicyanobenzene (2.06 g, 16.08 mmol), 4-(3,6,9-trioxadecyl-
oxy)phthalonitrile (2.13; 0.52 g, 1.79 mmol), and Zn(OAc),#2H,O (1.18 g,
5.38 mmol) in n-pentanol (20 mL) was heated to 100 °C, then a small amount of
DBU (1 mL) was added. The mixture was stirred at 140-150 °C for 24 h. After a
brief cooling, the volatiles were removed under reduced pressure. The residue was
dissolved in CHCl; (150 mL), then filtered to remove part of the ZnPc formed.
The filtrate was collected and evaporated to dryness in vacuo. The residue was
purified by silica-gel column chromatography using CHCI; and then CHCI5/
MeOH (100:1 v/v) as the eluents. The crude product was purified by size exclusion
chromatography using THF as the eluent followed by recrystallization from a
mixture of CHCl; and hexane to give a green solid (0.32 g, 24 % yield). "H NMR
(CDCl; with a trace amount of pyridine-ds): 6 = 9.05-9.10 (m, 3 H, Pc-H,), 9.01
(d, J=72Hz, 1 H, Pc-H,), 895 (d, J=64Hz, 1 H, Pc-H,), 890 (d,
J = 6.8 Hz, 1 H, Pc-H,), 8.68 (d, / = 8.0 Hz, 1 H, Pc-H,), 8.20 (d, J = 2.0 Hz, 1
H, Pc-H,), 7.88-8.01 (m, 6 H, Pc-Hp), 7.39 (dd, J = 2.0, 8.0 Hz, 1 H, Pc-Hy), 4.57
(vt, J = 4.4 Hz, 2 H, CH,), 4.19 (vt, J = 4.4 Hz, 2 H, CH,), 3.97-3.99 (m, 2 H,
CH,), 3.85-3.87 (m, 2 H, CH,), 3.77-3.79 (m, 2 H, CH,), 3.64-3.66 (m, 2 H,
CH.,), 3.42 (s, 3 H, CH3). ">C{'H} NMR (CDCl; with a trace amount of pyridine-
ds): 6 =160.2, 153.2, 152.9, 152.8, 152.5, 139.9, 138.1, 138.0, 137.8, 131.3,
128.7, 128.5, 123.2, 122.3, 118.1, 105.1, 71.9, 71.0, 70.8, 70.6, 70.0, 68.0, 59.0

(some of the aromatic signals were overlapped). MS (ESI): an isotopic cluster
peaking at m/z 738 (100 %, M*). HRMS (ESI): m/z calcd for C3oH30NgO4Zn [M]™:
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738.1676; found: 738.1674. Anal. calcd for C30H;30NgO4Zn: C, 63.29; H, 4.09; N,
15.13. Found: C, 63.52; H, 4.35; N, 14.75.

Preparation of Trans-(d,l)-1,2-diaminocyclohexanedichloroplatinum(II) (2.16)
[7]

Hy

O’N \Pt/C|
"”'N/ \Cl

Ho

Trans-(d,])-1,2-diaminocyclohexane (2.15; 0.82 g, 7.18 mmol) was dissolved in
H,O (25 mL) containing potassium tetrachloroplatinate(I) (2.98 g, 7.18 mmol).
The mixture was stirred at room temperature for 16 h. The yellow precipitate
formed was then filtered and washed thoroughly with water, methanol, and diethyl
ether (2.18 g, 80 % yield). "H NMR (DMSO-de): 6 = 2.35 (br s, 2 H), 1.88-1.97
(m, 2 H), 1.50-1.51 (m, 2 H), 1.29-1.36 (m, 2 H), 0.96-1.07 (m, 2 H).

Preparation of Trans-(d,l)-1,2-diaminocyclohexanemalonatoplatinum(II) (2.17)

(7]

Oy

A solution of malonic acid (0.25 g, 2.40 mmol) in water (15 mL) was made
alkaline (pH = 5-6) with 2 M KOH. It was then added to a solution of trans-(d,l)-
1,2-diaminocyclohexanedinitratoplatinum(Il) (2.10; 0.52 g, 1.20 mmol) in water
(30 mL). The mixture was stirred at 60 °C for 1 h and then at room temperature
for 24 h. The white precipitate formed was filtered and washed thoroughly with
water, methanol, and diethyl ether (0.37 g, 76 % yield). "H NMR (DMSO-dy):
0 = 2.05 (brs, 2 H), 1.78-1.81 (m, 2 H), 1.43-1.45 (m, 2 H), 1.18-1.20 (m, 2 H),
0.96-1.01 (m, 2 H).

7.2.2 Photocytotoxicity Assay

Compounds 2.11, 2.14, and 2.17 were first dissolved in DMF to give 10 mM solu-
tions, which were diluted to 1 mM with the culture medium (with 0.5 % Cremophor
EL). They were then further diluted with the culture medium to appropriate con-
centrations. The remaining steps are the same as described in Sect. 7.1.4.
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7.2.3 Intracellular Fluorescence Studies

The HT29 cells were incubated with phthalocyanine 2.11 or 2.14 (5 pM, 2 mL) in
the medium for 2 h at 37 °C under 5 % CO, before being viewed with a confocal
laser scanning microscope.

7.2.4 Cellular Uptake Determined by an Extraction Method

The HT?29 cells were incubated with phthalocyanine 2.11 or 2.14 (5 pM, 2 mL) in
the medium for 2 h at 37 °C under 5 % CO,. The remaining steps are the same as
described in Sect. 7.1.7. The absorbance at 672 nm for both 2.11 and 2.14 were
compared with the respective calibration curves to give the uptake concentrations.

7.2.5 Subcellular Localization Studies

The HT29 cells were incubated with a solution of 2.11 in the medium (5 puM,
2 mL) for 2 h at 37 °C under 5 % CO, prior to the treatment with LysoTracker,
MitoTracker, ER-Tracker, or SYTO-16 as described in Sect. 7.1.8.

7.3 Experiments Described in Chapter 3
7.3.1 Synthesis

Preparation of N-(tert-Butoxycarbonyl)-2-aminoethanol (3.2a) [9]

0
Ho\/\NJLOJ<
H

A solution of 2-aminoethanol (3.1a; 8.65 g, 141.62 mmol) in MeOH/triethyl-
amine (7:1 v/v, 150 mL) was stirred at 0 °C for 10 min under an inert atmosphere.
A solution of di-tert-butyl dicarbonate (46.36 g, 212.42 mmol) in MeOH
(150 mL) was then added slowly over 30 min. The mixture was stirred at 0 °C for
1 h, and then at room temperature for 24 h. The solvent was removed under
reduced pressure. The oily residue was redissolved in CH,Cl, (300 mL) and
washed with water (300 mL x 3). The organic layer was then dried over anhy-
drous Na,SO, and concentrated to give the product as a colorless oil (19.17 g,
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84 % vyield). "H NMR (CDCls): 6 = 3.69 (t, J = 5.2 Hz, 2 H, CH,), 3.28 (,
J =52 Hz, 2 H, CHy), 1.44 (s, 9 H, CHs).

Preparation of N,N’-Bis(tert-butoxycarbonyl)-2-[(2-aminoethyl)amino]etha-
nol (3.2b) [9]

OYO 0
HO/\/N\/\HJLOJ<

According to the procedure for 3.2a, 2-(2-aminoethylamino)ethanol (3.1b;
9.65 g, 92.65 mmol) was treated with di-ters-butyl dicarbonate (50.55 g,
213.62 mmol) in MeOH/triethylamine (7:1 v/v, 150 mL) to give the product as a
colorless oil (24.24 g, 86 % yield). '"H NMR (CDCl3): § = 3.72 (br s, 2 H, CH,),
3.36 (br s, 4 H, CH,), 3.30 (br s, 4 H, CH»), 1.46 (s, 9 H, CH3), 1.43 (s, 9 H, CHy).

Preparation of N-(tert-Butoxycarbonyl)-3-amino-1-propanol (3.4a) [9]
O
H O/\/\HJI\OJ<

According to the procedure for 3.2a, 3-amino-l-propanol (3.3a; 5.21 g,
69.36 mmol) was treated with di-fert-butyl dicarbonate (22.71 g, 104.05 mmol) in
MeOH/triethylamine (7:1 v/v, 100 mL) to give the product as a colorless oil
(10.45 g, 86 % yield). '"H NMR (CDCl3): 6 = 3.69-3.72 (m, 2 H, CH,), 3.27-3.31
(m, 2 H, CHy,), 1.67 (br s, 2 H, CH,), 1.45 (s, 9 H, CH,).

Preparation of N-(tert-Butoxycarbonyl)-4-amino-1-butanol (3.4b) [9]
0
HO\/\/\NJ\OJ<
H

According to the procedure for 3.2a, 4-amino-1-butanol (3.3b; 6.43 g,
72.13 mmol) was treated with di-fert-butyl dicarbonate (23.61 g, 108.18 mmol) in
MeOH/triethylamine (7:1 v/v, 100 mL) to give the product as a colorless oil
(11.19 g, 82 % yield). "H NMR (CDCly): 6 = 3.60-3.69 (m, 2 H, CH,), 3.08-3.19
(m, 2 H, CH,), 1.51-1.61 (m, 4 H, CH,), 1.44 (s, 9 H, CH3).
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Preparation of Methanesulfonic Acid 3-fert-Butoxycarbonylaminopropyl
Ester (3.5a) [9]

o)
NG JOL J<
O// \O/\/\H 0O

To a solution of N-(tert-butoxycarbonyl)-3-amino-1-propanol (3.4a; 3.03 g,
17.30 mmol) and triethylamine (12 mL, 86.33 mmol) in CH,Cl, (100 mL) at
0 °C, methanesulfonyl chloride (MsCl; 3.96 g, 34.57 mmol) was added dropwise
over 30 min under an inert atmosphere. The reaction mixture was stirred at 0 °C
for 1 h and was then gradually warmed to room temperature. It was stirred at this
temperature for 24 h under an inert atmosphere. The mixture was then cooled to
0 °C, and 4 M NaOH solution (20 mL) was added slowly. The organic phase was
separated and washed with water (100 mL x 3). It was then dried over anhydrous
Na,SO, and concentrated to give the product as a colorless oil (3.85 g, 88 %
yield). '"H NMR (CDCl3): d =429 (t, J = 6.0 Hz, 2 H, OCH,), 3.26 (q,
J =6.0 Hz, 2 H, CH,), 3.02 (s, 3 H, CH3), 1.93 (t, / = 6.0 Hz, 2 H, CH,) 1.43 (s,
9 H, CHj;).

Preparation of Methanesulfonic Acid 4-fert-Butoxycarbonylaminobutyl Ester
(3.5b) [9]

(0]
O\\S/O\/\/\ N Jl\OJ<
s \\O H

According to the procedure for 3.5a, N-(tert-butoxycarbonyl)-4-amino-1-buta-
nol (3.4b; 3.87 g, 20.46 mmol) was treated with triethylamine (14 mL,
100.72 mmol) and MsCl (4.68 g, 40.86 mmol) in CH,Cl, (100 mL) to afford the
product as a colorless oil (4.53 g, 83 % yield). '"H NMR (CDCly): & = 4.24 (t,
J = 6.4 Hz, 2 H, OCH,), 3.14-3.18 (m, 2 H, CH,), 3.01 (s, 3 H, CH3), 1.76-1.80
(m, 2 H, CH,), 1.58-1.62 (m, 2 H, CH,), 1.43 (s, 9 H, CHj).

Preparation of [3-(3-Hydroxypropylamino)propyl]carbamic Acid tert-Butyl
Ester (3.6a) [9]

O J<
HO/\/\N/\/\NJLO
H H
A mixture of methanesulfonic acid 3-fert-butoxycarbonylaminopropyl ester

(3.5a; 3.86 g, 15.25 mmol) and 3-amino-1-propanol (3.3a; 11.45 g, 152.44 mmol)
in acetonitrile (20 mL) was heated at 75 °C overnight under an inert atmosphere.
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The volatiles were evaporated under reduced pressure. The residue was redis-
solved in CH,Cl, (50 mL) and the solution was washed with saturated aqueous
Na,COs3 solution (50 mL x 3). The organic layer was separated, dried over
anhydrous Na,SO, and concentrated. The crude product was subject to silica-gel
column chromatography using CHCl3/MeOH (10:1 v/v) as the eluent to afford the
product as a pale yellow oily liquid (2.48 g, 70 % yield). R [CHCl3/MeOH (10:1
v/v)] = 0.16. "H NMR (CDCl5): § = 3.82 (t, J = 5.6 Hz, 2 H, OCH,), 3.19-3.21
(m, 2 H, CH,), 2.90 (t, J = 5.6 Hz, 2 H, CH,), 2.71 (t, J = 6.8 Hz, 2 H, CH,),
1.70-1.76 (m, 4 H), 1.44 (s, 9 H, CHj).

Preparation of [4-(4-Hydroxybutylamino)butyl]lcarbamic Acid tert-Butyl
Ester (3.6b) [9]

§ 1k
HO/\/\/N\/\/\” 0O

According to the procedure for 3.6a, methanesulfonic acid 4-tert-butoxycarb-
onylaminobutyl ester (3.5b; 3.23 g, 12.09 mmol) was treated with 4-amino-1-
butanol (3.3b; 10.78 g, 120.93 mmol) in acetonitrile (20 mL) to give the product
as a pale yellow oily liquid (2.01 g, 64 % yield). Ry [CHCI;/MeOH (10:1 v/
v)] = 0.17. "H NMR (CDCls): 6 = 3.54-3.57 (m, 2 H, OCH,), 3.10 (br s, 2 H,
CH,), 2.60-2.65 (m, 4 H, CH,), 1.58-1.70 (m, 4 H, CH,), 1.53 (br s, 4 H, CH,),
1.45 (s, 9 H, CHy).

Preparation of (3-fert-Butoxycarbonylaminopropyl)-(3-hydroxypropyl)car-
bamic Acid tert-Butyl Ester (3.7a) [9]

O
HO/\/\N/\/\HJ\Ok

o0~ O

According to the procedure for 3.2a, [3-(3-hydroxypropylamino)propyl]car-
bamic acid tert-butyl ester (3.6a; 7.27 g, 31.31 mmol) was treated with di-rert-
butyl dicarbonate (10.25 g, 46.96 mmol) in MeOH/triethylamine (7:1 v/v,
150 mL) to afford the product as a pale yellow oily liquid (8.53 g, 82 % yield). 'H
NMR (CDCl3): 6 =3.50 (br s, 2 H, OCH,), 3.31-3.16 (m, 4 H), 3.06 (vt,
J = 5.8 Hz, 2 H, CH,), 1.64-1.68 (m, 4 H), 1.42 (s, 9 H, CH3), 1.39 (s, 9 H, CH3;).
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Preparation of (4-fert-Butoxycarbonylaminobutyl)-(4-hydroxybutyl)carbamic
Acid tert-Butyl Ester (3.7b) [9]

OYO o J<
HO/\/\/N\/\/\HJ]\O

According to the procedure for 3.2a, [4-(4-hydroxybutylamino)butyl]carbamic
acid tert-butyl ester (3.6b; 6.28 g, 24.13 mmol) was treated with di-fert-butyl
dicarbonate (7.90 g, 36.20 mmol) in MeOH/triethylamine (7:1 v/v, 150 mL) to
give the product as a pale yellow oily liquid (7.39 g, 85 % yield). 'H NMR
(CDCl3): 6 = 3.64 (br s, 2 H, OCH,), 3.10-3.18 (m, 6 H, CH,), 1.51-1.59 (m, 8 H,
CH,), 1.43 (s, 18 H, CHj).

Preparation of Phthalonitrile 3.8a

A mixture of 4-nitrophthalonitrile (2.37 g, 13.69 mmol), N-(fert-butoxycar-
bonyl)-2-aminoethanol (3.2a; 4.41 g, 27.37 mmol), and anhydrous K,CO5 (9.46 g,
68.45 mmol) in DMF (20 mL) was heated at 80 °C under an inert atmosphere for
48 h. The volatiles were evaporated under reduced pressure at 60 °C. The crude
product was mixed with water (50 mL) and the mixture was extracted with CHCl3
(50 mL x 3). The organic layers were combined, dried over anhydrous Na,SOy,
and concentrated under reduced pressure. The residue was subject to silica-gel
column chromatography using first CH,Cl, and then with CH,Cl,/MeOH (100:1 v/
v) as the eluents to give the product as a pale yellow oily liquid (2.67 g, 68 %
yield). Ry [CH>Cl,/MeOH (100:1 v/v)] = 0.20. "H NMR (CDCl5): § = 7.72 (d,
J =8.8 Hz, 1 H, ArH), 7.26 (s, 1 H, ArH), 7.20 (d, J = 8.8 Hz, 1 H, ArH), 4.11
(vt, J = 4.8 Hz, 2 H, CH,), 3.57 (vt, J = 5.2 Hz, 2 H, CH,), 1.45 (s, 9 H, CHy).
BC{™H} NMR (CDCly): é = 161.6, 155.7, 135.2, 119.7, 119.1, 117.1, 115.5,
115.1, 107.2, 79.6, 68.1, 39.4, 28.1. HRMS (ESI): m/z calcd for C;5H{7N3NaO;
[M + Na]™: 310.1162; found: 310.1156.
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Preparation of Phthalonitrile 3.8b

NCD\O/\/N\/\HJ\Ok

According to the procedure for 3.8a, N,N’-bis(tert-butoxycarbonyl)-2-[(2-ami-
noethyl)amino]ethanol (3.2b; 10.96 g, 36.03 mmol) was treated with 4-nitropht-
halonitrile (3.12 g, 18.02 mmol) and anhydrous K,COj3; (12.45 g, 90.08 mmol) in
DMF (20 mL) to give the product as a pale yellow oily liquid (4.88 g, 63 % yield).
R; [CH,Cl,/MeOH (100:1 v/v)] = 0.22. 'H NMR (acetone-dg): 6 = 7.98 (d,
J=8.8Hz, 1 H, ArH), 7.69 (s, 1 H, ArH), 7.51 (d, J = 8.8 Hz, 1 H, ArH),
4.34-4.39 (m, 2 H, CH,), 3.67-3.71 (m, 2 H, CH,), 3.41 (t,J = 6.4 Hz, 2 H, CH,),
3.27 (vt, J = 6.4 Hz, 2 H, CH,), 1.45 (s, 9 H, CH3), 1.40 (s, 9 H, CH3). °C{'H}
NMR (acetone-dg): 6 = 162.9, 156.7, 155.9, 136.4, 120.7, 120.6, 117.8, 116.6,
116.2, 107.6, 80.1, 78.7, 68.5, 48.3, 47.6, 39.9, 28.6, 28.5. HRMS (ESI): m/z calcd
for C5,H30N4NaOs [M + NaJ*: 453.2108; found: 453.2110.

Preparation of Phthalonitrile 3.8¢

Bo Lk
o0~ ©O

A

According to the procedure for 3.8a, (3-tert-butoxycarbonylaminopropyl)-(3-
hydroxypropyl)carbamic acid ters-butyl ester (3.7a; 13.40 g, 40.33 mmol) was
treated with 4-nitrophthalonitrile (3.49 g, 20.16 mmol) and anhydrous K,CO;
(13.93 g, 100.79 mmol) in DMF (20 mL) to give the product as a pale yellow oily
liquid (5.54 g, 60 % yield). Ry [CH,Cl,/MeOH (100:1 v/v)] = 0.23. 'H NMR
(CDCl3): 6 =7.71 (d, J=8.8 Hz, 1 H, ArH), 7.25 (s, 1 H, ArH), 7.18 (d,
J = 8.8 Hz, 1 H, ArH), 4.06 (t, / = 6.0 Hz, 2 H, CH,), 3.36 (br s, 2 H, CH,), 3.27
(brs, 2 H, CHy), 3.11 (br s, 2 H, CH,), 2.06 (t, / = 6 Hz, 2 H, CH5,), 1.69 (br s, 2
H, CH,) 1.44 (s, 18 H, CH;). ">C{'H} NMR (CDCl;): § = 161.7, 155.8, 155.3,
135.0, 119.4, 119.1, 117.0, 115.5, 115.0, 106.8, 79.6, 78.7, 66.8, 66.5, 44.5, 43.8,
43.5, 37.2, 28.1 (two overlapping signals). HRMS (ESI): m/z caled for
C,4H34N4NaOs [M + Na]*: 481.2421; found: 481.2424.
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According to the procedure for 3.8a, (4-fert-butoxycarbonylaminobutyl)- (4-
hydroxybutyl)carbamic acid ferz-butyl ester (3.7b; 14.06 g, 39.03 mmol) was
treated with 4-nitrophthalonitrile (3.38 g, 19.52 mmol) and anhydrous K,CO;
(13.49 g, 97.61 mmol) in DMF (20 mL) to give the product as a pale yellow oily
liquid (6.07 g, 64 % yield). Ry [CH,Cl,/MeOH (100:1 v/v)] = 0.22. 'H NMR
(CDCl3): 6 =7.70 (d, J =8.8 Hz, 1 H, ArH), 7.25 (s, 1 H, ArH), 7.18 (d,
J=84Hz, 1 H, ArH), 4.06 (t, J = 6.0 Hz, 2 H, CH,), 3.11-3.23 (m, 6 H),
1.77-1.82 (m, 2 H, CH,), 1.66-1.71 (m, 2 H, CH,), 1.50-1.62 (m, 4 H, CH,), 1.44
(s, 9 H, CHs), 1.43 (s, 9 H, CH;). "*C{'H} NMR (CDCls): § = 162.0, 155.9,
155.5, 135.1, 119.5, 119.3, 117.3, 115.6, 115.2, 106.9, 79.3, 79.0, 68.8, 46.6, 46.1,
40.1, 28.4, 28.3, 27.4, 26.0, 25.8, 25.5. HRMS (ESI): m/z calcd for C,cH33N4NaOs
[M -+ NaJ*: 509.2734; found: 509.2741.

Preparation of Phthalonitrile 3.8d

Preparation of Phthalocyanine 3.9a

4

N

\

N N

/ i \
@?N_%”_Ngj(j\ A~ N0
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A mixture of phthalonitrile 3.8a (0.69 g, 3.98 mmol), 1,2-dicyanobenzene

(4.59 g, 35.82 mmol), and Zn(OAc),#2H,0 (2.62 g, 11.94 mmol) in n-pentanol
(30 mL) was heated to 100 °C, then a small amount of DBU (1 mL) was added.
The mixture was stirred at 140-150 °C overnight. After a brief cooling, the vol-
atiles were removed under reduced pressure at 80 °C. The residue was dissolved in
CHCI; (150 mL) and then filtered to remove part of the ZnPc formed. The filtrate
was collected and evaporated to dryness in vacuo. The residue was purified by
silica-gel column chromatography using CHCl; and then with CHCl;/MeOH
(100:1 v/v) as the eluents. The crude product was purified by size exclusion
chromatography using THF as the eluent. The product was further purified by
recrystallization from a mixture of THF and hexane to obtain the pure product as a
shiny purplish blue solid (0.53 g, 18 % yield). '"H NMR (CDCl; with a trace
amount of pyridine-ds): 6 = 9.14-9.22 (m, 3 H, Pc-H,), 9.00-9.02 (m, 1 H, Pc-
H,), 8.88-8.89 (m, 1 H, Pc-H,), 8.82 (d, /= 7.6 Hz, 1 H, Pc-H,), 8.35 (d,
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J =8.0Hz, | H, Pc-H,), 7.83-8.07 (m, 7 H, 1 Pc-H, and 6 Pc-Hp), 7.04 (d,
J = 8.0 Hz, | H, Pc-Hy), 4.28-4.33 (m, 2 H, OCH,), 3.82-3.88 (m, 2 H, CH,),
1.61 (s, 9 H, CH3). ">C{'H} NMR (CDCls, with a trace amount of pyridine-ds):
5 = 159.3, 152.7, 152.6, 152.5, 152.2, 152.1, 152.0, 151.5, 139.2, 138.1, 138.0,
137.9, 137.7, 137.5, 130.7, 128.5, 122.9, 122.5, 122.2, 122.0, 121.8, 117.0, 104.3,
79.5, 67.4, 37.7, 28.5. HRMS (ESI): m/z calcd for C3oH30NgO3Zn [M + H]™:
736.1758; found: 736.1771. Anal. calcd for C39H,9N9OsZn: C, 63.55; H, 3.97; N,
17.09. Found: C, 63.25; H, 3.91; N, 16.76.

Preparation of Phthalocyanine 3.9b

According to the procedure for 3.9a, a mixture of phthalonitrile 3.8b (0.46 g,
1.07 mmol), 1,2-dicyanobenzene (1.23 g, 9.60 mmol), and Zn(OAc),*2H,0
(0.70 g, 3.19 mmol) with a small amount of DBU (1 mL) was heated in n-pentanol
(30 mL) to afford the product as a shiny purplish blue solid (0.14 g, 15 % yield).
"H NMR (CDCl;, with a trace amount of pyridine-ds): 6 = 9.15-9.28 (m, 6 H, Pc-
H,), 8.83-8.90 (m, 1 H, Pc-H,), 8.40 (s, 1 H, Pc-H,), 8.03-8.08 (m, 6 H, Pc-Hp),
7.45 (brs, 1 H, Pc-Hp), 4.58 (br s, 2 H, OCH,), 3.90 (br s, 2 H, CH,), 3.67 (brs, 2
H, CH,), 3.51 (br s, 2 H, CH,), 1.55 (s, 9 H, CH3), 1.49 (s, 9 H, CH3). >C{'H}
NMR (CDCl; with a trace amount of pyridine-ds): 6 = 159.6, 152.8, 152.6, 152.3,
152.2, 151.9, 139.6, 138.0, 137.9, 137.7, 131.1, 130.9, 128.5, 122.7, 122.2, 122.1,
122.0, 117.5, 104.6, 80.2, 67.2, 48.9, 47.7, 39.7, 28.4. HRMS (ESI): m/z calcd for
C4Ha3N;0OsZn [M + H]": 879.2704; found: 879.2697. Anal. calcd for
C46H4oN190sZn: C, 62.76; H, 4.81; N, 15.91. Found: C, 62.42; H, 4.81; N, 15.86.
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Preparation of Phthalocyanine 3.9¢
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According to the procedure for 3.9a, a mixture of phthalonitrile 3.8¢ (0.52 g,
1.13 mmol), 1,2-dicyanobenzene (1.30 g, 10.15 mmol), and Zn(OAc),2H,0O
(0.74 g, 3.37 mmol) with a small amount of DBU (1 mL) was heated in n-pentanol
(30 mL) to afford the product as a shiny purplish blue solid (0.20 g, 20 % yield).
'"H NMR (CDCl; with a trace amount of pyridine-ds): 6 = 8.94-9.08 (m, 6 H,
Pc-H,), 8.68 (d,J = 7.2 Hz, 1 H, Pc-H,), 8.15 (br s, 1 H, Pc-H,), 7.88-7.99 (m, 6
H, Pc-Hp), 7.34 (br s, 1 H, Pc-Hyp), 4.35 (br s, 2 H, OCH,), 3.59 (br s, 2 H, CHy),
3.47 (br s, 2 H, CH,), 3.22 (br s, 2 H, CH,), 2.30 (br s, 2 H, CH,), 1.82 (br s, 2 H,
CH,), 1.57 (s, 9 H, CH3), 1.45 (s, 9 H, CH3). *C{'H} NMR (CDCl;, with a trace
amount of pyridine-ds): 6 = 160.1, 153.1, 153.0, 152.9, 152.7, 152.4, 152.3,
139.9, 138.1 (two overlapping signals), 138.0, 137.8, 131.2, 128.6, 128.5, 128.3,
122.7, 122.2 (two overlapping signals), 122.1, 117.7, 104.7, 79.8, 65.8, 44.4, 44.0,
43.8, 37.4, 28.5, 28.4, 22.3. HRMS (ESI): m/z caled for CygH47N;9OsZn
[M + H]*: 907.3017; found: 907.3016. Anal. calcd for C4gH46N¢OsZn: C, 63.47;
H, 5.10; N, 15.41. Found: C, 63.73; H, 5.30; N, 15.77.

Preparation of Phthalocyanine 3.9d

A ~
r NN Oy O
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i O/\/\/N\/\/\N o)
According to the procedure for 3.9a, a mixture of phthalonitrile 3.8d (0.43 g,

0.88 mmol), 1,2-dicyanobenzene (1.01 g, 7.88 mmol), and Zn(OAc),*2H,0
(0.58 g, 2.64 mmol) with a small amount of DBU (1 mL) was heated in n-pentanol



7.3 Experiments Described in Chapter 3 129

(30 mL) to afford the product as a shiny purplish blue solid (0.13 g, 16 % yield).
'H NMR (CDCl5 with a trace amount of pyridine-ds): 6 = 9.23-9.32 (m, 6 H, Pc-
H,.), 9.04 (d,J = 8.4 Hz, 1 H, Pc-H,), 8.59 (s, 1 H, Pc-H,), 8.00-8.08 (m, 6 H, Pc-
Hp), 7.53-7.55 (m, 1 H, Pc-Hy), 4.46 (t, J] = 6.4 Hz, 2 H, OCH,), 3.39 (br s, 2 H,
CH,), 3.33 (br s, 2 H, CH,), 3.17 (br s, 2 H, CH,), 2.05 (t, / = 6.4 Hz, 2 H, CH,),
1.93-1.95 (m, 2 H, CH,), 1.78-1.82 (m, 2 H, CH,), 1.61-1.62 (m, 2 H, CH,), 1.51
(s, 9 H, CHs), 1.41 (s, 9 H, CH3). >C{'H} NMR (CDCls, with a trace amount of
pyridine-ds): 6 = 160.5, 153.3, 153.0, 152.8, 152.6, 152.4, 140.1, 138.1, 138.0,
137.9, 131.2, 128.7, 128.6, 128.4, 122.3, 122.1, 117.9, 105.1, 79.3, 68.2, 47.0,
46.8, 40.3, 28.5, 28.4, 27.5, 27.0, 25.7, 25.3. HRMS (ESI): m/z calcd for
CsoHs1N1oOsZn [M + H]": 935.3330; found: 935.3323. Anal. caled for
Cs5oHs50N190sZn: C, 64.13; H, 5.38; N, 14.95. Found: C, 63.92; H, 5.08; N, 14.62.

Preparation of Phthalocyanine 3.10a

N ® N
R
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N N=N

Phthalocyanine 3.9a (0.14 g, 0.19 mmol) was dissolved in a mixture of triflu-
oroacetic acid (TFA)/CH,Cl, (1:1 v/v, 10 mL). The reaction was stirred at room
temperature for 2 h under an inert atmosphere. The solvent was removed under
reduced pressure. The residue was dissolved in water (30 mL), and the mixture
was neutralized by adding 2 M NaOH until pH = 8. The blue precipitate was
filtered and washed thoroughly with water, acetone, and ether. The product was
obtained as a blue solid (0.10g, 86 % yield. '"H NMR (pyridine-ds):
0 = 9.50-9.67 (m, 6 H, Pc-H,), 9.33-9.39 (m, 1 H, Pc-H,), 9.03 (s, 1 H, Pc-H,),
8.12-8.22 (m, 6 H, Pc-Hy), 7.76 (t, J = 8.4 Hz, 1 H, Pc-Hp), 4.76 (t, / = 6.0 Hz, 1
H), 4.59 (brs, 1 H), 443 (t, J = 6.4 Hz, 1 H), 4.14-4.18 (m, 1 H). >C{'H} NMR
(pyridine-ds): 6 = 161.5, 154.7, 154.6, 154.4, 154.2, 154.1, 154.0, 153.9, 153.8,
141.4, 140.1, 139.5 (two overlapping signals), 139.4 (two overlapping signals),
139.2, 132.7, 130.1 (two overlapping signals), 130.0 (two overlapping signals),
129.9, 129.4, 119.0, 107.0, 69.0, 38.8. HRMS (ESI): m/z calcd for C34H2,NoOZn
[M + H]": 636.1233; found: 636.1236. Anal. calcd for C3,H,;NoOZn: C, 64.11;
H, 3.32; N, 16.79. Found: C, 63.72; H, 3.02; N, 19.58.
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Preparation of Phthalocyanine 3.10b
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According to the procedure for 3.10a, phthalocyanine 3.9b (0.18 g, 0.20 mmol)
was stirred in a mixture of TFA/CH,Cl, (1:1 v/v, 10 mL) to give the product as a
blue solid (0.12 g, 88 % yield). "H NMR (pyridine-ds): 6 = 9.66-9.76 (m, 6 H,
Pc-H,), 9.53 (d, J = 8.4 Hz, 1 H, Pc-H,), 9.23 (s, 1 H, Pc-H,), 8.19-8.29 (m, 6 H,
Pc-Hp), 7.87 (d, J = 6.8 Hz, 1 H, Pc-Hp), 4.64 (t, / = 5.6 Hz, 2 H, CH)), 3.70 (t,
J =6.4Hz, 2 H, CH,), 331 (t, J = 5.6 Hz, 2 H, CH,), 2.88 (br s, 2 H, CH,).
3C{'H} NMR (pyridine-ds): 6 = 162.1, 155.1, 154.9, 154.4, 154.3, 154.1, 141.7,
140.7, 139.6, 139.5, 139.4, 132.7, 130.3, 130.1, 130.0, 119.2, 107.2, 69.6, 52.9,
49.6, 42.4. HRMS (ESI): m/z calcd for C3sHp7N;oOZn [M + HJ*: 679.1655;
found: 679.1673. Anal. calcd for C36H,sN19OZn: C, 63.58; H, 3.85; N, 20.59.
Found: C, 63.33; H, 3.70; N, 20.34.

Preparation of Phthalocyanine 3.10c

N— Zn—N);Q\
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According to the procedure for 3.10a, phthalocyanine 3.9¢ (0.20 g, 0.22 mmol)
was stirred in a mixture of TFA/CH,Cl, (1:1 v/v, 10 mL) to give the product as a
blue solid (0.13 g, 84 % yield). '"H NMR (pyridine-ds): 6 = 9.44-9.59 (m, 6 H, Pc-
H,),9.28 (d,J = 8.4 Hz, 1 H, Pc-H,), 8.89 (s, 1 H, Pc-H,), 8.08-8.21 (m, 6 H, Pc-
Hp),7.71 (d,J = 8.0 Hz, 1 H, Pc-Hp), 4.41 (brs, 2 H, OCH,), 2.71 (br s, 2 H, CHy),
2.33 (brs, 2 H, CH»), 2.06 (t, J = 5.6 Hz, 2 H, CH,) 1.76 (br s, 2 H, CH>), 1.03 (br
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s, 2 H, CH,). >C{"H} NMR (pyridine-ds): 6 = 162.0, 154.8, 154.6, 154.3, 154.2,
154.1, 154.0, 153.7, 153.6, 153.3, 141.5, 140.1, 139.6, 139.5 (two overlapping
signals), 139.4, 139.2, 132.4, 130.0, 129.8, 129.7, 129.5, 118.9, 106.9, 67.8, 48.7,
47.4, 40.5, 30.9, 30.1. HRMS (ESI): m/z calcd for CsgHs;N;(OZn [M + H]*:
707.1968; found: 707.1949. Anal. calcd for C3g3H30N,oOZn: C, 64.46; H, 4.27; N,
19.77. Found: C, 64.23; H, 4.12; N, 19.55.

Preparation of Phthalocyanine 3.10d

/

N

\
N N
| N—2n—N | H
[il O/\/\/ \/\/\NH2

N =N

According to the procedure for 3.10a, phthalocyanine 3.9d (0.16 g, 0.17 mmol)
was stirred in a mixture of TFA/CH,Cl, (1:1 v/v, 10 mL) to give the product as a
blue solid (0.10 g, 83 % yield). "H NMR (pyridine-ds): 6 = 9.48-9.63 (m, 6 H,
Pc-H,), 9.35 (d, J = 8.0 Hz, 1 H, Pc-H,), 8.99 (s, 1 H, Pc-H,), 8.09-8.21 (m, 6 H,
Pc-Hp), 7.79 (d, J = 8.4 Hz, 1 H, Pc-Hp), 4.45 (t,J = 6.4 Hz, 2 H, OCHy), 2.69 (t,
J = 6.8 Hz, 2 H, CH,), 2.48 (t, J/ = 6.8 Hz, 2 H, CH,), 2.08-2.13 (m, 4 H, CH,),
1.82 (t, J = 6.8 Hz, 2 H, CH,), 1.29-1.35 (m, 2 H, CH,), 1.14 (t, / = 6.8 Hz, 2 H,
CH,). *C{'H} NMR (pyridine-ds): 6 = 162.2, 155.0, 154.8, 154.4 (two over-
lapping signals), 154.2 (two overlapping signals), 153.9, 153.8, 153.2, 141.6,
140.1, 139.6, 139.5 (three overlapping signals), 139.3, 132.5, 130.1 (two over-
lapping signals), 130.0, 129.8, 129.5, 119.1, 107.1, 69.5, 50.5, 42.3, 35.5, 28.4,
28.2,27.6, 21.9. HRMS (ESI): m/z calcd for C40H35N;o0Zn [M + H]*: 735.2281;
found: 735.2263. Anal. calcd for C4H34N19OZn: C, 65.26; H, 4.66; N, 19.02.
Found: C, 65.53; H, 4.72; N, 19.35.

7.3.2 Photocytotoxicity Assay

Cytotoxicity of Phthalocyanines 3.10a-d on B16 and CHO Cells

All the phthalocyanines were first dissolved in DMF to give 1.6 mM solutions
which were then diluted to 80 pM with the culture medium (with 0.5 % Cremophor
EL). The solutions were further diluted with the culture medium to appropriate
concentrations. The remaining steps are the same as described in Sect. 7.1.4.
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Cytotoxicity of Spermidine on B16 and CHO Cells

Spermidine was dissolved in deionized water to give a 1 M stock solution,
which was diluted with the culture medium to give a 100 mM spermidine solution.
This solution was adjusted to pH = 7.4 with aqueous HCI] or NaOH solution. This
solution was filtered with a 0.22 um filter and then diluted with the culture
medium to give 0.05, 0.5, and 5 mM solutions. The remaining steps are the same
as described in Sect. 7.1.4.

7.3.3 Effect of Spermidine on the Cellular Uptake

The spermidine stock solution was prepared as mentioned in Sect. 7.3.2. For the
competitive cellular uptake experiments, the solution was diluted with the culture
medium to give 0.1, 1, and 10 mM solutions.

Approximately 2 x 10° B16 or CHO cells in the culture medium (2 mL) were
seeded on a Petri dish (diameter = 35 mm). Following overnight incubation at
37 °C under 5 % CO,, the medium was removed and the cells were rinsed with
PBS (2 mL). They were then incubated with the phthalocyanine dilution in the
medium (16 pM, 1 mL) and the above spermidine solutions (1 mL) for 2 h under
the same conditions. For the control, the culture medium (1 mL) instead of the
spermidine solution was added. The remaining steps are the same as described in
Sect. 7.1.7. The absorbance at 673 nm for 3.10a, 672 nm for 3.10b, 674 nm for
3.10c, and 673 nm for 3.10d were compared with the respective calibration curves
to give the uptake concentrations.

7.3.4 Intracellular Fluorescence Studies

The B16 or CHO cells were incubated with phthalocyanines 3.10a-d (2 pM,
2 mL) in the medium for 2 h at 37 °C under 5 % CO, before being viewed with a
confocal laser scanning microscope.

7.3.5 Subcellular Localization Studies

The B16 or CHO cells were incubated with a solution of 3.10d in the medium
2 pM, 2 mL) for 2 h at 37 °C under 5 % CO, prior to the treatment with
LysoTracker, MitoTracker, or ER-Tracker as described in Sect. 7.1.8.
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7.4 Experiments Described in Chapter 4
7.4.1 Synthesis

Preparation of Ferrocenecarboxyaldehyde (4.2) [10]

CHO

Fe

s

DMF (1.75 mL, 22.62 mmol) was added to a solution of ferrocene (4.1; 2.18 g,
11.72 mmol) in CHCl; (9 mL). The resulting mixture was stirred in an ice water
bath under an inert atmosphere for 10 min. Phosphoryl chloride (4 mL,
42.9 mmol) was added dropwise to the mixture over about 30 min. After addition,
the mixture was heated at 60 °C overnight. The volatiles were evaporated under
reduced pressure and the residue was poured into ice water (50 mL). The pre-
cipitate formed, which was mainly the unreacted ferrocene, was filtered off. The
filtrate, which was an aqueous solution of the Vilsmeier complex {[Fc-
CH = N*(CH3),]Cl~}, was neutralized by adding sodium carbonate powder until
pH = 7. The mixture was then extracted with ether (100 mL x 3). The combined
organic layers were dried with anhydrous Na,SO, and concentrated under reduced
pressure. The product was obtained as a reddish brown solid (1.22 g, 49 % yield).
"H NMR (CDCl5): § = 9.96 (s, 1 H, CHO), 4.80 (t, J = 1.6 Hz, 2 H), 4.60 (t,
J = 1.6 Hz, 2 H), 4.28 (s, 5 H).

Preparation of 3-Ferrocenyl-1-(p-hydroxyphenyl)-prop-2-en-1-one (4.4) [11]

To a stirred mixture of ferrocenecarboxyaldehyde (4.2; 4.98 g, 23.3 mmol) and
p-hydroxyacetopheone (4.3; 3.31 g, 24.31 mmol) in ethanol (30 mL), aqueous
KOH solution (40 % w/w, 15 mL) was added dropwise. The mixture was con-
tinued to stir for 4 h at room temperature. The dark red solution was cooled in
refrigerator at ca. —4 °C overnight. Chilled concentrated HCI was added dropwise
to the mixture until pH = 7. The purple precipitate was filtered and washed
thoroughly with water. The crude product was recrystallized from methanol to
afford a shiny purple solid (7.00 g, 91 % yield). '"H NMR (CDCly): 6 = 7.96 (d,
J=84Hz, 2 H, ArH), 7.74 (d, J=152Hz, 1 H, CH=CH), 7.13 (d,
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J=152Hz, 1H,CH = CH), 692 (d,J = 84 Hz,2 H),4.59 (t, / = 1.8 Hz,2 H,
FcH), 4.47 (t, J = 1.8 Hz, 2 H, FcH), 4.18 (s, 5 H, FcH).

Preparation of Compound 4.6

e i el

A mixture of 3-ferrocenyl-1-(p-hydroxyphenyl)-prop-2-en-1-one (4.4; 7.10 g,
21.37 mmol), ethyl bromoacetate (4.5; 7.14 g, 42.75 mmol), and anhydrous
K,CO5; (8.86 g, 64.11 mmol) in acetone (100 mL) was heated under reflux
overnight. The volatiles were evaporated under reduced pressure, then the residue
was redissolved in water (200 mL). The mixture was then extracted with CHCl,
(100 mL x 3) and the combined organic layers were dried with anhydrous
Na,SO, and concentrated in vacuo. The crude product was then purified by silica-
gel column chromatography using CHCls/ethyl acetate (10:1 v/v) as the eluent. It
was finally recrystallized from CHCls/hexane to afford a reddish brown solid
(7.86 g, 88 % yield). Ry [CHCls/ethyl acetate (10:1 v/v)] = 0.90. '"H NMR
(CDCl3): 6 =8.00 (d, J =8.8Hz, 2 H, ArH), 7.74 (d, J =152 Hz, 1 H,
CH =CH), 712 (d, J =152 Hz, 1 H, CH = CH), 698 (d, J = 8.8 Hz, 2 H,
ArH), 4.70 (s, 2 H, CHy), 4.59 (t,J = 1.6 Hz, 2 H, FcH), 4.48 (t,J = 1.6 Hz, 2 H,
FcH), 4.29 (q,J = 7.2 Hz, 2 H, CH,), 4.18 (s, 5 H, FcH), 1.31 (t, / = 7.2 Hz, 3 H,
CH;). °C{'H} NMR (CDCly): 6 = 188.1, 168.3, 161.1, 146.1, 132.3, 130.6,
118.7, 114.3,79.3, 71.3, 69.8, 68.9, 65.2, 61.6, 14.1. MS (ESI): an isotopic cluster
peaking at m/z = 418 (100 %, [M]*). HRMS (ESI): m/z calcd for Cp3H,FeOy,
[M]*: 418.0862; found: 418.0862. Anal. calcd for C,3H,,FeO,: C, 66.05; H, 5.30.
Found: C, 65.94; H, 4.94.

Preparation of Compound 4.7

A mixture of 4.6 (7.26 g, 17.36 mmol), 5 M NaOH (31 mL, 155.0 mmol), and
acetone (50 mL) was heated under reflux for 1 h. The volatiles were evaporated
under reduced pressure. The residue was redissolved in water and acidified with
3 M HCI until pH = 4. The reddish orange precipitate formed was washed thor-
oughly with water and dried under reduced pressure at 60 °C (5.81 g, 86 % yield).
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'"H NMR (acetone-dg): 6 = 8.08 (d, J = 8.8 Hz, 2 H, ArH), 7.69 (d, J = 15.2 Hz,
1H,CH = CH), 741 (d,J = 15.2 Hz, 1 H, CH = CH), 7.08 (d, / = 8.8 Hz, 2 H,
ArH), 4.85 (s,2 H, CH,), 4.78 (t,J = 1.6 Hz, 2 H, FcH), 4.50 (t,J = 1.6 Hz, 2 H,
FcH), 4.20 (s, 5 H, FcH). '*C{'H} NMR (acetone-dy): 6 = 187.5, 169.7, 162.5,
145.9, 133.0, 131.3, 119.8, 115.3, 80.6, 71.9, 70.5, 69.9, 65.3. MS (ESI): an
isotopic cluster peaking at m/z = 390 (100 %, [M]*). HRMS (ESI): m/z calcd for
C,1H;sFeO,4 [M]": 390.0549; found: 390.0550. Anal. calcd for C,;H;sFeO,: C,
64.64; H, 4.65. Found: C, 64.39; H, 4.34.

Preparation of Compound 4.9a

@ O/\H/O\/\S’S\/\OH
(0]

A mixture of 4.7 (0.53 g, 1.36 mmol), 2-hydroxyethyl disulfide (4.8a; 0.42 g,
2.72 mmol), N,N’-dicyclohexylcarbodiimide (DCC; 0.33 g, 1.60 mmol), 4-
(dimethylamino)pyridine (DMAP; 0.05 g, 0.41 mmol), and 1-hydroxybenzotria-
zole (HOBt; 0.22 g, 1.63 mmol) in THF (20 mL) was stirred at room temperature
under an inert atmosphere overnight. The volatiles were evaporated under reduced
pressure. The residue was purified by silica-gel column chromatography using
CHCI3/MeOH (4:1 v/v) as the eluent. The crude product was redissolved in a
minimum amount of CHCI;. The white solid of dicyclohexylurea (DCU) formed
was filtered off. This process was repeated for several times until there was no white
solid left. The product was obtained as a reddish brown oily liquid (0.37 g, 52 %
yield). Ry [CHCIs/MeOH (4:1 v/v)] = 0.50. '"H NMR (CDCl3): 6 = 7.99 (d,
J=88Hz, 2 H, ArH), 7.74 (d, J=156Hz, 1 H, CH=CH), 7.12 (d,
J =15.6 Hz, 1 H,CH = CH), 6.99 (d, J/ = 8.8 Hz, 2 H, ArH), 4.74 (s, 2 H, CH,),
4.59 (t,J = 1.6 Hz, 2 H, FcH), 4.51, (t,J = 6.4 Hz, 2 H, CH,) 4.48 (t,J = 1.6 Hz,
2H, FcH), 4.18 (s, 5 H, FcH), 3.88 (q,/ = 6.0 Hz,2 H, CH,), 2.96 (t,J = 6.4 Hz,2
H, CH,), 2.88 (t, J = 6.0 Hz, 2 H, CH,). "*C{'H} NMR (CDCl;): 6 = 188.1,
168.2, 161.0, 146.3, 132.4, 130.6, 118.7, 114.3, 79.2, 71.3, 69.7, 68.9, 65.0, 63.2,
41.5,36.7, 33.9. MS (ESI): an isotopic cluster peaking at m/z = 526 (98 %, [M]™).
HRMS (ESI): m/z calcd for C,sH,6FeOsS, [M]*: 526.0566; found: 526.0578.
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Preparation of Compound 4.9b

@ O/\n/ O\/\/\/\O H
(0]

According to the procedure for 4.9a, 4.7 (0.51 g, 1.31 mmol) was treated with
1,6-hexanediol (4.8b; 0.31 g, 2.62 mmol), DCC (0.32 g, 1.55 mmol), DMAP
(0.05 g, 0.41 mmol), and HOBt (0.21 g, 1.55 mmol) in THF (20 mL) to give the
product as a reddish brown oily liquid (0.36 g, 56 % yield). R; [CHCI;/MeOH (4:1
v/v)] = 0.49. "H NMR (CDCl;): 6 = 7.99 (d, J = 8.8 Hz, 2 H, ArH), 7.74 (d,
J=152Hz, 1 H, CH=CH), 7.12 (d, / = 152 Hz, 1 H, CH = CH), 6.98 (d,
J = 8.8 Hz, 2 H, ArH), 4.72 (s, 2 H, CH,), 4.59 (t, J = 1.6 Hz, 2 H, FcH), 4.48 (t,
J =1.6 Hz,2 H, FcH), 4.22 (t,J = 6.4 Hz, 2 H, CH,), 4.18 (s, 5 H, FcH), 3.61 (q,
J = 6.4 Hz, 2 H, CH,), 1.64-1.72 (m, 2 H, CH,), 1.53 (t, / = 6.8 Hz, 2 H, CH,),
1.34-1.41 (m, 4 H, CH,). >C{'H} NMR (CDCls): é = 188.2, 168.5, 161.2, 146.3,
132.4,130.6, 118.8, 114.3,79.3, 71.3, 69.8, 69.0, 65.5, 65.2, 62.7, 32.6, 28.5, 25.6,
25.3. MS (ESI): an isotopic cluster peaking at m/z = 491 (100 %, [M + H]").
HRMS (ESI): m/z calcd for C,7H3FeOs [M + H]*: 491.1515; found: 491.1507.

Preparation of Compound 4.11a

R
z /N// N/ \ 7
’N\. ./N 4 i
D) N//SI\N < R = F=e O O S~
NS —~ ~ O s~ O
o e T
R

A mixture of silicon(IV) phthalocyanine dichloride (4.10; 0.23 g, 0.38 mmol),
4.9a (0.50 g, 0.95 mmol), and pyridine (1 mL, 12.4 mmol) in toluene (20 mL)
was heated under reflux overnight. After evaporating the solvent in vacuo, the
residue was chromatographed on a neutral alumina column with CHCl; as the
eluent. The crude product was recrystallized from CHCI;/EtOH to afford the
product as a shiny dark blue solid (0.22 g, 37 % yield). '"H NMR (CDCl5):
6 = 9.63-9.66 (m, 8 H, Pc-H,), 8.33-8.36 (m, 8 H, Pc-Hp), 7.92 (d, J = 8.8 Hz, 4
H, ArH), 7.73 (d, / =152 Hz, 2 H, CH = CH), 7.09 (d, / = 15.2 Hz, 2 H,
CH = CH), 6.82 (d, J = 8.8 Hz, 4 H, ArH), 4.58 (t, / = 1.6 Hz, 4 H, FcH), 4.48
(t, J=1.6 Hz, 4 H, FcH), 4.40 (s, 4 H, CH,), 4.17 (s, 10 H, FcH), 3.58 (t,
J =64 Hz,4 H, CH,), 1.59 (t, J = 6.4 Hz, 4 H, CH,), -0.38 (t, / = 6.4 Hz, 4 H,
CH,), -1.77 (t, J = 6.4 Hz, 4 H, CH,). >C{'H} NMR (CDCl5): 6 = 188.0, 167.7,
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160.9, 1494, 146.1, 135.9, 132.3, 131.0, 130.5, 123.7, 118.8, 114.3, 79.3, 71.3,
69.8, 68.9, 64.7, 62.5, 53.8, 38.8, 35.9. MS (ESI): an isotopic cluster peaking at m/
7= 1592 (13 %, [M + H]"), 1065 (28 %, [M-C,5H,505S,Fe]"). HRMS (ESI): m/
z caled for CgyHeFeaNgO;0S4Si [M]*: 1591.2276; found: 1591.2266. Anal. calcd
for Cg,HegFe,NgO(0S4Si: C, 61.89; H, 4.18; N, 7.04. Found: C, 62.22; H, 4.26; N,
7.29.

Preparation of Compound 4.11b

e S ®
;2\ N;\/ b : @ o/\gzovvv\o}x

According to procedure 4.11a, 4.10 (0.33 g, 0.54 mmol) was treated with 4.9b
(0.66 g, 1.35 mmol) and pyridine (1 mL, 12.4 mmol) in toluene (20 mL) to give
the product as a shiny dark blue solid (0.34 g, 42 % yield). '"H NMR (CDCl5):
0 = 9.62-9.64 (m, 8 H, Pc-H,), 8.32-8.34 (m, 8 H, Pc-Hp), 7.90 (d, J = 8.8 Hz, 4
H, ArH), 7.70 (d, J =152 Hz, 2 H, CH = CH), 7.04 (d, J = 15.2 Hz, 2 H,
CH = CH), 6.85 (d, J = 8.8 Hz, 4 H, ArH), 4.55 (s, 4 H, CH,), 4.47 (s, 4 H, FcH),
4.46 (s, 4 H, FcH), 4.14 (s, 10 H, FcH), 3.51 (t, J = 6.8 Hz, 4 H, CH,), 0.54 (p,
J=172,4H, CH,),-048 (p,J =72,4H, CH,), —1.44 (p, J = 72,4 H, CH,), -
1.63 (p, J = 6.8, 4 H, CH,), -2.10 (t, J = 6.0 Hz, 4 H, CH,). >C{'H} NMR
(CDCly): 0 = 187.9, 168.0, 161.0, 149.2, 146.0, 135.9, 130.8, 130.5, 123.6, 118.7,
114.2, 79.2, 71.2, 70.0, 68.9, 68.4, 65.0, 64.9, 54.3, 28.7, 27.5, 23.6, 23.2. MS
(ESD): an isotopic cluster peaking at m/z = 1029 (30 %, [M-C,sH,505S,Fe]").
HRMS (ESI): m/z caled for CsoHusFeNgOsSi [M-Cp7HogFeOs]™: 1029.2626;
found: 1029.2611. Anal. calcd for CggH74Fe,NgO14Si: C, 67.99; H, 4.91; N, 7.37.
Found: C, 67.61; H, 4.59; N, 7.16.
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Preparation of Compound 4.12
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OH

A mixture of 4.10 (0.26 g, 0.43 mmol), 4.8a (0.33 g, 2.13 mmol), and pyridine
(1 mL, 12.4 mmol) in toluene (20 mL) was heated under reflux overnight. The
volatiles were evaporated in vacuo. The crude product was purified by silica-gel
column chromatography using CHClj3, followed by CHCI;/MeOH (10:1 v/v) as the
eluents. The product was obtained as a blue solid (0.25 g, 69 % yield). R¢ [CHCI5/
MeOH (10:1 v/v)] = 0.24. "H NMR (CDCl5): 6 = 9.65-9.66 (m, 8 H, Pc-H,),
8.36-8.38 (m, 8 H, Pc-Hp), 2.91 (q, / = 6.0 Hz, 4 H, CH,), 1.48 (t, / = 6.0 Hz, 4
H, CH,), -0.34 (t, J = 6.0 Hz, 4 H, CH,), -1.76 (t, J = 6.0 Hz, 4 H, CH,).
BC{'H} NMR (DMSO-de): 6 = 149.3, 135.6, 132.3, 124.1, 60.0, 58.9, 54.6, 43.1.
MS (ESD: m/z = 693 (100 %, [M-C4Ho0,S,]"). HRMS (ESI): m/z caled for
C36Ho5Ng05S,Si [M-C4Ho0,S,1": 693.1306; found: 693.1309. Anal. caled for
C40H34Ng04S4Si: C, 56.72; H, 4.05; N, 13.22. Found: C, 56.32; H, 3.98; N, 12.92.

7.4.2 Redox-Responsive Fluorescence Emission Studies

Fluorescence measurements were made in different concentrations of dithiothreitol
(DTT) in PBS solution. First, the phthalocyanines were dissolved in DMF to give
1 mM solutions, which were diluted to 4 uM with PBS (with 0.5 % Cremophor
EL). DTT was dissolved in deionized water to give a 1 M solution. A mixture of
the phthalocyanine (4 M) with DTT (2 uM, 10 mM, or 40 mM) or without DTT
in PBS was prepared and stirred continuously at room temperature. Its fluores-
cence spectra (Aex = 610 nm, Ze,, = 630-800 nm) at different time intervals.
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7.4.3 Redox-Responsive Singlet Oxygen Generation Studies

For singlet oxygen generation measurements, DPBF was first dissolved in DMF to
give a 10 mM solution. A mixture of phthalocyanine (4 pM) with DTT (2 uM,
5 mM, or 10 mM) or without DTT in PBS was stirred continuously at room
temperature for 24 h. The above phthalocyanine solutions with or without DTT
(3 mL) were mixed with the DPBF solution (10 mM, 21 pL). They were then
illuminated with red light coming from a 100 W halogen lamp after passing
through a water tank for cooling and a color glass filter (Newport, cut-on at
610 nm). The decay of DPBF at 411 nm was monitored with time.

7.4.4 Photocytotoxicity Assay

All the phthalocyanines were first dissolved in DMF to give 1.6 mM solutions,
which were diluted to 80 pM with the culture medium (with 0.5 % Cremophor EL).
For compound 4.9a, it was dissolved in DMF to give a 100 mM solution, which was
diluted to 10 mM with the culture medium (with 0.5 % Cremophor EL). They were
then further diluted with the culture medium to appropriate concentrations.

DTT was dissolved in deionized water to give a 1 M stock solution. It was then
further diluted with the culture medium to give 2 uM and 4 mM DTT solutions.
Approximately, 3 x 10* cells per well in the culture medium were inoculated in
96-multiwell plates and incubated overnight at 37 °C in a humidified 5 % CO,
atmosphere. The cells were rinsed with PBS and incubated with DTT (2 uM or
4 mM) or without DTT (100 pL) for 1 h under the same conditions. The cells,
after being rinsed with PBS twice, were incubated with 100 pL of the above drug
solutions for 6 h or 24 h at 37 °C under 5 % CO,. The remaining steps are the
same as described in Sect. 7.1.4.

7.4.5 Intracellular Fluorescence Studies

About 6 x 10* MCF-7 cells were seeded on a coverslip and incubated overnight at
37 °C under 5 % CO,. The cells, after being rinsed with PBS, were incubated with
DTT (2 uM or 4 mM) or without DTT (2 mL) for 1 h under the same conditions.
The cells were rinsed with PBS twice and further incubated with 4.11a or 4.11b in
the medium (1 pM, 2 mL) for 24 h under the same conditions. The remaining
steps are the same as described in Sect. 7.1.6.
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7.4.6 Subcellular Localization Studies

About 6 x 10* MCF-7 cells were seeded on a coverslip and incubated overnight at
37 °C under 5 % CO,. The cells, after being rinsed with PBS, were incubated with
DTT (4 mM, 2 mL) for 1 h under the same conditions. The cells were rinsed with
PBS twice and then incubated with 4.11a in the medium (1 pM, 2 mL) for 24 h
under the same conditions. The cells were further treated with LysoTracker, Mi-
toTracker, or ER-Tracker as described in Sect. 7.1.8 before being viewed with a
confocal laser scanning microscope.

7.5 Experiments Described in Chapter S
7.5.1 Synthesis

Preparation of Methyl 3,5-dihydroxybenzoate (5.2) [12]
COOMe

HO OH

A mixture of 3,5-dihydroxybenzoic acid (5.1; 14.76 g, 95.77 mmol), concen-
trated H>SOy4, (1.5 mL), and methanol (150 mL) was heated under reflux over-
night. After evaporating the excess methanol, the resulting precipitate was washed
thoroughly with ice cold water, filtered, and dried. The product was obtained as a
white solid (13.22 g, 82 % yield). "H NMR (CDCl3): 6 = 7.09 (s, 2 H, ArH), 6.65
(s, 1H, ArH), 3.88 (s, 3 H, -COOCH3;).

Preparation of 3,5-Dihydroxybenzyl Alcohol (5.3) [13]

OH

HO OH

A solution of methyl 3,5-dihydroxybenzoate (5.2; 8.43 g, 50.13 mmol) in THF
(100 mL) was added dropwise with stirring to a suspension of LiAlH4 (5.71 g,
150.46 mmol) in THF (100 mL) at 0 °C. The reaction mixture was then brought to
reflux. After 24 h, ice cold water was added dropwise to quench the reaction. The
precipitate was then filtered and the resulting filtrate was neutralized with 7 % HCl
to pH = 5. It was then extracted with ethyl acetate (100 mL x 5). The combined
organic extracts were dried over anhydrous Na,SO,4 and concentrated. The crude
product was recrystallized from CHCl;/MeOH to afford a white solid (3.72 g,
53 % yield). "H NMR (DMSO-d): § = 9.04 (s, 2 H, Ph-OH), 6.15 (s, 2 H, ArH),
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6.03 (s, 1 H, ArH),4.97 (t, J = 5.6 Hz, 1 H, -CH,0H),4.29 (d,J = 5.6 Hz,2 H, -
CH,OH).

Preparation of Compound 5.4

OH

HO o/\n/OV
o)

A mixture of 3,5-dihydroxybenzyl alcohol (5.3; 2.50 g, 17.84 mmol), ethyl
bromoacetate (4.5; 2.98 g, 17.84 mmol), and anhydrous K,CO; (2.47 g,
17.87 mmol) in acetone (10 mL) was heated under reflux for 6 h. The volatiles
were evaporated under reduced pressure. The residue was redissolved in water,
and the pH of the solution was adjusted to 5 with 3 M HCI. The mixture was then
evaporated under reduced pressure at 80 °C. The residue was redissolved in THF
and filtered to remove the inorganic salt. The crude product was then subject to
silica-gel column chromatography using CHCI; and then CHCI3/EtOH (50:1 v/v)
as the eluents to afford the product as a pale yellow oily liquid (1.21 g, 30 %
yield). R¢ [CHCI3/EtOH (10:1 v/v)] = 0.32. "H NMR (CDCl5): 6 = 6.39 (s, 1 H,
ArH), 6.33 (s, 1 H, ArH), 6.25 (s, 1 H, ArH). 4.48 (s, 2 H), 4.43 (s, 2 H), 4.21 (q,
J =7.2 Hz, 2 H, -OCH,CH3;), 3.74 (s, 1 H, Ph-OH), 1.26 (t, J = 7.2 Hz, 3 H, -
OCH,CH;). C{'H} NMR (CDCl3): § = 169.6, 158.9, 157.4, 143.2, 107.6,
105.0, 101.5, 65.1, 64.6, 61.7, 14.0. HRMS (ESI): m/z calcd for C;;H;4NaOs
[M -+ Na]™: 249.0733; found: 249.0741.

Preparation of Toluene-4-sulfonic Acid 2-[2-(2-Methoxy-ethoxy)ethoxy]ethyl
Ester (5.5) [14]

O
i
o//S\O/\/O\/\O/\/O\

A mixture of triethylene glycol monomethyl ether (5.45 g, 33.19 mmol), tosyl
chloride (6.96 g, 36.51 mmol), and pyridine (3 mL, 37.09 mmol) in CH,Cl,
(50 mL) was stirred at room temperature under an inert atmosphere for 24 h. The
solution was successively washed with 1 M HCl (100 mL x 1), NaHCO;
(100 mL x 1), and water (100 mL x 3). The organic layer was dried over
anhydrous Na,SO, and concentrated. The residue was subject to silica-gel column
chromatography using CHCI; as the eluent. The product was obtained as a col-
orless oil (8.65 g, 82 % yield). Ry [CHCI3/EtOH (50:1 v/v)] = 0.44. '"H NMR
(CDCl3): 6 = 7.80 (d, J = 8.0 Hz, 2 H, ArH), 7.34 (d, J = 8.0 Hz, 2 H, ArH),
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4.16 (t,J = 4.8 Hz, 2 H), 3.68 (t, J = 4.8 Hz, 2 H), 3.59-3.63 (m, 6 H), 3.52-3.54
(m, 2 H), 3.37 (s, 3 H, -OCH3), 2.45 (s, 3 H, CH3).

Preparation of Compound 5.6

OH
/O\/\O/\/O\/\O O/\[rO\/
(0]

A mixture of compound 5.4 (0.80 g, 3.54 mmol), toluene-4-sulfonic acid 2-[2-
(2-methoxy-ethoxy)ethoxylethyl ester (5.5; 1.24 g, 3.89 mmol), and anhydrous
K,CO;5 (1.47 g, 10.64 mmol) in acetone (20 mL) was heated under reflux overnight.
The reaction mixture was then cooled to room temperature and filtered. The crude
product was subject to silica-gel column chromatography using CHCl; and then
CHCI3/EtOH (50:1 v/v) as the eluents to afford the product as a colorless oily liquid
(1.03 g, 78 % yield). Ry [CHCIy/EtOH (50:1 v/v)] = 0.29. '"H NMR (CDCls):
0 = 6.58(s, 1 H, ArH), 6.51 (s, 1 H, ArH), 6.42 (s, 1 H, ArH). 4.61 (d,J = 6.0 Hz, 2
H, -CH,0H), 4.59 (s, 2 H, -OCH,COO0-), 4.26 (q, / = 7.2 Hz, -OCH,CH3), 4.11 (t,
J =4.8 Hz,2H),3.83(t,J = 4.8 Hz,2 H), 3.71-3.73 (m, 2 H), 3.63-3.68 (m, 4 H),
354 (t, J =44 Hz, 2 H), 337 (s, 3 H, -OCH3), 1.30 (t, /=72Hz, 3 H, -
OCH,CH3). *C{'H} NMR (CDCl5): 6 = 168.8, 160.2, 159.1, 143.6, 106.3, 105.2,
101.1, 71.9, 70.8, 70.7, 70.5, 69.7, 67.6, 65.4, 65.1, 61.4, 59.0, 14.1. HRMS (ESI):
m/z calcd for CygH,sNaOg [M + Na]*: 395.1676; found: 395.1676.

Preparation of Compound 5.7

OH
JéL H
O N,
O

A mixture of hydrazine hydrate (80 %; 2 mL) and 5.6 (0.41 g, 1.10 mmol) in
ethanol (2 mL) was stirred at room temperature for 30 min. The reaction mixture
was then evaporated under reduced pressure at 60 °C. The product was obtained as
a colorless oily liquid (0.34 g, 86 % yield). "H NMR (CDCl3): 6 = 7.90 (brs, 1 H,
-CONHNH,), 6.57 (s, 1 H, ArH), 6.49 (s, 1 H, ArH), 6.35 (s, 1 H, ArH). 4.59 (s, 2
H), 4.48 (s, 2 H), 4.08 (t, J = 4.4 Hz, 2 H), 3.82 (t, J = 4.4 Hz, 2 H), 3.70-3.71
(m, 2 H), 3.62-3.67 (m, 4 H), 3.53 (t, J = 4.0 Hz, 2 H), 3.36 (s, 3 H, -OCH3).
BC{'H} NMR (CDCl3): § = 168.4, 160.2, 158.2, 144.1, 106.3, 105.1, 100.8, 71.8,
70.7, 70.6, 70.5, 69.6, 67.5, 66.8, 64.7, 59.0. HRMS (ESI): m/z calcd for
Ci6H27N,0O5 [M + H]™: 359.1813; found: 359.1813.

\O/\/O\/\O/\/O
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Preparation of Ferrocenylcarbonylhydrazone 5.8

OH

H
@N /N\n/\o O/\/O\/\O/\/O\
H (e}
Fe

>

A mixture of ferrocenecarboxyaldehyde (4.2; 0.32 g, 1.50 mmol) and 5.7
(0.45 g, 1.26 mmol) in ethanol (10 mL) was heated under reflux for 2 h. The
volatiles were evaporated under reduced pressure. The crude product was subject
to silica-gel column chromatography using CHCl; and then CHCl;/MeOH (50:1 v/
v) as the eluents to afford an orange oily liquid (0.45 g, 64 % yield). Ry [CHCI3/
MeOH (10:1 v/v)] = 0.29. '"H NMR (CDCls): § = 9.27 (s, 1 H, -CONHN = CH-
), 8.12 (s, 1 H, -CONHN = CH-), 6.63 (s, 1 H, ArH), 6.59 (s, 1 H, ArH), 6.46 (s, 1
H, ArH), 4.70 (s, 2 H, FcH), 4.65 (d, J = 5.6 Hz, 2 H, Ph-CH,0OH), 4.59 (s, 2 H, -
OCH,COO-), 442 (s, 2 H, FcH), 4.21 (s, 5 H, FcH), 4.13 (t, J = 4.8 Hz, 2 H),
3.85(t,J = 4.8 Hz, 2 H), 3.73-3.74 (m, 2 H), 3.64-3.69 (m, 4 H), 3.54-3.56 (m, 2
H), 3.38 (s, 3 H, -OCH3). >C{'H} NMR (CDCl5): 6 = 163.8, 160.2, 158.2, 151.4,
144.3, 106.5, 105.3, 101.0, 77.9, 71.9, 70.7, 70.6, 70.4, 69.6, 69.3, 69.2, 68.3, 67.7,
67.6, 64.7, 58.9. HRMS (ESI): m/z caled for C,7H35N,0-Fe [M + H]*: 555.1788;
found: 555.1784.

Preparation of Phthalocyanine 5.9

T
(0]
S\’ 16} 0NN NN
: =T
R = Fe
QY/,N: @/, S
Ny N/‘/Si\N N
5 \N’L—’ /SC
R/ <\
" <<F:f>; Q b
O\/\ ,S\/\
O S O
Y

A mixture of silicon phthalocyanine dichloride (4.10; 0.12 g, 0.20 mmol), 4.9a
(0.13 g, 0.25 mmol), and pyridine (I mL, 12.36 mmol) in toluene (10 mL) was
heated under reflux for 2 h. To this reaction mixture, a solution of
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ferrocenylcarbonylhydrazone 5.8 (0.13 g, 0.23 mmol) and pyridine (0.5 mL,
6.18 mmol) in toluene (10 mL) was added and the mixture was kept stirring under
reflux for another 4 h. After evaporating the volatiles in vacuo, the crude product
was filtered through a bed of Celite to remove the insoluble black solid. It was then
subject to silica-gel column chromatography using CHCl; and then CHCl3/MeOH
(50:1 v/v) as the eluents. The two greenish-blue bands were collected separately
and evaporated. The residues were recrystallized from CHCls/hexane to afford 5.9
(0.048 g, 15 % yield) and 5.10 (0.14 g, 43 % yield), both as a blue solid. Ry
[CHCl3/MeOH (10:1 v/v)] = 0.52 for 5.9 and 0.44 for 5.10. "H NMR (CDCl;):
0 = 9.61-9.63 (m, 8 H, Pc-H,), 8.74 (s, 1 H, -CONH-), 8.33-8.35 (m, 8 H, Pc-Hp),
8.00 (s, 1 H, -N = CHFc), 791 (d,J = 8.8 Hz, 2 H, ArH), 7.73 (d, J = 15.2 Hz, 1
H, CH = CH), 7.08 (d, J = 15.6 Hz, 1 H, CH = CH), 6.81 (d, / = 8.8 Hz, 2 H,
ArH), 5.64 (s, 1 H, ArH), 4.73 (s, 2 H, FcH), 4.58 (s, 2 H, FcH), 4.47 (s, 2 H, FcH),
4.45 (s, 2 H, FcH), 4.39 (s, 2 H, -COOCH,CO-), 4.22 (s, 5 H, FcH), 4.16 (s, 5 H,
FcH), 3.83 (s, 2 H, -OCH,CONH-), 3.61-3.62 (m, 4 H), 3.56-3.59 (m, 4 H),
3.52-3.54 (m, 2 H), 3.43-3.46 (m, 4 H), 3.36 (s, 3 H, -OCH3), 3.09 (t, 2 H,
J = 4.8 Hz, ArH), —0.38 (t, J = 6.0 Hz, 2 H, Pc-OCH,CH,SS-), -0.70 (s, 2 H,
Pc-OCH,Ph-), -1.77 (t, J = 6.0 Hz, 2 H, Pc-OCH,CH,SS-). "*C{'H} NMR
(CDCl3): 6 = 187.3, 167.3, 163.5, 159.7, 157.8, 156.1, 150.4, 149.4, 146.1, 141.7,
135.9, 133.5, 131.1, 130.5, 123.7, 118.8, 114.3, 102.2, 100.2, 79.3, 71.9, 71.3,
70.8, 70.7, 70.6, 70.5, 69.8, 69.3, 69.0, 68.4, 66.6, 66.5, 64.7, 62.5, 59.1, 53.8,
38.7, 35.8. HRMS (ESI): m/z caled for CgsH;5Fe;N;01.S,Si [M + HJ*:
1620.3504; found: 1620.3507.

Preparation of Phthalocyanine 5.10

A T

U
N~ (o g

Fe

N o}
eV 5
N y Si.\N N R H o o
E\ /:\/ SN \g/\o 0NN NN
) <

A mixture of 4.10 (0.063 g, 0.10 mmol), ferrocenylcarbonylhydrazone 5.8
(0.12 g, 0.22 mmol), and pyridine (1 mL, 12.36 mmol) in toluene (15 mL) was
heated under reflux for 6 h. The volatiles were evaporated in vacuo. The crude
product was filtered through a bed of Celite to remove the insoluble black solid. It
was then subject to silica-gel column chromatography using CHCl; and then
CHCI3/MeOH (10:1 v/v) as the eluents. The residue was further purified by gel
permeation chromatography using THF as the eluent. It was chromatographed
again on silica-gel using CHCI; and then CHCl3/MeOH (10:1 v/v) as the eluents.
The residue was finally recrystallized from CHCls/hexane to afford the product as
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a blue solid (0.13 g, 79 % yield). Ry [CHCly/MeOH (10:1 v/v)] = 0.43. '"H NMR
(CDCls): 6 = 9.59-9.61 (m, 8 H, Pc-H,), 8.75 (s, 2 H, -CONH-), 8.33-8.35 (m, 8
H, Pc-Hy), 7.97 (s, 2 H, -N = CHFc), 5.64 (s, 2 H, ArH), 4.72 (s, 4 H, FcH), 4.44
(s, 4 H, FcH), 4.21 (s, 10 H, FcH), 3.81 (s, 4 H, -OCH,CONH-), 3.58-3.61 (m, 14
H), 3.52-3.53 (m, 4 H), 3.42-3.45 (m, 6 H), 3.36 (s, 6 H, -OCH3), 3.06 (m, 4 H,
ArH), —0.70 (s, 4 H, Pc-OCH,-). *C{'H} NMR (CDCls): 6 = 163.2, 158.4,
156.2, 150.8, 149.4 (Pc), 142.1, 135.9 (Pc), 131.1 (Pc), 130.9, 123.6 (Pc), 102.2,
99.5, 71.9, 70.7, 70.6 (two overlapping signals), 70.5, 69.3, 68.3, 66.5, 66.2, 59.0,
58.1. HRMS (ESI): m/z caled for CggHgs FesNj»014Si [M + HI*: 1648.4643;
found: 1648.4640.

7.5.2 pH- and Redox-Responsive Fluorescence Emission
Studies

First, all the phthalocyanines were dissolved in DMF to give 1 mM solutions,
which were diluted to 4 M with PBS at appropriate pH (with 0.5 % Cremophor
EL). DTT was dissolved in deionized water to give a 1 M solution. To study the
effect of DTT on the fluorescence intensity, a mixture of the phthalocyanine
(4 uM) with DTT (2 uM, 10 mM, or 40 mM) or without DTT in PBS at pH 7.4
was prepared. To examine the effect of pH on the fluorescence intensity, the study
was started readily after the phthalocyanine solution (1 mM in DMF) was diluted
to 4 uM with PBS at different pH (4.5, 6.0, or 7.4). To study the effect of pH and
DTT on the fluorescence intensity, a mixture of the phthalocyanine (4 pM) with
DTT (2 pM or 10 mM) or without DTT in PBS at pH 6.0 or 7.4 was prepared. All
these solutions were stirred continuously at room temperature during the kinetic
study and the fluorescence spectra (Ao = 610 nm, ., = 630-800 nm) were
recorded at different time intervals.

7.5.3 pH- and Redox-Responsive Singlet Oxygen Generation
Studies

DPBF was dissolved in DMF to give a 10 mM solution. To study the effect of DTT
on the singlet oxygen generation efficiency, a mixture of phthalocyanine (4 pM)
with DTT (2 pM or 10 mM) in PBS at pH 7.4 was prepared. To examine the effect
of pH, the study was carried out after the phthalocyanine solution (1 mM in DMF)
was diluted to 4 pM with PBS at different pH (4.5, 6.0, or 7.4). To study the effect
of pH and DTT, a mixture of the phthalocyanine (4 uM) with DTT (2 uM or
10 mM) in PBS at pH 6.0 or 7.4 was prepared. The above phthalocyanine solutions
were stirred continuously at room temperature for 8 h. These solutions (3 mL)
were mixed with DPBF solution (10 mM, 21 pL), followed by illumination with
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red light coming from a 100 W halogen lamp after passing through a water tank
for cooling and a color glass filter (Newport, cut-on at 610 nm). The decay of
DPBF at 411 nm was monitored with time.

7.5.4 Intracellular Fluorescence Studies

About 6 x 10* MCF-7 cells were seeded on a coverslip and incubated overnight at
37 °C under 5 % CO,. The medium was removed and rinsed with PBS. For 5.9,
the cells were first incubated with DTT (2 pM or 4 mM) or without DTT (2 mL)
for 1 h under the same conditions. The cells were rinsed with PBS and then
incubated with nigericin (Sigma) in PBS (25 uM, 2 mL) at different pH (5.0 or
7.4) for 30 min under the same conditions. The cells were then rinsed with PBS
and incubated with a solution of 5.9 in the medium (1 uM, 2 mL) for 1 h under the
same conditions. For 5.10, the cells were incubated with nigericin in PBS (25 pM,
2 mL) at different pH (5.0, 6.0, or 7.4) for 30 min. They were then rinsed with
PBS, followed by incubation with a solution of 5.10 in the medium (1 pM, 2 mL)
for 1 h. The remaining steps are the same as described in Sect. 7.1.6.
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"H and *C{'H} NMR spectra of compound 2.5 in CDCl;

Appendix 1
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Appendix 2
'"H and *C{'H} NMR spectra of compound 2.6 in CDCl;
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'"H and *C{'H} NMR spectra of compound 2.7 in CDCl,

Appendix 3
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Appendix 4
'H and "*C{'H} NMR spectra of compound 2.8 in CDCl; with a trace amount of

pyridine-ds
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'H and *C{'H} NMR spectra of compound 2.9 in DMSO-d¢ with a trace amount

Appendix 5
of pyridine-ds
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Appendix 6
'"H NMR spectrum of compound 2.11 in DMSO-ds with a trace amount of
pyridine-ds
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Appendix 7
"H and "*C{"H} NMR spectra of compound 2.14 in CDCl; with a trace amount of
pyridine-ds
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Appendix 8
'"H and *C{'H} NMR spectra of compound 3.8a in CDCl;
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)

'H and *C{'H} NMR spectra of compound 3.8b in acetone-dj

Appendix 9
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Appendix 10
'"H and *C{'H} NMR spectra of compound 3.8¢ in CDCly
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'"H and *C{'H} NMR spectra of compound 3.8d in CDCl;

Appendix 11
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'H and *C{'H} NMR spectra of compound 3.9a in CDCl; with a trace amount of
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pyridine-ds
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Appendix 13
'H and *C{'H} NMR spectra of compound 3.9b in CDCI; with a trace amount of
pyridine-ds
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'H and *C{'H} NMR spectra of compound 3.9¢ in CDCl; with a trace amount of
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pyridine-ds
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'H and *C{'H} NMR spectra of compound 3.9d in CDCI; with a trace amount of

Appendix 15
pyridine-ds
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Appendices: 'H and '*C{'H} NMR Spectra
"H and "*C{'H} NMR spectra of compound 3.10a in pyridine-ds
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"H and "*C{'H} NMR spectra of compound 3.10b in pyridine-ds

Appendix 17
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Appendix 18
"H and "*C{'H} NMR spectra of compound 3.10c in pyridine-ds
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"H and "*C{'H} NMR spectra of compound 3.10d in pyridine-ds

Appendix 19
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'"H and *C{'H} NMR spectra of compound 4.6 in CDCl;
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'"H and *C{'H} NMR spectra of compound 4.7 in acetone-dg

Appendix 21
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Appendix 22
'"H and *C{'H} NMR spectra of compound 4.9a in CDCl;
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Appendix 23
'"H and *C{'H} NMR spectra of compound 4.9b in CDCl;
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Appendix 24
'"H and *C{'H} NMR spectra of compound 4.11a in CDCly
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Appendix 25
'H and *C{'H} NMR spectra of compound 4.11b in CDCl;
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'"H and C{'H} NMR spectra of compound 4.12 in CDCl; and DMSO-ds,
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Appendix 26
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Appendix 27
'"H and *C{'H} NMR spectra of compound 5.4 in CDCl,
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Appendix 28
'"H and *C{'H} NMR spectra of compound 5.6 in CDCl;

OH
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'"H and *C{'H} NMR spectra of compound 5.7 in CDCl,
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'"H and *C{'H} NMR spectra of compound 5.8 in CDCl,
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Appendix 30
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Appendix 31
'"H and *C{'H} NMR spectra of compound 5.9 in CDCl,
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Appendix 32
"H -'H COSY spectrum of compound 5.9 in CDCls
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Appendix 33
'"H and *C{'H} NMR spectra of compound 5.10 in CDCl;
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