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As part of the Warburg effect, cancer cells typically have a higher glucose
consumption than normal cells. To classify cancer according to this distinctive
hallmark, slucose is an attractive ligand for cancer targeting via overexpressed glucose
transporters (GLUTSs) in cancer cells. In this study, we prepared a series of novel
glycoconjugate aza-BODIPY dyes, AZB-Glc and AZB-Glc-l, by conjugating two glucose
moieties to near-infrared dyes through the azide-alkyne cycloaddition reaction. AZB-
Glc could be used as a fluorescence imaging agent for cancer diagnostics due to its
high fluorescence intensity. AZB-Glc could be internalized inside GLUTs-overexpressing
breast cancer cell lines for cellular imaging, including MDA-MB-231 and MCF-7, to a
greater extent than normal cells (human fetal lung fibroblast, HFL1), indicating that the
cellular uptake of the probe was correlated with GLUTs. Furthermore, D-glucose and
a glucose metabolism suppressor, combretastatin could reduce the cellular uptake of
AZB-Glc in a dose-dependent manner, demonstrating that this probe uptake
mechanism is GLUT-dependent. To widen its usage in cancer treatment, lodine atoms
were added to AZB-Glc (AZB-Glc-l) for improving the effectiveness of light-triggered
cell death through photodynamic therapy. After being exposed to NIR light, the cancer
cells were intensively reduced by increasing the dose of AZB-Glc-I and exposure times.
Moreover, AZB-Glc-l generated considerable NIR light-induced cytotoxicity (ICs, = 1.4-
1.6 UM after 1 minute of irradiation), which was nearly 20 times lower than that in
normal cells (ICsy = 32 UM). All cell lines maintained high cell viability in the dark (ICs,
> 100 UM). Furthermore, AZB-Glc-I produced singlet oxygen inside cancer cells after

NIR irradiation, and the cancer cell was completely killed even with a low dose of the

probe (2.5 UM). Consequently, our glucose conjugated systems have been



demonstrated that they effectively target cancer cells with improving photodynamic

cancer therapy.
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CHAPTER |
INTRODUCTION

1.1 Research Background

Photodynamic therapy (PDT) has received a lot of attention in the last decade for
cancer treatment since it is a minimally invasive technology that can selectively target
tumor cells while having fewer side effects than traditional treatments (Patrizia
Agostinis et al, 2011; Allison and Moghissi, 2013; Yano et al, 2011). In PDT,
photosensitizers can produce reactive oxygen species (ROS) that are known to oxidize
biological substrates in cancer cells, leading to apoptosis or necrosis of these cells
when exposed to a specific wavelength of light (Bacellar, Tsubone, Pavani, and
Baptista, 2015). An excellent photosensitizer should possess a high fluorescence
quantum yield, high photostability, and a long wavelength of light absorption. In this
context, near-infrared (NIR) light-absorbing PDT agents are attractive because the light
in the 700-1200 nm range can penetrate deep tissue and generate less
autofluorescence interference, resulting in a high signal-to-noise ratio in cancer imaging.
Moreover, the enhanced selective accumulation in tumors can be obtained by ligand-
linked agents, which are widely used for cancer therapy.

Glucose is a key chemical in the creation of intracellular energy in living organisms.
Glucose transporters (GLUTs) are a group of membrane proteins that allow glucose to
pass across the plasma membrane for cellular glucose uptake. Even under aerobic
conditions, cancer cells prefer glycolysis and lactate fermentation to oxidative
phosphorylation for maintaining cellular homeostasis, growth, and proliferation,
according to the Warburg effect (Warburg, 1956). As a result of the overexpression of
GLUTs, cancer cells greatly enhance glucose uptake.

Indeed, 2-deoxy-2-(**F) fluoro-D-glucose (**F-FDG), a radioactive glycoconjugate
tracer for positron emission tomography (PET), is widely utilized in clinical practice.

However, there are significant disadvantages, including radiation toxicity and long-term



exposure. To avoid this, fluorescence imaging is an alternative way of identifying
cancers. A variety of fluorochromes have recently been developed to be glucose
bioprobes (Y. Cheng et al.,, 2020; Fang et al.,, 2017; Liu et al., 2016; Maric et al., 2019).
However, due to the short absorption wavelength (< 700 nm), several probes had
limited tissue penetration, and only a few fluorescent glycoconjugates have been
reported to harm cancer cells using the PDT (Thomas et al., 2020). Consequently, new
NIR glucose conjugated probes are in high demand for cancer treatment combined
with diagnosis.

To promote tumor accumulation via glucose uptake channels, an aza-
borondipyrromethene (Aza-BODIPY) derivative conjugated with glucose moieties were
synthesized in this study. Aza-BODIPYs are NIR absorption dyes with strong
photostability, simple production, and functionalization. In this investigation, two
comparable probes are used: (i) AZB-Glc, which provides imaging-guided to GLUT-
overexpressed cancer cells, and (i) iodinated-AZB-Glc (AZB-Glc-l), which generates

large amounts of singlet oxygen for PDT under NIR light irradiation (Figure 1).

Figure 1 Schematic presentation for the overall idea of the Aza-BODIPY-tagged glucose

fluorescent probe (AZB-Glc-l) for photodynamic therapy.



1.2 Research Objectives

This project aims to develop Aza-BODIPY derivatives as a novel NIR glucose
conjugated probe to monitor cancers and enhance cancer therapeutic efficacy by PDT.
The objectives are the followings.

1) Synthesis and characterization of the glucose-conjugated Aza-BODIPY (AZB-Glc)
for cellular imaging via GLUT overexpression. This purpose is to design a probe
conjugated to glucose molecules that exhibits absorption and fluorescence in the
near-infrared (NIR) spectral region. Furthermore, iodinated-AZB-Glc (AZB-Glc-I) will be
synthesized for improving efficiency in cancer treatment by PDT.

2) To visualize the uptake of AZB-Glc in vitro. This probe is expected to identify
the cancer cells via glucose transporters (GLUTSs) using efficient fluorescence imaging.

3) To investigate AZB-Glc-l ability as a photosensitizer in PDT. This goal estimated
that the AZB-Glc-I can generate a high amount of singlet oxygen under red light,
demonstrating a significant death of cancer cells in vitro studies.

4) To investigate the utilization of these glucose tracers in cancer cells with highly
overexpressed GLUTSs, including dark toxicity and another potentially useful medical
application. This objective is to confirm the potential of these slucose tracers to

continue moving forward to clinical usage.



CHAPTER Il
LITERATURE REVIEW

2.1 Overexpression of Glucose Transporters in Breast Cancer Cells

About a century ago, the tumorigenesis phenomenon was reported by the
German scientist Otto Warburg, which is known as the Warburg effect or aerobic
glycolysis. This effect hypothesized that mitochondria in cancer cells were
dysfunctional resulting in higher levels of glycolysis and lactate production than
oxidative phosphorylation in the cells, even in the presence of oxygen (Devic, 2016;
Warburg, 1956) (Figure 2). Since the irregular metabolism in cancer cells produces less
adenosine triphosphate (ATP) per glucose molecule, the cancer cells need a high
amount of glucose, an important source of energy for ATP in cells. Therefore, the cells
tend to overexpress glucose transporters that promote several biosynthetic pathways

(Szablewski, 2013).

Normal cells
Cancer cells
Glycose
| Glylcose
2ATP SR i 2 ATP +— GLYCOLYSIS|— 2 ATP
Sk h Pyr¢1/vl<aclﬂ G Lack of O, Pyruvic acid | Presence of O,
2 Lactic acid Acetil C - -
’ . coenzyme A | 2actic acid 2 Lactic acid
(Warburg effect)
34 ATP
$$ => 2 ATP $$ => 38 ATP $$ => 2 ATP
a) b)

Figure 2 Schematic diagram of glycolysis according to the Warburg effect. Copyright
© 2016 Journal of Cancer (Devic, 2016).



In mammalian cells, slucose transporters are classified into two families: sodium-
dependent glucose transporters (SGLTs) and facilitative glucose transporters (GLUTS).
The SGLT1 and SGLT2 (gene symbol SLC5A) transport glucose with high affinity via a
secondary active transport mechanism that transfers glucose into cells using energy
from the Na'-K" ATPase pump. These transporters have not been reported in the
breast cancer (Koepsell, 2017; Lin and Tseng, 2014). The GLUTs family (gene symbol
SLC2A) contains 14 membranes: GLUT1-GLUT12, GLUT14, and the H*/myo-inositol
(HMI) transporter. They exhibit a tissue-specific expression and can be divided into 3
classes (Scheepers, Joost, and Schurmann, 2004) (Table 1).

Table 1 The glucose transporters (GLUTs) families.

Isoform Class Main tissue localization
GLUT1 | Erythrocytes, brain, ubiquitous
GLUT2 | Liver, pancreas, intestine, kidney
GLUT3 | Brain

GLUT4 | Heart, muscle, adipose tissue, brain
GLUT5 Il Intestine, testes, kidney
GLUT6 Il Brain, spleen, leucocytes
GLUTY I n.d.

GLUTS8 Il Testes, brain, and other tissues
GLUT9 I Liver, kidney
GLUT10 HI Liver, pancreas
GLUT11 Il Heart, muscle
GLUT12 Il Heart, prostate, muscles, small intestine, adipose tissue
GLUT14 | Testes

HMIT Il Brain

Glucose transporters that possess a high affinity for glucose are GLUT1, GLUT3,
and GLUT4 (Mueckler and Thorens, 2013). Cellular glucose uptake in tumor cells
increases the GLUT transporters, according to the Warburg effect. Overexpression of
GLUT1 and/or GLUT3 has been consistently demonstrated as the preeminent event in

many types of cancer, including colorectal carcinoma, breast carcinoma, lung



adenocarcinoma, squamous cell carcinoma, ovarian carcinoma, and glioblastoma
(Ancey, Contat, and Meylan, 2018; Macheda, Rogers, and Best, 2005; Zambrano, Molt,
Uribe, and Salas, 2019). In addition, GLUT1 was found to be overexpressed in breast
cancer cell lines (e.g., MCF-7 and MDA-MB-231) (Laudanski, Swiatecka, Kovalchuk, and
Wolczynski, 2003). Glucose uptake by GLUT1 affects the early stages of breast cancer
by causing changes in the breast epithelial cell metabolism and may be a part of the
neoplastic process (Wellberg et al., 2016).

Hypoxia is one of the variables that cause GLUT1 overexpression in breast cancer
cells. Hypoxia response elements are found in the promoters of GLUT1 and bind the
hypoxia-inducible factor (HIF1) to facilitate transcription. Since an increase in HIF-1QL
protein levels is a common occurrence in most malignancies, it provides a biological
mechanism for cancer-related GLUT1 overexpression. Besides HIF-1, the histone
deacetylase SIRT6, the cellular oncogene product c-MYC (V-Myc Avian
Myelocytomatosis Viral Oncogene Homolog), the pro-survival protein kinase Akt
(Protein Kinase B), and mutant p53 (Figure 3). All of which can increase the expression
and function of proteins involved in energy generation via the glycotic pathway in
cancer cells, such as GLUT1(Yeung, Pan, and Lee, 2008). In addition, the upregulation
of GLUT1 is also induced by the ovarian hormone estrogens in human breast cancer
cells (Rivenzon-Segal, Boldin-Adamsky, Seger, Seger, and Degani, 2003). Consequently,

glucose transporters are useful in distinguishing cancer cells from healthy cells.



Extracellular Glucose
GLUT-1 GLUT-2, 4 ‘ JLUTS S NFKB t |KK
Intracellular Glucose
HK2 }F— ATP <— OxPhos <= 5C02
Glucose 6-phosphate
GPI
Fructose 6-phosphate

PFK1 ‘ PN‘\R

Fruct: 1,6-bisph hate €=» Fruct 2,6-bisph Biad

L L L P

ALDA ‘
Dihydroxyacetone phosphate
TP

ﬁ 1,3-bisphosphoglycerate Tra nsc I'i ptiO n
GAPDH ‘ .
Glyceraldehyde 3-phosphate U p reg u Iatl?n Of
PGK1 { glycolysis

3-phosphoglycerate
PGM il
e 2-phosphoglycerate
ENO1 } Green: MYC targets
J_ Phosphoenolpyruvate Cyan: HIF targets
PKM2 } Blue: p53 targets
PDH
Acetyl Co-A Pyruvate Red: targets of both
LDHA 4 MYC & HIF
Lactate

Figure 3 Upregulation of glycolytic metabolism is mainly controlled by c-MYC, HIF-1,
and p53. Increased activity of the transcription factors cMYC and HIF-1 in cancer cells
leads to overexpression of genes coding for glucose transporters, glycolytic, and
regulatory enzymes, as well as a coordinated loss of regulatory proteins due to p53
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represent inhibition. Synergism is indicated by a plus sign (+). Abbreviations: see at the
list of abbreviations. Copyright © 2008 Springer Nature Switzerland AG (Yeung et al,,
2008).



2.2 Fluorescent Probes for Tumor Diagnosis

Fluorescence imaging provides a promising tool for biological research and even
for clinical use through real-time and high-resolution imaging. The fluorescence signal
can provide information associated with the anatomical structure and metabolism of
a tumor, which is helpful for therapeutic planning and injury reduction. Importantly,
fluorescence systems need to be stable, efficient, and safe for the achievement of
accurate and personalized medicine. A successful fluorescent probe demonstrates
several requirements for medical imaging, such as photostability, high fluorescence
intensity, specific tissue accumulation, biodegradability, and pharmacokinetics. One
approach is to directly conjugate ligands, such as antibodies, proteins, and sugar that
are selective to the cell surface receptors, to a fluorescent probe that may be an

active or activatable imaging probe (Figure 4) (Gao, Yu, Lv, Choo, and Chen, 2017).

Fluorophores Fluorescent probes for
targeting and imaging
cancer

Active .

targeting probes

Cyanine dyes
Squaraines
BODIPY

Always on

Activatable
targeting probes

Switchable

DNA, SiRNA, aptamers
small molecules

Y Specific marker at cell surface ‘ Quenched fluorophore

‘ Cancer specific ligand ‘ G Activated fluorophore

Figure 4 Strategies of fluorescent probes for tumor diagnosis. Copyright © 2017 Royal
Society of Chemistry (Gao et al,, 2017).



2.3 The First Generation of Fluorescent-Conjugated Glucose probes
Increased glucose uptake by cancer cells has been clinically used in cancer
diagnosis and follow-up using a radiolabeled glucose analog in positron emission
tomography (PET). [*®F]-2-fluoro-2-deoxy-D-glucose, '°F-FDG remains the most
commonly used in clinical and preclinical settings. However, the utilization of
radiolabeled bio probes is limited for cell imaging because are their radioactivity and
unmeasurable issues in living cell lines. (Gambhir, 2002; Kubota, 2001; Yaylali, Kirac,
and Yuksel, 2016) In this context, the development of fluorescent glucose tracers has
been focused on improving the spatial/temporal resolution for monitoring cellular
glucose uptake at the single-cell level. In 1985, A fluorescent glucose analogue, the
fluorophore 7-nitrobenz-2-oxa-1,3-diazol-4-yl (NBD) attached to D-glucose moiety  (6-
NBDG) was first developed to study the human erythrocyte glucose transport through
GLUTs by fluorescence imaging (Speizer, Haugland, and Kutchai, 1985). The NBD
showed strong green fluorescence (550 nm) for cancer imaging. Furthermore, the
phosphorylation of 6-NBDG by the hexokinase enzyme is blocked when the C-6
position of the glucose moiety is conjugated to 6-NBDG, resulting in a buildup of 6-
NBDG within the cells. Eleven years after the development of 6-NBDG, 2-(N~(7-
nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-deoxyslucose (2-NBDG) was synthesized and
applied to assess the glucose uptake activity of Escherichia coli B and cell metabolic
event because the modification at the C-2 position of glucose allows phosphorylation
by the glycolytic enzyme, hexokinase. Therefore, 2-NBDG can monitor cell metabolism
by degrading the fluorescence (Yoshioka et al., 1996). Both 6-NBDG and 2- NBDG are
commonly used to monitor glucose uptake and transport related to GLUTs in a single
cell and in real-time. However, because of their low sensitivity and restricted tissue
penetration due to their short absorbance wavelength, the NBDGs are not an

acceptable bioprobe for in vivo glucose uptake monitoring (Figure 5).
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Figure 5 Chemical structures of 6-NBDG and 2-NBDG.

2.4 Near-infrared (NIR) Glucose Conjugated Bioprobs

2.4.1 The Advantage of Near-infrared (NIR) Bioprobes

Near-infrared (NIR) fluorescent probes with absorption wavelengths between 600
and 900 nm (deep red to NIR) have been recently developed for cancer monitoring by
modifying the probes to have good hydrophilicity, high photostability, high fluorescent
quantum yield, and excellent contrast in biological systems (Escobedo, Rusin, Lim, and
Strongin, 2010; X. Zhang, Bloch, Akers, and Achilefu, 2012). In addition, NIR probes are
preferable for in vivo fluorescence applications because of the minimal absorption and
light scattering of NIR light by biological chromophores such as proteins, nucleic acids,
hemoglobin, and melanin in tissues, providing for deep tissue penetration and a high
signal-to-background ratio. (Dgbrowski et al., 2016; Zhou, Song, Nie, and Chen, 2016)
(Figure 6).
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Figure 6 Penetrability of light through tissue. Different wavelengths can penetrate
different layers of tissue depending on their absorption, scattering, transmission, and
reflection by the tissue (A). Copyright © 2016, Royal Society of Chemistry (Zhou et al,,
2016). The spectral region of visible and NIR light (650-850 nm). The light in this region
is known as the phototherapeutic window that is not disturbed by other biomolecules,
leading to a high signal-to-noise ratio (B). Copyright © 2016 Elsevier B.V(Dg@browski et
al,, 2016).

2.4.2 A Review of NIR-Fluorescent Tagged Glucose Analogue for Cancer Cell
Imaging and Treatment.

Recently, developments of cyanine, rhodamine, porphyrin derivatives, and
BODIPY glucose analogs can be good candidates for glucose transporter-mediated
bioimaging and cancer therapy.

In 2003, Pyropheophorbide 2-deoxyglucosamide (Pyro-2DG), The development of
Pyro-2DG is the beginning of the alternative fluorescent-tagged glucose. The Pyro-2DG
contains a porphyrin derivative, which is a NIR fluorescent dye. In addition to being
used as a fluorescence probe for cancer detection, NIR dyes have the potential to
photosensitize cancer cells for treatment with photodynamic therapy (PDT). Confocal
microscopy images suggested that Pyro-2DG was highly accumulated in the 9L glioma-
bearing animal compered to surrounding normal tissue such as muscle. In addition,

the red fluorescent of Pyro-2DG decreased under the presence of 50 mM D-glucose in



12

the 9L g¢lioma cell line, indicating the specificity of Pyro-2DG toward the
GLUT/hexokinase pathway. Under the PDT, the Pyro-2DG could damage mitochondrial
in the region of the tumor after injection of the agents via the tail vein of the rat. This
demonstrated that Pyro-2DG had localized to the tumors and caused tumor

destruction under photoirradiation (Figure 7) (M. Zhang et al., 2003).

= PYTO-, ; PY10-20G (Negative Control)

Normal tissue Tumor tissue
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5 i .
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Figure 7 Pyro-2DG, a porphyrin derivative -tagged glucose probe. (A) Fluorescence
images of Pyro-2DG in the 9L glioma-bearing animal. (B) The competition assay
between Pyro-2DG (50 UM) and D-glucose (50 UM) in 9L glioma cells for 30 min.
Copyright © 2003 American Chemical Society (M. Zhang et al., 2003).

Several cyanine-based fluorescent compounds, including Cy5.5-D-glucosamine
(Cy5.5-2DG), CyNE 2-DG, and IRDye800CW 2-DG, are glucose tracers with high stability,
fluorescence intensity, biocompatibility, and sensitivity in labeling cancer cells (Z.
Cheng et al., 2006; Kovar, Volcheck, Sevick-Muraca, Simpson, and Olive, 2009; Lee, Lee,
Park, and Park, 2011; Vendrell, Samanta, Yun, and Chang, 2011). In 2014, Seung Bum
Park et al. demonstrated the glucose bioprobe Cy3 derivative for targeting the GLUTs
and applying the studies of fluorescence imaging to a zebrafish model. As a result, the
fluorescent signal of GB2-Cy3 can be seen in zebrafish larval eyes at a dose of 2 UM,
and the signal steadily increases as the dye concentration increases up to 80 M, with
a greater signal to noise ratio than 2-NBDG. Besides, The GB2- Cy3 uptake can be

distinctly reduced in zebrafish larval eyes in the presence of 30 mM of D-glucose and
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GLUT inhibitor, 4,6-O-ethylidene-&-D-glucose (4,6-EDG), which confirmed that the GB2-
Cy3 was found to be GLUT-specific (Figure 8)(Park et al., 2014).

(OH J ~
\ -0
Mo\
HO/ O\/'\N//\\
AN T\
GB2-Cy3

A B,

ME—

0 100 200 600 1000
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Figure 8 GB2-Cy3, cyanine-based fluorescent glucose tracer. (A) the internalization of
(@) 2-NBDG in zebrafish (green) and (b) its quantitative result. (c) Dose-dependent
uptake of Cy3-GB2 in zebrafish (red) and (d) its quantitative result. (B) Glucose
competition assay (a) GB2-Cy3 and D-glucose (30mM) in zebrafish. (b) its quantitative
result in the zebrafish larval eye. (c) GB2-Cy3 and the GLUT inhibitor, (4,6-EDG, 2.5 mM.
(d) its quantitative result in the zebrafish larval eye. The scale bar = 500 mm. Copyright
© 2014 Royal Society of Chemistry (Park et al., 2014).

Recently, a novel NIR glucose tracer having two different charges of silicon
rhodamine (SiR) fluorochrome, SiR-CO,H, and SiR-Me, was reported to demonstrate
GLUT-dependent uptake. They found that the molecular charge significantly affected
their cellular uptake; the SiR-CO,H (net charge = 0) charge exhibited higher
internalization in Hela cells than Glc-SiR-Me (net charge = +1). Furthermore, higher
cellular uptake of SiR-CO,H was identified in breast cancer cell lines (MCF-7 and MDA-
MB-231), which have high levels of GLUTs expression. In addition, the D-/L-glucose

competition experiment revealed that D-glucose significantly reduced the red
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fluorescence signal in a dose-dependent manner but had no effect on L-glucose. This
observation suggested that Glc-SiR-CO,H cellular uptake is primarily GLUT-dependent,

which is important for monitoring glucose uptake in living cells (Figure 9) (Jo et al,,
2018).
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Figure 9 Glc-SiR-CO,H, silicon rhodamine (SiR)-based fluorescent glucose tracer.
Schematic representation of the main idea of the Glc-SiR-CO,H, which can internalize
into cancer cells via GLUTs. The cellular uptake of Glc-SiR-CO2H can be inhibited by

D-glucose in dose-dependent manners, but not influenced by L-glucose. Scale bar =

10 Um. Copyright © 2018 Royal Society of Chemistry (Jo et al., 2018).

[Pt(L2) (R-BODIPY)] Cl, 2), a platinum (Il)-based BODIPY with an appended glucose
moiety, was also developed for enhanced NIR cellular imaging-guided PDT. This
complex 2 had an absorption wavelength of 715 nm (3.2 x 104 M cm™) in 10%
dimethyl sulfoxide (DMSO)- Dulbecco’s Modified Eagle’s Medium (DMEM) (pH 7.2).
Moreover, complex 2 can generate singlet oxygen (*O,) in red light, which exhibited a
'0, oxygen quantum yield of 0.6. The photodynamic ability test revealed that red light-
induced cytotoxicity of complex 2 in Hela cervical cancer, Hel.a lung cancer, and MCF-
7 breast cancer cells (IC50: 2.3-24.7 UM in light) with negligible dark toxicity (IC50 >
100 UM). Furthermore, the JC-1 assay revealed that complex 2 was strongly localized
in the mitochondria (Figure 10) (Ramu, Gautam, Garai, Kondaiah, and Chakravarty, 2018).



15
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Figure 10 Pt(L2) (R-BODIPY)] Cl, 2, glucose-Appended Platinum (I)-BODIPY. The main
idea of the Pt(L2) (R-BODIPY)] Cl, 2 that can be specific with GLUTs and demonstrates
mitochondrial localization of the complexes is depicted schematically. This complex
also creates singlet oxygen for PDT cancer therapy when exposed to red light.

Copyright © 2018 American Chemical Society.

In 2019, Enmin Li et al. synthesized electron donor-acceptor (D-A) structures
based on dicyanoisophorone (DCI) derivatives conjugated to the C-1 position of D-
glucose (Glu-1-O-DCSN). This probe showed a deep-red emission with a large stoke
shift up to 140 nm (Ae, at 530 nm). Glu-1-O-DCSN exhibited good competition with D-
glucose for internalization in GLUT1-overexpressed KYSE150 cells. The bioimaging of
Glu-1-O-DCSN in vivo was investigated further by injecting the probe intravenously into
the KYSE150-tumor-bearing mouse. Figure 11 shows that 6 hours after injection, a
strong fluorescent signal was seen in the tumor, demonstrating that Glu-1-O-DCSN
could target mediated tumor cells, likely by GLUT1. In addition, some of the probes
remained in the brain and the liver, which indicates that the probes could cross the
Blood-Brain Barrier (BBB), which is a possible application in tumor and brain disease

imaging (Figure 11) (Y. Cheng et al., 2020).
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Figure 11 Glu-1-O-DCSN, glucose conjugated dicyanoisophorone (DCI) derivatives. A)
Bioimaging in KYSE150-Tumor-Bearing Mouse in the whole body and main organs after
injection of Glu-1-O-DCSN. B) Real-time monitoring cellular uptake of Glu-1-O-DCSN
before and after in the presence of D-glucose (5.6 mM). Copyright © 2020 Royal Society
of Chemistry (Y. Cheng et al., 2020).

2.5 Halogen-containing aza-BODIPY in Photodynamic (PDT) Therapy
Photodynamic (PDT) therapy is a promising anti-tumor strategy and is a minimally
invasive method compared to the traditional method for cancer therapy and widely
used in clinical trials (Huang, 2005; van Straten, Mashayekhi, de Bruijn, Oliveira, and
Robinson, 2017). Applications of PDT require three key components: light, oxygen, and
a light activatable molecule, or photosensitizer (PS). When PSs are exposed to light,
electrons in the ground state of PSs are stimulated into a higher energy state (So to S,)).
This excited PS is unstable and releases this excess energy into fluorescence and/or
heat by the internal conversion process. Alternatively, the electrons in the excited
singlet state can undergo intersystem crossing into the triplet state (T;) with the
inverted spin of the electron. The electron from the triplet state can disintegrate the
radiation transfer electron to create radicals through type 1 reactions or occur in type
2 reactions that tend to transfer some energy to oxygen molecules (°0,) to form single
oxygen ('0,), which are toxic substances involved in PDT (Figure 12). 'O, generation
damages cell macromolecules irreversibly, resulting in tumor cell death by apoptotic,

necrotic, or autophagic pathways (P. Agostinis et al., 2011).
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Figure 12 Jablonski diagram of photodynamic therapy. The electron is excited triplet
state can transfer energy to intracellular oxygen molecules, resulting in singlet oxygen
generation, which can be used to oxidize most biomolecules such as proteins, lipids,
and nucleic acids. On the other hand, the electron in the excited triplet state can
transfer to water to create the hydroxy radical. Copyright © 2015 American Chemical
Society (Bacellar et al., 2015).

Dipyrromethene boron difluoride (difluoroboradiaza-s-indacene, BODIPY) dye is
well known to be used as a photosensitizer for PDT (Kamkaew et al., 2013; Kue et al,,
2018). However, its low fluorescence intensity, low 102 generation, and short
absorbance wavelength are limited to treating superficial wounds only. These
limitations can be overcome by using Aza-BODIPY, in which the meso-carbon of the
BODIPY is substituted by nitrogen (Figure 13) (Ge and O'Shea, 2016; Sola and Barnuelos-
Prieto, 2019).
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Figure 13 The modification of the BODIPY core for extending the absorption
wavelength. Copyright © 2019 IntechOpen (Sola and Banuelos-Prieto, 2019).

The photosensitizer must be capable of producing Qs from T1; in fact, most
BODIPY dyes can be efficiently excited into higher-level singlet states without crossing
to triplet states, resulting in low 05 generation. This problem can be overcome by
attaching heavy atoms to the core structure of the dyes, which enhances Spin-orbit
coupling and thus facilitates the intersystem crossing (ISC) efficiency to promote 'O,
quantum yields. However, fluorescence emission is frequently reduced (De Simone,
Mazzone, Pirillo, Russo, and Sicilia, 2017; Gorman et al.,, 2004). It is noteworthy that
metal-based compounds are difficult to eliminate from the body and leave residues
behind (Egorova and Ananikov, 2017; Ndagi, Mhlongo, and Soliman, 2017). Therefore,
the most frequently encountered method is halogenation. In 2018, Qiang Zhaos et al.
studied the influence of halogen atoms attached to Aza-BODIPY for singlet oxygen

generation ability, including iodine, bromine, and chloride. This work used DPBF as a
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'0, scavenger, the DPBF reacts with 'O, to form an unstable peroxide that decomposes
into a colorless compound, indicating the formation of singlet oxygen. The absorbance
of DPBF in the di-iodinated-Aza-BODIPY B4 condition declined more than the
absorbance of other probes under NIR light. The results suggested that the iodine atom
had the most impact on the generation of singlet oxygen by PDT. This phenomenon
can be explained by the “heavy atom effect” as mentioned before (Figure 14)(Zhao

et al,, 2018).
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Figure 14 Studies of influences of the halogen atom in generating singlet oxygen of
Aza-BODIPY compounds. This experiment used DPBF as a 'O, scavenger for

measurement. Copyright © 2018 John Wiley and Sons, Inc (Zhao et al., 2018).

In addition, the amount of iodine in the structure has affected the efficiency of
PDT. Dong and co-workers created a series of halogenated BODIPY 2a and 2b (Figure
8). They found that 2a with two | atoms exhibited 'O, quantum yields (®y) equal to
73%, which is higher than that of 2b (68 %) with four | atoms. In Hela cells, 2a showed
the lowest half-maximal inhibitory concentration (ICsg) of only 1.0 UM, whereas 2b had
ICso values of 2.8 UM. This can be concluded that adding two extra heavy atoms is
insufficient to increase the 'O, quantum vyields. the MTT assay showed that 2b
nanoparticles (NPs) have substantially higher dark toxicity than 2a NPs, but lower
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phototoxicity than 2a NPs (Figure 15). In addition, an in vivo investigation indicated that
2a NPs showed strong phototoxicity, low dark toxicity, and good biocompatibility (Zou
et al,, 2017).

2a 2b
10, ®,(Methylene blue) = 0.73 10, ®,(Methylene blue) = 0.68
IC,, (HeLa cells)=1 pM (19.2 J cm?) IC,, (HelLa cells)=2.8 uM (19.2 J cm™)

Figure 15 Compounds of 2a and 2b.

This study will employ the Di-iodinated-Aza-BODIPY derivative in imaging-guided
photodynamic therapy to kill cancer cells. In addition, an electron-donating group
(such as-OMe) will be added to the para-relational with the alkene to expand electron
conjugation in the complex, resulting in longer NIR absorption wavelengths. In in vitro
experiments, the Aza-BODIPY derivative will be conjugated with a glucose moiety to
discriminate cancer cells from normal cells. This probe will then tend to localize into

cancer cells via glucose transporters (GLUTS).
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EXPERIMENTAL SECTION
3.1 Chemicals

AZB-NH, and AZB-P were synthesized according to the literature procedure. (Kamkaew
and Burgess, 2015; Pewklang, Chansaenpak, Lai, Noisa, and Kamkaew, 2019) 1-Azido B-
D-glucopyranose was prepared according to the previous protocol (Gorantla et al,,
2019). ALl solvents and reagents were obtained from commercial sources and used
without extra purification. The chemicals and solvents used in this research as shown
in Table 2 and Table 3.

Table 2 Chemicals used for the synthesis of the fluorescence probes.

Chemicals names Chemical formular Sources
Sodium ascorbate CgH7NaOg TCl
Copper (II) sulfate pentahydrate CuSQO,4.5H,0 Carlo Erba
Ethyl acetate C4HsO, Sigma-Addrich
Dimethyl sulfoxide (DMSO) C,HsOS Sigma-Addrich
Diethyl ether (CHs),0 Sigma-Addrich
Hexane CeHia Sigma-Addrich
N-lodosuccinimide C4HqINO, TCl
Chloroform CHCls Sigma-Addrich
Acetic acid CH,COOH Sigma-Addrich
Sodium bicarbonate NaHCO; TCl
Sodium thiosulfate Na,S,04 TCl

Ethanol C,HsOH Sigma-Addrich
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Table 3 Molecular probes for material characterization and cell experiments.

Chemicals names Chemical formular Sources
1,3-diphenylisobenzofuran CyoH140 Sigma-Addrich
(DPBF)
D-Glucose CgH1206 Thermo Fisher
L-Glucose CgH1206 Sigma-Addrich
Methyl thiazolyl tetrazolium CsHgNsS Sigma-Addrich
(MTT)
Combretastatin C15H2506 Sigma-Addrich
Hoechst 33342 Cy7HoNO Thermo Fisher
Calcein acetoxymethyl CaeHagN,O53 Thermo Fisher

(Calcein-AM)

Propidium iodide (PI) Co7H3aloNg Thermo Fisher
2,7-dichloro-dihydro-fluorescein CoaH16CLO, Sigma-Addrich
diacetate (DCFH-DA)

Reactions were monitored by TLC Silica gel 60 F254 (Merck) and purified by flash
silica chromatography. The compounds were characterized by Bruker Avance Il NMR
spectrometer at room temperature at frequencies of 500 MHz (*H), 126 MHz (**C), and
471 MHz (**F) in CDCl; or DMSO-d6 as the solvents. Chemical shifts (8) were recorded
in ppm and coupling constants (J) in Hz. The molecular mass was determined by ESI
and MALDI/TOF analyzer using a-cyano-4-hydroxycinnamic acid (HCCA) as the matrix.
UV-visible-NIR spectra were recorded by an Aligent CARY5000 spectrometer (Agilent,
USA). Fluorescence spectra were collected on a Perkin Elmer LS55 using a 1 cm path

length quartz cell.
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3.2 Research Design and Methodology

Synthesis of N,N"~((5,5-difluoro-3,7-bis(4-methoxyphenyl)-5H-44% 51
dipyrrolo[1,2-c:2',1'-f][1,3,5,2]triazaborinine-1,9-diy)bis(3,1-phenylene))bis(1-
((2R,3R,4S,55,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-
1H-1,2,3-triazole-4-carboxamide) (AZB-Glc)

AZB-P (50.2 mg, 0.070 mmol) was dissolved in dimethyl sulfoxide (DMSO, 10.0
mL) and then 1-azido B-D-slucopyranose (44.4 mg, 0.213 mmol) was added to the
solution. After stirring for 15 min at 25 °C, a solutions of freshly prepared sodium
ascorbate (0.213 mmol, 0.5 M in water), followed by copper (Il) sulfate pentahydrate
(CuSQO,4"5H,0, 0.213 mmol, 0.5 M in water) were added into the mixture. The reaction
was stirred vigorously at 25 °C for 12 h. After that, the mixture was extracted with ethyl
acetate (20 mL), and the organic layer was removed under reduced pressure. Next, the
residue was dissolved in methanol and precipitated in diethyl ether. The precipitate
was filtered out and washed with diethyl ether and hexane to yield 48.2 mg (62.5 %)
of AZB-Glc as a green solid .'H NMR (500 MHz, DMSO) & 10.53 (s, 2H), 8.95 (s, 2H), 8.42
(s, 2H), 8.15 (d, J = 8.4 Hz, 4H), 7.96 (d, J = 7.5 Hz, 2H), 7.81 (d, J = 7.9 Hz, 2H), 7.46 (s,
3H), 7.45 — 7.34 (m, 2H), 7.12 (d, J = 8.5 Hz, 4H), 5.64 (d, J = 9.1 Hz, 2H), 5.48 (d, J = 5.7
Hz, 2H), 5.32 (d, J = 4.4 Hz, 2H), 5.19 (d, J = 5.1 Hz, 2H), 4.66 (d, J = 5.3 Hz, 2H), 3.86 (s,
6H), 3.68 (d, J = 4.3 Hz, 4H). °C NMR (126 MHz, DMSO) & 162.5, 158.7, 157.9, 144.9,
143.1, 142.8, 139.2, 132.5, 132.2, 129.4, 127.2, 125.6, 123.6, 122.3, 121.6, 120.3, 114.9,
88.3, 80.5, 77.2, 72.6, 69.9, 61.2, 56.0. HRESI-MS (m/z): calcd for Cs,HsoBF;N;;014Na
[M+Na]*:;, 1124.3501 found 1124.3483

Synthesis of N,N'-((5,5-difluoro-2,8-diiodo-3,7-bis(4-methoxyphenyl)-5H-41 4,51 *-
dipyrrolo[1,2-c:2',1'-f1[1,3,5,2]triazaborinine-1,9-diyl) bis(3,1-
phenylene))dipropiolamide (AZB-PI)

Under N, atmosphere, AZB-P (53.0 mg, 0.077 mmol) and N-iodosuccinimide (NIS,
34.6 mg, 0.154 mmol) were mixed in chloroform/acetic acid (CHCls/CH,COOH, 3:1, 4
mL), then the mixture was stirred overnight at 25 °C. Afterwards, the organic layer was

separated and washed with sodium thiosulfate (Na,S,0s;, 2 x 50 mL), sodium
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bicarbonate (NaHCOs, 2 x 50 mL) and brine (20 mL). The organic layer was dried over
anhydrous sodium sulfate (anh. Na,SO,), and the solvent was removed under reduced
pressure. The residue was purified by flash silica chromatography (silica gel, ethyl
acetate/hexanes, 1/1, v/v) to yield 63.1 mg (87 %) of AZB-PI as a green solid. 'H NMR
(500 MHz, DMSQ) 6 10.20 (s, 2H), 7.26 (s, 2H), 6.84 (d, J = 8.1 Hz, 2H), 6.78 (d, J = 8.6
Hz, dH), 6.68 (d, J = 7.7 Hz, 2H), 6.60 (t, J = 7.9 Hz, 2H), 6.25 (d, J = 8.7 Hz, 4H), 3.67 (s,
2H), 3.02 (s, 6H). *C NMR (126 MHz, DMSO) & 161.7, 160.9, 150.2, 147.3, 144.9, 138.5,
132.7, 128.9, 127.3, 123.3, 121.5, 120.9, 113.9, 86.7, 78.8, 77.9, 55.8. MALDI-TOF MS
(m/2): calcd for CaoH27BF,1,N504 [M+H]™: 944.303, found: 944.350, and CyaqHsBF,1,N5s04Na
[M+Na]*: 966.249, found: 966.731.

Synthesis of N,N'-((5,5-difluoro-2,8-diiodo-3,7-bis(4-methoxyphenyl)-5H-41 4,51 *-
dipyrrolo[1,2-c:2',1'-f1[1,3,5,2]triazaborinine-1,9-diylbis(3,1-phenylene))bis(1-
((2R,3R,4S,55,6R)-3,4,5-trihydroxy-6-(hydroxymethyl)tetrahydro-2H-pyran-2-yl)-
1H-1,2,3-triazole-4-carboxamide)(AZB-Glc-I)

AZB-PI (33.2 mg, 0.034 mmol) was dissolved in a mixture of chloroform, ethanol,
and water (CHCl;, EtOH and water, 6:1:1, v/v, 8 mL). Then, 1-Azido B-D-glucopyranose
(28.7 mg, 0.140 mmol), sodium ascorbate (4.90 mg, 0.0248 mmol), copper (Il) sulfate
pentahydrate (CuSO,-5H,0, 3.50 mg, 0.014 mmol) were added into the mixture, and
the mixture was stirred vigorously at 25 °C for 24 h. After that, the resulting mixture
was extracted with ethyl acetate (20 mL), and the organic layer was removed under
reduced pressure. Next, the residue was dissolved in methanol and precipitated in
diethyl ether. The precipitate was filtered out and washed with diethyl ether and
hexane to yield 9.0 mg (19 %) of AZB-Glc-l as a green solid. *H NMR (500 MHz, DMSO)
6 10.68 (s, 2H), 8.99 (s, 2H), 8.40 (s, 2H), 7.82 (d, J = 7.6 Hz, 2H), 7.62 (d, J = 8.1 Hz, 4H),
7.55(d, J = 7.3 Hz, 1H), 7.42 — 7.34 (m, 2H), 7.08 (d, J = 8.3 Hz, 4H), 5.66 (d, J = 9.0 Hz,
2H), 5.48 (d, J = 5.4 Hz, 2H), 5.31 (d, J = 4.2 Hz, 2H), 5.18 (d, J = 5.0 Hz, 2H), 4.64 (s, 2H),
3.85 (s, 6H), 3.71 (d, J = 8.5 Hz, 4H). '>C NMR (126 MHz, DMSO) & 161.2, 160.4, 158.4,
147.2,144.5, 1427, 138.4, 132.6, 132.3, 132.0, 128.3, 127.4, 126.8, 123.0, 113.9, 113.49,
113.0, 87.9, 80.1, 76.7, 72.2, 69.4, 60.8, 55.4. *’F NMR (471 MHz, DMSO) & -130.48 (q,
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BF3) HRES"MS (m/Z): CaLCd for C52H4SBF2|2N11014Na [M+Na]+: 13761434, ]Cound
1376.1437.

3.3 General Details for Vis-NIR and Fluorescence Measurements and

Quantum Yield Calculations

The stock solutions of AZB-Glc and AZB-Glc-l were prepared by dissolving 1.5 mg
of AZB-Glc and 1.2 mg of AZB-Glc-I in DMSO in a 3 mL standard volumetric flask to
make the final concentrations of 4.5 x 10* M for AZB-Glc and 3.0 x 10 M for AZB-
Glc-l.

3.3.1 Vis-NIR Absorption Measurement
The stock solutions of AZB-Glc and AZB-Glc-l (10 UL) were added to 3.0 mL of
solvents in 3.5 mL quartz cuvettes (final concentrations ~ 1.5 UM for AZB-Glc and

~ 1.0 UM for AZB-Glc-I). The Vis-NIR absorption spectra were recorded by a Cary Series
UV-Vis-NIR spectrophotometer (Agilent Tech, Santa Clara, CA, USA).

3.3.2 Fluorescence Measurement

The stock solutions of AZB-Glc and AZB-Glc-I (10 UL) were added to 3.0 mL of
solvents in 3.5 mL quartz cuvettes (final concentrations ~ 1.5 UM for AZB-Glc and ~
1.0 UM for AZB-Glc-I). The fluorescence spectra were recorded by a Perkin Elmer LS55
fluorescence spectrometer, using the following parameters: excitation wavelengths =
670 nm, excitation slit widths = 10 nm, and emission slit widths = 10 nm.

The fluorescence quantum yields (®;) which define as the ratio of the number
of photons emitted to the number of photons absorbed were calculated using
equation (1) and relating to Zn-pthalocyanine in pyridine as a standard (std) (@ =
0.30).

Oy = g x (o) (L) (Bame)?

std sample Dstd

where @ denotes fluorescence quantum vield, A is the peak area of

emission, | is the absorbance at the excitation wavelength, and I} stands for the

solvent reflective index.
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3.4 Singlet-Oxygen Generation Measurements

A solution of ethanol containing 80 UM of 1,3-diphenylisobenzofuran (DPBF,
singlet oxygen scavenger) and 0.5 UM of AZB-Glc-l in a quartz cell of 1 cm path length
was exposed to a red LED lamp (660 nm, power density of 8.7 mW cm™) at room
temperature. Then, DPBF absorbance was measured at 408 nm in a microplate reader
(BMG Labtech/SPECTROstar Nano) every 1-5 s intervals for 18 s. The DPBF solution in
ethanol (negative control) and the solution containing 0.5 UM methylene blue (MB,
comparative control) were also examined. The singlet oxygen quantum yield of AZB-
Glc-lI was determined by the reduction of DPBF absorbance over irradiation time. The

singlet oxygen quantum yield was calculated according to equation (2).

grad 1 F
(psample = Dgpq X (w) X (Fs—td) ........ (2)

gradgeq sample

where @, denotes singlet oxygen quantum yield of methylene blue (0.52
in ethanol), grad is the rate of reaction, F is absorption correction factor

(F — 1_1O—absorbance)

3.5 Cell Experiments

3.5.1 Cell Culture

Breast cancer (MCF-7 and MDA-MB-231) and human fetal lung fibroblast 1 (HFL1)
cell lines were purchased from the American Type Culture Collection (ATCC). The cells
were seeded in 75 cm? flasks containing culture media (Dulbecco’s Modified Eagle
Medium/High glucose, HyClone, for MCF-7 and MDA-MB-231; Kaighn's Modification of
Ham's F-12 Medium, ATCC, for HFL1) supplemented with 10 % fetal bovine serum (FBS,
Gibco) and 1 % penicillin-streptomycin (CORNING). All cells were incubated at 37 °C in

a humidified atmosphere containing 5 % CO.,.
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3.5.2 Cell imaging

Live Cell imaging: AZB-Glc, a non-iodinated Aza-BODIPY was chosen for imaging
experiments due to its high fluorescence signal, which is useful for tumor detection.
MCF-7, MDA-MB-231, and HFL1 cells were cultured on 8-well glass chamber slides (7
x 10° cells/well) in complete media for at least 24 h prior to treatment with AZB-Glc
(5 UM). All treated cells were incubated for various time points (0, 1, 3, 6, and 24 h) at
37 °C. After 3 times washing with PBS (pH 7.4), the cell nuclei were stained with Hoechst
33342 (1.0 UM). Then, live cells imaging was achieved with a Laser Scanning Confocal
Microscope with a 60X oil immersion objective lens (LSCM, Nikon A1Rsi). Moreover, all
the cells were treated with AZB-P at the same conditions to ensure the GLUT

selectivity of AZB-Glc.

3.5.3 Co-Localization Analysis

MCF-7 and MDA-MB-231 cells were cultured on 8-well glass chamber slides for
24 h and then incubated with 5 UM of AZB-Glc for 6 h. After washing 3 times with PBS
(pH 7.4), the cells were stained with Lysotracker™ Green DND-26 for 20 min. After that,
the media were replaced with Hoechst 33342 containing DMEM. The cells

were visualized by LSCM with a 60X oil immersion objective lens (Nikon A1Rsi).

3.5.4 D/L-Glucose Competition Test

MDA-MB-231 and MCF-7 cell lines were cultured on 8-well glass chamber slides
in glucose-free complete DMEM media (7 x 10> cells/well) for 12 h. Thereafter, the
cells were treated with glucose-free DMEM media containing various concentrations of
D-glucose or L-glucose (0, 50, 100, and 200 mM) and AZB-Glc or AZB-P (5 UM) for 30
min before washing with PBS (pH 7.4). Cell nuclei were stained with Hoechst 33342
solution (1.0 UM) before visualizing under a LSCM with 60 X oil immersion objective

lens (Nikon A1Rsi).

3.5.5 Combretastatin Treatment
The method was performed according to the protocol reported previously.! In

brief, MDA-MB-231 and MCF7 cultured on 8-well glass chamber slides (7 x 10°
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cells/well) were incubated with various concentrations of combretastatin (0, 0.1, and
1.0 UM) for 24 h in complete DMEM media. After media removal, the cells were
incubated with AZB-Glc (5 UM) for 3 h. Then, the cells were washed with PBS buffer
(pH 7.4) 3 times before staining the cell nucleus with Hoechst 33342. Fluorescence

images of the cells were obtained under LSCM with a 60 X oil immersion objective

lens (Nikon A1Rsi).

3.5.6 Light-Induced Cytotoxicity

The standard methyl thiazolyltetrazolium (MTT) assay was utilized to assess the
PDT effect of the di-iodinated Aza-BODIPY analog (AZB-Glc-I) in three cell lines (MDA-
MB-231, MCF7, and HF1 cells). The cells were cultured on 96-well plates in DMEM
media for at least 24 h before treatment with various concentrations of AZB-Glc-I
(0.125, 0.25, 1, 2.5, and 5 UM) for 6 h. After incubation, the cells were washed with
PBS buffer (pH 7.4) 3 times, and fresh media were added before the cells were exposed
to a red LED lamp (660 nm, power density of 8.7 mW cm™) at room temperature for 1
and 5 min. The control group was kept in the dark. Thereafter, all cells were incubated
for another 24 h before treating with fresh PBS containing methyl thiazolyl tetrazolium
(MTT reagent, 0.5 mg mL™", Sigma-Aldrich) for 2-3 h. Then, the media was replaced by
DMSO to dissolve the resulting formazan. Relative cell viability was recorded by using
a microplate reader (BMG Lab-tech / SPECTROstar Nano) to detect formazan

adsorption at 560 nm.

3.5.7 Live/Dead Staining Assay

MDA-MB-231 cells were cultured on a 6-well plate (2 x 10° cells/well) in
complete DMEM media for at least 24 h before incubating with AZB-Glc-I (2.5 UM) at
37 °C under 5% CO, for 6 h. After washing 3 times with PBS (pH 7.4), all cells were
irradiated with a red LED lamp (660 nm, power density of 8.7 mW cm™) for 10 min at
room temperature, and then re-incubated for another 24 h. After that, the cells were
stained with 4 UM calcein acetoxymethyl (calcein-AM) and propidium iodide (PI) for 5
min and then wash with PBS (pH 7.4) before being visualized under a fluorescence

microscope (BioRad/Zoe).
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3.5.8 Intracellular Reactive Oxygen Detection

2,7-Dichloro-dihydro-fluorescein diacetate (DCFH-DA) was utilized to detect
singlet oxygen in cell lines. MDA-MB-231 were seeded on 8-well glass chamber slides
(7 x 10° cells/well) in complete DMEM media and cultured for at least 24 h before
being incubated with AZB-Glc-I (0.25 UM) at 37 °C under 5% CO, for 6 h. After washing
3 times with PBS (pH 7.4), the cells were treated with 2,7-dichloro-dihydro-fluorescein
diacetate (DCFH-DA, 20 UM, Sigma-Aldrich) for 1 h. Thereafter, the cells were washed
with PBS (pH 7.4), the media replaced by fresh media, and the cells irradiated by the
red LED lamp (660 nm, power density of 8.7 mW cm™) for 5 min. The control group
was kept in the dark. All cells were stained with Hoechst 33342 before being visualized
under LSCM with a 60X oil immersion objective lens (Nikon A1Rsi).

3.6 Statistical Analysis

One-way ANOVA followed by Tukey’s post-hoc analysis was used for comparison
between multiple groups using R studio. P values of less than 0.05 are considered
significant (*P < 0.05, **P < 0.01, ***P < 0.001). Pearson's correlation coefficient was
calculated with the JACoP ImageJ plugin for the cell study. The half-maximal inhibitory
concentration (ICs) was determined by nonlinear regression analysis in GraphPad Prism

9.



CHAPTER IV
RESEARCH RESULTS

4.1 Results and Discussion

4.1.1 Synthesis and Photophysical Properties of AZB-Glc and AZB-Glc-l

terminal alkynes of an aza-BODIPY derivative (AZB-P) were generated via amide
coupling between amino aza-BODIPY (AZB-NH,) and propionic acids. AZB-Glc was
synthesized through the azide-alkyne Huisgen cycloaddition, utilizing two azido-
glucose moieties and AZB-P. In addition, the iodinated AZB-PI was employed instead
of AZB-P in the synthesis of AZB-Glc-I (Figure 16 and Appendix A).

NNHO
\N%OH
\N/

OMe

EDC, DMAP
CH,Cly, 0-25°C
24h

CuSOQy, Na ascorbate
DMSO, 25 °C
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Figure 16 Synthesis of AZB-Glc and AZB-Glc-I.



4.1.2 Optical Properties of AZB-Glc and AZB-Glc-I

The photophysical characteristics of the glucose tracers (AZB-Glc and AZB-Glc-l)
in different solvents were examined using VIS-NIR and fluorescence spectroscopy, as
shown in Table 4 and Figure 17. The absorbance spectra revealed that the absorption
maxima of both glucose tracers ranged from 675 to 705 nm in the NIR region,
depending on the polarity and proticity of the solvents. Furthermore, in the case of
AZB-Glc, the emission maxima in different solvents ranged from 716 to 733 nm, with
a relatively high fluorescence quantum yield of approximately 0.40 to 0.65 in polar
protic solvents (Table 4). Due to the effect of heavy atoms, AZB-Glc-l did not emit

fluorescence, implying that only AZB-Glc can offer fluorescence imaging for the cancer

diagnosis (Kamkaew et al., 2013).
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Figure 17 Absorption and fluorescence spectra of AZB-Glc (red line) and AZB-Glc-I

(blue line) in DMSO.
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Table 4 Photophysical properties of AZB-Glc and AZB-Glc-I.

Ea
/1max Aemissb q)fc
Cpd Solvent (Mtecm™) AA (nm)
(nm) (nm)
(n=3)
AZB-Glc CHCL, 705 1.5 x 107 723 18 0.14
(+ 0.03x10%
DMSO 705 3.2 x 10% 733 28 0.40
(+ 0.05x10%
MeOH 638 0.9 x 10* 716 28 0.62
(+ 0.06x10%
PBS© 702 2.8 x 10% 726 24 0.45
(+ 0.04%x10%
AZB-Glc-I CHCly 687 2.8 x 10* NF
(+ 0.05%x10%
DMSO 685 2.4 x 10* NF
(+ 0.02x10%
MeOH 675 0.5 x 10* NF
(+ 0.04x10%
PBSY 685 0.9 x 104 NF

(+ 0.07x10%

“the calculated average values of molar absorptivity from three distinct concentrations
of AZB-Glc and AZB-Glc-1. ® Samples [AZB-Glc (1.5 UM) and AZB-Glc-l (1.0 UM)] were
excited at 670 nm. “Relative to Zn-pthalocyanine in pyridine (P = 0.30). PBS with 3%

Tween-80. NF = No fluorescence.

4.1.3 Singlet Oxygen Generation Measurement in Vitro of AZB-Glc-I

The effectiveness of AZB-Glc-l in singlet oxygen generation was monitored by the
absorption of 1,3-diphenylisobenzofuran (DPBF) as singlet oxygen (‘O,) quencher. After
exposing AZB-Glc-l to NIR light at 660 nm (power density of 8.7 mW cm™), 'O, was
immediately produced as demonstrated by the reduction of DPBF absorbance at 408
nm (Figure 18 and 19), and the efficiency of 'O, generation increased when increasing
the exposure time. Besides, AZB-Glc-I could create 'O, at a higher rate than methylene

blue (standard photosensitizer) in an ethanol solution, which had a calculated 'O,

quantum yield (@) of 1.03 in comparison to methylene blue (Figure 20) implying that
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the AZB-Glc-I could enhance the 'O, production, which suitable to be an excellent

photosensitizer for cancer treatment by PDT.
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Figure 18 DPBF absorbance changes at 408 nm when being exposed to NIR light at

various times in the presence of A) AZB-Glc-l, B) Methylene blue in ethanol.
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Figure 19 DPBF absorbance behavior in the presence of AZB-Glc-l (0.5 UM) and
Methylene blue (0.5 UM) in ethanol under light irradiation for 18 s (1-5 s intervals).
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Figure 20 The first-order kinetic plot of DPBF absorbance at 408 nm vs irradiation times

for calculating the 'O, quantum yield according to equation 2.

4.2 Cell Assays

4.2.1 Time-Dependent Cellular Uptake of AZB-Glc

As shown in table 4, AZB-Glc exhibited near-IR fluorescence with a high
fluorescent quantum vyield, whereas AZB-Glc-l exhibited almost no fluorescent
emission. As a result, AZB-Glc was used as a fluorescent imaging probe to investigate
the specific cellular uptake via GLUT. First, we visualized the cellular uptake of AZB-
Glc between normal cells and cancer cells at different time points (0, 1, 3, 6 and 24
h) to evaluate the feasible application of the glucose tracer for molecular diagnostics
and the optimal light irradiated time in PDT. High levels of GLUT1 cancer cells (MDA-
MB-231 and MCF-7) (Barbosa and Martel, 2020; Hamann et al., 2018; Kang et al., 2002;
Oh, Kim, Nam, and Shin, 2017) and a normal cell (HFL1) (Giatromanolaki et al., 2017;
Ramu et al., 2018) were used for comparison. After 1 hour of incubation, AZB-Glc was
accumulated in cancer cells, with fluorescent signals rising in a time-dependent
manner (Figure 21). In contrast, almost no fluorescence was detected in the control
cells during the same period (0-24 h). Notably, the Aza-BODIPY probe without glucose
moieties (AZB-P) demonstrated fluorescent signals in cancer cells after 3 h of
incubation, with no cancer cell selectivity (Figure 22). These findings possibly imply

that the AZB-Glc binding GLUT response to cellular uptake. Higher levels of GLUTs



expression in cancer cells result in greater cellular uptake of the glucose tracers,
allowing cancer cells to be distinguished from normal cells. Furthermore, AZB-Glc co-
localized with LysoTracker in MDA-MB-231 and MCF-7 cells, with Pearson's coefficients
of 0.78 and 0.85, respectively, demonstrating the build-up of the glucose tracer inside
the lysosome in cancer cells and ensuring that the AZB-Glc inside the cancer cells

(Figure 23).

HFL1 MDA-MB-231 MCF-7

Hoechst Hoechst Hoechst
33342 AZB-Glc Merge 33342 AZB-Glc Merge 33342 AZB-Glc Merge

Figure 21 Time-Dependent Cellular Uptake of AZB-Glc (5UM) at different times of
incubation (0,1,3,6 and 24h) in breast cancer cell lines (MAD-MB-231 and MCF-7) and
human fetal lung fibroblasts (HFL1). Scale bar = 20 um.
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Figure 22 Time-Dependent Cellular Uptake of AZB-P (5UM) at different times of
incubation (0,1 and 3 h) in breast cancer cell lines (MAD-MB-231 and MCF-7) and human
fetal lung fibroblasts (HFL1). Scale bar = 20 um.
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Figure 23 Co-localization experiment in the lysosome of AZB-Glc (5UM) in breast
cancer cell lines (MAD-MB-231 and MCF-7) with Pearson's coefficients of 0.78 and 0.85,

respectively. Scale bars = 20 um.

4.2.2 D/L-Glucose Competition Assay of AZB-Glc

D/L-glucose competition assay was performed to validate the selectivity of AZB-
Glc mediated GLUTs for cellular uptake in cancer cells. In glucose-free DMEM media,
GLUTs-overexpressed MDA-MB-231 and MCF-7 cells were treated with AZB-Glc (5 UM)
in the presence of various doses of D- or L-glucose (0 to 200 mM) for 30 min before
confocal imaging. As a result, increasing D-glucose concentration resulted in reduced
red fluorescence signals in the cancer cell, but was not significantly different from L-

glucose (Figure 4). In contrast, there was no difference in fluorescence signals when
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AZB-P was used instead of AZB-Glc (Figure 24 and Figure 25), indicating that glucose

moieties are important in cellular internalization.
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Figure 24 Glucose competition assay between AZB-Glc (5 UM) and various doses of

D- /L-Glucose in MDA-MB-231 and MCF-7 cells (blue = nucleus, pink = AZB-Glc) and

its quantitative analysis (data are presented as means + SD, n = 40). *P < 0.05, **P <

0.01, and ***P < 0.001 using one-way ANOVA (Tukey test). Scale bars = 20 um.
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Figure 25 Glucose competition assay between AZB-P (5 UM) and various doses of D-
/L-Glucose in MDA-MB-231 cells (blue = nucleus, pink = AZB-P) and its quantitative
analysis (data are presented as means + SD, n = 40). *P < 0.05, **P < 0.01, and ***P <

0.001 using one-way ANOVA (Tukey test). Scale bars = 20 um.

4.2.3 Combretastatin Treatment

To further illustrate the biological applicability of AZB-Glc, the influence of
anticancer drug treatment on glucose cellular uptake can be monitored by fluorescent
image-based screening. As a model anticancer drug, we incubated the cancer cells
with combretastatin, which has been associated with decreased cellular glucose
uptake and cytoskeleton disruption (Karatoprak et al., 2020). In this experiment,
Combretastatin (0.1 and1.0 UM) was incubated in MDA-MB 231 and MCF-7 for 24 h.
Then, washing with PBS and the cells were treated with AZB-Glc (5 UM) for 3 h. Cellular

uptake of AZB-Glc was dramatically reduced in both cell lines, as shown in Figure 5.
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This suggests that the probe can be used to monitor the suppression of tumor
metabolism induced by anticancer therapy (Figure 26).
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Figure 26 Confocal imaging of AZB-Glc in breast cancer cell (MCF-7 and MDA-MB-231)
after being treated with Combretastatin (0.1 and 1 UM) for 3 h (blue = nucleus, pink =
AZB-Glc) and its quantitative analysis (data are presented as means + SD (n = 30). *P
< 0.05, **P < 0.01, and ***P < 0.001 using one-way ANOVA (Tukey test). Scale bars =

20 um.

4.2.4 Photocytotoxicity Assay of AZB-Glc-|

Based on all imaging experiments, it is evident that AZB-Glc can differentiate
cancer cells from normal cells. To ensure the ability for cancer treatment by PDT, a
series of photodynamic treatment studies was carried out using the iodinated form of
aza-BODIPY (AZB-Glc-l) to generate 102.

A photocytotoxicity assay of AZB-Glc-I was performed in both cancer cells (MDA-
MB-231 and MCF-7) and normal cells (HFL1) to ensure the PDT efficacy of the probe
using MTT assay. All cell lines were treated with various concentrations (0-5 UM) of
AZB-Glc-l for 6 h before being exposed to NIR light (660 nm, power density of 8.7 mW
cm) for 1- and 5-min, and the cells were then allowed to proliferate for another 24
h in the dark. As shown in Figure 27AandB, cancer cells viability dramatically reduced
in a dose-dependent manner even as irradiation time increased from 1 to 5 min. The
half-maximum inhibitory concentration (ICso) of AZB-Glc-l decreased approximately 7-
fold when the exposure time was increased from 1 min to 5 min (Table 5). After 1 min

of light exposure, the viability of normal cells was maintained at greater than 70% at
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the highest measured concentration (5 UM) (Figure 27C). However, after a longer
irradiation time, cell viability eradually drops as the dose of the probe increases, but
the percentage of cell viability remains higher than that of cancer cells. Additionally,
the ICso values of AZB-Glc-I for HFL1 after 1 min of light exposure were approximately
20-fold greater than that of cancer cells, suggesting that the probes have the highest

potential to become an effective therapeutic agent for cancer ablation under NIR light.
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Figure 27 Photocytotoxicity experiment by MTT assay of the cells (MAD-MB-231, MCF-
7, and HFL-1 cells) treated with various doses of AZB-Glc-I under NIR light at 660 nm
(power density of 8.7 mW cm™) for 1 and 5 min of exposure times, and its half-maximal
inhibitory concentration (ICso) curves. (Data are presented as means + SD (n = 3). *P <

0.05, **P < 0.01, and ***P < 0.001 using one-way ANOVA (Tukey test).
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Table 5 The ICsy values of AZB-Glc-l in different cell lines.

Cell line ICs0 (UM)

dark 1 min 5 min

MDA-MB-231 >100 1377 0.20%**

MCF-7 >100 1.61%**  0.25%*

HFL1 >100 31.95 1.57

*P < 0.05, P < 0.01, and ***P < 0.001

4.2.5 Intracellular 'O, Detection in MDA-MB-231 Created by AZB-Glc-|

In addition, to ensure the intracellular 'O, generated by our probes, 2,7-
dichlorofluorescein diacetate (DCFH-DA) was used in this experiment because this dye
(non-fluorescent) can be oxidized by 'O, to form the 2',7"-dicholorofluorescein (DCF),
which emit the green fluorescence. As can be seen in Figure 28, only MDA-MB-231
cells treated with AZB-Glc-l under light irradiation showed intense green fluorescence,
indicating that 'O, was created inside the cells. The green signals were undetectable
in the control cell, the cell containing the probes in the dark, and the cells only
exposed to light. This result confirmed that the NIR light-activated AZB-Glc-l generated

10, in the cellular environments.
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Figure 28 Intracellular 'O, detection in MDA-MB-231 cells treated with AZB-Glc-I (5
UM) only, NIR light at 660 nm (power density of 8.7 mW cm?) only, and AZB-Glc-I
combined with NIR light. Blue = nucleus, light green = DCF. Scale bars = 20 um.

4.2.6 Live/Dead Viability/Cytotoxicity of AZB-Glc-I in Brest Cancer Cells

live/dead viability/cytotoxicity was performed to further confirm that the cancer
cells were destroyed by light-activated AZB-Glc-l in the living system. TO VISUALIZE
VIABLE AND DEAD CELLS, the MDA-MB-231 cells were stained with calcein-AM and
propidium iodide (PI). Calcine AM can react with intrasellar esterase in a live cell and
then display green fluorescence, whereas Pl can only pass through the damaged cell
membrane and emit red fluorescence by intercalation in the DNA of dead cells. After
the cells were exposed to NIR light, red fluorescence of Pl was evident in cells
presenting AZB-Glc-l, showing that the light-activated AZB-Glc-l promotes cell death.
On the other hand, the control cells, cells treated with AZB-Glc-I (no light irradiation),
and cells irradiated without the probe mainly remained alive, as seen by the bright
green fluorescence of calcine AM (Figure 29). This result consists of the previously
reported photocytotoxicity in the MTT assay, which ensures that the AZB-Glc-I can be
triggered by NIR light to damage the cell and showed no toxicity in the dark. Therefore,

AZB-Glc-l could be a suitable therapeutic agent in cancer ablation.
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Figure 29 Live/dead cell viability/cytotoxicity assay in MDA-MB-231 cells treated with
AZB-Glc-l (5 UM) only, NIR light at 660 nm (power density of 8.7 mW cm™) only, and
AZB-Glc-lI combined with NIR light. Green indicates the live cells from calcein AM,

and red indicates the dead cells from PI. Scale bars = 20 um.



CHAPTER V
CONCLUSIONS

In conclusion, | succeeded in synthesizing the derivatives of aza-BODIPYs (AZB-
Glc and AZB-Glc-l) as glucose tracers that target GLUT overexpression for cancer
diagnosis and treatment via PDT. Both probes exhibited absorption wavelengths in the
NIR region. Furthermore, AZB-Glc displays high fluorescence quantum yield, whereas
no fluorescence emission was observed from AZB-Glc-l, due to the heavy atom effect.
High cellular uptake of our glucose tracer was observed in cancer cells with high
expression of GLUTs, especially in breast cancer cells. In the presence of D-glucose,
the fluorescence signal of the probe was reduced, implying the internalization of our
probe via GLUTs. Cancer cells uptake more of our probes than normal cells, resulting
in enhanced PDT efficiency. AZB-Glc-l displayed strong photocytotoxicity towards
cancer cells, with an ICso range of 1.3-1.6 M after exposure to red light for only 1 min,
and the ICs, reduced to the sub-micromolar range after 5 min irradiation. Because of
the difference in cellular uptake between normal and cancer cells, facilitated by its
linked glucose moieties and high singlet oxygen generation, AZB-Glc-l offers great

promise for clinical development as a targeted PDT agent.
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SUPPORTING INFORMATION
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