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Avoiding PDT-induced hypoxia is a critical challenge in photodynamic cancer
treatment, which can lead to tumor recurrence and progression through activation of
various angiogenic factors and significantly reduce positive treatment outcomes. In this
study, reported AZB-I-CAIX, is acetazolamide (an anti-angiogenesis and carbonic
anhydrase IX (CAIX) targeting drug) conjugated with aza-BODIPY (NIR photosensitizer)
synthesized to minimize the effects of PDT-based hypoxia by combining the benefits
of anti-angiogenesis therapy with PDT. AZB-I-CAIX, showed specific affinity to cancer
cells (MDA-MB-231) that highly expressed CAIX and showed enhanced
photocytotoxicity compared to AZB-I-control (without acetazolamide). To investigate
in vivo its photodynamic therapy, hypoxic murine cells are a great tumor mass mimetic,
which has induced CAIX expression in a hypoxic environment. AZB--CAIX, can
selectively detect hypoxic cells and show effective photo-induced cell cytotoxicity by
PDT in a hypoxia environment. Overall, we demonstrated the NIR photosensitizer that
can be beneficial in CAlX-expressing cells and is likely to improve therapeutic efficiency

by preventing PDT-induced hypoxia through CAIX knockdown.
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CHAPTER |
INTRODUCTION

1.1 Significance of the study

Cancer is a significant cause of illness and death worldwide. There are many
treatments to reduce the cancer growth rate and methods have been developed to
dramatically harm malignant cells including cancer surgery, radiation therapy, and
chemotherapy. However, there are also many severe side effects on normal cells.
Photodynamic therapy (PDT) is an attractive cancer treatment, because it is non-
invasive and repeatable without significant side effects in clinical areas (Dolmans,
Fukumura, and Jain, 2003; Jung et al., 2017; Lucky, Soo, and Zhang, 2015). In PDT, a
photosensitizer (PS) is activated by a specific wavelength of light to produce reactive
oxygen species (ROS) or singlet oxygen (*O,) to harm cells directly by inducing
apoptosis. However, in the PDT mechanism, most PDT agents predominantly operate
through the type Il pathway and consume high oxygen to generate 'O,, which can lead
to severe inner hypoxic tumor region (< 20 mmHg O, pressure) due to insufficient
blood vessel supply (Ding et al., 2011; Krzykawska-Serda et al., 2014; Song, Feng, Liang,
Yang, and Liu, 2016; Wenzl and Wilkens, 2011). PDT-induced hypoxia activates the
hypoxia-inducing factor (HIF) signaling pathways, resulting in the production of pro-
angiogenic growth factors, such as vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), and angiopoietin (ANGPT), which promote tumor proliferation and
angiogenesis. (V. Rapozzi, 2015). Therefore, PDT-induced hypoxia can restrict the
therapeutic effects of PDT and reduce its efficiency in tumor destruction.

Carbonic Anhydrase (CA) is an enzyme on the cell surface which have two
isoforms namely CAIX and CAXIl. The HIF-pathway selectively upregulates CAIX genes
to regulate intracellular and extracellular pH, which increases invasive tumor survival
in hypoxic environments. (Kaluz, Kaluzova, Liao, Lerman, and Stanbridge, 2009;

McDonald, Winum, Supuran, and Dedhar, 2012). Furthermore, CAIX has recently been



identified as a promising target of cancer diagnostic and therapeutic drugs.
(Mahalingam, Chu, Liu, Leamon, & Low, 2018; Claudiu T. Supuran, 2008). Recently, an
angiogenesis inhibitor in combination with PDT has been realized as a promising
approach to enhance PDT and overcome PDT-induced hypoxia by blocking the
angiogenic factor (Kalinin et al., 2021). Acetazolamide, CAIX targeted and anti-
angiogenesis inhibitor (Vaeteewoottacharn et al., 2016), is a low molecular weight
lisand that was considered the potential of anti-angiogenic therapy coupling with PDT.

Aza-BODIPY dye is one of the potential selected PDT agents with Ay, >700 nm
in the near-IR (NIR) region, which has less biomolecular scattering resulting in more
effective PDT treatment in deep-seated tissues. (Grosjean, Wagnieres, Fontolliet, van
den Bergh, and Monnier, 1998). Moreover, their structures can be conjugated with
many targeting ligands (Kamkaew and Burgess, 2015; Kamkaew et al., 2013; Kue et al,,
2018).

In this study, acetazolamide-aza-BODIPY conjugated as a CAIX targeting probe
was developed to be a CAIX inhibitor and overcome the hypoxia limitation in PDT.
However, most small molecule-drug conjugates in industrial development are based
on monovalent targeting moieties (Tavares, Pechar, Chytil, and Etrych, 2021; van der
Meel, Vehmeijer, Kok, Storm, and van Gaal, 2013). While some recent studies with
small-molecule ligands have suggested that bivalent conjugates provide a better
targeting (Brahimi, Ko, Malakhov, Burgess, and Saragovi, 2014; Carlson, Mowery, Owen,
Dykhuizen, and Kiessling, 2007; Krall, Pretto, Decurtins, et al., 2014; Staderini, Legname,
Bolognesi, and Menéndez, 2013). Aza-BODIPY was conjugated with bivalent
acetazolamide to perform cancer-targeting (AZB-I-CAIX,) and without acetazolamide
as control which gives only the PDT effect without any targeting ability (AZB-l-control).
In general, aza-BODIPY core structures are quite hydrophobic, thus, triethylene glycol
is chosen to be a linker in this study, because it can help improve the solubility. Their

chemical structures are shown in Figure 1.1.



AZB-I-CAIX,

Figure 1.1 Structures of targeting probe (AZB-I-CAIX,) and control (AZB-l-control) in
this study.

1.2 Research objectives

There are four goals to be developed for the bivalent acetazolamide-aza-
BODIPY probes based on CAIX targeting that overcome hypoxia limitation for PDT.

1.2.1 Synthesis and characterization of bivalent acetazolamide conjugated aza-
BODIPY and the control probe for CAIX expression cancer-targeting and test for their
PDT property (singlet oxygen quantum yields).

1.2.2 To investigate CAIX-dependent specificity of the targeted and control
probes using human cell lines with endogenous CAIX expression.

1.2.3 To determine the photocytotoxicity of the PDT effect of the probe (AZB-
I-CAIX,) in cancer and normal human cell lines.

1.2.4 To evaluate CAIX targeting to overcome the hypoxia limitation for PDT,
using PDT to eradicate murine cancer cells with increased CAIX expression due to

hypoxia. This goal examines murine cells in vitro as a mouse model.



CHAPTER Il
LITERATURE REVIEW

2.1 Tumor Angiogenesis

Angiogenesis is the process of a new blood vessel building which is controlled
by chemical signals. In all tissues, capillaries are necessary for the diffusion exchange
of nutrients and oxygen, which is a key to cell growth. Tumor cells feed on the new
blood vessels by producing vascular endothelial growth factor (VEGF) which is a signal
protein to stimulate the formation of blood vessels for the tumor survival (Nishida,
Yano, Nishida, Kamura, and Kojiro, 2006). Angiogenesis has been suggested as a
significant factor in cancer regrowth by scientists. Because in the absence of vascular
support, tumors could become necrotic or even apoptotic, tumors need a blood
supply to grow beyond a few millimeters in size and to send chemical signals that
stimulate angiogenesis (Figure 2.1). Furthermore, they can induce the production of
angiogenesis signaling molecules in surrounding normal cells. The resulting new blood
vessels feed growing tumors with oxygen and nutrients, allowing the tumor cells to
invade nearby tissue, to move throughout the body in the process, called metastases.
The development of anti-angiogenesis strategies was mannered by knowing that
tumors cannot up-regulate angiogenic activity and cannot erow beyond a certain size
or spread without a blood supply. There are four main approaches that are used based
on the idea that blocking tumor vasculature could be a potential anticancer therapy
alternative: suppression of endogenous elements that stimulate the development of
blood vessels, the discovery and use of natural inhibitors of angiogenesis, the
suppression of chemicals that promote tumor blood vessel penetration into
surrounding tissue, and the incapacitation of endothelial cells that are actively growing
(Teleanu, Chircov, Grumezescu, and Teleanu, 2019). Additionally, currently, anti-
angiogenic drugs including bevacizumab, sunitinib, and pazopanib, are the most

applied for various cancer-type treatments (Kikuchi, Stevens, Harada, Oltean, and



Murohara, 2019; Teleanu et al,, 2019; Wang, Zorn, and Kuriyan, 2014). However, the
drugs have been associated with numerous side effects and relapses owing to invasion
and resistance, requiring a combination of other therapies for enhanced outcomes
(Mahfouz et al., 2017). Merging therapeutic techniques (e.g., chemotherapy, radiation,
immunotherapy, and photodynamic therapy) with anti-angiogenic therapy has
considerable synergistic benefits and has started a new frontier in the cancer treatment

(Liang et al., 2021).
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Figure 2.1 The role of angiogenesis in tumor growth. A) When a tumor mass is modest,

local blood vessels can provide oxygen and nutrients. B) As the tumor expands beyond
the ability of local blood vessels, soluble pro-ansiogenic factors are generated,
encouraging the sprouting of new vessels from existing local blood vessels (sprouting
angiogenesis). C) These vessels provide a blood supply for the tumor, which is essential

for a tumor to develop bigger beyond 2-3 mm in size (Ferrara and Kerbel, 2005).

2.2 Carbonic Anhydrase IX (CAIX) and Its Inhibitors

Carbonic anhydrase isozyme IX (CAIX) is a membrane-associated enzyme with
a zinc-containing extracellular catalytic active site in reversible hydration of carbon
dioxide to hydrogen carbonate and H* (CO, + H,O — H* + HCO5") that builds up the
acidity in the extracellular in many type of tumors (C. T. Supuran and J. Y. Winum,
2015) (Figure 2.2A). Therefore, CAIX has a key role in the pH balances of both intra-
and extracellular environments. The hypoxia regulates the expression of the encoding
CAIX through binding the transcription factor HIF-1a to a hypoxia-responsive element
in the gene via the HIF-1 signaling cascade, leading to increased overexpression of CAIX

in many tumors as a result of decreasing pH in (pH. = 6.5 - 7.0), while normal tissues



are neutral (pH = 7.4), as shown in Figure 2.2B. Moreover, CAIX exists as a disulfide-
linked dimer in its natural state and is expressed in only a small number of healthy
tissues. CAIX levels are dramatically raised in many solid tumors in response to hypoxia
or mutations in the Von Hippel-Lindau tumor suppressor protein (pVHL), a tumor
suppressor, resulting from its role as a master regulator of hypoxia-inducible factor

(HIF) activity (Bui et al., 2003).

A B HCO, + H*
HCO, Na* pH, = 6.5-7.0
CAIX W H*
. Proteoglycan- i H,0
like domain +
co, ADP + P +-¥ NHE &',
Extracellular } : CAII\ [y -7274 ATP /’ "
P "20,+ H,0 +== HCO, + H'
domain Sl s + Lactate Lactate
v T
5 Glycolysis
Trans- ]
membrane $TPTPROR 995 0209000000 7998009082 MCT
region I’ Intracellular ]
tail 4
I
!
Endothelium i

W el e lSlis e oo el -,._-_1._(giqc;:'uoi;lo_l'-_:-_(._ro_i
Figure 2.2 CAIX structure and its pH regulatory function in a tumor cell. A) Dimeric
CAIX structure from PDB: 3IAl, cofactor zinc is containing transmembrane protein with
an extracellular active site, with four domains: an N-terminal proteoglycan-like domain
(orange), a catalytic domain (grey), a single-pass helical transmembrane region, and a
short intracellular tail (blue). B) In cancer cells, molecular systems are involved in pH
control and ion transport. Glycolysis produces lactic acid from glucose. (i) The
monocarboxylate transporter (MCT) imports lactate and H* ions from the extracellular
fluid. (i) The Na*=H* exchanger (NHE), which is active in transformed cells, exports H*
and imports Na*, resulting in high intracellular Na* levels, which are prevalent in tumor
cells. (i) The H*-ATPase pump transports H" to the extracellular space, resulting in
low pH.. (iv) Carbonic anhydrase isozyme II (CAll) provides H,O and CO,, which are
exported via aquaporins and utilized by cell-surface CAs to create HCOs. (v)
Extracellular, CAIX and CAXIl create HCO5™ ions, which are transferred inside via HCO5~
—Cl” anion exchangers. Copyright © 2015 Current Opinion in Chemical Biology (Wichert
and Krall, 2015).



According to several preclinical investigations, CAIX induction has been
considered one of the crucial pathways in cancer that leads to the development of
therapy resistance to poorly basic anticancer drugs. (Becker, 2020; C. T. Supuran, 2017,
C. T. Supuran et al.,, 2018). CAIX inhibitors have been validated as an imaging and
therapy target for hypoxia tumors, angiogenic tumors, and metastases of hypoxic
tumors, based on the reduction of CAIX catalytic activity can lower the proliferation
and metastatic potential of several types of tumor cells. Two types of CAIX inhibitors
bind to the active site: first, coordinate with the zinc ion (sulfonamide, sulfamate,
sulfamide, dithiocarbamates, xanthate, inorganic anions), and second, do not interact
with the metal ion (phenols, polyamines, coumarins). Sulfonamides are the most
common class of CAIX inhibitors (Figure 2.3). However, many of them exhibit strong
inhibitory activity but less selectivity for the tumor-associated CAIX versus the
ubiquitous isoform human CAIll (C. T. Supuran, 2012; J. Y. Winum, Rami, Scozzafava,
Montero, and Supuran, 2008). Modification of chemical properties of the CAIX inhibitors
can be more selective to CAIX via the attachment of different side chains. These side
chains can bind to the reach to the active site of CAIX, the area with the most diversity,
and selectivity flexible to bind CA isoforms, depending on their size or surface
topology. Furthermore, the side chain composition can improve membrane
permeability, allowing the inhibitor to bind to extracellular isoforms exclusively or
mostly. (Stiti et al., 2008; J.-Y. Winum, 2005; J. Y. Winum, Colinas, and Supuran, 2013).
The sulfonamides for CAIX-directed imaging have been published by the Lambin
research group (Dubois et al., 2009), with the fluorescent containing sulfonamide group
1, the experiments revealed that the fluorescent sulfonamide binding to CAIX was
reliant on the enzyme production and activation and that it only happened under
hypoxic situations. One of the most important findings in the development of
sulfonamides for CAIX-directed therapeutics was disclosed in 2011 by the Supuran
research group for ureido-substituted benzenesulfonamides inhibitors. (Ahlskog,
Dumelin, Trussel, Marlind, and Neri, 2009). The researchers discovered a large CAIX-
targeted series that had excellent antimetastatic properties in vivo in breast cancer
xenograft models. When compared to the off-target isoforms of human CAI and CAll,

all the reported compounds showed a substantial affinity and selectivity for CAIX. In



other studies, compound 2 was able to significantly block human breast cancer
invasion and diminish the cancer cell population in vivo (Lock et al., 2013). SignalChem
Lifesciences (Vancouver, Canada) is developing an intriguing family of CAIX inhibitors 2,
it is currently in clinical Phase 1a and pharmacokinetics in patients with advanced solid
tumors. In addition, the Neri research group reported CAIX targeted based diuretic 3 in
2009 (Ahlskog et al,, 2009). It contained an acetazolamide derivative which has a
sulfonamide part that is linked with a long side chain. Compound 3 can bind serum
albumin, preventing it from internalizing and allowing membrane CAs to be targeted.
In the absence of serum albumin, this compound was able to block the enzymatic
activity of CAIX and disturb pH regulation in cancer cells. In two human tumor models,
in vivo, the therapeutic action of 3, alone or in combination with 5-fluorouracil,
resulted in significant tumor growth retardation, but no significant improvement over
treatment alone. Moreover, acetazolamide is a clinically used CA inhibitor and shows
high selectivity ratio (CAIX/CAIl and CAll) by inhibition assay against CAIX, CAl, and CAll
in vitro (Liu et al., 2018). However, acetazolamide also can suppress tumor metastasis
and inhibit the angiogenesis (Abd-El Fattah, Darwish, Fathy, and Shouman, 2017; Jung
et al,, 2017).
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Figure 2.3 Sulfonamide and acetazolamide derivative structures.



2.3 Photosensitizer and Photodynamic Therapy

A new class of photodynamic therapy (PDT) agents is based on the boron-
dipyrromethene (BODIPY) core containing BF, bridging unit and constitutes a popular
class of fluorophores. BODIPYs have many desirable photosensitizer properties, such
as high extinction coefficients, strongly singlet oxygen production, and resistance to
photobleaching (Yogo, Urano, Ishitsuka, Maniwa, and Nagano, 2005). However, BODIPY
as photosensitizer must be modified by heavy atom effect on the core structure of
BODIPYs such as halogen atom (H, Br, I) to depress fluorescence to enhance singlet-
to-triplet intersystem crossing and make the exciting electron stay longer time in the
excited triplet state, long enough to interact with the oxygen to generate reactive
oxygen species and singlet oxygen to harm cancer cells. This heavy atom effect from
halogen atoms can serve as an electron acceptor to conjugate with the BODIPY core
and correspond to a red shift resulting in an upper excited triplet state level which
makes slower relaxation energy, so the oxygen has enough time to react with exciting
electron. While the heavier iodine atom shows a strongest electron-accepting ability
than the bromine and hydrogen atoms respectively. Therefore, iodinated BODIPY has
a higher singlet oxygen quantum yield than bromine and hydrogen, as shown in the

example in Figure 2.4 (Zou et al., 2017).

low singlet oxygen quantum yields high
-, 1 | _\d
heavy atom effect

Figure 2.4 Influence of heavy atom effect from halogen atom on BODIPY to their singlet

oxygen quantum vyields.

PDT (Figure 2.5) uses photochemical reactions to destroy the tumor and has
two main mechanisms (type | and Il). Photosensitizer (PS) was excited by a suitable

wavelength of light. It will be an excited singlet state. And then, it will go intersystem
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crossing and stay longer time in the excited triplet state, long enough to interact with
the biomolecule to produce radicals and reactive oxygen species (ROS) in the “Type
I” mechanism. In addition, it can interact with oxygen molecules to generate singlet
oxygen (*0,) in the “Type II” mechanism. Both types of mechanisms occur
simultaneously, making matters extremely reactive and cytotoxic to destroy the cells
directly by inducing apoptosis. The balance between these two mechanism types
depends on the concentrations of oxygen and the affinity of the PS as substrates. PDT
has three key characteristics of being highly cancer-killing effective: first, the
photosensitizer only kills cells in the region that is accumulated and irradiated with
the light which generated 'O, has a half-life of about 1 ns, and second, deep tissue
targeting requires agents that have longer wavelengths of absorption and emission in
near-IR (ideally, >700 nm), and third, PDT is highly selective and non-invasion to normal
cells after irradiated with the light and no toxic to the cells without the light irradiation
because it can affect biological substrates within a 20 nm radius of the area where the
PS accumulated. Consequently, PS localization is a critical feature in drug delivery
studies to target tissues. (Baldea and Filip, 2012; Huang, 2005). However, the PDT
process can lead to secondary effects besides ischemia, hypoxic tissue, and
inflammation cells, as well as changes in the expression of chemical molecules that
are involved in growth factor receptors, matrix metalloproteinases, cytokines, and

proteins of apoptosis, and/or survival pathways.
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Figure 2.5 Jablonski’s diagram of PDT. The diagram shows a mechanism following a
specific light absorption wavelength of photosensitizer (PS) reaching an excited singlet

state. Then, After the excited PS (PS.) was an intersystem crossing to triplet excited
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state and PSg; can react in two ways, Type I: react with biomolecules through a
hydrogen atom (electron) transfer to form radicals, which react with molecular oxygen
to generate reactive oxygen species (ROS); or Type Il: PS.; on triplet state can react
directly with oxygen through energy transfer, generating singlet oxygen (*O,) that kills
the cells directly through inducing apoptosis. Copyrisht © 2016 Molecules (Calixto,
Bernegossi, De Freitas, Fontana, & Chorilli, 2016)

After PDT, the Type II mechanism is considered the principal mechanism
(Macdonald and Dougherty, 2001) that causes hypoxia by oxygen depletion and local
vascular injury, which can effectively cut off blood flow to the tumor. Hypoxia
generated by PDT can improve stability and, as a result, HIF-1a protein production.
(Ferrario and Gomer, 2010; Ferrario et al., 2000; Mitra et al., 2006). Because the prolyl
hydroxylase domain protein 2 (PHD2) catalyzes the fast hydroxylation of HIF-1a
resulting in its ubiquitination and proteasomal target in normoxia situations. However,
this reaction is blocked in the absence of oxygen or in hypoxia through the stabilization
of HIF-1a. Once stabilized, HIF-1a can bind to its partner, HIF-1B, which is constitutively
expressed, forming the functional transcription factor. Dependent binding of HIF-1a to
HIF-1B is a transcription factor that can translocate to the nucleus and mediates the
cellular response to hypoxia by inducing the transcription of a variety of proangiogenic
molecules, such as VEGF, platelet-derived growth factor B (PDGF-B), epidermal growth
factor (EGF), and angiopoietin (ANGPT), all of which trigger angiogenesis and promote
tumor regrowth. (Galban and Gorospe, 2009; Gallagher-Colombo, Maas, Yuan, and
Busch, 2012; Semenza, 2010). Therefore, hypoxia can limit the therapeutic efficacy of
PDT.

2.4 CAIX inhibitor in Combination with Photosensitizer for Photodynamic
Therapy

CAIX has recently been validated as an antitumor/antimetastatic imaging and
therapy target. Currently, many sulfonamides of the benzenesulfonamide type, as well
as acetazolamide, have been discovered as incredibly potent and specific CAIX

inhibitors. CAIX-based solid tumor treatment using small molecule CAIX inhibitors has
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already advanced in clinical studies (Phase 1a) (C. T. Supuran and J.-Y. Winum, 2015).
However, as shown in Figure 2.6, recently several studies have connected
acetazolamide to a fluorescent dye or photosensitizer to offer visualization and

therapy in cancer cells.
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Figure 2.6 CAIX inhibitor (acetazolamide) in combination with NIR dye and
photosensitizer. A) IRDyes750 was conjugated with mono- and bi-valent of CAIX
inhibitor using peptide linkage. B) Dibromo-BODIPY conjugated with monovalent of
CAIX inhibitor.

The number equivalent of CAIX inhibitor to near-infrared (NIR) fluorescence

dyes was studied by Neri and coworkers (Krall, Pretto, and Neri, 2014). Because bivalent
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targeting molecule is more strongly than monovalent one, bivalent antibody formats
should be favored for antibody-based pharmaceutical delivery techniques, so this
research compared bivalent and monovalent small molecule-drug (acetazolamide)
conjugates against CAIX constitute to see an effective chemical method for delivering
therapeutic medicines into neoplastic masses (Figure 2.6A). From flow cytometry, the
fluorescence intensity for bivalent CAIX IRDye750 was more shifted than the one
observed for monovalent CAIX IRDye750, consistent with surface plasmon resonance
characterization (SPR) that indicates the bivalent molecule is more selective to CAIX.
In vivo, the bivalent one showed strongly accumulated in the renal tumor and
exhibited significantly longer stay than monovalent on tumor after 24 h injection.
Therefore, they suggest that using bivalent small molecule ligand-drug conjugates
against CAIX could be a promising therapy option for cancers that are CAIX-positive.
In another literature review, Jung and coworkers have studied newly emerging
strategies for cancer treatment with PDT agent-based BODIPY conjugated with
monovalent angiogenesis inhibitor, acetazolamide, AZ-BPS (Figure 2.6B) to hypoxia
tumor via CAIX overexpression (Hyo Sung Jung et al.,, 2017). They found that with this
conjugation, the compound is specifically bound to CAIX overexpressing cancer cells
more than CAIX negative cells. This can enhance photocytotoxicity through
mitochondrial dysfunction and inhibit tumor angiogenesis through CAIX by generating
singlet oxygen. AZ-BPS can improve PDT efficiency by combining PDT actions with anti-
angiogenesis, delivering a benefit that neither alone can provide. In overcoming the
consequences of hypoxia, the strategy incorporating BODIPY targeting CAIX based
photo-killing is projected to offer up new opportunities in the field of PDT, while
advancing those related to anti-angiogenesis treatment. It is so expected to result in
significant new advancements in cancer detection and therapy. However, BODIPY has
a maximum absorption of ~500 nm and emission of ~520 nm of the light in the visible
region. Because visible regions can be reflected, scattered, and absorbed by
biomolecules, such as H,0O, hemoglobin, and lipid, when entering tissues as shown in
Figure 2.7B (Chinen et al., 2015), the image from that UV-vis region permits the real-
time capture of wide-field images with a little signal-to-noise ratio and temporal

resolution. In comparison to fluorescence imaging, the NIR window offers benefits in
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terms of less photon scattering, lower absorption, and minimal interference from
biomolecules or autofluorescence. So NIR imaging allows high resolution and a higher
signal-to-noise ratio which could be used for diagnostic and therapeutic purposes.
Therefore, the NIR window is a suitable region for deeper tissue imaging and treatments

(Figure 2.7A).
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Figure 2.7 Illustration of the penetration depth of different types of light and their
scattering in tissues. A) Tissue penetration depth of light with different wavelengths
(UV to NIR regions). B) Light can be reflected or absorbed by biomolecules within the
tissue or excite fluorophores to emit lisht at a different wavelength when irradiating a

tissue. Copyright © 2018 Chemical Society Reviews (He, Song, Qu, and Cheng, 2018).

Here, AZB-I-CAIX, was designed based on aza-BODIPY, which has longer
wavelength absorption and shows more red-shift fluorescence emission to the NIR
region compared to BODIPY (Figure 2.8) conjugated with the bivalent ligand
(acetazolamide) that is better binding and more selective than monovalent. Aza-
BODIPY is a NIR dye so the NIR light can irradiate to a deeper issue to the accumulated
targeted compound and show less light scattering from biomolecule. In addition, one
iodine stayed on the B position of aza-BODIPY to give a heavier atom effect and provide
better singlet oxygen quantum yields and fluorescence quantum yields to improve
photophysical properties from the visible region into NIR regions. Moreover,
polyethylene glycol (PEG) was linked between the ligands and aza-BODIPY to enhance
biocompatibility. AZB-I-CAIX, can selectively target CAIX overexpression cells using the
acetazolamide part and overcome the PDT-induced hypoxia limitation thereby making

PDT more efficient in hypoxic tumors, which is the initial reason for angiogenesis.
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Figure 2.8 Comparing structure and absorption and emission of BODIPY and aza-

BODIPY.



CHAPTER Il

EXPERIMENTAL SECTION

3.1 Synthesis and characterization

3.1.1 Chemicals reagents

Prior to usage, all glassware was oven-dried. All the chemicals and solvents

were acquired commercially and utilized without additional purification (Table 3.1

and 3.2).

Table 3.1 Chemicals used for the synthesis.

Chemicals Formula Supplier
Azido-PEG CeH13N305 reference!
Succinic anhydride C4HqO5 Sigma-Aldrich
Hydrolyzed acetazolamide CyHgN4O5S, reference?
1-Ethyl-3-(dimethylaminopropyl)

CgHq7N3 Tokyo Chemical Industry

carbodiimide (EDC)
4-Dimethylaminopyridine (DMAP) C7H1oN, Tokyo Chemical Industry
Aza-BODIPY (Aza-NH,) C34H28BF,N50, reference®
5-Hexynoic acid CeHgOs Tokyo Chemical Industry
N-lodosuccinimide (NIS) C4HaINO, Tokyo Chemical Industry
Sodium ascorbate (Na ascorbate) CgH;NaOg Tokyo Chemical Industry
Copper(ll) sulfate pentahydrate CuSO,*5H,0 Carlo Erba

! (Pewklang, Chansaenpak, Lai, Noisa, and Kamkaew, 2019)

% (More et al., 2018)
* (Kamkaew and Burgess, 2015)
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Table 3.2 NMR solvents and molecular probes for fluorescence quantum yields and

singlet oxygen quantum yields calculation.

Chemicals Formula Supplier
Chloroform-d CDGCs Sigma-Aldrich
Methanol-d4 CDs;0OD Sigma-Aldrich
Dimethyl sulfoxide-dg (CD4),SO Sigma-Aldrich
Zinc phthalocyanine (ZnPc) CaoHq1NgZn Sigma-Aldrich
1,3-Diphenylisobenzofuran (DPBF) CyoH140 Tokyo Chemical Industry

Methylthioninium chloride
C16H15CINSS Carlo Erba
(methylene blue)

3.1.2 Characterizations

3.1.2.1 Nuclear magnetic resonance (NMR)

NMR is the instrument that allows being analyzed and identification of
molecular structure by monitoring the interaction of nuclear spins once placed in a
powerful magnetic field. Therefore, all new compounds were analyzed by 'H, *C, and
F NMR spectra on a Bruker-500 MHz spectrometer at room temperature. Chemical
shifts of 'H NMR (500 MHz) spectra were reported in ppm and calibrated from the
residue solvent peak, CDCl; (7.24 ppm), MeOD-d, (3.31 ppm), and DMSO-dg (2.50 ppm).
'H NMR data are reported as follows: chemical shift (8), resonance splitting (s = singlet,
d = doublet, t = triplet, m = multiplet, dd =doublet of doublet), coupling constants
(J), and a number of protons. *C NMR (125 MHz) spectra were also recorded in ppm
from the solvent resonance, CDCl; (77.23 ppm), MeOD-d4 (49.00 ppm), and DMSO-dg
(39.50 ppm).

3.1.2.2 Mass spectrometry (MS)

Mass spectrometry is another technique that can identify the molecular
weight properties of new compounds. By determining the mass-to-charge ratio (m/z)
of one or more molecules in a sample can investigate the exact molecular weight of

the compound. For this research, all new compounds were analyzed mass by high-
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resolution Electrospray lonization Time of Flight mass spectroscopy (high-resolution

ESI-TOF-MS) with positive or negative mode (micrOTOF-Q, Bruker Daltonics).

3.1.3 Synthesis part

AZB-I-CAIX; was synthesized via the azide-alkyne Huisgen cycloaddition or click
chemistry reaction between the azido group of two acetazolamide moieties (2) and
the alkynes on iodo-aza-BODIPY derivative (4). For the preparation of 4, amino aza-
BODIPY (AZB-NH,) was amide coupling with 5-hexynoic acids followed by mono-
iodination via electrophilic aromatic substitution reaction. A similar reaction setting was
employed to synthesize AZB-I-control, except that no acetazolamide (1) was used in
the linker (Scheme 1). Their purifications were perfumed by column chromatography
employing silica gel (Carlo Erba) as a normal stationary phase. The reactions were
followed using analytical thin-layer chromatography (TLC) ( Silica gel 60 F254, Merck)

and were visualized using a UV cabinet.

o
S__ & O,__NH,
HoN ™S ~NH, 5o ¢
N O g OH N OO NOH Hydrolyzed-acetazolamide, EDC, DMAP Mg OO NN )L\N,
3 DMF, 55°C,24h ° b DMF, 0-30 °C, 24 h o H
Azido-PEG 1, 100%

5-hexynoic acid, EDC, DMAP N, iodosuccinimic ide

CHCI3:CH3COOH (3:1), 30°C, 1 h

DCM, 0-30°C, 2h

AZB-NH,

1, Na ascorbate, CuSO,
AZB-I-Control, 61%

DMSO-H,0, 30 °C, 1h
2, Na ascorbate, CuSOy4
DMSO-H,0, 30 °C, 1h

AZB-I-CAIX,, 60%

Scheme 3.1 Synthetic scheme of AZB-I-CAIX, and AZB-I-control

4-(2-(2-(2-azidoethoxy)ethoxy)ethoxy)-4-oxobutanoic acid (1).

Azido-PEG (1.1848 g, 6.7666 mmol) and succinic anhydride (3.0340 g, 30.319
mmol) were dissolved in dry DMF (5 mL). Then, the mixture was stirred at 55 °C for 24
h. After that, the reaction mixture was extracted with dichloromethane and DI water

(100 mL x 1), and followed by brine (100 mL x 1). The organic layer was dried by
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anhydrous Na,SO4 and the solvent was removed under vacuum pressure. The product
was obtained without purification to yield 1.8616 ¢ (100%) of 1 as a pale-yellow oil. 'H
NMR (500 MHz, DMSO-dy): 6 = 12.20 (s, 1H), 4.21 (t, J = 5.0 Hz, 2H), 3.69 (t, J = 5.0 Hz,
2H), 3.64 (m, 2H), 3.46 (t, J = 5.0 Hz, 2H), 2.97 (s, 2H), 2.81 (s, 2H), 2.58 (m, 2H), 2.55 (m,
2H). 3C NMR (125 MHz, DMSO-dg): 6 = 174.0, 172.6, 70.3, 70.1, 69.4, 68.8, 63.8, 50.5,
31.2, 29.2 ppm. MS (high resolution ESI*) m/z: the calculated value (calcd) for
CyoH17N3NaOg ([M+Nal*) : 298.1015, found 298.1010.

2- (2- (2- azidoethoxy)ethoxy)ethyl 4-oxo-4- ((5-sulfamoyl- 1,3,4-thiadiazol-2-yl)
amino)butanoate (2).

1 (1.5611 g, 5.6744 mmol) and hydrolyzed acetazolamide (1.1235 g, 6.2417
mmol) were dissolved in dry DMF (5 mL). The reaction mixture was then cooled to 0
°C in water bath. 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 1.6317 ¢, 8.5117
mmol) and 4-dimethylaminopyridine (DMAP, 0.1386, 1.134 mmol) were added into the
mixture at 0 °C. The reaction mixture was stirred in 30 °C for 24 h. After that, the
reaction was extracted with DCM and 0.2 M HCl (100 mL x 1), DI water (100 mL x 2)
and brine (100 mL x 1), respectively. The organic layer was then dried over anhydrous
Na,SO, and the solvent was removed by evaporator. The obtained residue was purified
by silica chromatography eluting with hexane: ethyl acetate (3: 1 to 2:1) to yield 1.2897
g (52%) of 2 as a pale-yellow oil. *H NMR (500 MHz, DMSO-dg): & = 8.09 (s, 2H), 7.00 (s,
1H), 4.32 (t, J = 5.0 Hz, 2H), 3.78 (t, J = 5.0 Hz, 2H), 3.74 (m, 2H), 3.47 (t, J = 5.0 Hz, 2H),
3.04 (s, 1H), 3.00 (t, J = 7.0 Hz, 2H), 2.95 (s, 1H), 2.86 (t, J = 7.0 Hz, 2H). *C NMR (125
MHz, DMSO-dg): & = 172.8, 171.0, 164.4, 162.9, 70.5, 70.4, 69.9, 69.0, 64.2, 50.7 ppm.
MS (high resolution ESI*) m/z: the calculated value (calcd) for Cy,H;5N,NaO;S, ([M+Na]*)
: 460.0685, found 460.0680.

N,N'-((5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-414,514-dipyrrolo[ 1,2-c:2',1'-

fI[1,3,5,2]triazaborinine-1,9-diyl)bis(3,1-phenylene))bis(hex-5-ynamide) (3).
AZB-amine (0.2040 g, 0.3468 mmol) and 5-hexynoic acid (0.20 mL, p = 1.03,

1.8 mmol) were dissolved in dry dichloromethane (6 mL). The reaction mixture was

then cooled to 0 °C 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 0.2600 g,



20

1.3563 mmol) and 4-dimethylaminopyridine (DMAP, 0.0350 ¢, 0.0286 mmol) were
added into the mixture at 0 °C. The reaction mixture was stirred in 30 °C for 2 h. After
that, the reaction was extracted with DI water (100 mL x 3) and brine (100 mL x 1),
respectively. The organic layer was then dried over anhydrous Na,SO4 and the solvent
was removed by evaporator. The obtained residue was purified by silica
chromatography eluting with dichloromethane: MeOH (100:0 to 98: 2) to yield 0.1972
g (73%) of 3 as a red metallic solid. *H NMR (500 MHz, CDCls + 3 drops of MeOD-d,): &
=797 (d, J = 9.0 Hz, 2H), 7.95 (s, 1H), 7.67 (s, 1H), 7.66 (s, 1H), 7.28 (t, J = 6.0 Hz, 1H),
6.95 (s, 1H), 6.92 (d, J = 9.0 Hz, 2H), 3.82 (s, 1H), 2.39 (t, J = 7.5 Hz, 2H), 2.25 (t, / = 7.5
Hz, 2H), 1.97 (s, 1H), 1.85 (t, J = 7.5 Hz, 2H). *C NMR (125 MHz, CDCl; + 3 drops of
MeOD-d,): 6 = 171.4, 162.0, 145.2, 142.3, 138.4, 133.0, 131.7, 129.0, 125.0, 123.9, 120.7,
119.0, 114.9, 83.6, 69.3, 55.4, 35.7, 24.0, 17.9 ppm. MS (high resolution ESI*) m/z: the
calculated value (calcd) for CagHagBF,NsNaO,4 (IM+Na]*) : 798.3039, found 798.3041.

N,N'-((5,5-difluoro-2-iodo-3,7-bis(4-methoxyphenyl)-5H-514,6l4-dipyrrolo[ 1,2-
c:2',1'-f1[1,3,5,2]triazaborinine-1,9-diyl)bis(3,1-phenylene))bis(hex-5-ynamide) (4).
3 (97.7 mg, 0.1260 mmol) was dissolved in 6 mL of CHCls: CH;COOH (3:1). N-
iodosuccinimide (NIS, 63.2 mg, 0.281 mmol) was then added to the solution and stirred
at 30 °C for 1 h. After that, the reaction was stopped by adding DI water (20 mL) and
extracted with sat. Na,SOs (2 x 20 mL), sat. NaHCO3 (2 x 20 mL) and brine (1 x 100 mL),
respectively. The organic layer was then dried over anhydrous Na,SO4 and the solvent
was removed by evaporator. The obtained residue was purified by silica
chromatography eluting with 100% dichloromethane to yield 54.5 mg (48%) of 4 as a
red metallic solid. *H NMR (500 MHz, DMSO-de): & = 10.21 (s, 1H), 10.07 (s, 1H), 8.27 (d,
J =9.0 Hz, 2H), 8.24 (s, 1H), 8.17 (s, 1H), 7.93 (d, J = 8.0 Hz, 1H), 7.80 (d, J = 7.5 Hz, 1H),
7.72 (m, 2H), 7.69 (s, 1H), 7.67 (s, 1H), 7.53 (m, 1H), 7.51 (m, 1H), 7.38 (t, J = 7.5 Hz, 1H),
7.21(d, J = 9.0 Hz, 2H), 7.18 (d, J = 9.0 Hz, 2H), 3.95 (s, 3H), 3.94 (s, 3H), 2.91 (d, / = 8.5
Hz, 2H), 2.55 (m, 2H), 2.33 (d, J = 7.5 Hz, 2H), 1.87 (dd, J = 7.0, 5.0 Hz, 2H). *C NMR (125
MHz, DMSO-dg): 6 = 207.3, 171.2, 163.7. 162.4, 161.0, 155.8, 146.8, 145.6, 143.8, 142.9,
139.9, 139.6, 133.3, 133.2, 132.7, 131.8, 129.3, 128.8, 126.1, 125.2, 124.2, 122.6, 122.1,
121.9, 121.1, 120.4, 119.9, 115.2, 113.8, 84.5, 72.1, 56.2, 55.8, 35.5, 24.4, 17.9 ppm, °F
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NMR (470 MHz, DMSO-dg): 6 = -131.23 (q, J = 33.0 Hz, BF,) ppm. MS (high resolution
ESI*) m/z: the calculated value (calcd) for CagHsoBF,INsNaO,4 ([M+Na]*) : 924.2006, found
924.2008.

4,4"-((((((((((5,5-difluoro-2-iodo-3,7-bis(4-methoxyphenyl)-5H-514,64-dipyrrolo
[1,2-c:2',1'f][1,3,5,2]triazaborinine-1,9-diyl)bis(3,1-phenylene))bis(azanediyl))
bis(4-oxobutane-4,1-diyl))bis(1H-1,2,3-triazole-4,1-diyl))bis(ethane-2,1-diyl))
bis(oxy))bis(ethane-2,1-diyl))bis(oxy))bis(ethane-2,1-diyl)) bis(oxy))bis(4-
oxobutanoic acid) (AZB-I-Control)

4 (28.7 mg, 0.0318 mmol) and 1 (38.4 mg, 0.140 mmol) were dissolved in DMSO
(0.5 mL). To the reaction mixture was added freshly prepared Na ascorbate solution
(1.5 mg in 20 pL of DI water, 7.6 umol) and freshly prepared CuSOg4*5H,0 solution (1.0
mg in 20 pL of DI water, 4.0 pumol), respectively. The resulting mixture was stirred
vigorously at 30 °C for 1 h. After that, the reaction was stopped and precipitated by
adding DI water (20 mL). Then, the product was obtained by centrifugation (5000 rpm
for 10 min) and washed with DI water (20 mL) for 5 times. The product was obtained
without purification to yield 28.1 mg (61%) of AZB-I-Control as a dark green solid. 'H
NMR (500 MHz, DMSO-dg): 6 = 12.28 (s, 2H), 10.18 (s, 1H), 10.04 (s, 1H), 8.27 (d, J = 8.5
Hz, 2H), 8.25 (s, 1H), 8.17 (s, 1H), 7.94 (s, 1H), 7.92 (s, 1H), 7.89 (s, 1H), 7.79 (d, J = 8.0
Hz, 1H), 7.71 (s, 1H), 7.68 (d, J = 8.5 Hz, 2H), 7.53 (m, 1H), 7.50 (m, 1H), 7.36 (t, J = 7.5
Hz, 1H), 7.21 (d, J = 8.5 Hz, 2H), 7.18 (d, J = 8.5 Hz, 2H), 4.54 (m, 4H), 4.17 (m, 4H), 3.96
(s, 3H), 3.95 (s, 3H), 3.87 (m, 4H), 3.62 (m, 4H), 3.59 (m, 4H), 3.57 (m, 4H), 2.77 (m, 4H),
2.54 (m, 4H), 2.53 (m, 4H), 2.51 (m, 4H), 2.00 (m, 4H). >C NMR (125 MHz, DMSO-d¢): § =
173.8, 172.6, 171.6, 163.7, 162.4, 161.0, 155.8, 146.8, 145.6, 143.9, 142.9, 140.0, 139.7,
133.3, 133.2, 132.7, 131.8, 129.3, 128.8, 126.1, 125.2, 124.2, 122.8, 122.6, 122.1, 121.8,
121.1,120.4,119.8, 115.4, 115.2, 113.8, 70.1, 70.0, 69.2, 68.7, 63.8, 56.2, 55.8, 49.9, 36.3,
36.2, 29.1, 25.4, 25.3, 25.1 ppm, '°F NMR (470 MHz, DMSO-dg): & = -131.23 (q, J = 33.0
Hz, BF,) ppm. MS (high resolution ESI*) m/z: the calculated value (calcd) for
CgsH73BF2IN 1O (IM]F): 1451.4343, found 1451.4348.
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2-(2-(2-(4-(4-((3-(5,5-difluoro-2-iodo-3,7-bis(d-methoxypheny)-9-(3-(4-(1-(2-(2-(2-
((4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)butanoyl)oxy)ethoxy)
ethoxy)ethyl)-1H-1,2,3-triazol-4-yl)butanamido)phenyl)-5H-514,64-dipyrrolo[ 1,2-
c:2',1'-f][1,3,5,2]triazaborinin-1-yl) phenyl)amino)-4-oxobutyl)-1H-1,2,3-triazol-1-
ylethoxy)ethoxy)ethyld4-oxo-4-((5-sulfamoyl-1,3,4-thiadiazol-2-yl)amino)
butanoate (AZB-I-CAIXj,)

4 (40.0 mg, 0.0444 mmol) and 2 (60.8 mg, 0.139 mmol) were dissolved in DMSO

(0.5 mL). To the reaction mixture was added freshly prepared Na ascorbate solution

(3.0 mg in 20 uL of DI water, 15 pmol) and freshly prepared CuSO,*5H,0 solution (2.0
mg in 20 pL of DI water, 8.0 pumol), respectively. The resulting mixture was stirred
vigorously at 30 °C for 1 h. After that, the reaction was stopped and precipitated by
adding DI water (20 mL). Then, the product was obtained by centrifugation (5000 rpm
for 10 min) and washed with DI water (20 mL) for 5 times. The product was obtained
without purification to yield 48.4 mg (61%) of AZB-I-CAIX, as a dark green solid. H
NMR (500 MHz, DMSO-dy): 6 = 10.07 (s, 1H), 9.93 (s, 1H), 8.30 (s, 4H), 8.19 (d, J = 8.5 Hz,
2H), 8.16 (s, 1H), 8.09 (s, 1H), 7.86 (m, 1H), 7.85 (m, 1H), 7.84 (m, 1H), 7.70 (d, J = 7.5 Hz,
2H), 7.62 (s, 1H), 7.60 (d, J = 8.5 Hz, 2H), 7.45 (m, 1H), 7.42 (m, 1H), 7.29 (t, / = 7.5 Hz,
1H), 7.13 (d, J = 8.5 Hz, 2H), 7.10 (d, J = 8.5 Hz, 2H), 4.46 (t, J = 6.0 Hz, 4H), 4.09 (t, J =
4.0 Hz, 4H), 3.88 (s, 3H), 3.87 (s, 3H), 3.79 (t, J = 6.0 Hz, 4H), 3.54 (t, J = 4.0 Hz, 4H), 3.49
(m, 4H), 3.48 (m, 4H), 2.80 (m, 4H), 2.69 (m, 4H), 2.68 (t, J = 6.5 Hz, 4H), 2.42 (m, 4H),
1.94 (m, 4H). >C' NMR (125 MHz, DMSO-dg): & = 171.6, 1715, 171.4, 171.2, 171.1, 163.7,
152.4, 161.0, 155.9, 146.8, 145.6, 142.9, 140.0, 139.6, 133.3, 133.2, 132.7, 131.8, 129.3,
128.8, 126.1, 125.2, 124.3, 122.7, 122.6, 122.1, 121.9, 121.1, 120.4, 120.0, 115.2, 114.9,
113.8,72.8,72.1, 70.1, 69.2, 60.7, 56.2, 55.8, 49.7, 36.3, 35.6, 25.4, 25.1, 24.4, 17.9 ppm.
MS (high resolution ESI) m/z: the calculated value (calcd) for C7oH76BF,IN;60;18S4 (IM-HI
): 1774.3599, found 1774.3587.
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3.1.4 Photophysical properties

3.1.4.1 Fluorescence quantum yields (D)

The UV-vis-NIR absorption and fluorescence spectra were recorded on UV-
vis Spectrophotometer (Agilent Technologies Cary 300) and Spectrofluorometer
(PerkinElmer LS55), respectively. Briefly, AZB-I-CAIX, and AZB-I-Control were prepared
as solutions in DMSO. The stock solutions of AZB-I-CAIX, and AZB-I-Control were
added to a quartz cell with a 1 cm path length in various solvents (CHCl;, DMSO,
MeOH, and PBS 3%tween 80) to a final concentration of 1 pM. The fluorescence
spectra used the following parameters of excitation wavelengths = 670 nm, excitation
slit widths = 10 nm, and emission slit widths = 10 nm. The fluorescence quantum
yields were calculated using equation (1) as the ratio of the number of photons

released to the number of photons absorbed and related to the fluorescence
quantum yield standard reagent (Zn-pthalocyanine in pyridine, @y = 0.30) (Zhang, Li,
Niu, Sun, and Liu, 2009).

2

Asam e IS nsam e
By = B (=== —) (1)

std Isample nstd

Where ®; = Fluorescence quantum yield of AZB-I-CAIX, and AZB-I-Control
®D., = Fluorescence quantum yield of Zn-pthalocyanine (0.30)
Asample = Peak area fluorescence emission of AZB-I-CAIX, and AZB-I-Control
A.., = Peak area fluorescence emission of Zn-pthalocyanine
I ample = Absorbance at an excitation wavelength of AZB-I-CAIX, and
AZB-I-Control
I,y = Absorbance at an excitation wavelength of Zn-pthalocyanine
Neample = Solvent reflective index of AZB-I-CAIX, and AZB-I-Control

N« = Solvent reflective index of Zn-pthalocyanine
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3.1.4.2 Singlet oxygen quantum yields Da)

Singlet oxygen generation of AZB-I-CAIX, and AZB-I-Control was
determined by the reaction of singlet oxygen ('0,) with 1,3-diphenylisobenzofuran
(DPBF) as a standard singlet oxygen scavenger. The singlet oxygen amount was
quantified by absorbance reduction of DPBF at 408 nm. AZB-I-CAIX, and AZB-I-
Control were exposed with the light using a red LED lamp (660 nm, power density of
8.7 mW cm™) in DMSO at 25 °C compared to a standard singlet oxygen generating dye
(methylene blue). A solution of DMSO containing 50 uM of DPBF as a singlet oxygen
scavenger and 0.5 pM of AZB-I-CAIX; in a quartz cell with 1 cm path length. The DPBF
solution in DMSO (negative control), a solution containing 0.5 uM of AZB-I-Control,
and the solution containing 0.5 uM methylene blue, comparative control, Dr=052
(Jung et al., 2017) were also examined. After being exposed to the light, the absorbance
reduction of DPBF at 408 nm was measured during 0-60 s by an Agilent UV-Vis
spectrophotometer (Carry 300). The changing of absorbance at the initial rate is plotted
against irradiation time. The singlet oxygen quantum yield was calculated according to

equation (2).

grad

sample

Fy,
—=) 2)

(OJEEN ()
A Std( gardstd F

sample

Where @4 = Singlet oxygen quantum yield of AZB-I-CAIX, and AZB-I-Control
D, = Singlet oxygen quantum yield of methylene blue (0.52)
gradq,o.. = Slope of the linear fit of AZB-I-CAIX; and AZB-I-Control
gradgy = Slope of the linear fit of methylene blue
F = Absorption correction factor (F=1-107"%; abs represent absorbance at 660

nm of AZB-I-CAIX, and AZB-I-Control)
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3.2 Cell experiments
3.2.1 Media for cell culture and chemical reagents for cell experiments
All media and chemical reagents for all cell experiments were purchased
from commercial companies which are listed in Table 3.3.

Table 3.3 Media for cell cultures and chemical reagents for cell experiments.

Chemicals Supplier
Dulbecco's Modified Eagle Medium (DMEM) Gibco
Kaighn's Modification of Ham's F-12 (F-12K) ATCC
Roswell Park Memorial Institute (RPMI) Gibco
Fetal Bovine Serum (FBS) Hyclone
Penicillin Streptomycin (P/S) Corning
Hoechst 33342 Thermo Fisher Scientific
Acetazolamide Tokyo Chemical Industry
MitoTracker™ Green FM Thermo Fisher Scientific
LysoTracker™ Green DND-26 Thermo Fisher Scientific
C6-NBD Ceramide (Golgi tracker) Avanti Polar Lipids
ER-Tracker™ Green (BODIPY™ FL Glibenclamide) Thermo Fisher Scientific
Methylthiazolyldiphenyl-tetrazolium bromide (MTT) Sigma-Aldrich
Calcein AM Thermo Fisher Scientific
Propidium iodide (PI) Thermo Fisher Scientific
2'-7'dichlorofluorescin diacetate (DCFH-DA) Sigma-Aldrich

3.2.2 Cell culture

For human cell lines, CAIX expression in MDA-MB-231 (human breast cancer) is
significantly higher than in other cell lines, including MCF-7 (human breast cancer),
Hela (human cervical cancer), A549 (human lung cancer), and HEK-293 (human

embryonic kidney) lines. Therefore, those cell lines were analyzed for different
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endogenous CAIX expression levels. MDA-MB-231, MCF-7, Hela, and Hek293 were
cultured in Dulbecco's Modified Eagle's Media (DMEM) and A549 was cultured in F-12K
Medium. For murine cell lines, 4T1 (murine mammary carcinoma) is higher CAIX
expression than 67NR (mouse breast cancer). Two murine cell lines were cultured in
RPMI media. All cell lines were cultured on 75 cm?® cell culture flasks (NEST)
supplemented with 10% Fetal Bovine Serum (FBS) and 1% Penicillin Streptomycin (P/S)
under a humidified 95% air, 5% CO, atmosphere at 37 °C.

3.2.3 Time-dependent cellular uptake in human cell lines

All human cell lines (MDA-MB-231, MCF-7, Hela, A549, and Hek293) were
seeded on a sterile 8-well (Chamber Slide x /Cover RS Glass Slides, LabTek Il) at 1 x
10% cells/well and incubated at 37 °C for 24 h. After that, the cells were incubated with
5 UM of AZB-I-CAIX; (all cells) and AZB-I-Control (MDA-MB-231 and MCF-7) for 0, 1, 3,
6, and 24 h. Then, the cells were washed three times with 0.01 M of PBS buffer (pH
7.4) and treated with media containing 1.0 UM Hoechst 33342 (DNA fluorescent
staining) for 10 min. The cells were visualized under 60X oil immersion objective lens
by Laser Scanning Confocal Microscope (Nikon AlRsi) with 561 nm laser (AZB-I-CAIX,
and AZB-I-Control) and 405 nm laser (Hoechst33342). Quantitative corrected total cell
fluorescence data was quantified using ImageJ and represented the mean + SD (n =
50). Statistical analysis: One-way ANOVA followed by Tukey’s analysis was used by

GrapPad Prism9 software.

3.2.4 Co-cultured between (+) and (-) CAIX expression cell lines

Positive CAIX expression cells (MDA-MB-231) and negative CAIX expression cells
(MCF-7) were seeded on 35-mm glass-bottom confocal dishes (NEST) at 2 x 10°/well
in single media and incubated at 37 °C for 24 h. After that, the cells were incubated
with 5 uM of AZB-I-CAIX; for 6 h. Then, the cells were washed three times with 0.01
M of PBS buffer (pH 7.4) and treated with media containing 1.0 uM Hoechst33342 for
10 min. The cells were visualized under 60X oil immersion objective lens by Laser
Scanning Confocal Microscope (Nikon AlRsi) with 561 nm laser (AZB-I-CAIX;) and
405 nm laser (Hoechst33342).
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3.2.5 Competitive effect with CAIX ligand

Positive CAIX expression cell lines (MDA-MB-231) were seeded on a sterile 8-
well (Chamber Slide x /Cover RS Glass Slides, LabTek II) at 1 x 10* cells/well and
incubated at 37 °C for 24 h. After that, the cells were incubated with 5 uM of AZB-I-
CAIX; and 0, 500, and 1000 uM of acetazolamide (CAIX ligand) for 6 h. Then, the cells
were washed three times with 0.01 M of PBS buffer (pH 7.4) and treated with media
containing 1.0 pM Hoechst33342 for 10 min. The cells were visualized under 60X oil
immersion objective lens by Laser Scanning Confocal Microscope (Nikon A1Rsi) with
561 nm laser (AZB-I-CAIX,) and 405 nm laser (Hoechst33342). Quantitative corrected
total cell fluorescence data was quantified using ImageJ and represented the mean +
SD (n = 50). Statistical analysis: t-test followed by Tukey’s analysis was used by GrapPad

Prism9 software.

3.2.6 Colocalization study

Positive CAIX expression cell lines (MDA-MB-231) were seeded on a sterile 8-
well (Chamber Slide x /Cover RS Glass Slides, LabTek II) at 1 x 10% cells/well and
incubated at 37 °C for 24 h. After that, the cells were incubated with 5 uM of AZB-I-
CAIX; for 6 h. Then, the cells were washed three times with 0.01 M of PBS buffer (pH
7.4) and treated with 1.0 uM Hoechst33342 in media containing MitoTracker™ Green
FM, LysoTracker™ Green DND-26, C6-NBD Ceramide (Golgi tracker), and ER-Tracker™
Green (BODIPY™ FL Glibenclamide) for 20 min. The cells were visualized under 60X oil
immersion objective lens by Laser Scanning Confocal Microscope (Nikon A1Rsi) with
641 nm laser (AZB-I-CAIX,), 488 nm laser (Mitotracker, Lysotracker, Golgitracker, and
ERtracker), and 405 nm laser (Hoechst33342). Pearson’s correlation coefficient for
colocalization of AZB-I-CAIX, and organelles trackers were obtained from ImageJ for

30 each organelle.

3.2.7 Light-induced cell cytotoxicity assay in human cell lines
All human cell lines (MDA-MB-231, MCF-7, Hela, A549, and Hek293) were
seeded in a 96-well cell culture plate at approximately 7 x 10° cells/well for 24 h.

After that, the cells were incubated with 0, 0.125, 0.25, 0.5, 1, 2, 5, and 10 uM of AZB-
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I-CAIX, (all cells) and AZB-I-Control (MDA-MB-231 and MCF-7) for 6 h. After incubation,
the cells were washed with 0.01 M of PBS pH 7.4 (3 times) before being irradiated by
a red LED lamp (660 nm, power density of 8.7 mW cm™) for 0, 5, 10, and 15 min, and
then re-incubated in dark for another 24 h. Then, the cells were added with 0.5 mg
mL/well of MTT reagent (Methylthiazolyldiphenyl-tetrazolium bromide) in 0.01 M
PBS (pH 7.4) solution for 2.5 h. After the removal of the MTT reagent, the formazan
product was dissolved by adding DMSO. The cell cytotoxicity was detected through
UV-vis absorption of formazan at wavelength 560 nm using a microplate reader (BMG
Labtech/SPECTROstar Nano). ICs, values of cell viability were evaluated by GrapPad
Prism9 software. Statistical analysis: One-way ANOVA followed by Tukey’s analysis was

used by GrapPad Prism9 software.

3.2.8 Live/Dead staining

Positive CAIX expression cells (MDA-MB-231) were seeded on a 6-well cell
culture plate at 2 x 10°/well and incubated at 37 °C for 24 h. After that, the cells were
incubated with 0.5 uM of AZB-I-CAIX; for 6 h. Then, the cells were washed three times
with 0.01 M of PBS buffer (pH 7.4) After incubation, the cells were irradiated by a red
LED lamp (660 nm, power density of 8.7 mW cm™) for 5 min before re-incubation for
another 24 h in dark. Thereafter, the cells were stained with 4 uM calcein AM and
propidium iodide (PI) for 5 min, and then imaged on a Fluorescence microscope
(BioRad/Zoe) using A, = 490 nm and A.,, = 515 nm for calcein AM and A, = 535 nm
and Aem = 615 nm for Pl.

3.2.9 Intracellular Singlet Oxygen Generation

A positive CAIX expression cell line (MDA-MB-231) was seeded on a sterile 8-
well (Chamber Slide x /Cover RS Glass Slides, LabTek II) at 1 x 10* cells/well and
incubated at 37 °C for 24 h. After that, the cells were incubated with 0.125 and 0.25
UM of AZB-I-CAIX, for 6 h. Then, the cells were washed three times with 0.01 M of
PBS buffer (pH 7.4). Thereafter, 20 uM of 2,7-dichloro-dihydro-fluorescein diacetate
(DCFH-DA, reactive oxygen species probe) was incubated in the cells for 1 h. The cells

were washed three times with 0.01 M of PBS buffer (pH 7.4) and irradiated with a red
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LED lamp (660 nm, power density of 8.7 mW cm) for 10 min. Before imaging, the cells
were treated with media containing 1.0 uM Hoechst33342 for 10 min. The cells were
visualized under 60X oil immersion objective lens by Laser Scanning Confocal
Microscope (Nikon A1Rsi) with 561 nm laser (AZB-I-CAIX;) and 405 nm laser
(Hoechst33342).

3.2.10 Murine cell internalization under hypoxia condition

Murine cell lines (4T1 and 67NR) were seeded on a sterile 8-well (Chamber
Slide x /Cover RS Glass Slides, LabTek Il) at 1 x 10% cells/well and incubated at 37 °C
for 24 h. After that, the cells were incubated under normoxia (humidified 95% air, 5%
CO, atmosphere) and hypoxia (5% pO,) conditions for 12 h. Then, the cells were
treated with 5 uM of AZB-I-CAIX, in DMEM for 0, 1, 3, and 6 h. Thereafter, the cells
were washed three times with 0.01 M PBS buffer (pH 7.4) and treated with media
containing 1.0 uM Hoechst33342 for 10 min. Confocal images were visualized under
60X oil immersion objective lens by Laser Scanning Confocal Microscope (Nikon A1Rsi)

with 561 nm laser (AZB-I-CAIX,) and 405 nm laser (Hoechst33342).

3.2.11 Murine cell cytotoxicity assay under hypoxia condition

4T1 has seeded on a 96-well plate approximately 7 x 10° cells per well and
incubated in complete media for 24 h. Thereafter, the cells were incubated under
normoxic (humidified 95% air, 5% CO, atmosphere) and hypoxic (5% pO,) conditions
at 37 °C for 12 h before being treated with 0, 0.125. 0.25, 0.5, 5, 10 uM of AZB-I-CAIX,
for 6 h under the hypoxia. After incubation, the cells were washed twice with 0.01 M
of PBS buffer (pH 7.4) to remove excess probes and the complete media was added
before the cells were irradiated with a red LED lamp (660 nm, power density of 8.7
mW cm?) for 0, 5, 10, and 15 min and continued culturing for 24 h under the hypoxia.
Cell viability was detected by 0.5 mg mL Ywell of methylthiazolyldiphenyl-
tetrazolium bromide (MTT) reagent in 0.01 M of PBS buffer (pH 7.4) solution for 2.5 h
incubation time. After media removal, DMSO was added to dissolve the formazan
product and detected through UV-vis absorption of formazan at wavelength 560 nm

(BMG Labtech/SPECTROstar Nano microplate reader). ICs, values of cell viability were
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evaluated by GrapPad Prism9 software. Statistical analysis: t-test followed using

GrapPad Prism9 software.



CHAPTER IV
RESULTS AND DISCUSSION

4.1 Synthesis and characterization of AZB-I-CAIX, and AZB-I-Control

4.1.1 Synthesis of AZB-I-CAIX, and AZB-I-Control

AZB-I-CAIX; and AZB-I-Control were synthesized according to scheme 1. The
reaction started from the S\2 reaction between azido-PEG that was synthesized
according to our previous paper (Pewklang et al., 2019) and succinic anhydride to form
an ester bond and leave a free terminal carboxylic acid and azide groups linked by
polyethylene glycol (PEG) (1). After then, the amide coupling of (1) and hydrolyzed
acetazolamide (More et al., 2018) gave the linker containing CAIX ligand (2). This linker
can provide a biocompatibility part on the molecules and provide more access of the
ligand to the active site of CAIX. Aza-BODIPY containing two terminals of the alkyne (3)
was obtained from an amide coupling reaction of two equivalent of 5-hexynoic acid
and aza-BODIPY (AZB-NH,) that was synthesized following the reference (Kamkaew and
Burgess, 2015). AZB-I-CAIX, was synthesized via the azide-alkyne Huisgen cycloaddition
between two acetazolamide-linkage moieties (2) and terminal alkynes of mono-iodo-
aza-BODIPY derivative (4), prepared by an electrophilic aromatic substitution reaction
between (3) and N-iodosuccinimide (NIS). AZB-I-control was produced by a similar
reaction condition, except for the linker without acetazolamide (1) was used. In
general, when heavy atoms are present in the dye structure, i.e. aza-BODIPY, the
fluorescent emission is usually quenched due to an increase in the rate of triplet
formation that affects orbital spin interaction, so-called heavy atom effect (De Simone,
Mazzone, Pirillo, Russo, and Sicilia, 2017) However, this feature increases singlet oxygen
generation that is beneficial for PDT (Kamkaew et al., 2013). As a result, in this design,
aza-BODIPY was mono iodinated to guarantee that the fluorescent signal is preserved

while the singlet oxygen generation is sufficient for PDT efficiency.
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4.1.2 Characterization of AZB-I-CAIX, and AZB-I-Control by NMR and Mass
spectrometry

All compounds were confirmed chemical structure by 'H, *C, and **F NMR and
interpreted in a chemical shift (§, ppm), resonance splitting, coupling constants (J), and
a number of protons. Moreover, the compounds have confirmed their mass-to-charge
ratio (m/z) to see the exact molecular weight by high-resolution Electrospray lonization
Time of Flight mass spectroscopy (high-resolution ESI-TOF-MS). The results from both
techniques are corresponding to ensure the chemical structure of AZB-I-CAIX, and

AZB-I-Control. All spectra are shown in Figure 4.1-4.20.
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4.1.3 Photophysical properties and fluorescence quantum yields of AZB-I-
CAIX, and AZB-I-Control

The photophysical properties of AZB-I-CAIX, and AZB-l-control were
investigated by UV-VIS-NIR and fluorescence spectrophotometry in different solvents,
chloroform, DMSO, methanol, and phosphate buffer saline (PBS), (Figure 4.21A-B).
According to the absorbance spectra, AZB-I-CAIX, and AZB-l-control show similar
absorption maxima from 675 to 686 nm. The emission maxima are around the NIR
region in a range of 713-728 nm in the tested solvents. The fluorescence quantum
yield calculation from the photophysical properties, AZB-I-CAIX, has a fluorescent
quantum yield ranging from 0.02-0.09 which is close to AZB-l-control (0.09-0.14), as
shown in Table 4.1. In the literature (Treekoon et al., 2021), Kamkaew’s lab reported
about AZB-Glc and AZB-Glc-I that contained methoxy (OMe) and amide group on meta-
position substituted aza-BODIPY. Their aza-BODIPY structure is identical to AZB-I-CAIX,
and AZB-I-control. While AZB-Glc has a fluorescence quantum yield of 0.40, 0.62, and
0.45 in DMSO, MeOH, and PBS 39%tween80 respectively but AZB-Glc-I contains two
iodine atoms on aza-BODIPY showed very less fluorescence quantum vyield. In

comparison, AZB-I-CAIX, and AZB-l-control have less fluorescence quantum yields
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than AZB-Glc (no iodine on its structure) around 4 times, but they still show some
fluorescence signal while AZB-Glc-I (containing two iodine atoms on its structure)
cannot show any fluorescence signal, because of heavy atom effect from one iodine
atom on the aza-BODIPY structure of AZB-I-CAIX, and AZB-l-control. These
photophysical properties of AZB-I-CAIX, and AZB-l-control can be beneficial for

fluorescence images in deep tissues.

A
1.20 1.20
AZB-I-CAIX,

1.00 + 1.00
8
: s
_g 0.80 4 0.80 2
2 &
< 0.60 0.60 ©
° [
8 N
i S
£ 0.40 - 040 £
S z
2

0.20 4 0.20

\tﬁk&‘h-ﬁ__‘

0.00 === 1 0.00
550 600 650 700 750 800 850
Wavelength (nm)

= Abs-Chloroform = Abs-DMSO Abs-MeOH = Abs-PBS
=== Emiss-Chloroform === Emiss-DMSO === Emiss-MeOH === Emiss-PBS
B
1.20 1.20
AZB-I-Control
1.00 1 1.00

°
®
=)
ol
®
=)

Normalized Absorbance
o
[~
o
o
(-2
o
Normalized Emission

0.40 - 0.40
0.20 0.20
o -
';.‘;..
o= ~—.

0.00 . r r — === ] .00
550 600 650 700 750 800 850
Wavelength (nm)

= Abs-Chloroform Abs-DMSO Abs-MeOH Abs-PBS
=== Emiss-Chloroform === Emiss-DMSO === Emiss-MeOH === Emiss-PBS

Figure 4.21 Normalized Vis-NIR absorption and emission spectra of AZB-I-CAIX, and
AZB-I-Control (1 pM) in various solvents. The fluorescence spectra were reported of

A) AZB-I-CAIX; and B) AZB-I-Control at 670 nm excitation wavelength.
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Table 4.1 Photophysical properties of AZB-I-CAIX, and AZB-I-control (1 puM).

Amax 8 A’ ma AA.
Compound Solvent o © Op

(nm) (M*cm™) (nm) (nm)
CHCly 683 11.2 x 10* 720 37 0.09
DMSO 686 11.6 x 10* 728 a2 0.02

AZB-I-CAIX,

MeOH 675 9.6 x 10* 713 38 0.03
PBS© 685 8.9 x 10* 718 33 0.05
CHCl, 683 6.0 x 10* 720 34 0.14
AZB-I- DMSO 686 6.5 x 10* 728 a2 0.04
Control MeOH 675 6.6 x 10° 714 40 0.05
PBS© 686 6.4 x 10* 717 31 0.09

@ Samples were excited at 670 nm.

® Relative to Zn-pthalocyanine in pyridine (D; = 0.30).

¢ Contained 3% tween80.

4.1.4 Singlet oxygen quantum yields of AZB-I-CAIX; and AZB-I-Control

As the data show that AZB-I-CAIX, and AZB-l-control have low fluorescence
quantum yields, this might be due to the heavy atom effect. Therefore, the singlet
oxygen quantum vyields of both probes were also investigated. Singlet oxygen
generation efficiency of AZB-I-CAIX,, AZB-I-control, and methylene blue (standard
photosensitizer) was measured using 1,3-diphenylisobenzofuran (DPBF) as singlet
oxygen (0,) scavenger. After all compounds were exposed to the light (660 nm, power
density 8.7 mW cm™), 'O, was produced at initial rate in a few seconds and more 'O,
production with light irradiation time-dependent manner, as indicated by the
decreasing DPBF absorbance at 408 nm because DPBF reacts with 'O, and produces
an endoperoxide via a [4+2] cycloaddition and product of 1,2-dibenzoylbenzene (DBB)
resulting in the loss of an extended Tl-electron system and its characteristic
spectroscopic properties (Ercin, Aribas, Tefon Aribas, Bilgihan, & Bilgihan, 2021) (Figure
4.22). Moreover, AZB-I-CAIX, and AZB-l-control could generate 'O, at a faster rate
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than methylene blue in DMSO solution. The calculated singlet oxygen quantum yields
(D) of AZB-I-CAIX, and AZB-l-control were 0.88 and 0.83, respectively, relative to
methylene blue (calculated from initial rate about first ten seconds with 1 s intervals,
Figure 4.23). Therefore, both probes could be good for PDT agents with moderate

fluorescence imaging properties.
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Figure 4.22 Reduction absorbance of DPBF at 408 nm by photo-oxidation due to the
singlet oxygen formation. The concentration of 0.5 uM of A) AZB-I-CAIX,, B) AZB-I-
Control, C) Methylene blue, and D) Control (DPBF only) in DMSO were exposed with
lamp (660 nm, power density of 8.7 mW cm™).
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Figure 4.23 Relative DPBF absorbance changes at 408 nm of 0.5 uM solutions of AZB-
[-CAIX,, AZB-I-control, and methylene blue at the initial rate.

4.2 Cell experiments

4.2.1 Cell internalization and CAIX targeting in human cell lines

In the previous report, western blotting was used to validate the endogenous
expression of CAIX in multiple cell lines (MDA-MB-231, MCF-7, Hel a, and A549). CAIX
expression in MDA-MB-231 cells was considerably greater than in other cell lines (Jung
etal, 2017; Li et al., 2009). To evaluate cancer cell targetability of AZB-I-CAIX,, human
cancer cell lines with high expression levels of CAIX (MDA-MB-231) and low CAIX levels
(MCF-7, Hel.a, and A549) were selected for comparison. Moreover, human embryonic
kidney cells (HEK293) were also used as normal cell control. As shown in Figure 4.24,
time-dependent cellular internalization revealed that MDA-MB-231 took up AZB-I-
CAIX, faster and accumulated a higher amount from 1 to 24 h incubation time,
whereas low fluorescent signals were observed from other cell lines even at the
longest exposure time, 24 h (Figure 4.24A). Quantitation fluorescence signals from all
cell lines by Image]J are presented in Figure 4.24B. The results indicated that AZB-I-

CAIX, could be selective to CAIX expression cells.
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Figure 4.24 Time-dependent cell internalization of AZB-I-CAIX, (5 uM)in (+) CAIX and
(-) CAIX level cells. A) confocal image observed in excitation at 643 nm. B) Quantitative
of the fluorescence signals by Image). The data represent the mean + SD (n = 50) and
statistical analysis by One-way ANOVA (Tukey’s analysis) using GrapPad Prism9
software. P values of less than 0.05 (95% confidence interval) are considered significant

(ns p < 0.12 and *** p < 0.001).
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Additionally, AZB-I-control was produced by a similar structure to AZB-I-CAIX,,
except for the linker without acetazolamide. When AZB-I-control was used in the
same experiment, no observable fluorescent signals were detected from both CAIX
positive (MDA-MB-231) and negative cell lines (MCF-7) (Figure 4.25). The results showed
that AZB-I-CAIX, can select the CAIX positive cell line for cellular uptake via
acetazolamide (CAIX ligand).

Oh 1h 3h 6h 24 h
- ....‘
e .. . . ‘
o ....‘
s .. . .‘

Figure 4.25 Confocal image time-dependent cellular uptake of AZB-l-control

compared with AZB-I-CAIX; (5 uM) in MDA-MB-231 and MCF-7.

MDA-MB-231
(+) CAIX

MCF-7
(9 CAIX

Furthermore, when two breast cancer lines, (+) CAIX (MDA-MB-231) and (-) CAIX
(MCF-7) were co-cultured in the same place and then treated with AZB-I-CAIX,, the
NIR fluorescent signals were solely observed from the positive CAIX cells (Figure 4.26).
These results suggested that AZB-I-CAIX; is internalized cancer cells with strong

selectivity for those expressing CAIX.



49

Hoechst 33342 AZB-I-CAIX,

Control

AZB-I-CAIX,

Figure 4.26 The confocal images display the 5 uM of AZB-I-CAIX, for 6 h treatment in
co-cultured between MDA-MB-231 and MCF-7.

4.2.2 Competitive effect with CAIX ligand

A competition experiment was done to validate the CAIX-mediated uptake of
AZB-I-CAIX, in cancer cells to further demonstrate the selectivity of AZB-I-CAIX,. At 6
h, MDA-MB-231 cells were treated with AZB-I-CAIX; (5 uM) in the presence of different
doses (0, 0.5, and 1.0 mM) of the CAIX inhibitor, acetazolamide. CAIX inhibitor
decreased cellular uptake of AZB-I-CAIX, in a dose-dependent. (Figure 4.27A).
Quantitation of the fluorescence signals (Figure 4.27B) shows clearly decreasing
fluorescence intensity as the concentration of acetazolamide increases, which confirms

that acetazolamide moieties play a key role in cellular internalization.
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Figure 4.27 CAIX competitive effect. MDA-MB-231 were incubated AZB-I-CAIX, (5 uM)
and CAIX inhibitor (acetazolamide, 100x and 200x) for 6 h. A) Confocal images of the
effect. B) Quantitative of the fluorescence signals by Imagel. The data represent the
mean + SD (n = 50) and statistical analysis by t-test (Tukey’s analysis) using GrapPad
Prism9 software. P values of less than 0.05 (95% confidence interval) are considered

significant (*** p < 0.001).

4.2.3 Colocalization study

In addition to cellular uptake, the cell localization of detected fluorescence
signals of AZB-I-CAIX, from MDA-MB-231 cells were studied. However, CAIX is an
integral plasma membrane protein that regulates intra- and extracellular pH. From the
literature (Hulikova et al., 2009), the domain-deletion strategy used in their research
helped to explain the functional significance of the extracellular portion of CAIX. As an
outcome, CAIX transfected cells were employed (transfected with a pSG5C-DIC
plasmid encoding the CAIX protein lacking intracellular 24 amino acids from the C-
terminus). The confocal image revealed that fluorescent carbonic anhydrase
sulfonamide (FITC-CA) is not present at the cell surface but is localized intracellularly,
overlapping with the endoplasmic reticulum (ER), in contrast to wild-type CAIX cells in
which it was almost completely localized in the plasma membrane. Because in the C-
terminally truncated CAIX cells lost the pH control function, this may lead to cell

internalization of CAIX. Accordingly, AZB-I-CAIX, was not visible on the membrane
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(Figure 4.28). Nevertheless, AZB-I-CAIX, was found to be colocalized to some degree
with ER, Mito, Golgi, and Lyso trackers in MDA-MB-231 with Pearson’s coefficients of
0.74, 0.47, 0.28, and 0.22 respectively. This confirms that AZB-I-CAIX, can be mostly
localized in ER. However, MDA-MB-231 we used does not transfect with a special
plasmid encode but AZB-I-CAIX, may lose some function of CAIX resulting in

internalization of CAIX in response to AZB-I-CAIX, binding in the cancer cells.

Hoechst Sub-organelle
tracker

33342 AZB-I-CAIX; Merged

Figure 4.28 Colocalization confocal images and Pearson’s coefficients. MDA-MB-231
cells were incubated with 5 pM of AZB-I-CAIX, for 6 h and treated with Lyso, Mito,
Golgi, and ER trackers. Pearson’s coefficients investieated for 30 each organelle by

Imagel.

4.2.4 Light-induced cell cytotoxicity assay

To evaluate the effect of CAIX inhibitor on PDT, assays to measure
photocytotoxicity of AZB-I-CAIX; in all cell lines including (+) CAIX, (-) CAIX, and normal
cells were performed. All cells were treated with various doses (0 - 10 uM) of AZB-I-
CAIX, for 6 h before light irradiation (660 nm, power density of 8.7 mW cm™) with
different durations (0, 5, 10, and 15 min) and then the cells were cultured in the dark

for another 24 h. As shown in Figure 4.29A, AZB-I-CAIX, did not cause cytotoxicity to
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any cells that were not illuminated (0 min). However, once the irradiation was on, the
cell viability of all cells was decreasing as the dose of AZB-I-CAIX, was increased.
Remarkably, (+) CAIX cells (MDA-MB-231) are the most sensitive cells to AZB-I-CAIX,.
After the cells were irradiated for 5 min, the viability of MDA-MB-231 was reduced to
50% at a very low concentration (0.25 uM) and the probe even caused more
photocytotoxicity when the irradiation time was longer (10 and 15 min) in a dose-
dependent manner. The half-maximal inhibitory concentration (IC5,) of AZB-I-CAIX, in
(+) CAIX cells is more than 15-times lower than that of AZB-I-CAIX, in (-) CAIX cells
when the cells were irradiated for only 5 min (Table 4.2, Figure 4.29B). However,
prolonged light exposure time did not significantly improve the therapeutic index of
AZB-I-CAIX, in MDA-MB-231 cells, but the light dose-affected cell viabilities of (-) CAIX
cells. On the other hand, after 5 min irradiation, both (-) CAIX cells and normal cells

did not show phototoxicity until the concentration of AZB-I-CAIX; was up to 5 uM.
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Figure 4.29 Light-induced cell cytotoxicity of AZB-I-CAIX, in human cell lines. A) Cell

viability when all human cells were incubated with various concentrations of AZB-I-

CAIX, for 6 h and irradiated with lamp (660 nm, power density of 8.7 mW cm™) in a

different time. The data statistical analysis by One-way ANOVA (Tukey’s analysis) using

GrapPad Prism9 software. P values of less than 0.05 (95% confidence interval) are

considered significant (ns p < 0.12, * p < 0.033, **p < 0.002, ***p < 0.001). B) Dose-

response curve of AZB-I-CAIX, under the light exposure used to generate ICs, by

GrapPad Prism9 software.
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Table 4.2 ICs, values of AZB-I-CAIX; after 6 h treatment and irradiation with light in all

cells.
Irradiation ICs0 (M)
time (min) VoA MB-231  MCF-7 Hela A549  Hek293
0 >10 >10 >10 >10 >10
5 0.27 4.68 4.06 5.64 4.88
10 0.24 2.28 2.92 4.44 4.22
15 0.23 311 1.03 3.33 1.23

Moreover, photo-induced cell toxicity was performed on breast cancer lines
(MDA-MD-231 and MCF-7) using AZB-I-control. No dramatic change in cell viability was
observed from both (+) CAIX and (-) CAIX cell lines even with light irradiation for up to
15 min and compound concentration was up to 10 uM (Figure 4.30). These results
confirm the selectivity of AZB-I-CAIX; towards CAIX overexpression on cancer cells.
However, a long-time light was exposed to the cells, the result showed 100% cell
viability in 15 min as shown in Figure 4.31, indicating that the light did not show any

toxicity to the cells.
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Figure 4.30 Light-induced cell cytotoxicity of AZB-I-Control in human cell lines. Cell
viability when all human cells were incubated with various concentrations of AZB-I-
Control for 6 h and irradiated with a lamp (660 nm, power density of 8.7 mW cm?) for
different time periods. The data statistical analysis by One-way ANOVA (Tukey’s
analysis) using GrapPad Prism9 software. P values of less than 0.05 (95% confidence

interval) are considered significant (ns p < 0.12, * p < 0.033, **p < 0.002, ***p < 0.001).
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Figure 4.31 The cell viability of all cells after irradiation with light.
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4.2.5 Live/Dead staining

To further confirm that the (+) CAIX cancer cells were destroyed by reactive
oxygen species (ROS) from light activation reaction, viability/cytotoxicity and
intracellular ROS detection assays were performed. Viable and dead cells were
visualized using calcein AM and propidium iodide (PI) staining. Once calcein AM enters
live cells, green fluorescence can be observed after the dye is cleaved the
acetoxymethyl (AM) ester group by intracellular esterase upon entering the cell,
resulting in the membrane-impermeable Calcein fluorescent dye which Calcein is not
maintained in apoptotic and dead cells with damaged cell membranes, while Pl is a
commonly used reagent for determining cell viability and excluding non-viable cells
but it freely penetrates cell membranes of dead or dying cells but is excluded from
viable cells and gives red fluorescence. As shown in Figure 4.32A, all the cells
incubated with AZB-I-CAIX, (no light irradiation) b arely showed any dead cells
(indicated as a red signal), but after cells were irradiated with the light, a high number
of dead cells could be observed from MDA-MB-231, while the live cells (indicated as
green signal) were very few. Other () CAIX cancer cells showed some dead cells signal
along with a high population of viable cells. Moreover, little to no dead cells were
detected in the case of a normal cell (HEK293). The cells samples incubated with AZB-
I-control (with and without illumination) mostly retained a large number of surviving
cells and showed none of the dead cells (Figure 4.32B). The results indicated that AZB-
[-CAIX, causes light-induced cell death by PDT via CAIX expression and the CAIX

inhibitor part is important to target the cells.
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Figure 4.32 Live/dead cell staining in (+) CAIX cells and (-) CAIX cells. A) AZB-I-CAIX,
and B) AZB-I-control, cells were treated with 0.5 uM for 6 h before being exposed to
the light from a lamp (660 n, power density of 8.7 mW cm™) for 5 min and continued

cultured for another 24 h in dark.

4.2.6 Intracellular Singlet Oxygen Generation

To detect intracellular Reactive Oxygen Species (ROS) production, 2,7-
dicholorofluoroescein diacetate (DCFH-DA) was used as its non-fluorescent form can
be oxidized by ROS to produce the fluorescence 2',7'-dicholorofluorescein (DCF) that
exhibits green fluorescence inside the living cells (Yu et al., 2021). As shown in Figure
4.33, bright green emission was clearly observed only in the case of MDA-MB-231 cells
incubated with AZB-I-CAIX, followed by light activation. The green fluorescence
increased when a higher amount of AZB-I-CAIX, was used, implying the ROS was

generated from AZB-I-CAIX; inside the cells in the dose-response relationship.
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Figure 4.33 Detection of intracellular reactive oxygen species generation.
Concentration of 0.125 and 0.25 pM of AZB-I-CAIX, were treated for 6 h and exposed
with the lamp (660 n, power density of 8.7 mW cm™) for 5 min in MDA-MB-231 cells
using DCFH-DA cellular ROS detection assay.

4.2.7 Murine cell internalization under hypoxia condition

We wanted to expand our study to an animal model. Therefore, two murine
breast cancer lines were used as a comparison. 4T1 cells are highly metastatic breast
cancer cells. Compared to nonmetastatic 67NR cells, tumors formed by 4T1 have
significantly higher amounts of hypoxia, necrosis, and apoptosis due to fewer blood
vessels. In the previously published finding (Y. Lou et al., 2008; Robertson, Potter, &
Harris, 2004), the bioinformatic analysis revealed several hypoxia-regulated genes,
including CAIX, that are expressed at higher levels in the 4T1 tumors in contrast to the
absence of hypoxia induced CAIX in the 67NR cells. Therefore, the 4T1 mouse could
be a suitable model to study the effect of overexpression of CAIX on the progression

of breast cancer (Chafe et al., 2015; Yuanmei Lou et al., 2011).
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Prior to testing in an animal model, internalization experiments were performed
in 4T1 and 67NR cells under normoxia and hypoxia conditions. AZB-I-CAIX, could be
observed only from hypoxic 4T1 cells since 1 h incubation (Figure 4.34) and the
fluorescence increased in a time-dependent manner, while lower fluorescence signals
were displayed in hypoxic 67NR cells. Despite extensive incubation times, little

fluorescence was seen in both normoxic 4T1 and 67NR cells.

Normoxia Hypoxia
4T 67NR 471 67NR

0h

1h

3h

6h

Figure 4.34 Confocal image of murine cell lines (4T1 and 67NR) under normoxia and
hypoxia. All cells were induced CAIX expression in the hypoxia chamber for 12 h before

being treated with AZB-I-CAIX; (5 uM) for 0, 1, 3, and 6 h.

4.2.8 Photo-induced murine cell cytotoxicity assay under hypoxia
condition

After 4T1 cells (normoxia and hypoxia) were treated with AZB-I-CAIX, for 6 h,
the light at different time durations (0, 5, 10, and 15 min) was exposed to the cells. As
shown in cell viabilities and ICso curves of photo-induced cytotoxicity (Figure 4.35A-B),
hypoxic cells were significantly more sensitive to light compared to the normoxic ones.

When a longer exposure time was given, the ICs, of hypoxic 4T1 cells was lower (Table
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4.3). Therefore, under hypoxia conditions in which 4T1 expresses higher CAIX levels,
AZB-I-CAIX; can be internalized more, leading to a higher accumulation of tumor cells.

Moreover, PDT was still active even under a low oxygen concentration environment.
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Figure 4.35 Light-induced cell cytotoxicity of AZB-I-CAIX; in murine cell lines under
hypoxia condition. A) Cell viability when 4T1 cells were induced to increase the CAIX
levels by hypoxia and normoxia as a control for 12 h before incubation with various

concentrations of AZB-I-CAIX, for 6 h and irradiated with light from a lamp (660 nm,
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power density of 8.7 mW cm™) for different time periods. The data statistical analysis
by One-way ANOVA (Tukey’s analysis) using GrapPad Prism9 software. P values of less
than 0.05 (95% confidence interval) are considered significant (ns p < 0.12, * p < 0.033,
**p < 0.002, **p < 0.001). B) Dose-response curve of AZB-I-CAIX, under normoxia and

hypoxia with the light exposure used to generate ICsq by GrapPad Prism9 software.

Table 4.3 ICs, values of AZB-I-CAIX, under hypoxic environment for 12 h before
treatment for 6 h and irradiation with the light in 4T1 cells.

ICso (M)
Irradiation time (min)
Normoxia Hypoxia
0 >10 >10
5 3.30 0.43
10 2.02 0.36

15 2.01 0.25




CHAPTER V
CONCLUSION

This thesis reported a combination of photosensitizer and anti-angiogenesis
(CAIX inhibitor, acetazolamide) strategies for cancer treatment. AZB-I-CAIX; has been
developed by conjugation of two equivalent acetazolamide to aza-BODIPY which is a
NIR singlet oxygen-producing photosensitizer. A similar structure without
acetazolamide was proposed as control which offers only PDT effect without any
targeting ability (AZB-l-control). /n vitro studies revealed that AZB-I-CAIX,
preferentially localizes in the ER of human breast cancer cells that overexpress CAIX,
whereas AZB-I-control did not show any cell uptake. Moreover, AZB-I-CAIX, generates
singlet oxygen efficiently upon irradiation at 660 nm and provides selectively photo-
induced cell cytotoxicity at a very low concentration and short-time light exposure.
Furthermore, murine cells cultured in a hypoxic environment were used as a hypoxia
model. Under hypoxia, 4T1 exhibited a strong fluorescence of AZB-I-CAIX; and was
more sensitive when treated by PDT. Based on this study, AZB-I-CAIX; is the NIR
photosensitizer that could be a remarkable probe for detecting CAIX expressed cells
and enhancing therapeutic efficacy via decreasing PDT-induced hypoxia limitation by

angiogenesis knockdown through CAIX.
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