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ABSTRACT

Here we report the DNA photocleavage abilities of near-infrared (NIR) quinolinium
pentamethine carbocyanine dyes substituted with either bromine, chlorine, or hydrogen at the
meso-carbon position. We are interested in developing these cyanine dyes as treatment agents in
photodynamic cancer therapy because they can be activated to selectively kill diseased cells with
NIR light that deeply penetrates biological tissues. UV-visible, CD, and fluorescence spectra show
that the brominated quinolinium cyanine dyes 4 and KI2 are stable in aqueous buffer and bind to
DNA in a non-intercalative manner both externally and in the DNA minor groove. Reactions run
in the presence and absence of fluorescent probes and chemical additives reveal that irradiation of
dye 4 and KI2 with 707-759-nm and 830-905 nm NIR light respectively generates Type I OH’

radicals that form direct strand breaks in plasmid DNA in high yield.
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1 PHOTODYNAMIC THERAPY A THERAPEUTIC APPROACH: DNA

PHOTOCLEAVAGE AND DNA-CYANINE DYE INTERACTIONS

1.1 Photodynamic Therapy

Photodynamic therapy (PDT) is a form of light treatment to cure various diseases,
including cancer. PDT is commonly performed as an outpatient procedure.! It requires the
intravenous, oral, or topical application of a drug called a photosensitizer (PS) into the body.? Light
is then used to activate the PS in targeted tissues, resulting in the localized production of cytotoxic
reactive oxygen species. The treatment can be performed before or after radiotherapy, surgery,
cryotherapy, chemotherapy, and surgery or in combination without compromising the other
treatment modalities.> Unlike conventional therapies, such as chemotherapy and radiotherapy,
PDT is non-invasive with low cytotoxicity and has high effectiveness.* PDT is selective and can
accurately target the affected areas without compromising surrounding healthy cells. It is a
repeatable procedure with moderate side effects and can be administered over a short time period.’
PDT is a promising treatment that has grown speedily over the past years. Though PDT was
initially reported to treat various skin conditions, including actinic keratoses (AK) and localized
patch-stage cutaneous T-cell lymphoma with the limitation of deep light penetration issues, it has
shown potential in the treatments of several diseases.®’ PDT is used to cure head and neck,
bladder, esophageal, skin, and cavity cancers.®° Also, it can enhance the survival rate of patients
with cancerous diseases. Chhatre and co-workers reported a significant decrease in the mortality
rate of Stage III and Stage I'V non-small cell lung cancer (NSCLC) patients who received treatment
with a combination of PDT and chemotherapy.'°

Nowadays, PDT is employed in several fields: in urology, dermatology, gastroenterology,

and ophthalmology.!" In dentistry, PDT has lately been used as an alternative procedure in



periodontal care to eliminate bacteria from infected areas during root canal treatment.!> 3 It has
been applied to disinfect dentin and oral tissues. We can infer that PDT applications are broad.
1.1.1 History of Photodynamic Therapy

Light therapy, classically known as heliotherapy dates to antiquity, where light was used
to treat psoriasis, rickets, and vitiligo.'* In ancient Greece, daylight exposure was utilized as a way
to cure various skin conditions. Light therapy was further developed by Niels Finsen, a Danish
physician and scientist. As a physician, he worked extensively with various light sources to treat
several diseases. In 1903, Finsen received a Nobel prize for using carbon arc phototherapy to treat
skin tuberculosis.!> His work encouraged other scientists such as von Tappeiner to use light as a
therapeutic system to treat diseases. Von Tappeiner was the first scientist to conduct scientific PDT
clinical trials by treating patients with basal cell carcinoma through the combination of dyes and
exposure to either sunlight or arc-lamp light.!® Von Tappeiner and co-workers also led an
experiment where they observed that protozoans stained with acridine orange were destroyed upon
their exposure to bright light.!” Many other studies were further driven towards PDT in which von
Tappeimer employed dyes and light to treat tuberculosis, syphilis, and tumors. During his
numerous studies, he observed that oxygen was one of the main requirements of the treatment and
coined the term “photodynamic therapy”.'® ! The modern era of PDT began in 1960 with a study,
which led to the discovery of a porphyrin-based photosensitizer, hematoporphyrin derivative
(HpD), by Lipson and Schwartz?® at the Mayo Clinic. They observed fluorescence of neoplastic
lesions and phototoxicity effects upon the injection of crude hematoporphyrin into the skin during
surgery.’!

In the 1970s, Dougherty clinically investigated the translational relevance for PDT using
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HpD to treat various tumors. HpD was selectively localized in tumors making PDT initially



a promising treatment for cancer. Soon after, in 1993, the first regulatory approval PDT agent,
porfimer sodium (Photofrin®), originated in Canada for the treatment of bladder desease.?? Since
then, many other PDT agents have been synthesized as derivatives of the initially discovered PS
agent. Consequently, numerous new PS have followed and gained clinical approval worldwide to
image and treat various cancers and other diseases.
1.2 Components and Principle of PDT

PDT involves the administration of a PS into the targeted tissues. The procedure can be
defined in two stages. During the first stage, the PS accumulates into the affected tissue upon its
administration. In the second stage, the PS is exposed to light with low energy and a specific
wavelength leading to its activation.?* PDT requires three principal components: a PS, light, and
oxygen.?* Each component plays an essential role in PDT treatment. Hence, proper identification

and choice of the components are vital.

1.2.1 Photosensitizing Agents

An ideal PS should be a pure, stable PS agent, and water-soluble.>> However, for better
tissues penetration, the light absorption of the PS should ideally lie within the infra-red region of
the electromagnetic spectrum with a range of 650-850 nm, called the “therapeutic window”.%
Near-infrared (NIR) photosensitizers are strongly recommended, and are ideal PDT agent
candidates because they can absorb light that is easily transmitted through biological tissues, such
as skin and blood.?” The PS should possess minimal dark toxicity and an excellent cytotoxic effect
after its photoactivation. The selected PS should have should efficiently produce ROS.?® Also, the
PS should have a good accumulation and retention into the target cells.

The PS should exhibit a high extinction coefficient and quantum yield for ROS

production.?? Also, an optimum PS concentration and the PS uptake into the cancerous cells are



critical parameters in achieving an effective PDT treatment.’® 3! However, PS, light penetration,
and oxygen perfusion vary per person based on the type of tissues, making it difficult to accurately
predict PDT effects.>? Photosensitizers are sometimes categorized as anti-microbial or anticancer
drugs with structural features that differ from each other. Anti-cancer photosensitizers are mostly
lipophilic with less or neutral overall charge. In contrast, anti-microbial photosensitizers tend to
have pronounced cationic charges, making them better candidates in targeting Gram-negative
bacteria.> Photosensitizers containing tetrapyrrole structures make the largest group of
photosensitizers employed in cancer treatment. These photosensitizers have tetrapyrrole
backbones, which are naturally derived from chlorophyll, heme, and bacteriochlorophyll. This type
of photosensitizer can further be divided into four main classes: porphyrins, chlorins,
bacteriochlorin, and phthalocyanine derivatives. Examples of porphyrin-based photosensitizers are
hematoporphyrin (HpD), porfimer sodium (Photofrin®), protoporphyrin-IX with precursors 5-
aminolevulinicacid (5-ALA or Levulan®) and methyl aminolevulinate (MAL or Metvix®).
Temoporfin (Foscan®), verteporfin (Visudyne®), and talaporfin (Laserphyrin®) constitute the
chlorins family, while Redaporfin (LUZ-11®) is a bacteriochlorin (Figure 1.1).* Besides
tetrapyrroles, other groups include synthetic dyes, such as phenothiazinium dyes (e.g., methylene
blue, toluidine blue, and nile bleu), squaraines, transition metal complex dyes, and cyanine dyes
(e.g., merocyanines and cationic cyanine dyes).** HpD and photofrin were the first regulatorily
approved PDT agents by the FDA and are broadly used worldwide. In 2003, the FDA clinically
approved porfimer sodium for the treatment of Barrett’s esophagus. Temoporfin is sold in Europe
for the treatment of head and neck squamous cell carcinoma. Talaporfin is mainly used in Japan

for the treatment of lung cancer.?> 3¢



(0]
HOM
(0] NH,
ONa* —nees
(a) Porfimer sodium (b) Protoporphyrin IX (c) MAL (d) 5-ALA
HO
‘ HO Q
< O/
e
sl les,
OH
(e) Verteporfin (f) Temoporfin (9) Talaporfin (H) Redaporfin

Figure 1.1: Examples of PDT agents.

Although may drugs have been discovered and successfully used in PDT, only a few of
these PDT agents have been approved so far. Thus, porfimer sodium, 5-ALA, MAL, and
verteporfin have been approved in the USA by FDA.*>¢ Though these PSs have been widely used
to treat malignant and non-malignant diseases, they have some limitations, involving the need to

be activated by red light that is absorbed by biological tissues.

1.2.2 Light Sources

An appropriate light source with a specific wavelength to activate the PS agent is needed
in PDT. The type of light used must have a wavelength that correlates with the light absorption of
the PS to optimize activation.’” Preferably, the light wavelength is in the therapeutic range because
the energy present in the photons at this range is high enough to excite the ground state PS to an
excited state while being readily transmitted through biological tissues. Different light sources
have been employed. Thus, lamps, lasers, and light-emitting diodes (LEDs) are the main types of

light sources used in PDT applications. Notably, lamps, light-emitting diodes, diode lasers, carbon



dioxide lasers (CO.), metal vapor lasers, potassium titanyl phosphate (KTP)-dye, and argon-dye
laser systems are used during PDT.8

The first light sources employed in PDT were conventional lamps that utilized filters.*
Though conventional light sources are easy to use and relatively affordable, they had some
drawbacks for PDT treatment because they produce thermal effects. Also, it is difficult to
determine the proper amount of the delivered light using these lamps. Lasers are now the most
common light type used in PDT. Lasers are the most convenient because they can be directly
applied through optic fiber cables to deliver light to the affected cells in the body compared to the
other light sources. They are mostly not affordable, but they emit light with defined
monochromatic wavelengths that can be easily determined. Lasers exhibit a maximum
photoactivation efficiency due to their monochromatic light.

Lasers have high efficiency that is above 90%, which is coupled to a single optical fiber.*’
Wilson clinically evaluated the effect of laser light in treating periodontal disease using the PDT
procedure. In the study, he performed treatment by applying laser light in combination with
methylene blue and toluidine blue as PS agents to kill oral bacteria.*! Diode lasers are currently
the standard light source for many PDT applications that surpass KTP-dye systems. Unlike
standard lasers, diode lasers are semiconducting light sources that do not require optical
configurations. Diode lasers are small, easy to install, and affordable.*?

A COg laser can be utilized to treat basal cell carcinoma (BCC), squamous cell carcinoma
(SCC), and Bowen’s diseases through superficial vaporization of the tumors.* It can alternatively
treat malignant skin tumors through excision or vaporization; however, it has shown some
drawbacks. This light type was described not extensively to benefit from the effect of recurrence

and survival rates.**



An alternative light source is the LED. LEDs have been used in PDT in the past few years
for their many advantages. LEDs produce light through the luminescence process. The light
produced by the LEDs can be electronically monitored in different ways.* They are small, which
eases their portability. Also, they have high light output and low energy.

Lasers are by far the most used light source employed in PDT practice. Still, one must
consider aspects and factors that can affect the choice of light type during the clinical practice of
PDT modalities. Unfortunately, some PSs and light sources fail to fulfill the complete requirements
to achieve a successful PDT procedure due to light depth limitations. As a result, PDT is more
effective for small tumors and superficial skin lesions.! The selection of light depends on the nature

of the PS in use and the location of the disease.

1.3 Mechanism of PDT Action

PDT reaction initiates a biological response that causes the selective localized destruction
of the targeted tissues. Before the light activation, the PS is in its ground singlet state form. Upon
irradiation of the PS by a light with a specific wavelength, the PS undergoes a series of
photochemical transformations. This light activation of the PS leads to a change in its electronic
state, making it move to higher energy levels. In the first place, the PS moves from a low energy
ground singlet state to the excited singlet state. Hence, the PS is no longer in its initial form but
instead becomes an excited singlet state PS. The unstable photosensitizer can have different fates
during relaxation. The photosensitizer can lose its energy by emitting light through a phenomenon
known as fluorescence or heat production (internal conversion).*® Alternatively, the single excited-
state photosensitizer can undergo a spin inversion, intersystem crossing (ISC) process to reach the
more stable excited triplet state (T1) with parallel spins of unpaired electrons.** The excited triplet

state photosensitizer (*PS”) can alternatively relax back to its ground state by emitting photons via



phosphorescence or undergo a PDT reaction. T is relatively long-lived with a lower energy*’ that
provides photosensitizers their ability to photodynamically react with macromolecules.

In the excited triplet state, the formation of highly localized reactive oxygen species (ROS) in the
affected tissues is triggered by two mechanisms. In the presence of ground state triplet oxygen
(?02), the *PS” can either undergo electron transfer (type I) or energy transfer (type II) pathways
to generate ROS. In the type I reaction, *PS” reacts with nearby electrons donating substrates by
accepting an electron. Thus, the triplet state photosensitizer anion radical (*PS™") reacts with
ground-state triplet oxygen (°02), resulting in superoxide anion radical (O2™) production.*®* The
superoxide anion radical possesses a half-life that is less than a second. It is spontaneously
converted to the relatively stable molecule hydrogen peroxide (H202) either nonenzymatically or
via superoxide dismutase (SOD).>® Hydrogen peroxide, in turn, generates hydroxyl radicals ("OH)
by reducing the ferrous iron (Fe?") through an oxidation reaction known as Fenton chemistry’!
Y(Figure 1.2). Hydrogen peroxide is not a free radical, but it acts as a precursor of hydroxyl
radicals. The hydroxyl radical is highly reactive and extremely short-lived. Thus, it reacts in
proximity to its formation site with biomolecules, mainly due to its unpaired electron and highly
positive redox potential.’* >* As described earlier, for both type I and type II processes, the PS
undergoes intersystem crossing to reach the excited triplet state. In the type II pathway, energy is
transferred from the excited triplet state *PS” to generate highly reactive excited singlet state
oxygen ('0.). The intracellular targets of 'O» are also located near the site of PS accumulation due

to its very short lifetime in the cells.>> The overall PDT mechanism results in the formation of



Type I hydroxyl radicals and Type II singlet oxygen and II can oxidize various macromolecules,

such as proteins, nucleic acids, and lipids.>¢

() “PS” +°0; —PS° + O

(2) Fe¥ + ;" —Fe¥ + O

(3) 20:"+ 2H —H.0; + 0

(4)  Fe* + H:0; — Fe™ + .0+ OH"

Figure 1.2: Hydroxyl radical generation through Fenton Chemistry.

These ROS induce oxidative damage to DNA through the single-strand break (SSB) or
alkali-labile lesions. The damage to biological molecules results in the target tissue cell death
through apoptosis and necrosis as described in the next section of this paper.”’ Type II energy

transfer is known to be the leading cause of tumor tissue damage in PDT.

1.3.1 Tissues Destruction Pathways

PDT has been reported to potentially target mitochondria, endoplasmic reticulum (ER),
plasma membrane, lysosomes,’® and nuclei of tumor cells. The phototoxicity effect of PDT is
produced via photodamage to the target cells. In PDT, cancerous cells are destroyed in two
pathways. The destruction can occur through both programmed cell death (apoptotic or non-
apoptosis) and non-programmed cell death (necrosis).>* ® However, the degree to which cell death
is triggered during PDT’s tumor destruction depends on the type of PS and its dosimetry, its

intracellular localization, oxygen levels, type of light source, and affected tissue type.5!
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Tumor cell death can occur through necrosis, a randomly uncontrolled process initiated by
stimuli, such as toxic trauma or physical damage.%? Necrosis is morphologically characterized by
the swelling of cytoplasm and organelles such as the endoplasmic reticulum, mitochondria, and
the disruption of the plasma membrane.®?

Apoptosis in PDT as a cell death mechanism has a broad efficacy for various types of
tumors. Apoptosis is the main form of cell death following PDT in different experimental
situations employing different PSs and cell types.®* Cells undergo apoptosis in response to either
extrinsic or intrinsic mediators causing morphological (e.g., cell shrinkage) and biochemical (e.g.,
activation of caspases) changes. Apoptotic cell death is regulated by the stimulation of hydrolytic
enzymes such as nucleases and proteases, leading to DNA damage and the alteration of
intracellular structures.®® ® Tumor necrosis factor (TNF), a pro-inflammatory cytokine, plays
essential roles in cell proliferation, survival, differentiation, and death.®> During apoptosis, cell
surface receptors from TNF are stimulated, triggering the activation of caspase-8 through
scaffolding proteins.®® %7 Caspase-8 activates downstream effector caspases, for instance, caspase-
3, committing the cell to apoptosis.®® Roughly two-thirds of caspases in humans have been
identified to function in apoptosis. Other characteristic aspects of the apoptosis pathway can be
explained through caspase-mediated cleavage of substrates.®® In contrast, autophagy may be an
alternative cell death in PDT. However, little is known about the non-apoptosis (autophagy) in

PDT.

1.4 Reactive Oxygen Species Production
Nature has made it possible for ROS to be naturally generated inside living organisms.

ROS are byproducts of cellular respiration and photosynthesis in plants. Under physiological
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conditions, they play fundamental roles in regulating metabolism, homeostasis, cell signaling, and

memory development.”’ ROS are produced either from endogenous or exogenous sources.

1.4.1 Endogenous ROS Generation

In mammalian cells, ROS are produced by enzymes mainly from cytoplasmic membrane
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and the electron transport of
mitochondria respiratory chain. ROS can be produced by organelles, such as mitochondria, and
peroxisomes.”® Ground state triplet oxygen (*O2) has a unique molecular structure and is abundant
within the cell. These characteristics confer oxygen its legibility to accept electrons from the
normal oxidative metabolism process by inducing the production of ROS within the cell.”! In
plants, ROS, notably 'O, are naturally generated during photosynthesis. In the presence of light,
oxygen, and chlorophyll, excited triplet state oxygen is converted to 'O». It was reported that 'O,

1.”2 Also, any stress conditions

was the main ROS produced in Arabidopsis cells at a high light leve
that disturb the harvest of chlorophyll-binding proteins can form uncoupled chlorophyll molecules

that can act as singlet oxygen-producing PS.

1.4.2 Exogeneous ROS Production

Various agents can generate ROS, such as environmental pollutants, solar irradiation of
nitrate (NO3") and nitrite (NO2), heavy metals, certain drugs (e.g., cyclosporine, gentamycin, and
bleomycin).”* 7 For instance, hydroxyl radicals can be produced via a modification reaction
process between ozone (O3) and chlorophyll, where O3 acts as an electron acceptor and receives
an electron from the photoexcited chlorophyll.”* An alternative source of ROS production is

through the photochemical type I and II mechanisms, as previously discussed.
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1.5 Damage Effects of ROS

Because ROS production is detrimental to biomolecules, it is related to numerous
pathological diseases.”> ROS production can lead to a phenomenon known as oxidative stress due
to an imbalance between ROS production and antioxidant defenses. This oxidative stress can lead
to oxidative damage to a wide range of macromolecules.’® ROS production inside the body can be
harmful to biomolecules such as proteins, nucleic acids, and lipids. DNA and RNA are often
negatively impacted by stress. However, DNA is the main target. It was reported that oxidized
nucleotides, such as deoxythioguanosine (dTG) and 8-hydroxy2-deoxyguanosine (8-oxo-dQG), are

found to be increased during oxidative stress induced by UV radiation or free radical damage.”®

1.6 Cellular Defense Against ROS

Cellular detoxification is essential to survival in aerobic conditions. The fate of ROS as
signaling or damaging molecules depends significantly on the equilibrium existing between ROS
levels and antioxidants in the cell.”’” Inside cells, ROS levels are naturally regulated through
enzymatic processes or non-enzymatic molecules, causing antioxidants formation. Many genes
encode either antioxidant enzymes SOD, catalase, peroxidases, glutathione S-transferase (GST) or
enzymes that facilitate antioxidant enzymes biosynthesis, such as glutamyl cysteine synthetase, a
key component of glutathione biosynthesis.”® Moreover, cellular damage triggered by ROS is
mitigated DNA or protein repair mechanisms by a replacement of damaged cellular components.”
In eukaryotic cells, SOD initiates the detoxification process through the dismutation of superoxide
anion to form hydrogen peroxide. Then, catalase, an enzyme that is found in peroxisomes, converts
H>O:> to oxygen and water. Glutathione peroxidase, a selenium-containing enzyme, catalyzes the
degradation of hydrogen peroxide and peroxides to alcohols. Glutamyl-cysteinyl-glycine (GSH),

known as glutathione, is a tripeptide and an important intracellular defense molecule, which plays



13

a fundamental role against the toxic effects of ROS. Glutathione exists in two different forms:
glutathione disulfide (GSSG) is termed as the oxidized glutathione, and the reduced glutathione is
GSH.% Alternatively, in plants, two main enzyme classes, chloroplast kinases and phosphatases,
regulate photosynthetic activity and redox state during environmental changes to avoid damage
caused by ROS.#! Various vitamins, such as vitamin A, C, and E possess antioxidant properties.’
However, the effect and the proper concentration of these vitamins to detoxify ROS are major
concerns. Glutathione (GSH) and vitamins are non-enzymatic molecules that can act as

antioxidants by reducing ROS.

1.7 DNA-Small Molecules Interactions

Small molecules such as drugs and dyes can act as ligands by binding to nucleic acids.
Cyanine dyes can bind to the DNA helix due to their versatile structural features. The interaction
between dyes and the DNA helix results in the formation of a DNA-dye duplex. Drugs can mainly
bind to DNA through reversible noncovalent binding via one or more major binding modes:

intercalative binding, groove (minor or major) binding, and external binding.

1.7.1 Intercalative Binding

In general, intercalators stack between DNA base pairs by creating a separation distance of
approximately 3.4 A, representing van der Waals thickness of each intercalating moiety.®* As a
result, the DNA helix is elongated or unwound when intercalators are bound to DNA.3* Also, small
molecules that possess a planar structure or planar aromatic ring can bind to DNA in an
intercalative fashion by horizontally inserting themselves in the hydrophobic part of the dsDNA
base pairs.®> Stacking of these molecules into the DNA base pairs leads to a formation of a
complex, stabilized by n-n stacking interactions between the drug and DNA % # The binding of

intercalators such as cyanine dyes favors rigidity, consequently promoting stability. Also,
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intercalators can increase DNA viscosity upon binding. Becker and Norden carried out a study in
which they observed an increase in DNA viscosity caused by DNA helix elongation upon binding
of anthracene derivatives as intercalators.®® Methylene blue, ethidium bromide (EtBr), and acridine
orange have been found to intercalate DNA.%” Cationic polycyclic aromatic hydrocarbons (PAHs),
as well as those derived from pyrene and anthracene have also been found to bind to DNA in an
intercalative manner.%® Some intercalators can be used as inhibitors of DNA replication of cancer
cell growth during chemotherapy since they can covalently bind to DNA upon chemical activation.
Adriamycin, daunorubicin, and dactinomycin are examples of intercalators that can be used as

DNA replication inhibitors.

1.7.2 Groove Binding

Small molecules that have relatively flexible structures are generally groove binders. Also,
cationic molecules with unfused aromatic rings such as distamycin, mitomycin, netropsin, Hoechst
33258, methyl green, pentamidine, and some cyanine dyes bind in a DNA groove.®®® For groove
binding, ligands selectively bind either in the minor groove or the major groove of DNA. The
homodimeric cyanine TOTO (thiazole orange) selectively binds in the dsDNA minor groove by
promoting stability of the dye-DNA complex.” In this type of binding, the ligand occupies the
place of water molecules along the grooves of DNA. Unlike intercalation, groove binding does not
alter DNA conformation and is stabilized by hydrogen bonds and van der Waals interactions.’!
Minor groove binders prefer AT rich sequence due to their narrow minor groove width.
Dissimilarly, intercalators show no preference for binding to A:T but have a slight preference for
binding to GC rich sequence.®® In a study by Zimmer and co-workers in the early 1970s, netropsin
was found to show binding specificity for A:T base pairs compared to intercalators.”? Also,

molecules that bind in the DNA grooves may sometimes display increased fluorescence signatures
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compared to intercalators. For instance, the fluorescence emission of the intercalator EtBr was
found to be 24-fold higher upon binding to DNA, while for the groove binder Hoechst 33258,

fluorescence increased by 140-fold in the presence of DNA.%?

1.7.3 External, Electrostatic Binding

During external DNA binding, the negatively charged phosphodiester groups on the DNA
backbone interact with a positive-charged dye via electrostatic interactions. External DNA binders
are positively charged ligands that can occupy the place of cations, such as sodium ion (Na") and
magnesium ion (Mg?"), responsible for physiological DNA helix stabilization. As a result, the
electrostatic interaction between the cationic part of the binder and the negatively charged

phosphate oxygen of DNA dislocates cations, which eventually leads to external binding. **

1.8 DNA Photocleavage

DNA photocleavage is an oxidative phenomenon that can either oxidize the sugar residues
or nucleobases leading to the degradation of nucleotides and subsequently forming DNA
fragmentation.” Thermodynamically, the hydrogens located on the 17, 3°, 4, and 5’carbons of the
DNA deoxyribose sugar are possible target of hydrogen abstraction.”>*® Some chromophores are
reported to cause DNA cleavage by sensitizing the production of hydroxyl radicals that abstract
hydrogen atom from deoxyribose.”’Singlet oxygen also cleaves DNA directly. In vitro, damaged
DNA fragments can be separated and analyzed by agarose gel electrophoresis.” *°

In this thesis, pUC19 DNA, a circular double-stranded plasmid derived from E. coli
containing 2,686 base pairs (bp)!°% 1% was used as the plasmid DNA in all the photocleavage
studies. The plasmid was cloned and purified by alkaline lysis, a DNA purification method that

generally yields of more than 90% of supercoiled DNA.!®> DNA bands visualized on a non-

denaturingagarose gel can be in three different forms: supercoiled, linear, and nicked. The
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supercoiled form, the native DNA conformation, is caused by overtwisting of the double helix
DNA strands. Linear DNA bands are observed on the gel when the breakage occurs at the same
location on opposite DNA strands. Yet, linear DNA band is not always seen on the electrophoresis
gel, which is the case when the cut of the opposite DNA strands happens at different locations
from each other. In this case, nicked DNA is formed, relaxing the supercoiled conformaton.!??> The
observation of this type of DNA band on a gel is an indicative of cleaved DNA. By using light,
DNA photocleavage can be controlled in temporal and spatial ways. The photocleavage efficiency

depends greatly on the binding affinity of the photonuclease and its binding site on the DNA.!%

1.9 DNA Cleaving Agents

DNA photocleaving agents also known as “photonucleases” have given rise to great
interest and discoveries because they exhibit impressive potential in therapeutic applications.'%
Photonuclease are compounds that directly interact with DNA and then upon their irradiation with

t.95

an appropriate light source cause an immediate dsDNA scission event.”> Many photonuclease have

been intensively studied by researchers.

1.9.1 Types of Photonucleases

In 2016, Grant and coworker published a review article with the emphasis on DNA
cleaving photosensitizers in which a broad range of long wavelength DNA cleaving agents was
discussed. In general, photonucleases can be classified as metal complex photonucleases or
organic photonucleases.®® The incorporation of a bivalent metal such, as iron (II), copper (II),
cobalt (II), zinc (II), or nickel (II) to form metal complexes has proved to bring about DNA
photocleavage activities. The Grant group reported DNA photocleavage mediated by a copper-
based photo-nuclease in 2017.'% Also, Roy and co-workers studied the visible light DNA

photocleavage of bivalent transition metal complexes [M (TpPh)(B)](ClO4), where M designates
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Co (IT), Ni (II), Cu (II), or, Zn (II), TpPh is anionic tris(3-phenylpyrazolyl)borate, B represents
1,10-phenanthroline, or dipyridoquinoxaline, respectively in the visible light range.'®> They found
that cobalt and copper metal complexes caused high DNA cleavage yields. Similarly, some
anticancer agents have shown therapeutic efficacy because they have metal cations incorporated
into them. Besides the use of bivalent cationic metal complexes to induce DNA strand breaks,
some other transition metals have shown a promising properties towads therapeutic treatments.
Metal complex photosensitizers containing ruthenium (II), platinum (IV), ruthenium (II), iridium
(I1I), and rhodium (III) have been studied for their DNA photocleavage abilities.>> 111! Although
many transition metal complexes have drawn attention, Ru (II) complex-based DNA cleaving
agents are perhaps the most studied. Hergueta-Bravo and co-workers reported the ability of four
Ru (II) photosensitizers to photocleave double-stranded DNA upon irradiation.'”® The DNA
photocleavage efficiency of a metal complex depends on its structure.!> Numerous metal complex
photonuclease have been intensively studied and have shown promising outcomes for therapeutic.
Nevertheless, metals are found often to be too toxic for pharmaceutical formulations because the
metal ions dissociated from the photonuclease complexes and then interfere with biological
processes. %

On the other hand, organic compounds such as anthraquinone and cyanine dyes can
photocleave DNA strands.!'> Henary, Grant, and co-workers have developed and studied
numerous cyanine dyes that exhibit the ability of cleaving dsSDNA in the infrared wavelength range

upon irradiation.!!? 113

1.10 Cyanine Dyes
Cyanine dyes are a class of synthetic organic dyes. The use of cyanine dyes began with the

synthesis of blue solid cyanine dye by Williams in 1856.87 He developed numerous dyes for color
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photography and fluorescent probes for biomolecules. Cyanine dyes were further applied in high
energy lasers and digital image storage.!'* Since then, cyanine dyes have been widely used as
fluorescent probes to label nucleic acids and proteins due to the powerful properties they own.
Likewise, they are currently playing vital roles in medical, chemical, and biological fields due to
their low dark-cytotoxicity and excellent phototoxicity. They often have a high binding affinity to
biomolecules such as DNA and proteins. In a study, Biver and co-workers determined the binding

constant of two cyanine dye-DNA complexes with overall constants of 10* M™.!!* Furthermore,
cyanine dyes often possess large extension coefficients of €max >10* M™! cm™!, moderate quantum

yields, and photostability!!> 116 in the visible and near-infrared regions of the electromagnetic
spectrum.”® They exhibit an excellent fluorescence upon staining any solutions or tissues.
Additionally, cyanine dyes are being used as photosensitizing agents in our study of DNA
interactions due to their excellent biological and photochemical properties. They generally consist
of two nitrogen containing aromatic rings that share a positive charge via a central and conjugated

linking unit called a polymethine bridge (Figure 1.3).
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Figure 1.3: Cyanine dyes generic structure and common heterocyclic moieties. R refers to
substituent and n, the number of conjugated carbons forming the polymethine bridge.

The heterocyclic system of cyanine dyes is identified to be quinoline, indole, benzoxazole,
benzothiazole, and benzselenazole among others (Figure 1.3).87- 115:117 The polymethine bridge can
be modified to stabilize the dyes and tune their absorption properties.''® Aromaticity and the
delocalized positive charge of cyanine dyes through the polymethine bridge enable them to bind
to DNA!!S through intercalation, groove and/or external modes based on the structure of the dye.
Cyanine dyes interact with each other in solution through their m-electron systems to form
aggregate.”® The addition of biomolecules to a solution containing cyanine dyes can lead to a

change in dye aggregation state as it binds to the biomolecule.

1.11 Summary and Purpose of Research

In this thesis, the DNA interactions and photocleavage of a series of pentamethine
carbocyanine dyes synthesized by Maged Henary, our collaborator, are studied by employing
chemical, biochemical, and biophysical techniques, such as plasmid DNA cloning, as well as

agarose gel electrophoresis, and UV-visible, fluorescence, and circular dichroism spectroscopies.
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The cyanine dyes under investigation are 2-quinolinium and 4-quinolinium pentamethine
(di)carbocyanine dyes meso-substituted either with hydrogen or chlorine or bromine atoms (Figure
1.4). Pentamethine dyes are polymethine dyes that belong to the cyanine family. We are interested
in developing cyanine dyes for use in photodynamic cancer therapy because they can be activated
with near-infrared light that can transmit deeply through biological tissues.

This study aims to determine the stability of the cyanine dyes in different media and
evaluate their interactions with DNA. A main focus is the DNA photocleavage abilities of the
cyanine dyes in the NIR wavelength range. Ultimately, we investigate ROS formation to identify
and monitor the free radicals production and other reactive molecules generated by the dyes during
DNA photocleavage reactions. Chapter 2 of our study focuses on DNA photocleavage in the NIR
range by two synthesized 2-quinolinium dicarbocyanine dyes meso-substituted with either
hydrogen or bromine. Chapter 3 centers on developing unprecedented DNA photocleavage above
830 nm by a series of 4-quinolinium pentamidine carbocyanine dyes with either bromine, chlorine,
or hydrogen at the meso-carbon position. Chapter 4 of this thesis summarizes conclusions and

considers future directions of research.

3:X=H Kl2: X = Br
4: X = Br Ki3: X = ClI
Ki4: X =H

Figure 1.4: Structures of 2-quinolinium and 4-quinolinium pentamethine carbocyanine dyes (3
and 4; KI2, KI3, and KI4) under study.
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2 DNA PHOTOCLEAVAGE IN THE NIR WAVELENGTH RANGE BY 2-
QUINOLINIUM DICARBOCYANINE DYES
(This chapter is a verbatim as it appears in Ahoulou, E. O., Drinkard, K. K., Basnet, K., St Lorenz,
A., Taratula, O., Henary, M., Grant, K. B. DNA Photocleavage in the Near-Infrared Wavelength
Range by 2-Quinolinium Dicarbocyanine Dyes. Molecules. 2020, 25, 2926. The manuscript was
written by Profs. Kathryn B. Grant, Maged Henary, and Oleh Taratula. The 2-quinolinium
dicarbocyanine dyes 3 and 4 were synthesized, and their NMR spectra were taken by Prof. Maged
Henary. UV-visible spectra of competitive DNA binding were recorded by Kaitlyn Drinkard. DNA
photocleavage, % cleavage, and % inhibition calculations were accomplished by Kanchan Basnet
and Kaitlyn Drinkard. Uptake, distribution, and phototoxicity studies were done by Anna Lorenz.

All the other experiments were achieved by Effibe Odette Ahoulou.)

2.1 Abstract

Here, we report the synthesis of two pentamethine cyanine dyes containing quinolinium
rings and substituted with either hydrogen (3) or bromine (4) at the meso carbon. The electron
withdrawing bromine atom stabilizes dye 4 in aqueous buffer, allowing complex formation to
occur between the dye and double-helical DNA. UV-visible, CD, and fluorescence spectra
recorded at low DNA concentrations suggest that dye 4 initially binds to the DNA as a high-order
aggregate. As the ratio of DNA to dye is increased, the aggregate is converted to monomeric and
other low-order dye forms that interact with DNA in a non-intercalative fashion. The brominated
dye 4 is relatively unreactive in the dark, but, under 707—759 nm illumination, generates hydroxyl
radicals that cleave DNA in high yield (pH 7.0, 22 °C). Dye 4 is also taken up by ES2 ovarian
carcinoma cells, where it is non-toxic under dark conditions. Upon irradiation of the ES2 cells at

694 nm, the brominated cyanine reduces cell viability from 100 = 10% to 14 £ 1%. Our results
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suggest that 2-quinolinium-based carbocyanine dyes equipped with stabilizing electron
withdrawing groups may have the potential to serve as sensitizing agents in long-wavelength

phototherapeutic applications.

2.2 Introduction

Originally employed in photography to extend the wavelength range of silver halide
emulsions, cyanine dyes are now extensively used in diverse fields ranging from biotechnology to
laser technology.!* Carbocyanines are typically composed of two nitrogen-containing heterocyclic
aromatic rings that share a positive charge that is delocalized by the movement of electrons through
a semi-flexible central polymethine bridge. These features make it possible for the monomeric
and/or aggregated forms of many carbocyanine dyes to form stable complexes with double-helical
DNA. Modes of cyanine binding, which include intercalation, groove binding, and external
electrostatic interactions, depend upon the structure and aggregation state of the dye.*’” Many
cyanines exhibit excellent optical properties that include high absorption coefficients, high
fluorescence quantum yields, and absorption and emission maxima that are easily tuned by
alternating terminal heterocyclic groups and by the lengthening the dye’s central polymethine
chain. For every two methine carbons added to the polymethine unit, absorption is red-shifted by
~100 nm.! This has made possible the design and synthesis of a variety of carbocyanine-based
nucleic acid fluorescent sensors that absorb and emit light in the visible and/or near-infrared
regions of the electromagnetic spectrum.! ® ? Near infrared excitation wavelengths from 700 to
900 nm are particularly attractive for biological applications because they are efficiently
transmitted through biological tissue. '

Low cellular toxicity coupled with the ability to absorb and emit near-infrared light has led to

the development of indocyanine green (ICG; Aex = 800 nm; Aem = 810 nm) and other cyanines as
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biological agents in the diagnosis and imaging of cancer.> !'"'* The fluorophore ICG, approved by
the United States Food and Drug Administration in 1956, is routinely used in medical diagnostics
to monitor blood flow, and is now under investigation as a tumor-imaging agent. Although ICG
and other cyanines are largely employed as fluorescent probes, it has been proposed that they
should also be able to serve as effective phototherapeutic agents.'? °1¥ In photodynamic therapy
(PDT), a light source is used to activate a photosensitizing agent (PS) in diseased tissue. This
triggers the production of highly localized, short-lived reactive oxygen species (ROS) through the
reaction of ground state triplet oxygen (*0O2) with the photosensitizer’s triplet excited state
(*PS*).!”2! Two major ROS are formed. Type 2 energy transfer gives rise to singlet oxygen ('0>),
while in Type 1 electron transfer, superoxide anion radical (O2"") formation generates highly
reactive hydroxyl radicals (OH") through an H>O: intermediate.?> 2* With respective diffusion
distances of 50-100 ** and 0.8-6.0 nm 2°, 10> and OH" cause highly localized, oxidative damage
to DNA and other macromolecules within the irradiated cells.?® This spatial targeting minimizes
side effects, thereby enhancing positive clinical outcomes in the treatment of cancer and other
diseases.”’” The clinically approved PDT agents porfimer sodium (Photofrin®), verteporfin
(Visudyne®), and talaporfin (Aptocine™) all directly cleave genomic DNA in tissue culture and/or
in circulating cells exposed to red light.? Because absorption of 700-900 nm irradiation by
biological tissues is low, there is now great interest in the development of photosensitizing agents

that are activated in the near-infrared wavelength range.'°

2 29

Symmetrical benz[e]indolium ?* and 4-quinolinium carbocyanine dyes as well as
asymmetrical cyanines based on oxazole yellow (YO) and the YO sulfur analog thiazole orange
(TO) 3% have been utilized to sensitize DNA photocleavage upon irradiation with visible and/or

near-infrared light. Surprisingly, little is understood about the potential of other types of cyanine
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dyes to act as DNA photo-cleaving agents and even less is known about their phototherapeutic
effects in cancer cells. Using a pentamethine linker to connect two 2-quinolinium rings, here we
synthesized two symmetrical dicarbocyanine dyes that exhibit strong near infrared photo-nuclease
activity (707 to 759 nm hv, pH 7.0: 3 and 4 in Scheme 1). In particular, meso brominated dye 4
photo-cleaves DNA in high yield and becomes highly cytotoxic to ES2 ovarian carcinoma cells
when exposed to 694 nm illumination.

commercially available

HO
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o NH_ EtOH N/\K\N N/\(\N/
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Figure 2.1: Syntheses of 2-quinolinium pentamethine carbocyanine dyes 3 and 4.

2.3 Results and Discussion

As shown in Figure 2.1, the syntheses of the two pentamethine carbocyanine dyes 3 and 4
was conducted according to published synthetic procedures.?® 3*3% The 2-quinolinium rings were
selected to promote DNA binding interactions *° and a central pentamethine bridge was employed
to red-shift dye absorption. In aqueous solutions, cyanine dyes, especially those with long
polymethine chains, are predisposed to lose color over time due to spontaneous dye auto-oxidation

(no hv).%

To render the dye a poorer reducing agent and thereby increase dye stability, the meso
hydrogen atom in the pentamethine bridge of 3 was replaced with electron withdrawing bromine

(4). The positioning of a halogen at the polymethine meso-carbon was also anticipated to introduce
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a “heavy atom effect” in which ROS production and DNA photocleavage might be enhanced by
increasing the rate of intersystem crossing between the photosensitizer’s singlet and triplet excited
states [41].*! The brominated linker, 1-Br (Figure 2.1), was thereby created by gently heating
mucobromic acid with aniline in dry ethanol until the starting material was consumed according
to TLC.>* The pentamethine quinolinium cyanine dyes were then synthesized by adding 2 equiv
of the previously synthesized salt 2, to either linker 1-H, for dye 3, or 1-Br, to produce dye 4. The

two dyes 3 and 4 were precipitated with diethyl ether and recrystallized from methanol.?®

2.3.1 UV-visible Spectrophotometry: Dye Stability and DNA Interactions

In our first set of experiments, UV—visible spectra were recorded as a function of time.
Dyes 4 and 3 were found to be stable in DMSO, displaying steady absorption at Amax values of 693
(4, X=Br) and 715 nm (3, X = H) over 30 min (Figure 2.2A,B). When moved to aqueous buffer,
the dyes’ 693- and 715-nm peaks were replaced by new blue-shifted maxima at 532 (4) and 699
nm (3) (Figure 2.2C,D). In contrast to DMSO, autooxidation of dye 3 (X = H) in the aqueous
buffer was indicated by extensive absorption loss over time. Substitution of the meso hydrogen for
electron withdrawing Br stabilized absorption, showing that dye 4 (X = Br) was considerably less
susceptible to oxidation. Upon the addition of calf thymus (CT) DNA to the aqueous buffered
solutions, the peak positions, and intensities of dyes 4 and 3 were markedly altered. Both dyes
were stabilized by the DNA, especially in the case of 4 (X = Br), which, in contrast to 3, exhibited

a net absorption gain over 30 min rather than a net absorption loss (Figure 2.2E,F).
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Figure 2.2: UV-visible spectra of recorded over 30 min for 10 uM of dyes 4 and 3 in: (A),
(B) DMSO; (C), (D) 10 mM sodium phosphate buffer pH 7.0; and (E), (F) 10 mM sodium
phosphate buffer pH 7.0 and 150 uM bp CT DNA (22 °C).

2.3.2 DNA Photocleavage in the Near-Infrared Wavelength Range

Our next goal was to determine whether cyanine dyes 4 and 3 could act as photo-nucleases
under physiological conditions of temperature and pH. With the development of phototherapeutic
agents in mind, we employed a near-infrared 741-nm LED medical lamp (0.3 W/cm?) with a 707—
759-nm spectral output overlapping DNA-bound dye absorption (Figure 2.2E,F). In a preliminary
experiment, solutions containing 38 uM bp of pUC19 plasmid DNA in the absence and presence
of 25 uM of dye were either irradiated for 60 min or kept in the dark (10 mM sodium phosphate
buffer pH 7.0, 22 °C). Upon exposure to the near-infrared light, the reaction containing the

brominated dye (4) generated very high levels of DNA strand scission (Lane 2 in Figure 2.3).
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Photocleavage yields were intermediate in the case of unstable H-substituted counterpart 3 (Lane
3) and low for negative control reactions that were either kept in the dark (Lanes 4 and 5 in Figure
2.3) or irradiated in the absence of dye (Lane 1).

The superior stability and DNA-cleaving activity exhibited by brominated cyanine 4
encouraged us to study this dye further. (Cyanine 3 was no longer employed due to the propensity
of this dye to degrade in aqueous solutions (Figure 2.2D,F).) In our next experiment, reactions
containing 24 uM of 4 and 38 uM bp of pUC19 plasmid DNA were irradiated over intervals of
time ranging from 0 to 120 min (10 mM sodium phosphate buffer pH 7.0, 22 °C; Figure 2.4). DNA
cleavage was sensitized by the dye in a yield of 43 + 6% after 5 min of irradiation and in increasing
yield until approaching a plateau at ~60 min (88 = 7% cleavage). We then lowered the reaction
temperature from 22 °C to 10 °C and tested different amounts of dye (10 mM sodium phosphate
buffer pH 7.0, hv 60 min; Figure 2.5). At the lower temperature, strong DNA photocleavage was
observed. Yields ranged from 75 + 17% for 3 uM of dye 4 up to 99 + 1% at a dye concentration

of 48 pM.

741 nm hv, 22 °C:

Lane: 1 2 3 4 5
N —
L —
S —»
Dye: - 4 3 4 3
hv: + + + 2 -

Yield (%): 14 97 75 14 12

Figure 2.3: Ethidium bromide stained 1.5% agarose gel showing photo-cleavage of pUCI19
plasmid DNA upon irradiation with a 741-nm LED lamp (0.3 W/cm?; spectral output 707—759
nm). Reactions contained 10 mM sodium phosphate buffer pH 7.0 and 38 uM bp DNA in the
absence and presence of 25 uM of dyes 4 and 3 (60 min hv at 22 °C). Parallel control reactions
containing dye were kept in the dark (lanes 4 and 5). Abbreviations: L, linear; N, nicked; S,
supercoiled.
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741 nm hv vs. time, 22 °C:

Lane: 1 2 3 4 5 6 7 8 9

N —»
L —

S —

+ + + + + + + + -

Dye:
hv (min): 0 5 10 30 60 80 100 120 120

Yield (%): 13:5 43:6 65+2 83+1 88:7 92+4 905 89:2 21%1

Figure 2.4: A representative agarose gel showing photo-cleavage as a function of time for 38 uM
bp pUC19 DNA in 10 mM sodium phosphate buffer pH 7.0 (22 °C). Individual reactions in the
presence and absence of 24 uM of dye 4 were irradiated with a 741-nm LED lamp (0.3 W/cm?;
spectral output 707—759 nm) for time intervals ranging from 0 to 120 min. Data points are averaged
over 23 trials. Errors represent standard deviation. Abbreviations: N, nicked; S, supercoiled.

741 nm hv vs. concentration, 10 °C:

A) Lane: 1 2 3 4 5 6 7 8

N —
L —»

S —»

Dye (uM): O 3 6 12 0 3 6 12
hv: + + + - - - - -

Yield (%): 1141 75+17 78+5 9443 11+1 1241 1342 1441

B) Lane: 1 2 3 4 5 6 7 8
N —

L —

S —

Dye (uM): O 12 24 48 0 12 24 48
hv: + + + + - - - -

Yield (%): 7:+1 9614 9842 99+1 7+1 14124 1845 1714

Figure 2.5: Representative agarose gels showing photocleavage of 38 uM bp pUC19 DNA in the
presence of dye 4 concentrations ranging: (A) 0—12 puM; and (B) 0-48 uM (10 mM sodium
phosphate buffer pH 7.0, 10 °C). Reactions were either irradiated with a 741-nm LED lamp (0.3
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W/cm?; spectral output 707—759 nm) for 60 min or kept in the dark. Data points are averaged over
2-3 trials. Errors represent standard deviation. Abbreviations: N, nicked; S, supercoiled.

2.3.3 Spectrophotometric Analyses of DNA Binding Modes

Aggregation of cyanines in aqueous solution typically involves the formation of cofacial
H-aggregates with absorption maxima that are hypsochromic with respect to the cyanine monomer,
and/or staggered cyanine J-aggregates that display bathochromic absorption.> The monomeric as
well as aggregated carbocyanines can bind to DNA in minor groove as well as externally,
depending on the structure of the dye.® 7> 2% 4% % Intercalative DNA binding is possible for
monomeric cyanines but is highly unlikely in the case of the H and J forms due to self-stacking of
the dyes’ aromatic rings within the aggregate .> To better understand how aggregation effects might
be influencing the DNA interactions, additional spectroscopic measurements of brominated

cyanine dye 4 were carried out.

2.3.3.1 UV-visible Absorption Spectrophotometry

In our first experiment, absorption titrations were conducted in which small amounts of CT
DNA titrant were sequentially added to a solution containing a fixed amount of dye 4 (Figure 2.6).
Raising DNA concentration is known to disrupt cyanine aggregation in favor of the formation
monomeric dye.> "> *> These changes in aggregation state are often reflected in the absorption
spectra of the dye. This being said, the introduction of CT DNA to 4 produced major cyanine peak
positions with Amax values that varied as a function of increasing DNA concentration. In the case
of the dye’s lowest wavelength peak position at 526 nm, sequential DNA addition gradually shifted
the Amax from 526 to 523 nm while significantly decreasing absorption. At the same time, the
intensities increased in the case of two major bathochromic peaks with respective Amax values that
changed from 619 to 628 nm and from 691 to 697 nm (Figure 2.6A). In DMSO, a polar organic

solvent that promotes monomer formation *2%*, dye 4 absorbs strongly at 693 nm (Figure 2.2A).
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When moved to buffered water, a highly polar solvent that supports dye aggregation, the 693-nm
peak was no longer observed and was replaced by a major absorption band at 532 nm (no DNA;
Figure 2.2C). These effects suggest that the hypsochromic “526—523-nm” feature in the absorption
titration shown in Figure 2.6A represents either free or DNA-bound H-aggregated dye, while the
“691-697-nm” peak corresponds to a DNA-bound dye monomer. At very high DNA
concentrations (Figure 2.6B), the height of a ~599 nm shoulder in the absorption titration spectra
in Figure 2.6 A became a more prominent spectral feature with Amax values that ranged from 596 to
600 nm. The absorption of this “596—600-nm” band in the high DNA concentration range initially
increased but then substantially decreased relative to a concomitant net increase in “619—-628-nm”
absorption (Figure 2.6B). These trends suggest that the “596—600-nm” and “619—628-nm” spectral
features in the absorption titrations shown in Figure 2.6B represent two distinct DNA bound dye

species, possibly dimers or low-order aggregates.

A) Dye 4 UV-Visible Titration, 27 to 1117 uM bp DNA B) Dye 4 UV-Visible Titration, 657 to 2004 uM bp DNA
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Figure 2.6: UV—visible absorption titration spectra at 22 °C of 20 uM of dye 4 in the presence of
10 mM sodium phosphate buffer pH 7.0 and CT DNA concentrations ranging: (A) 27-1117 uM
bp; and (B) 657-2004 uM bp. All absorption spectra are corrected for sample dilution.
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2.3.3.2 Circular Dichroism

Circular dichroism (CD) represents a convenient and informative tool for gaining
knowledge of cyanine dye/DNA interactions. Binding of an achiral cyanine to chiral B-form DNA
typically generates an induced circular dichroism (ICD) signal that can reveal information about
the dye’s DNA binding mode and aggregation state. For example, a bisignate exciton ICD signal

d %742 or externally bound ** high- and low-

is usually indicative of the formation of groove boun
order aggregates as well as adjacent end-to-end cyanine dimers. In contrast, individual groove-
bound monomers and groove-bound dimers do not exhibit exciton coupling and instead tend to
generate positive ICD signals.”*> The ICDs of cyanine intercalators are relatively weak and are
either positive *° or negative > %% depending on the orientation of the transition moment of the
dye relative to the dyad axis of the DNA duplex.*’ This being said, we recorded circular dichroism
spectra of brominated dye 4 as a function of increasing CT DNA concentration. The ICD signals
generated by binding of the achiral cyanine to the chiral DNA were then plotted against
corresponding absorption spectra shown in Figure 2.6A (Figure 2.7A). As expected, dye 4 had no
CD signal in the absence of the CT DNA. When the DNA was introduced, however, the CD
titration data revealed the formation of an apparent bisignate ICD band indicative of exciton
coupling interactions between DNA-bound dye molecules. This bisignate feature is comprised of
a positive short wavelength component at 516 nm and a negative long wavelength component that
appears to be partially attenuated by a positive ICD signal at 591 nm. The central position of the
bisignate band and its intensity as a function of DNA concentration correspond to the
hypsochromic “526-523-nm” absorption feature we tentatively attributed to the formation of an

H-aggregate (Figures 2.6A and 2.7A). Typically, H-aggregated cyanines bind in the DNA minor

groove through the formation of cofacial cyanine dimers that assemble in right-handed, end-to-
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end fashion that matches the right-handed curvature of B-form duplex DNA.® 7 48 The
hypsochromic “526-523-nm” absorption peak in Figures 2.6A and 2.7A could indeed represent
an H-aggregate. However, the ordering of the two components the ICD band, with the positive
peak at shorter wavelengths and negative peak at longer wavelengths, points to a left-handed
orientation that is inconsistent with the formation a groove-bound complex involving right-handed
B-form DNA.% 7 The bisignate DNA CD signal in the extended CD spectra shown in Figure 6B
confirms that the nucleic acid maintains a right-handed B-form helical shape upon complex
formation with dye 4. We therefore conclude that the peak ordering in the bisignate cyanine ICD
band suggests that the “526-523-nm” aggregate may be bound to DNA in an atypical fashion
rather than in one of the DNA grooves.* In addition to the dye’s bisignate ICD, the second
prominent feature of the CD titration in Figure 6A is the overlapping positive ICD signal at 591
nm. This peak is closest in position to the “596—600-nm” absorption feature in the high DNA
concentration UV—visible titration (Figure 2.6B). Assuming that there is no hidden exciton
coupling, the intensity and sign of the 591-nm ICD point to the formation of a cyanine dimer. If
exciton coupling is being obscured by overlap with one or more adjacent ICD signals, then a low-
order aggregate associated with either the “596—-600-nm” or the “619—628-nm” absorption feature

might be indicated.
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Figure 2.7: Double y-axis plots superimposing CD titration spectra (showing DNA CD and dye 4
induced circular dichroism (ICD) signals) vs. corresponding UV-—visible absorption (Abs.)
Fluorescence Spectroscopy.

2.3.3.3 Fluorescence Spectroscopy

Figure 2.8A superimposes the absorption spectrum of dye 4 in the presence of 1117 uM bp of
CT DNA with fluorescence emission that was generated at excitation wavelengths that overlap the
major absorption features of the free (dex = 532 and 640 nm; Figure 2.2C) and DNA-bound dye
(Aex = 529, 602, 628, and 697 nm; Figure 2.6). Dye 4 did not fluoresce when the CT DNA was
absent (Figure 2.8A). When 1117 uM bp of CT DNA was added to the solution, however, emission

was observed only at the Aex = 529 nm wavelength (blue line in Figure 2.8A). Interestingly, the
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corresponding “526—523-nm” absorption feature overlapping this wavelength was of very low
intensity and almost completely obscured by other dye absorption features (Figure 2.8A). Based
on the UV—visible absorption and ICD results from the preceding two sections, we had tentatively
assigned the “526-523-nm” feature to be that of an atypical, high-order dye aggregate that is
converted to monomeric and other low-order dye forms as DNA concentration is increased.

In our next set of fluorescence measurements, we excited dye 4 at 529 nm over a range of CT
DNA concentrations and superimposed the resulting emission spectra with corresponding
absorption spectra from Figure 2.6A (Figure 2.8B). Interestingly, as absorption by the “526—-523-
nm” DNA bound high-order aggregate increased at the low DNA concentrations, the emission
intensity upon 529-nm excitation decreased in an inversely proportional fashion. This suggests
that the putative aggregate might be quenching its own fluorescence at high aggregate
concentrations. Fluorescence self-quenching of aggregated dyes is a well-known phenomenon that
can arise from close packing of dye molecules and is a common occurrence for even widely used
fluorophores such as fluorescein and rhodamine .*>*° Our results indicate that “diluting” the
aggregate by adding DNA lowers its concentration relative to other dye forms. This may partially

reverse the self-quenching process, allowing aggregate fluorescence to increase (Figure 2.8B).%°
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Figure 2.8: Double y-axis plots superimposing dye 4 fluorescence emission spectra (Em) with dye
4 UV-visible absorption (Abs) (22 °C). Samples contained 10 mM sodium phosphate buffer pH
7.0, 10 uM of dye (Em) or 20 uM of dye (Abs) and: (A) 1117 uM bp of CT DNA, where the
emission spectra were recorded at the excitation wavelengths (Ex) 532 and 640 nm (dye 4); 529,
602, 628, and 697 nm (dye 4 with DNA); and (B) 38—1117 uM bp of CT DNA, where the emission
spectra were recorded at an excitation wavelength (Ex) of 529 nm. The absorption spectra are from
Figure 5A and in (B) are re-plotted from 500 to 580 nm for clarity.

Strong cyanine dye fluorescence is typically observed when the conformational mobility
causing rapid non-radiative decay from the singlet excited state of free dye is restricted, i.e., by
intercalative DNA binding.> > While dimeric and aggregated cyanines cannot intercalate, the
absence of a fluorescence signal in the case of the “691-697-nm” putative DNA-bound monomer

would seem to rule against its ability to interact with DNA by intercalation. The “526—523-nm”

high-order aggregate is fluorescent at low dye concentrations, suggesting that there is less



43

flexibility in its structure compared to the non-fluorescent “596—600-nm” and “619—628-nm” low-

order cyanine forms.

2.3.3.4 Competitive DNA Binding

In our next experiment, UV—visible spectrophotometry was used to compare aqueous
solutions of dye 4 without and with untreated CT DNA vs. solutions containing a CT DNA
preparation that had been pre-equilibrated with the known minor groove binder pentamidine. The
results of the pentamidine pre-treatment are shown in Figure 2.9. Addition of the pentamidine
increased the ratio of aggregated “526—-523-nm” dye absorption relative to the putative low-order
and monomeric dye forms absorbing at “619-628-nm” and “691-697-nm”, respectively. Unlike
ethidium bromide, which unwinds and lengthens DNA 3!, pentamidine makes minimal changes to
DNA duplex structure.’® >* Taking this into consideration, the experimental results suggest that
pentamidine might be reducing the number of dye-accessible minor groove binding sites on the
DNA. This could conceivably prevent the “619-628-nm” low-order and “691-697-nm”
monomeric dye forms from binding to DNA in the minor groove and at the same time might

promote the formation externally bound “526—523-nm” high-order aggregate.
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Figure 2.9: UV-visible absorption spectra recorded for: dye 4 without CT DNA (blue lines); dye
4 with CT DNA (black lines); pentamidine (P) with CT DNA (green lines); and dye 4 with DNA
pre-equilibrated for one min with pentamidine (red lines). All samples contained 10 mM sodium
phosphate buffer pH 7.0 and one or more of the following: 10 uM of dye 4, 150 uM bp of CT
DNA, and 10 pM of pentamidine.

2.3.4 Mechanistic Analysis of Dye-Sensitized DNA Photocleavage

Experiments to probe for cyanine dye-sensitized ROS production were conducted using
chemical additives to alter DNA direct strand break formation. Irradiating plasmid DNA reactions
in the presence of the OH" scavenger sodium benzoate reduced strand scission by 77 & 9%, strongly
implicating the involvement of Type 1 hydroxyl radicals in dye 4-sensitized DNA cleavage (Table
1 and Figure S1 in the Supplementary Materials). The metal ion chelating agent EDTA and the
hydrogen peroxide reducing enzyme catalase decreased photocleavage yields by ~73%, and ~30%,
respectively, pointing to Fenton chemistry as a possible hydroxyl radical source. The mechanism
shown in Figure 2.10 can be considered. In this series of reactions, the photosensitizer triplet state
of dye 4 reduces ground state triplet oxygen Oz by Type 1 electron transfer to yield superoxide
anion radicals (O>"") (Line 1). Then, spontaneous dismutation of the O>" gives rise to H>O», which,

in the presence of trace Fe(II), triggers the production of hydroxyl radicals (OH") by the Fenton
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reaction (Lines 2 and 3).2% % To test for the participation of an alternative ROS pathway involving
DNA damage by Type 2 singlet oxygen (102), we replaced H,O with D20, a solvent that produces
a 10-fold enhancement in singlet oxygen lifetime.>* Because levels of dye 4 sensitized DNA strand
scission were suppressed by the D>O rather than undergoing an enhancement, we concluded that

it is unlikely that Type 2 singlet oxygen makes a major contribution to dye 4-sensitized DNA

photocleavage.
PS* + 30, — SPS** + 03 ey
2057 + 2HT —e H,0, + 20, @)
Fe(ll) + H,0, — HO® + HO-+ Fe(ll) ©)

Figure 2.10: Possible mechanism for accounting for dye 4-sensitized hydroxyl radical
formation.?* 2!

Table 2.1: Inhibition of dye 4 photocleavage induced by chemical additives.! Reactions consisting
of 38 uM bp of pUC19 plasmid DNA equilibrated with 24 uM of 4 with and without 100 mM
sodium benzoate or EDTA, 100 U/uL of catalase, or 72% D>O (v/v) were irradiated for 60 min
with a 741-nm LED lamp (0.3 W/cm?, spectral output 707—759 nm; 10 mM sodium phosphate
buffer pH 7.0). Data were averaged over 2—3 trials with error reported as standard deviation.

Reagents Target Cleavage
Added Inhibition (%)
Na benzoate *OH 77 £9
D20 102 11+04
Catalase H202 30+10
EDTA Fe2, Fe3t/Cult, Cu? 73+8

2.3.5 Uptake, Distribution, and Phototoxicity of Dye 4 in Ovarian Cancer Cells
The cellular internalization efficiency of dye 4 was validated in fluorescence microscopy

studies.>> After incubation of the dye with ES2 ovarian carcinoma cells °, the intrinsic NIR



46

fluorescence signal of 4 was visible universally throughout the population of cells within their
intracellular cytosolic regions. There was a definitive perinuclearly localization around the
Hoescht nuclear stain as well as some overlap indicating possible nuclear uptake (Figure 2.11A).
A Calcein AM assay was then used to assess the viability of the cells after treatment with 0.5
ng/mL of the dye in the dark and under light exposure.>’ Our results reveal that, although 4 was
non-toxic in the dark at the tested concentration (0.5 pg/mL), the dye was capable of exhibiting
substantial phototoxicity to the ES2 cancer cells when exposed to 694-nm light illumination
(Figure 2.11B). Of note, the synthesized dye had low dark toxicity (Figure 2.13), with an ICso

value of 72.1 pg/mL.

(B) 1ol 1= i{ ol
80| 1 |
=® L
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g 40__ ]
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Figure 2.11: (A) A representative superimposed fluorescence microscopy image reveals
intracellular dye localization (red) in ES-2 ovarian clear cell adenocarcinoma cells after incubation
with 0.5 pg/mL of dye 4 for 24 h followed by staining nuclei with Hoechst 33,342 (blue). The
enlarged area of one cell within the fluorescence microscopy image. (B) ES2 cancer cell viability
for: Cells, no treatment; Light, cells exposed to a 694-nm laser (~1.3 W/cm?) for 5 min; (4), cells
incubated with dye 4 (0.5 pg/mL = 0.9 uM) for 24 h under dark conditions; and (4) + Light, cells
incubated with dye 4 (0.5 ug/mL) for 24 h and exposed to a 694-nm laser (1.3 W/cm?) for 5 min.
* p <0.05 when compared with non-treated cells. Error bars represent standard deviation.

2.4 Materials and Methods

2.4.1 General
For the synthesis, all chemicals and solvents were of American Chemical Society grade or

HPLC purity and were used as received. HPLC grade acetonitrile (CH3CN) and water were
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purchased from VWR International (West Chester, PA, USA) and American Bioanalytic (Natick,
MA, USA), respectively. All other chemicals were from Fisher Scientific (Pittsburgh, PA, USA)
and Sigma-Aldrich (Saint Louis, MO, USA). Melting points (mp, open Pyrex capillary) were
measured on a Meltemp apparatus and are uncorrected. 'H NMR spectra were recorded on a
BrukerAvance (400 MHz) spectrometer(Bruker Corporation, Billerica, MA, USA). Chemical
purity was also confirmed using ultra-performance liquid chromatography (UPLC, Waters,
Milford, MA, USA) combined with simultaneous evaporative light scattering detection (ELSD),
absorbance (photodiode array; PDA), fluorescence, and electrospray time-of-flight (ES-TOF)
mass spectrometry (MS) (Waters, Milford, MA, USA).

In the analysis of dye-DNA Interactions, deionized distilled water was used for the
preparation of all aqueous solutions. Standard laboratory protocols were employed to clone pUC19
plasmid DNA in XL-1 blue E. coli competent cells (Stratagene, San Diego, CA, USA).>® The
cloned plasmid was then isolated and purified using a QIAfilter Plasmid Mega Kit according to
manufacturer’s instructions (Qiagen™, Hilden, Germany, Cat. No. 12263). Sodium phosphate
buffer pH 7.0 used in DNA solutions was prepared from sodium phosphate monobasic and sodium
phosphate dibasic salts (Thermo Fisher Scientific, Waltham, MA, USA). Sonicated calf thymus
(CT) DNA was purchased from Invitrogen (Carlsbad, CA, USA; 10 mg/mL, average size < 2000
bp, Cat. No. 15633-019), while deuterium oxide (99.9%) and agarose were, respectively, obtained
from Cambridge Isotope Laboratories and Bio-Rad. All other reagents, including sodium benzoate
(99%), dimethyl sulfoxide (DMSO, >99.99%), ethidium bromide, pentamidine isethionate salt,
and bovine liver catalase were supplied by Sigma-Aldrich. UV-visible absorption spectra and
fluorescence emission spectra were respectively acquired using PerkinElmer Lambda 35

(PerkinElmer, Waltham, MA, USA) and a PerkinElmer LS55 spectrophotometers (PerkinElmer,
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Waltham, MA, USA). Either a Jasco J-810 (Jasco, Easton, MD, USA) or a Jasco J-1500 CD

spectropolarimeter (Jasco, Easton, MD, USA) was employed to record CD and ICD spectra.

2.4.2 Procedures for the Preparation of Dyes 3 and 4
Known compounds 3 and 4 were prepared based on the corresponding published synthetic

procedures.?® 3438

A mixture of salt 2 (2 equiv); malonaldehyde bisphenylimine
monohydrochloride, 1-H, or the brominated 1-Br analog (1 equiv); and triethylamine (3 equiv)
were refluxed for 3 h in acetic anhydride and then cooled to room temperature. The crude products
were precipitated by adding 5 mL of diethyl ether or ethyl acetate to the reaction mixture. Then
compounds 3 and 4 were precipitated, filtered, and dried.?® 3* The final products of dyes 3 and 4
were obtained as pure by crystallization from methanol.

1-methyl-2-((1E,3E)-5-((E)- 1-methylquinolin-2(1H)-ylidene)penta- 1,3-dien-1-yl)quinolin- 1 -ium
iodide; (3); A green powder (56%). 'H NMR (400 MHz, DMSO-d6) & ppm 3.88 (s, 6 H), 6.38 (d,
J=12.8 Hz, 2 H), 6.58 (t, J=11.2 Hz, 1 H), 7.43 (m, 2 H), 7.71-7.74 (m, 2 H), 7.79-7.85 (m, 6
H), 7.97-8.04 (m, 4 H) (Figure 2.14).
2-((1E,3Z)-3-bromo-5-((E)-1-methylquinolin-2(1 H)-ylidene)penta- 1, 3-dien-1-yl)-1-methy!-
quinolin-1-ium iodide; (4); A green powder (49%). '"H NMR (400 MHz, DMSO-d6) § ppm 4.00
(s, 6H), 6.32 (d, J=13.2 Hz, 2 H), 7.53 (t, /= 7.6 Hz, 2 H), 7.81 (t, J= 7.6 Hz, 2 H), 7.90-7.94
(m, 4H), 8.02 (d, J = 8.8 Hz, 2 H), 8.22 (d, /= 9.6 Hz, 2 H), 8.34 (d, J = 13.2 Hz, 2 H) (Figure

2.15).

2.4.3 DNA Photocleavage
Thirty microliter samples consisting of 3—48 uM of cyanine dye, 38 uM bp of pUC19 plasmid,
and 10 mM of sodium phosphate pH 7.0 were either kept in the dark or irradiated from 5 to 120

min with a near-infrared 741-nm LED medical lamp (0.3 W/cm?, 707-759-nm spectral output;
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Larson Electronics, Kemp, TX, USA). Reaction temperature was maintained at 10 or 22 °C by
placing the samples in a thermometer-fitted metal block that was heated, kept at room temperature,
or immersed in an ice bath during the reaction. In total, 3 uL of electrophoresis loading buffer
containing 15.0% (w/v) ficoll and 0.025% (w/v) bromophenol blue was added to each sample and
20 uL of the resulting solution were transferred to the wells of 1.5% agarose gel stained with
ethidium bromide (0.5 pg/mL, final concentration). Completely loaded gels were electrophoresed
at 100 V for 1 h in a Bio-Rad Laboratories gel box containing 1 x tris-acetate-EDTA (TAE) as
running buffer and 0.5 pg/mL ethidium bromide. The gels were then visualized at 302 nm with a
VWR Scientific LM-20E transilluminator, photographed with a UVP PhotoDoc-It™ Imaging
System, and quantitated using ImageJ software. In the case of supercoiled DNA, integrated
numerical values were multiplied by a correction factor of 1.22 to account for the decreased affinity
of ethidium bromide for supercoiled vs. nicked and linear plasmid forms. The DNA photocleavage
yields were then calculated according to the formula:

Percent Photocleavage = [(Linear + Nicked DNA)/(Linear + Nicked + Supercoiled DNA)] x

100.

2.4.4 UV-visible Spectrophotometry
Quartz cuvettes contained either 10 uM of cyanine dye in DMSO or 10 uM of dye in 10 mM
of sodium phosphate pH 7.0 buffer without and with 150 uM bp CT DNA. Absorption spectra
were recorded at 5-min time intervals from 0 to 30 min (22 °C).
In DNA titration experiments, small volumes of a concentrated aqueous CT DNA solution
were successively added to solutions containing 20 uM of cyanine dye 4 in 10 mM sodium
phosphate buffer pH 7.0 (500 pL initial volume). After spectra were acquired, absorption readings

were corrected for sample dilution. Final CT DNA concentrations ranged from 0 to 2004 uM bp.
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In competitive binding experiments, samples contained 10 uM of dye 4 in 10 mM of sodium
phosphate pH 7.0 buffer without and with 150 uM bp CT DNA or 150 uM bp CT DNA pre-

equilibrated with 10 uM of pentamidine for one min.

2.4.5 Circular Dichroism
Individual CD samples consisted of 10 mM sodium phosphate buffer pH 7.0 with 10 uM of
dye and 38-1117 uM of CT-DNA present alone and in combination (2000 pL total volume).
Spectra were collected from 800 to 200 nm in 3 mL (1.0 cm) quartz cuvettes (Starna, Atascadero,
CA, USA) using the following instrument settings: scan speed, 100 nm/min; response time, 2 s;
bandwidth, 0.5 nm; and sensitivity, 100 millidegrees. The temperature was kept constant at 22 °C.

Final spectra were averaged over 12 acquisitions.

2.4.6 Fluorescence Spectroscopy

Solutions containing 10 mM sodium phosphate buffer pH 7.0 and 10 uM of cyanine dye 4
in the absence and presence of 38—1117 uM of bp of CT DNA were transferred to 3.0 mL Starna
quartz cuvettes (2000 pL, total volume). The samples were excited at an appropriate wavelength
ranging from 529 to 697 nm and emission spectra were recorded (22 °C). The scan speed of the
spectrophotometer was 100 nm/min, gain was set at medium, and the excitation and emission slit

widths were 4.5 nm.

2.4.7 Regent-Induced Changes in DNA Photocleavage

Reactions containing 10 mM of sodium phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid
DNA and 24 puM of dye 4 were prepared in the presence and absence of 100 mM of sodium
benzoate, 100 U/uL of catalase, 100 mM EDTA, or 72% D>O (v/v). The reactions were irradiated

for 60 min (707-759 nm), resolved on 1.5% non-denaturing agarose gels, visualized, and
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quantitated as just described. The percent change in DNA photocleavage was calculated using the

following formula, where the additive was either sodium benzoate, catalase, EDTA, or D>O:
Percent Change in Cleavage = [(% Total of Linear and Nicked DNA with additive — %

Total of Linear and Nicked DNA without additive)/(% Total of Linear and Nicked DNA without

additive)] x 100.

2.4.8 Cell Line
ES2 human clear cell ovarian carcinoma cell line was obtained from ATCC (Manassas, VA,
USA). All cancer cells were cultured in DMEM medium (Sigma, St. Louis, MO, USA) with 10%
fetal bovine serum and 1% penicillin—streptomycin (VWR, Visalia, CA, USA). All cells were

grown in a humidified atmosphere of 5% COz (v/v) in air at 37 °C.>®

2.4.9 Cellular Uptake and Fluorescence Imaging

ES2 cells were plated in 96-well plates at a density of 10 x 10° cells/well and cultured for
24 h. After that, cells were incubated for 24 h in complete DMEM media containing dye 4 (0.5
pg/mL) dissolved in DMSO (<1%). Cells were then washed with DPBS, stained with Hoechst
33342 * and the subcellular distribution of the dye was imaged with an BZ-X710 Keyence

microscope using DAPI filter and Cy® 7 filter cubes.>

2.4.10 Evaluation of Phototherapeutic Effect

ES2 cells were plated in 96-well plates at a density of 10 x 10° cells/well and cultured for
24 h. After that, the cells were incubated in the dark for 24 h in complete DMEM media containing
dye 4 (0.5 pg/mL) dissolved in DMSO (<1%). The dye-containing media was then removed, and
the cells were rinsed and left in DPBS while being exposed to a 694-nm laser diode light for 5 min
(1.3 W/cm?). After treatment, cells were cultured for 24 h in complete DMEM growth medium

prior to viability measurements with Calcein AM as previously described.”’ Non-treated cells, cells
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incubated with the same concentration of the dye 4 under dark conditions, and non-treated cells

exposed to a 694-nm laser diode for 5 min were used as controls.

2.5 Conclusion

In photodynamic therapy, an ideal DNA photosensitizer should function optimally within a
near-infrared phototherapeutic therapeutic window that affords maximum penetration depth of
incident light through biological tissue.! Here, we showed that symmetrical 2-quinolinium
pentamethine carbocyanine dyes substituted with hydrogen (3) or bromine (4) generate DNA
cleavage when irradiated in the near-infrared wavelength range. The electron withdrawing
bromine atom promotes DNA interactions by substantially reducing dye autooxidation in aqueous
solution. UV-visible, circular dichroism, and fluorescence spectra of the brominated 2-
quinolinium pentamethine cyanine (4) show that DNA has a major effect on dye aggregation. Low
DNA concentrations favor the formation of a high order hypsochromic cyanine aggregate. As
DNA concentration is gradually increased, however, the dye 4 aggregate is sequentially converted
to a bathochromic dye monomer through intermediate absorbing dimeric and/or low-order
aggregated species. The high-order aggregate appears to interact with DNA in an external fashion,
while the monomeric and low-order forms of dye 4 may be associating with DNA via its minor
groove. The spectroscopic data also suggest that intercalative interactions do not play a major role
in DNA binding. Photocleavage reactions run in the presence and absence of radical scavenging
agents and other chemical additives reveal that irradiation of the monomeric, DNA-bound form of
dye 4 with 707-759-nm near—infrared light generates Type 1 OH" radicals that produce direct
strand breaks in plasmid DNA in high yield (pH 7.0, 22 °C). Using fluorescence microscopy, we
were able to show that the dye is readily taken up by ES-2 cells where it localizes in the intracellular

cytosolic and perinuclear regions and possibly in the cell nuclei. While non-toxic in the dark,
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brominated cyanine 4 displayed high levels of phototoxicity over six trials, reducing ES-2 cell
viability from 100 £ 10% to 14 £+ 1% when irradiated with a 694-nm laser. We will continue to
explore and design new 2-quinolinium dicarbocyanine dyes with the aim of developing optimal

DNA photosensitizing agents for near-infrared phototherapeutic applications.



2.6 Supplementary Information

54

A) Dye 4: sodium benzoate

B) Dye 4: EDTA
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Figure 2.12: Representative agarose gels comparing levels of cyanine dye-sensitized

photocleavage of pUC19 plasmid DNA generated in the absence and presence of: (A) 100 mM
sodium benzoate; (B) 100 mM ethylenediaminetetraacetate (EDTA); (C) 100 U/puL catalase; (D)
72% D20 (v/v) (741 nm hv for 60 min at 22 °C). All reactions contained 10 mM sodium phosphate
buffer pH 7.0, 24 uM of dye 4 and 38 uM bp DNA. Yields are averaged over two to three trials.
Errors represent standard deviation. Abbreviations: L = linear; N = nicked; S = supercoiled.
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Figure 2.13: Viability of ES2 cells incubated for 24 h under dark conditions with different
concentrations of dye 4. ES2 cells were plated in 96-well plates at a density of 10 x 10° cells/well
and cultured for 24 h. After that, the cells were incubated in the dark for 24 h in complete DMEM
media containing different concentrations of dye 4 (0.01 - 100 pg/mL) dissolved in DMSO (<1%).
The dye-containing media was then removed, and the cells were rinsed with DPBS and cultured
for 24 h in complete DMEM growth medium prior to viability measurements with Calcein AM as
previously described.!
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3 UNPRECENDENTED OXIDATIVE DNA PHOTOCLEAVAGE ABOVE 830 NM
MEDIATED BY 4-QUINOLINIUM PENTAMETHINE CARBOCYANINE DYES
3.1 Abstract
This paper presents data describing the DNA interactions of near-infrared (NIR) 4-
quinolinium carbocyanine dyes meso-substituted either with a bromine, chlorine, or hydrogen
atom. UV-visible absorption spectra show that dyes KI2, KI3, and KI4 are stable in DMSO and
aqueous buffer. The 4-quinolinium dyes absorb light that extends into the near-infrared range
between 555 nm and ~980 nm. Addition of increasing amounts of calf thymus (CT) DNA to the
aqueous solution results in the conversion of high order H-aggregated dye KI2 to the monomeric
form with a hypsochromic shift. Cyanine dye KI2 possesses minimal optical signatures by not
having any induced CD nor fluorescence signals, suggesting it may externally bind to the DNA
backbone. Here, we also report a unique direct strand breakage of pUC19 plasmid DNA by the
three symmetrical 4-quinolinium carbocyanine dyes at 830, 850 nm, and/or 905 nm (pH 7.0). Type
I hydroxyl radicals display a major involvement in DNA strand breakage by dye KI2. To the best
of our knowledge, our results represent the first reported case of DNA photocleavage triggered by
single-photon excitation of a chromophore at wavelengths above 830 nm. Our data therefore
suggest that 4-quinolinium pentamethine carbocyanine dye KI2 might one day be an important

sensitizing agent in photo-therapeutic applications.
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3.2 Introduction

Photodynamic therapy is a less invasive treatment approach that requires the combination
of a non-toxic photosensitizer with suitable light to generate reactive oxygen species (ROS).!
Reactive oxygen species are generated in two different pathways. Upon excitation with an
appropriate light source, the photosensitizer moves from its ground state to triplet excited state
through intersystem crossing from an intermediate excited singlet state. In photodynamic therapy,
photosensitizers mostly undergo type II energy transfer where the triplet excited state transfers
energy to a ground state triplet oxygen (*0:) to generate singlet oxygen ('0,).? Alternatively, in
the type I process, the triplet excited state can react with >0, by transferring electrons to molecular
oxygen to generate superoxide anion radicals (O2" ), which spontaneously dismutate to form
hydrogen peroxide (H202) that subsequently gives rise to hydroxyl radical (*OH) via Fenton
chemistry.®> * Over the past years, researchers have developed many photosensitizers for
phototherapeutic use. These photosensitizers are often derived from porphyrins, chlorins,
bacteriochlorins and phthalocyanines, metal complexes, and synthetic organic dyes such as
cyanine dyes.’ Only few of these photosensitizers, such as porfimer sodium (Photofrin®) and
verteporfin (Visudyne®) have been clinically approved for the treatment of various diseases.
Though, several of these currently used photosensitizers have demonstrated promising outcomes
in PDT, majority of them are activated with visible light sources with wavelengths < 689 nm® that
are readily absorbed by biological tissues. For example, the well-known clinical PDT agent
porfimer sodium is activated at ~ 630 nm and exhibits a low absorption coefficient of 1170 M!

Cm—l 6,7

at this wavelength. Due to the tissue penetration issues of light with these photosensitizers,
they can only treat superficial skin conditions and diseases. Chromophores that absorb light in near

infrared (NIR) are important in photodynamic therapy due to the versatile photochemical
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properties they hold. These photosensitizers possess a reduced light scattering effect and absorb in
the phototherapeutic window of 650-850 nm, a region that allows an enhanced tissues penetration
depth.” They can be used as fluorescent probes!® to enable in vivo tumor characterization through
tumor visualization.!! Recent studies have shown a near-infrared cyanine dye based probe for
efficiently imaging endogenous hydrogen peroxide.'?

Long-wavelength cyanine dyes have also been widely investigated as sensitizing agents in
photodynamic cancer therapy'? due to their ability to absorb light in the 650-850 nm near-infrared
photo-therapeutic window. Most biological chromophores absorb light minimally in this
wavelength range, allowing for a deep penetration of incident irradiation and an efficient activation
of the near-infrared photosensitizers. Near-infrared cyanine dyes have high molar absorption
coefficients, strong fluorescence, and good photostability. Several studies have reportedly used
symmetrical 4-quinolinium?®, 2-quinolinium'*, benz[e]indolium!*pentamethine carbocyanine dyes,
and asymmetrical oxazole yellow (YO) and thiazole orange (TO) based cyanine dyes'¢" to
photocleave DNA in the visible or near-infrared range. However, little is known about the DNA
photocleavage ability of other symmetrical cyanine dyes with NIR light.

Here, we report DNA photocleavage activities of three symmetrical 4-quinolinium
pentamethine cyanine dyes meso-substituted with either a bromine, chlorine, or hydrogen atom
(KI2, KI3, and KI4) when irradiated at 830, 850, and 905 nm (Figure 3.1). The brominated
carbocyanine dye KI2 demonstrated a unique ability to form direct DNA strand breaks above 830

nm.
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X
KlI2: X =Br
KI3: X = ClI
Kl4: X=H

Figure 3.1: Chemical structures of 4-quinolinium pentamethine carbocyanine dyes KI2, KI3, and
KI4. All dyes were synthesized and provided by Dr. Maged Henary at the Georgia State
University, Department of Chemistry.

3.3 Results and Discussion

3.3.1 Dye Stability and Dye-DNA Interactions

Stability is a vital factor in the determination of photophysical properties of cyanine dyes.
Oxidative photodegradation known as photobleaching and self-aggregation are commonly
observed with cyanine dyes in solutions.?® 2! Also, solvent as well as substituents can affect the
stability and aggregation of the cyanine dyes. To validate the properties of the symmetrical 4-
quinolinium pentamethine carbocyanine dyes under study, a UV-visible spectroscopic assay of the

dyes was accessed in different media as a function of time as follows.

3.3.1.1 UV-visible Time Course

In the first part of our study, UV-visible absorption spectra were recorded with 10 uM of
dyes KI2, KI3, and KI4 in DMSO, and in 10 mM of sodium phosphate buffer at pH 7.0 in the
presence and absence of 150 uM bp calf thymus (CT) DNA at time intervals up to 30 min at 22
°C (Figure 3.2). Dyes KI2, KI3, and KI4 in aqueous buffer absorb light between 555 and ~ 980
nm with absorption maxima at 671, 684, and 707 nm, respectively. In the presence of DNA, the
aggregation patterns of dyes KI2 and KI3 change. KI2 aggregates differently, leading to the

formation of a new peak that is noticed at 582 nm, which corresponds to its absorption maximum.
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The chlorinated dye KI3 in presence of DNA exhibits a maximum absorption intensity that is
observed at 680 nm. Generally, interaction between cyanine dyes and DNA leads to dye-DNA
complex formation, which often offers the dye a great stability towards auto-oxidation. However,
DNA seems not to completely stabilize all the dyes, and this might be explained by the degree to
which dyes KI2 , KI3 and KI4 interact with DNA. Substituents such as electron withdrawing
groups often promote great stability by discouraging dye auto-oxidation'* %2, which is observed
with both the brominated and chlorinated dyes KI2 and KI3. When the free dyes KI2, KI3, and
K14 are recorded in DMSO, the formation of high monomeric bands is observed (Figure 3.2 A, D,
G) at 804 nm, 808 nm, and 828 nm, respectively. It is apparent that DMSO stabilizes all the dyes

compared to aqueous buffer (Figure 3.2 A, D, G).
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Figure 3.2: UV-visible spectra recorded over 30 min for 10 uM of 4-quinolinium pentamethine
carbocyanine dyes KI2, KI3, and KI4 in: (A), (D), (G) DMSO; (B), (E), (H) 10 mM sodium
phosphate buffer pH 7.0; (C), (F), (I) 10 mM sodium phosphate buffer pH 7.0 and 150 uM CT

DNA (22 °C).

Upon addition of DNA to the aqueous buffer, the absorption of dyes KI2 and KI3 changes
with a blue shift in their wavelength (Figure 3.3 A, B), which suggests that the dyes may interact
with the DNA. In contrast, dye KI4 seems not to interact with DNA at all (Figure 3.3 C).

Additionally, the overlay of previously recorded KI2 UV-visible spectra from (Figure 3.3 A) at 0
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min consisting of 10 mM sodium phosphate pH 7.0 and 10 uM dye KI2 in presence and absence
of 150 uM bp (22 °C) shows a blue-shifted (hypsochromic) absorption with a dye-DNA bound
monomer formation at 582 nm (Figure 3.3). This blue shifted peak at 582 nm may be due to the
formation of DNA-bound aggregate (Figure 3.3). Upon addition of calf thymus DNA to the
aqueous solution, the peaks of dyes KI2 and KI3 exhibit a minimal hypsochromic shift as shown

in Figure 3.3 A, B. This blue-shift and change in the aggregation is an indication of dye-DNA

interaction.
A) Dye KI2 in Buffer; Dye + DNA (x = Br) Overlay B) Dye KI3 in Buffer; Dye + DNA (x = Cl) Overlay
Dye in Buffer (0 min) Dye in Buffer (0 min)
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Figure 3.3: UV-visible Overlay spectra at 0 min for 10 uM of dyes KI2, KI3, and KI4 in 10 mM
sodium phosphate buffer pH 7.0 and 150 uM CT DNA (22 °C). ) with: (A) is an overlaid spectra
of 1B,C; (B) is an overlaid spectra of 1E,F; and (C) is an overlaid spectrum of 1H,I.
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The data show that dyes KI2 and KI3 are relatively stable under all conditions (in DMSO,
aqueous buffer, and when CT DNA is added) at a time interval of 0 up to 30 min except for dye
KI4. Unlike dyes KI2 and KI3, the meso-substituted hydrogen dye KI4 seems to auto-oxidize in
aqueous buffer even in the presence of CT DNA, suggesting low stability. Notwithstanding data
suggest that 830 nm, 850 nm, and 905 nm lasers light could be utilized to irradiate the dye-DNA
complexes in photocleavage reactions. Our next experiment will focus on further examining the

interactions between dye KI2 and DNA.

3.3.1.2 UV-visible Absorption Titration

Cyanine dyes have the ability to interact with biomolecules such as DNA and proteins. The
interaction between KI2 with DNA is investigated in this part of our study. We recorded UV-
visible absorption spectra of the dye upon the addition of small volumes of an aqueous solution of
13,088 uM bp CT DNA to a sample containing 20 pM of the cyanine dye KI2 in 10 mM sodium
phosphate pH 7.0 at 22 °C with an initial volume of 500 pL (Figure 3.4). The final CT DNA
concentrations present in the sample ranged from 34 uM bp up to 1328 uM bp. The result confirms

clear evidence of an interaction between the dye and DNA (Figure 3.4).
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Figure 3.4: Representative UV-visible absorption at 0 min overlay and titration spectra of dye
KI2. Samples contained 20 uM dye, 10 mM sodium phosphate buffer pH 7.0 in the presence of
increasing CT DNA concentrations from 34 up to 1328 uM bp with all absorption spectra corrected
for sample dilution (22 °C).

When an increasing concentration of DNA is added to the aqueous buffer solution
containing dye KI2, the dye aggregation pattern changes. Yet, this interaction between the dye and
DNA is minimal compared to other quinolinium cyanine dyes studied by our research group.® '
As the concentration added of CT DNA increases, the intensities of the absorption bands at ~ 598
and 664 nm decrease. While the monomeric band at 809 nm increases in intensities (Figure 3.4).
Some monomeric cyanine dyes have a preference of intercalating to DNA during their interaction,
while other cyanine dyes are minor groove binders.!> However, the UV-vis, these data do not
provide sufficient information about the DNA cleavage ability and the DNA binding mode of KI2.
Our results suggests that dye KI2 interacts with dsDNA and may bind to DNA as an H-aggregated
and a monomer. In our next study, the DNA photocleavage ability of the dyes will be tested in the

NIR using 830, 850, and 905 nm light emitting diode lasers ( LEDs) that will target the DNA

bound monomeric dye KI2 observed in Figure 3.3 A).
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3.3.2 DNA Photocleavage
We began our investigation of the dyes under study to oxidatively photocleave DNA by

first comparing dyes K12, KI3, and KI4 DNA photocleavage at 850 nm.

A 850 nm hv vs. temperature, *C: B. 850 nm hv vs. temperature, °C:
Lane: 1 2 3 4 5 & Lane: 1 2 3 4
N —= N —
L —= L —=
s — § —
Dye: . KIz KM - KIZ  EKl4 Dye: K2 - - K2
hw : + + + - . - hv : - . + +
Temp. Before hv (°C): 57 57 57 57 57 &7  Temp. Before hv ("C): 55 53 - 57
Temp. After hw (°C): 63 63 63 63 63 B3 Temp. After hv (°C): 55 53 - 58
Yield(%): 7 2@ 20 8 & 8 Yield (%): i1 5 sa

Figure 3.5: Representative ethidium bromide stained 1.3% agarose gel showing pUCI19 plasmid
DNA photocleavage. Reactions contained 10 mM sodium phosphate buffer pH 7.0, 38 uM bp
pUC19 plasmid DNA in the presence and absence of 20 uM dyes KI2, KI3, and KI4. Individual
reactions were irradiated for 30 min with laser light power of 100 mW at 850 nm or kept in the
dark. A metal block holding the samples was immersed in an ice bath during the reactions. Sample
temperature before and after the reaction was recorded a with non-contact of the infrared
thermometer. Abbreviations: Temp, temperature; N, nicked; L, linear; S, supercoiled.

DNA photocleavage reactions contained 38 uM bp pUC19 plasmid DNA, 20 uM of dyes
K12, K13, or KI4, and 10 mM sodium phosphate buffer pH 7.0. Samples immersed in an ice bath
were either irradiated at 850 nm or kept in the dark for 30 min. After the 30 min time interval, the
samples were electrophorized on a non-denatured 1.3 % agarose gel for 60 min. A small amount
of supercoiled plasmid DNA was converted to nicked DNA upon irradiation of reaction samples
containing chlorinated dye KI3 and KI4 with 28 and 20 % yield respectively as shown in lanes 4
and 5 (Figure 3.5 A). Dye KI2 produced the most cleavage yield that led to 64% yields level
compared to the other two dyes (Figure 3.5 B).

Also, the negative control dark reactions revealed much lower levels of DNA strand

breakage any dsDNA breakage at all as expected. A temperature analysis study was achieved by



72

recording the temperatures of the individual samples before and after the reactions to check for
possible thermal DNA cleavage effect. Relative to dark controls, the temperatures of the irradiated
samples appear not to increase after the 30 min irradiation. The result seems to rule against thermal
DNA cleavage as a phenomenon; suggesting that the modest DNA strand breakage observed with
dyes KlI2, KI3, and KI4 is photochemically driven. Both dyes KI3 and KI4 do not show a
significant DNA cleavage activity. They show a reduced DNA cleavage effect that can be
explained by a loss of their DNA cleavage activities. The inability of dyes KI4 to photochemically
induce a high DNA cleavage level at 850 nm correlates and is consistent with its UV-visible
absorption spectra showing rapid auto-oxidation of the dye in aqueous buffer (Figure 3.2). In the
case of dye KI3, concentrated stock solutions of the dye were observed to lose absorption over
weeks. This result suggests that dyes KI3 and KI4 should be discontinued and only dye KI2 will

be employed for the remaining studies.

3.3.2.1 DNA Photocleavage at Different Wavelengths

This study was performed to examine whether DNA photocleavage by dye KI2 is not
thermal in nature at 830 nm and 905 nm wavelengths. Individual reaction mixtures consisted of 38
uM bp pUCI19 plasmid DNA, 10 mM sodium phosphate buffer pH 7.0, or in the presence or
absence of 20 pM dye KI2. Reactions were either irradiated with LED lasers light with a
wavelength of 830 or 905 nm or kept in the dark (30 min). The temperatures were immediately
recorded before and after the photocleavage reaction. After that, the resulted reactions samples
were all electrophorized on a 1.3 % agarose gel to visualize the DNA bands. Dye KI2 was able to
markedly convert supercoiled DNA to nicked DNA upon irradiation of the samples containing dye

20 uM KI2 and 38 uM bp of pUC19 plasmid DNA with 830 and 905 nm LED lasers light and
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DNA. Intriguingly, 82 and 33% cleavage yields are respectively produced at 830 and 905 nm

(Figure 3.6).
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Figure 3.6: Representative ethidium bromide stained 1.3% agarose gel showing pUC19 plasmid
DNA photocleavage. Reactions contained 10 mM sodium phosphate buffer pH 7.0, 38 uM bp
pUC19 plasmid DNA in the presence and absence of 20 uM dye KI2. Individual reactions were
irradiated for 30 min with laser light power of: (A) 350 mW 830 nm; (B) 50 mW 905 nm or kept
in dark. A metal block holding the samples was immersed in an ice bath during the reaction. Sample
temperature before and after the reaction was recorded with non-contact of the infrared
thermometer. Abbreviations: Temp, temperature; N, nicked; L, linear; S, supercoiled.

On the other hand, very little DNA strand breakage is observed with dark control reactions
in all cases (Figure 3.6). Also, the recorded temperature before and after the reaction shows the
light from the lasers is not substantially heating the samples to induce DNA cleavage, suggesting
that DNA photocleavage that is observed by dye KI2 at wavelengths 830 and 905 nm is not

thermally initiated, but rather mediated photochemically by the dye itself.

3.3.2.2 DNA Photocleavage Concentration Titration

The objective of this study was to determine the desired low concentration required for
DNA photocleavage by the brominated dye KI2, which could minimize the risk of a potential side
effects at high concentration of PS. Concentration titration DNA photocleavage was achieved with

reactions consisting of 38 pM bp pUC19 plasmid DNA, 0-45 uM dye KI2 in 10 mM sodium
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phosphate buffer pH 7.0. Individual reactions were either heated at 37 °C, irradiated at 830 and
905 nm, or kept in the dark at (10 °C) for 30 min (Figure 3.7). Our results show that dye KI2 does
not cleave DNA at 37 °C, physiological temperature (Figure 3.7A). However, upon irradiation of
the reactions with either 850 or 905 nm lasers light, a direct DNA strand break is observed (Figure

3.7B,C).
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Figure 3.7: Representative ethidium bromide stained 1.3% agarose gel depicting pUC19 plasmid
DNA photocleavage in presence of dye KI2 concentrations ranging 0-45 pM. All reactions
contained 10 mM sodium phosphate buffer pH 7.0 and 38 uM bp DNA. The reactions were either:
(A) heated for 30 min at 37 °C or in dark; irradiated for 30 min with laser light powers of (B) 100
mW 850 nm; and (C) 50 mW 905 nm or in dark at 10 °C. Abbreviations: N, nicked; L, linear; S,
supercoiled.

As expected, the cleavage yield tended to increase as a function of increasing
concentrations of dye up to 20 or 30 uM. As the concentration of dye added to the reaction

increases, more pUC19 plasmid supercoiled DNA strand is converted to the nicked form of DNA
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with some variations at high dye concentration (Figure 3.7, C; lanes 5-7). The highest dye KI2
concentrations display a low level of DNA cleavage with respect to the other concentrations. This
artifact may be caused by a precipitation of the dye at high concentrations of 30, 40, and 45 uM of
DNA complex. In all dark control reactions, pUC19 plasmid converted to substantial levels of
nicked DNA for 30 mins. According to result seen in Figure 3.7, dye KI2 can be used at the
physiological body temperature and 20 uM is the optimum concentration of dye that can be utilized

in the rest of one photocleavage experiments.

3.3.2.3 Time-Course DNA Photocleavage
In this investigation, we are accessing the ability of dye KI2 to photocleave DNA in the
short possible time frame. The irradiation time or the time required to photoactivate the

photosensitizer is a key factor in PDT practice.
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Figure 3.8: Representative ethidium bromide stained 1.3% agarose gel depicting cyanine dye KI2
photocleavage of pUC19 plasmid DNA. Reactions contained 10 mM sodium phosphate buffer pH
7.0 and 38 puM bp DNA in the presence or absence of 20 uM of dye KI2. The reactions were
irradiated for various times (0-90 min) with laser light powers of: (A) 100 mW 850 nm, (B) 50
mW 905 nm or kept in dark (10 °C). Abbreviations: N, nicked; L, linear; S, supercoiled.

In this DNA photocleavage experiment, samples contained 38 uM bp pUC19 plasmid DNA
with 20 uM of dye KI2 in 10 mM sodium phosphate buffer pH 7.0. The reactions were kept in the
dark or irradiated with either LED light with power of 100 mW 850 nm or 50 mW 905 nm at time
interval from 0-90 min (10 °C). After irradiation of individual samples, reactions were
electrophorized on a non-denaturing 1.3% agarose gel to visualize the DNA bands resulted from
the reaction. The gel image Figure 3.8 demonstrates that 4-quinolinium cyanine dye KI2 cleaves
pUC19 plasmid DNA upon irradiation with 850 nm and 905 nm lasers light as a function of time
(0-90 nm). Upon light irradiation at 850 nm and 905 nm, supercoiled DNA was converted to the

relax form nicked DNA, which is a clear indication of a breakage of the double strand plasmid

DNA, and this is observed in Figure 3.8. The amount of damaged DNA increases as function of
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time at both 850 nm and 905 nm. The light exposure time seems to be proportional to the cleavage
yield. In both cases, cleavage occurs after 5 min and increases up until ~ 70 min of light exposure.
This may be the saturated time because at this specific time, the cleaved DNA yield remains
constant and is approximately the same as at 70 min. Based on the result seen in Figure 3.8, 30
min time as the optimum time was used in all the DNA photocleavage analysis. Interestingly, dye
KI2 markedly exhibited a pronounced DNA photocleave activity upon light irradiation with 850
nm laser light. Also, the cleavage yield was 40 + 5% after only 5 min of irradiation. There is very
little evidence of dark toxicity by the dye (Figures 3.8 A, B; lanes 8 and 9).

This study allowed us to probe the light exposure time required by the dye KI2 to induce
DNA cleavage using LEDs lasers with 850 nm and 905 nm wavelengths. The amount of cleaved
DNA increases with the time at 850 nm and 905 nm (Figure 3.8). Importantly, dye KI2 does not
only exhibit the ability to cleave dsDNA but also cleaves DNA in the near-infrared range, above
830 nm. This is the first reported single-photon excitation DNA photocleavage at wavelengths of

850 and 905 nm.

3.3.3 DNA Binding Mode Analysis
Small molecules including cyanine dyes are well known to interact with biomolecules, such as
DNA. They can interact with DNA in three common fashions as: intercalators, groove bindesr, or
through electrostatic interactions (external binding). However, some small molecules randomly
interact with DNA while other selectively bind in the DNA bases.?* ?* Cyanine dyes possess
distinctive properties that allow them to interact with DNA through one or more of the three
common fashions. In the previous studies, UV-visible spectroscopy analysis and DNA

photocleavage assays showed that dye KI2 interacts with DNA and photocleaves DNA strands.
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Still, little is known about the mechanism of interaction of dye KI2 and DNA. In our next

investigation, we will probe the binding mode of dye KI2 to DNA through several optical methods

3.3.3.1 Circular Dichroism

We began our investigation of the mechanism of interaction between pentamethine
carbocyanine dye KI2 and DNA through circular dichroism (CD) spectroscopic analysis. CD
spectra of dye KI2 were recorded in 10 mM sodium phosphate buffer pH 7.0 at 22 °C in the
presence or absence of either an increasing concentration range (31- 1283 uM bp) or 38 uM bp of
CT-DNA. Data obtained from CD analysis show that KI2 does not induce a CD signal upon
binding to DNA. As expected, DNA molecule exhibits a CD signal between 200 and 300 nm due
to its chirality that it owns from its structural properties. Also, there is no CD signal for the dye

itself. This absence of ICD signals may be due to the way the dye KI2 interacts with DNA.

A previously recorded UV-vis titration absorption spectra (Figure 3.4) suggested that dye
weakly interacts with DNA. Cyanine dyes are usually prone to intercalate within DNA base pairs
or bind in the DNA groove causing a change in DNA conformation can be characterized by the
presence of cyanine dye ICD signals.® 2% Cyanine dyes that do not display induced CD signals
usually bind to DNA by outside edge stacking to the DNA backbone (external binding).> >* Data

presented implies the possibility of external DNA binding by KI2.
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Figure 3.9: Circular dichroism spectra of dye KI2. Samples contained (A) and (C) 20 uM and
(B) 45 uM of dye KI2 in 10 mM sodium phosphate buffer pH 7.0 in the presence or absence of
increasing concentrations (31-1,283) or 38 uM bp CT DNA (22 °C). CD spectra (C) from 3A and
re-plotted from 300-600 nm for clarity.

3.3.3.2 Fluorescence Spectrophotometry

With the effort of further evaluating the mode of interaction of dye KI2 and DNA,
fluorescence spectra 10 uM of dye KI2 were recorded in 10 mM sodium phosphate buffer pH 7.0
in the absence and presence of an increasing concentration of CT DNA from 31 to 1283 uM bp
(Figure 3.9) or at 1283 uM bp CT DNA with various excitation and emission wavelengths. In
absence of DNA, the reactions were excited with two distinct excitation wavelengths ( Aex/ Aem

=684, 800 nm/694, 810 nm, respectively) to target the maximal absorptions of the free dye. In the
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presence of DNA, the samples were excited with wavelengths (Aex /Aex = 600, 660, 800 nm/610,
670, 810 nm) to target DNA-dye complex (Figure 3.9). At all the excitation wavelengths,
fluorescence emission was not observed. Instead, very sharp peaks are seen when the reactions
were excited at 800 nm with an emission wavelength at 810 nm (Figure 3.9). The narrow emission
bandwidth suggests that KI2 might scatter the emitted light, which would result in an observation
of the sharp peaks. A molecule can experience either fluorescence or light scattering when excited
at specific wavelengths. The difference between light scattering and fluorescence is that
fluorescence is long-lived electronic state phenomenon that can last between 108-107 s, while
light scattering occurs on via a very short-lived electronic state less than 107!° s.2” The recognition
of the provenance of any observable peaks during fluorescence measurement is significant and
must be identified because the nature of the peaks can be either florescence or light scattering. A
close look is taken to pinpoint the nature of these apparent emission peaks to find the theory that

governs the formation of these strange emission bands.

With the attempt of identifying possible light scattering, we lowered the 800 nm excitation
wavelength by 10 nm to obtain 790 nm with reaction samples consisting of dye KI2 or in the
presence of 1283 uM bp CT-DNA shown in the supplemental information (Figure 3.18 in
Supplementary Information). As a result, a Stoke shift is observed with the emission wavelengths
being reduced from 810 nm to 800 nm, which is a characteristic fingerprint of a Raman light
scattering effect. This formation of the very narrow bands of the free dye and DNA bound dye are
observed when the samples are excited with wavelengths of 790 nm and 800 nm are not the result

of fluorescence (Figure 3.18 in Supplementary information).
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Figure 3.10: Fluorescence emission spectra (Em)(showing light scattering) of 10 uM dye KI2 in
10 mM sodium phosphate buffer pH 7.0 (22 °C) in the presence and absence of: (A) 31 uM bp CT
DNA to 1,283 uM bp; (B) 241 uM bp CT DNA; (C) 730 uM bp CT DNA; and (D) 1,283 uM bp
CT DNA. Emission spectra were recorded at various excitation wavelengths (Ex) 684, 800, 600,
and 660 nm with emission wavelengths of (Em) 694, 810, 610, and 670 nm, respectively.

Raman scattering light peaks depends on the excitation wavelength.?”-?°In fluorescence the
kinetic energy of the incident photons is usually conserved. On the other hands, Raman light
scattering does not conserve the energy present in the incident photon. Energy may decrease (anti-

Stoke Raman) or increase (Stoke Raman) light scattering.”® When the excitation wavelength was

reduced by 10 nm, the apparent emission was raised by 10 nm (Figure 3.18 in Supplementary
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Information), demonstrating an evidence of Raman light scattering effect with dye KI2. Thus, this

is an example of Stoke Raman light scattering.

Since, no fluorescence emission was observed in any of our experiments, a positive control
was needed towards this end. The fluorescence emission of methylene blue in pure ethanol was
recorded with an excitation of 600 nm while the expected was 610 nm was observed, suggesting
that the instrument was not malfunctioning (Figure 3.19 in Supplementary Information). The
optical CD and fluorescence data of dye KI2 suggest that dye KI2 is neither an intercalative, nor
a groove binder to the DNA double strand. Cyanine dyes that intercalate are fluorescent due to
conformational mobility. Also, minor groove binders are usually fluorescent. Thus, the only

remaining DNA binding mode is external binding.'*

3.3.3.3 Competitive DNA Binding

Competitive DNA binding studies of dye KI2 were carried out to clarify the mode of DNA
binding of dye KI2 through DNA photocleavage and UV-visible spectroscopic studies with the
major groove binder methyl green®” and the minor groove binder pentamidine.*! Edwards and
coworkers demonstrated in structural studies that pentamidine binds in a non-intercalative fashion
in the minor groove of DNA.* In the present work, we prepared reactions containing 10 mM
sodium phosphate buffer pH 7.0 and 38 uM bp DNA in the presence and absence of 50 uM of
pentamidine or methyl green and 30 uM of dye KI2. The reactions at 10 °C were either irradiated
with laser light of 100 mW 850 nm (left) or kept in the dark (right) (Figure 3.11) for 30 min then
electrophorized in a 1.3% agarose for 60 min. With both LED lasers, very little breakage of DNA

strand is observed in dark controls and when dye KI2 is not present in lanes 3.
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Figure 3.11: Representative ethidium bromide stained 1.3% agarose gel showing pUC19 plasmid
DNA photocleavage. Reactions contained 10 mM sodium phosphate buffer pH 7.0, 38 uM bp
pUC19 plasmid DNA equilibrated with 30 uM of dye KI2 in the presence and absence of 50 uM
pentamidine or methyl green. Individual reactions were irradiated for 30 min with laser light power
of 350 mW 830 nm, 100 mW 850 nm, or kept in the dark (10 °C). Pentamidine or methyl green
was added before dye KI2 (lanes 4 and 9) and dye KI2 was added before pentamidine or methyl
green (lanes 5 and 10). Yields are averaged over 2-3 trials with errors reported as standard deviation
(100 mW 850 nm laser light). Abbreviations: N, nicked; L, linear; S, supercoiled.
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In separate photocleavage reactions, pentamidine or methyl green was added to the sample
before and after adding dye KI2. Our result shows that the order of addition of both pentamidine
and methyl green does not significantly affect DNA photocleavage (lanes 4 vs. 5 of Figure 3.11).
Upon light irradiation at 830 and 850 nm, methyl green and pentamidine seem to interfere with
dye KI2 (Table 3.1), leading to less nicked DNA in all cleavage. DNA cleavage yield seems to be
lower. This could be due to the interaction of KI2 with either methyl green or pentamidine in
solution or the competitive binding to DNA and displacing the dye. Data in the Table 3.1 and
Figure 3.11 reveal that methyl green seems to exhibit a more pronounced DNA cleavage pattern
at 850 nm compared to pentamidine, leading to a decrease in DNA cleavage. Irradiation of the dye
K12 in the presence of pentamidine and DNA with 830 nm laser power of 350 mW resulted in
relatively higher inhibition (24% inhibition) than at 850 nm which is roughly 20% inhibition. To
obtain a clear understanding and confirm our findings about the binding mode of KI2, UV-visible
spectroscopic studies were performed using methyl green and pentamidine were. UV-visible
spectra of samples containing 10 mM pH 7.0 sodium phosphate buffer pH 7.0, 30 uM (Figure
3.11) and 10 uM (Figure 3.20 in Supplemental Information) of dye KI2, and 50 uM pentamidine

or methyl green in the presence or absence of 38 uM bp of CT DNA were recorded at 22 °C.

The Figure 3.12 A shows that pentamidine increases dye absorption and shifts the Amax of the
putative monomoric band from 812 nm to 817 nm in absence of DNA. This indicates that there
may be some interactions between pentamidine and KI2 when DNA is absent. When methyl green
is added to aquous solutions of dye in the absence of DNA (Figure 3.12 C), there are some minor
changes in dye absorption but they are more difficult to quantitate due to the overlap between the
hypsochromic absorption band of dye KI2 and methyl green absorption. In our next experiments,

we wanted to determine the effects of adding pentamidine and methyl green to dye/DNA solutions.
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Figure 3.12 B shows that pentamidine produces a major effect. When pentamidine is added, the
Amax of the bathochromic dye shifts from 813 nm to 819 nm and exhibits major hyperchromicity.
This indicates that pentamidine changes the way KI2 interacts with DNA. It’s possible that
pentamidine is formimg a complex with the monomer. The new hyperchromic peak could also be
free monomeric dye hyperchromic with respect to DNA bound dye (Figure 3.20 E in
Supplementary Information). Unfortunately, the Amax of the free monomeric dye is difficult to
determine because it appears as a shoulder of the major hypsochromic peak (Figure 3.20 E in
Supplementary Information). Figure 3.20 D shows that the addition of methyl green to dye/DNA

solution appears not to disrupt dye-DNA complex

Table 3.1: Inhibition of Dye KI2 photocleavage induced by chemical additives. Reactions
contained 10 mM sodium phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid DNA equilibrated
with 30 uM dye KI2 in the presence and absence of: (A) 50 uM of pentamidine or methyl green
added before dye KI2; (B) Dye KI2 added before 50 uM pentamidine or methyl green. The
reactions were irradiated for 30 min with laser light power of 350 mW 830 nm or 100 mW 850 nm
or kept in dark (10 °C). Data points are averaged over 2-3 trials with error reported as standard
deviation (100 mW 850 nm laser light).

Reagents Added Target Cleavage Inhibition (%)

hv 850 nm 830 nm

(A)19=6 (A) 24
Pentamidine Minor groove

(B)21+10 (B) 28

(A)49=5
Methyl green Major groove

(B)52=2
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Figure 3.12: UV-visible absorption spectra of dye KI2 recorded with pentamidine or methyl
green. All samples contained 30 uM of dye KI2 in 10 mM sodium phosphate buffer pH 7.0 (22
°C) in the presence or absence of 50 pM pentamidine or methyl green, and: (A) and (C) without
38 uM bp of CT DNA; (B) and (D) with 38 uM bp CT DNA. Dye KI2 was added before
pentamidine and methyl green (red lines in all cases).

In our next set of experiments, we lowered the dye concentration from 30 pM to 10 pM and kept
DNA concentration constant at 38 uM bp. We compared the order of addition of the dye against
competitor to DNA solutions (Figure 3.20 in Supplementary Information). When pentamidine or
dye was added before and after KI2, Similar results were observed. A major hyperchromic peak

at 819 nm appeared in both cases when DNA, dye, and monomer were present in combination.

Figure 3.20 A, B in Supplementary Information). In the case of methyl green, there were slight
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spectral changes when the order of competitor and dye was reversed (Figure 3.20 C, D in
Supplementary Information). When the dye was added before the methyl green, there was a slight
increase in the absorption of the monomeric peak when the methyl green was added (Figure 3.20
C in Supplemental Information). The Amax of the bathochromic shifts from appeared at 616 nm.
When methyl green was added first, the dye DNA complex appears not to be disprupted (Figure

3.20 D in Supplementary Information). In this case, the bathochromic peak appeared at 817 nm.

With the spectroscopy results, methyl green was not expected to inhibit the conversion of
supercoiled DNA to cleaved DNA but did in this case (Table 3.1) with its related DNA cleavage
(Figure 3.11). This result cannot be explained. On the other hand, the ability of pentamidine to
inhibit DNA photocleavage by KI2 could not be the result of the ability of this minor groove binder
to alter dye-DNA interactions. Our findings demonstrate that there is minimal change in the dye-
DNA duplex in the presence of major groove binder methyl green while pentamidine generated a
pronounced peak of the monomeric dye inferring that dye KI2 may associate with the DNA minor

groove. Pentamidine may also form a complex with KI2 itself.

3.3.3.1 Regent-Induced Change in DNA Photocleavage

In this experiment, the mechanisms underlying DNA photocleavage were explored. Three
chemical agents sodium benzoate, a type I hydroxyl radical scavenger (*OH), deuterium oxide
(D20), which increases the half-life of type II singlet oxygen, and the metal chelating agent
ethylenediaminetetraacetic acid (EDTA) were used to modify direct DNA strand breakage by dye
KI2. Reactions consisted of 10 mM sodium phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid
DNA in the presence and absence of 30 uM dye KI2, and 100 mM sodium benzoate, 100 mM

EDTA, or 79% D>0O and were irradiated at 850 nm with an LED laser light. Sodium benzoate
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seems to noticeably prevent direct DNA break by causing a decrease in the DNA cleavage yield

Figure 3.14B (lane 3) by 49% (Table 3.2).

() “PS” +°0; —PS° + O
(2) Fe¥ + ;" —Fe¥ + O
(3) 20:"+ 2H —H.0; + 0

(4)  Fe* + H:0; — Fe™ + .0+ OH"

Figure 3.13: Hydroxyl radical generation through Fenton Chemistry. *PS” stands for the triplet
state photosensitizer and *PS™" is the photosensitizer triplet state anion radical.

A.Dye:D,O B.Dye:SB C. Dye: EDTA
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Figure 3.14: Representative ethidium bromide stained 1.3% agarose gel showing pUC19 plasmid
DNA photocleavage. Reactions contained 10 mM sodium phosphate buffer pH 7.0 and 38 uM bp
DNA in the presence or absence of: (A) 79% of deuterium oxide (D20O); (B) 100 mM of sodium
benzoate (SB); (C) 100 mM of ethylenediaminetetraacetic acid (EDTA) and 30 uM of dye KI2.
Individual reactions were irradiated for 30 min with a laser light power of 100 mW 850 nm or kept

in dark (22 °C). Data points are averaged over 3 trials with errors reported as standard deviation.
Abbreviations: N, nicked; L, linear; S, supercoiled.

The metal chelating agent EDTA is known for its interruption of the Fenton reaction shown

in Figure 3.13, a mechanism that governs the production of hydroxyl radical by chelating iron and
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copper ions. Similarly, double strand DNA was relatively inhibited by EDTA Figure 3.14C (lane
3), corresponding to 45% inhibition (Table 3.2). We alternatively investigated the involvement of
type 1I singlet oxygen by replacing water (H2O) by 79% D;0. Deuterium oxide enhances the
lifetime of singlet oxygen, which would lead to an increase in DNA cleavage if singlet oxygen was
being generated.** 3> However, in this study, 79% D,O did not enhance but instead inhibited DNA
strand cleavage as observed in Figure 3.14A (lane 2), which ultimately resulted in 7% inhibition
(Table 3.2). Similar results were reported by Williams and coworkers during an investigation of
DNA photocleavage activity by a copper-based DNA photosensitizer. In their study, D>O also
inhibited DNA photocleavage, which was attributed to the possibility that D,O might be reducing

hydroxyl radical production through an isotope effect.>*

Table 3.2: Inhibition of Dye KI2 photocleavage induced by chemical additives. Reactions
contained 10 mM sodium phosphate buffer pH 7.0 and 38 uM bp pUCI19 plasmid DNA in the
presence and absence of 79% of D,O (v/v); 100 mM of sodium benzoate; 100 mM EDTA, and 30
uM of dye KI2. The reactions were irradiated for 60 min with laser light power of 100 mW 850
nm or kept in dark (22 °C). Data points are averaged over 3 trials with error reported as standard
deviation.

Reagents Added Target Cleavage Inhibition (%)
D,O 10, 7+2
Na benzoate *OH 49+ 6
EDTA Fe?, Fe*t3/Cut*l,Cu*? 45+ 4

3.3.4 Reactive Oxygen Species Detection

Grant and coworkers tested the selectivity of 3’-(4-hydroxyphenyl) fluorescein (HPF) and
singlet oxygen sensor green (SOSG) by using prepared positive controls Fenton reagents and
methylene blue. They used the Fenton reagent for to generate hydroxyl radicals and methylene

blue photosensitize singlet oxygen production. Using HPF, they observed fluorescent signals for
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both methylene blue and the reagent, suggesting that HPF detects both hydroxyl radical and singlet
oxygen.! SOSG was reported to selectively detect singlet oxygen.*®*’As a result, in this analysis,
HPF and SOSG probes were used to confirm the possible involvement of hydroxyl radicals and
singlet oxygen in DNA photocleavage by dye KI2. The reactions contained 10 mM sodium
phosphate buffer pH 7.0 in the presence and absence of 10 uM 4-quinolinium pentamethine
carbocyanine dye KI2, 3 mM of HPF or 0.75 uM of SOSG, 100 mM sodium benzoate, 90% D-O.
Individual reactions were irradiated for 30 min with laser light of 850 nm or kept in dark (22 °C).
Fluorescence emission spectra were then recorded using excitation wavelengths of 890 nm for
HPF (Figure 3.15 A) and 480 nm for SOSG (Figure 3.15 B,C) with a 500 nm emission wavelength
for both. HPF itself does not display any ROS production. However, a maximum fluorescent
emission intensity is produced when dye KI2 is added then irradiated at 850 nm (Figure 3.15 A),
which is a sign of an ROS burst. After the addition of the hydroxyl radical scavenger sodium
benzoate to the solution, the fluorescent intensity substantially decreased denoting that sodium
benzoate visibly quenched the hydroxyl radical production (Figure 3.15 A). And this result is
consistent with the scavenger experiment through DNA photocleavage analysis of dye KI2 using
sodium benzoate (Figure 3.14 A), suggesting that hydroxyl radicals mainly implicated in DNA

cleavage by the dye KI2. A detail mechanism of HPF is illustrated in Figure 3.15.
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Figure 3.15: Fluorescence emission spectra depicting ROS production by dye KI2. Emission
spectra were recorded for solutions containing 10 mM sodium phosphate buffer pH 7.0 and : (A)
10 uM dye, 3 mM of hydroxyphenyl fluorescein (HPF), 100 mM sodium benzoate (SB) excitation
and emission wavelengths (Ex/Em = 490/500 nm); (B) 10 uM dye KI2, 0.75 uM singlet oxygen
sensor green (SOSG), 90% deuterium oxide (D20) or in 100% deionized water with Ex/Em =
480/500 nm); (C) 0.75 uM SOSG, 90% D20 or in 100% deionized water with Ex/Em = 480/500
nm. Reactions were either kept in the dark or irradiated at 850 nm for 30 min (22 °C). Percent
increase of ROS using SOSG: (B) Dye and SOSG in H>O; dye and SOSG in D,O are respectively

increased by 68 and 79%; (C) SOSG in H>O, SOSG in D>O are respectively increased by 18 and
7%.
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Figure 3.16: Mechanism of action of 3’-(4-hydroxyphenyl) fluorescein (HPF) showing a non-
fluorescent HPF probe that becomes fluorescent when oxidized by hydroxyl radicals.

HPF Oxidized HPF

SOSG probe is a combinatory molecule of fluorescein and anthracene moities.***° Before the
reaction of SOSG, an internal electron transfer occurs between the anthracene and the fluorescein
by quenching the SOSG fluorescence. Upon reaction with singlet oxygen, the SOSG is oxidized
leading to the formation of SOSG-endoperoxide*!, which is substantially fluorescent.’* The
mechanism of SOSG is exemplified in Figure 3.17. ROS detection analysis of dye KI2 using
SOSG led to a fluorescence signal when irradiated at 850 nm with an LED laser light in the
presence of dye as observed (Figure 3.15). Relative to dark controls in Figure 3.14 B, this signal
increased by 79% for the D>0 reaction and 68% for the H>O reaction, giving the impression that
D20 increases singlet oxygen production. However, D,O and H>O signals are nearly equivalent
in intensity to control spectra shown in Figure 3.15 C of parallel SOSG reactions conducted in the
absence of dye. This comparison shows that the KI2 dye does not generate substantial levels of
singlet oxygen, and this is consistent with the conclusion drawn from DNA photocleavage

reactions conducted in D,O (Figure 3.14 A).
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Merkel and coworker demonstrated in a study that deuteration enhances the lifetime of
singlet oxygen by studying the effect of water and deuterium oxide on the lifetime of singlet
oxygen. In the study, deuterium oxide significantly increased the lifetime of singlet oxygen
approximately by 10-folds.>® The data in Figures 3.14 and 3.15 suggest that type I hydroxyl radical

are the main ROS causing photocleavage by dye KI2.

HO o 0 HO 0 0
cl 102 cl =
HOOC O O = HOOC ! !

COOH COOH

SOSG SOSG-Endoperoxide

Figure 3.17: Mechanism of singlet oxygen sensor green (SOSG).
3.4 Materials and Methods

3.4.1 General
All reagents used in this experiment had high purity and were commercially brought except for
pUC19 plasmid DNA and cyanine dyes KI2, KI3, and KI4. All DNA and buffer samples were
prepared using deionized distilled water. XL-1 blue E. coli competent cells (Strategene) were used
to clone pUC19 plasmid according to standard laboratory protocols. pUC19 plasmid was purified
using QIAfilter Plasmid Mega Kit (QiagenTM, Cat. No. 12263) by following the manufacturer’s
instructions. Calf thymus DNA was obtained from Invitrogen (Cat.No.15633-019; 10 mg/mL,
average size < 2000 bp). Sodium phosphate buffer was made by utilizing monobasic and dibasic
sodium phosphate provided by Thermo Fisher Scientific. Dimethyl sulfoxide (DMSO, >99.99%)),

and sodium benzoate (SigmaUltra, Minimum 99%) were supplied by Sigma-Aldrich. Deuterium
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oxide (99.9%) and agarose were respectively obtained from Cambridge Isotope Laboratories and
BioRad. UV-visible absorptions spectra of dyes KI2, KI3, and KI4 were acquired utilizing a
PerkinElmer Lambda 35 spectrophotometer. Circular dichroism (CD), and fluorescence emission
spectra of dye KI2 were respectively recorded using Jasco J-810 and PerkinElmer LS55

instruments.

3.4.2 UV-visible Spectroscopy

The UV-visible absorption time-course spectra of cyanine dyes K12, KI3, and KI4 were measured
at 22 °C by utilizing a UV-visible spectrophotometer. All the cuvettes contained either 10 uM of
the dye in 10 mM sodium phosphate pH 7.0, 10 uM of dye KI2 in DMSO in the presence or
absence of 150 uM bp CT DNA. Absorption spectra were recorded at a time interval of 0 min up
to 30 min.

In the UV-visible DNA titration experiment of dye KI2, small volumes of an aqueous solution of
13,088 uM bp CT DNA were consecutively added to samples containing 20 uM dye KI2 in 10
mM sodium phosphate pH 7.0 with an initial volume of 500 pL. Final concentrations of CT DNA
present in the sample ranged from 34 uM bp up to 1328 pM bp. All titration absorption spectra

were corrected for sample dilution.

3.4.3 DNA Photocleavage
DNA cleavage reactions samples contained various concentrations (0-45 uM) of dye KI2 or with
20 or 30 uM of either dyes K12, KI3, or KI4 with 38 pM bp of PUC19 plasmid DNA, and 10 mM
of sodium phosphate at pH 7.0 with a total volume of 40 puL. The reactions temperatures were kept
constant by keeping them in a metal block that was immersed in an ice bath or at 10 °C and 37 °C
(hv). Samples were kept in the dark or irradiated either for 30 or 60 min, or a time-course of 0, 5,

10, 30, 50, 70, 90 min using emitting diode (LED) laser light with wavelengths of 830 nm (350
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mW), 850 nm (100 mW), and 905 nm (50 mW) or were heated at 37 degrees Celsius. Temperatures
of individual reaction samples were recorded with a non-contact of a thermometer before and after
the irradiation time or before and after 30 min in dark. After irradiation with respective laser lights,
3 pL of loading buffer containing 15.0% (w/v) ficoll and 0.025% (w/v) bromophenol blue were
added to each sample and 20 pL of the resulting solution were loaded to the wells of 1.3% agarose
gel containing 0.5 pg/mL ethidium bromide. A total of 10 uL of 0.5 pg/mL ethidium bromide was
added to 1 x tris-acetate-EDTA (TAE) running buffer. The reaction was then electrophoresed at
100 V for 60 min in a Bio-Rad Laboratories gel box. The gels were then visualized at 302 nm with
a VWR Scientific LM-20E transilluminator, photographed with a UVP PhotoDoc-It™ Imaging
System and quantitated using ImageJ software. In the case of supercoiled DNA, integrated
numerical values were multiplied by a correction factor of 1.22 to account for the decreased affinity
of ethidium bromide for supercoiled vs. nicked and linear plasmid forms. DNA photocleavage
percentages were calculated by using the following formula:

Percent Photocleavage = [(Linear + Nicked DNA)/(Linear + Nicked + Supercoiled DNA)] x 100.

3.4.4 Circular Dichroism
Samples used in the CD experiments consisted of 20 uM or 45 uM of cyanine dye KI2 in 10 mM
sodium phosphate pH 7.0 in the presence and absence of various concentrations of CT DNA (0,
31, 38, 241, 730, 1283 uM bp) with a total volume of 2000 pL. Spectra were acquired from 800
to 200 nm in 3 mL (1.0 cm) quartz (Starna) cuvettes using specific instrument setting as follow:
Scan speed of 100 nm/min, response time and digital integration time (D.L.T) of 4 s, bandwidth of
2 nm, and sensitivity of 200 millidegrees. The temperature was kept constant at 22 °C and the

resulted spectra were averaged over 12 acquisitions.
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3.4.5 Fluorescence Spectrophotometry
Fluorescence of cyanine dye KI2 was measured at 22 °C with a fluorescence spectrophotometer.
Solutions contained 10 mM aqueous buffer (sodium phosphate) at pH 7.0, 10 uM of dye KI2 in
the presence or absence of 31, 241, 730, or 1283 uM bp CT DNA. Samples were individually
prepared in quartz (Starna) cuvettes in a total volume of 2000 pL. Individual samples were excited
at specific wavelength of 600, 660, 684, 790, and 800 nm with corresponding emission spectra
that were respectively recorded at wavelengths of 610, 670, 694, 800, and 810 nm. In the case of
methylene blue, 5 uM of the dye was dissolved in pure ethanol and the reaction was excited at 600
nm with emission of 610 nm. The scan speed was 100 nm/min, gain was medium, the excitation

and emission slits were both 4.5 nm.

3.4.6 Regent-Induced Changes in DNA Cleavage

Reactions contained 10 mM of sodium phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid DNA
and 30 uM of dye KI2 were prepared in the presence and absence of 100 mM of sodium benzoate,
79 % D20 (v/v), or 100 mM EDTA. The reactions were then irradiated with LED laser light power
of 100 mW 850 nm for 60 min. The reactions temperatures were kept constant 22 °C. After the
irradiation, the reactions were resolved on 1.3% non-denaturing agarose gels and visualized and
quantitated as previously described. The percent inhibition of DNA photocleavage was calculated
using the following formula, where the additive was either D,0, sodium benzoate, or EDTA:

Percent Inhibition = [(% Total of Linear and Nicked DNA with additive - % Total of Linear and

Nicked DNA without additive)/(% Total of Linear and Nicked DNA without additive)] x 100.

3.4.7 Competitive DNA Binding Mode
In competitive DNA binding photocleavage, experiments reactions contained 10 mM of sodium

phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid DNA and 30 puM of dye KI2 and were
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prepared in the presence and absence of 50 uM of methyl green or pentamidine, which were added
before the dye in lanes 5 and 9 of Figure 3.10. The reactions were either irradiated with LED laser
light power of 350 mW 830 nm or 100 mW 850 nm, or kept in dark for 30 min. The reactions
temperatures were cooled in ice bath at 10 °C. After the irradiation, the reactions were resolved
on 1.3% non-denaturing agarose gels for 60 min and quantitated as just described. The percent
inhibition of DNA photocleavage was calculated as previously stated, but the additives in this case
were pentamidine and methyl green.

In the competitive DNA binding UV-visible spectroscopy study using pentamidine or methyl
green, the absorbances of the cyanine dye KI2 were measured at 22 °C by utilizing a UV-visible
spectrophotometer. All the cuvettes contained either 10 or 30 uM of dye KI2 in 10 mM sodium
phosphate buffer at pH 7.0 in the presence and absence of 50 uM of pentamidine or methyl green,

and 38 uM bp CT DNA. Absorption spectra were recorded immediately.

3.4.8 ROS Detection
Reactions contained 10 mM of sodium phosphate buffer pH 7.0, 38 uM bp pUC19 plasmid DNA
and 10 uM of dye KI2 and were prepared in the presence and absence of 3 mM of HPF or 0.75
uM SOSG, and sodium benzoate. The reactions were then irradiated with laser light power of 100
mW 850 nm for 30 min or in dark at (22 °C). After the irradiation, fluorescence emission spectra

were recorded by exciting the sample at 490 nm with emission 500 nm for HPF or at 480 nm with

emission of 500 nm for SOSG.

3.5 Conclusion
UV-visible absorption spectra show that 4-quinolinium pentamethine cyanine dyes meso-
substituted with either bromine and chlorine (KI2 and KI3) respectively are stable in DMSO and

aqueous buffer pH 7.0, and in the presence of DNA. In contrast, the cyanine dye substituted with
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hydrogen (KI4) is stable in DMSO, but less stable in aqueous buffer and even when DNA is
present. Data presented reveal evidence of the interaction of the dyes KI2, KI3, and KI4 with
DNA. Recorded UV-visible absorption spectra of dye KI2 show that high DNA concentrations
promote the conversion of aggregated dye to monomeric cyanine dye. Because aggregated and
monomeric DNA-dye forms are non-fluorescent, it is likely that cyanine dye KI2 interacts with
DNA in a non-intercalative way. UV-visible spectra and DNA photocleavage examining
competitive binding using the minor groove binder pentamidine and methyl green as a major
groove binder indicate that dye KI2 may be associated with the DNA minor groove, which is
surprising in light of our observation that the aggregated and monomeric dye forms of KI2 do not
generate ICD signals when bound to DNA. The absence of ICD signals points to possible external
DNA interactions.

In this study, we showed that symmetrical 4-quinolinium cyanine dyes KI2, KI3 and KI4
displayed DNA cleavage activities upon irradiation with 830, 850, and 905 nm LED lasers. This
result represents the first reported example of DNA photocleavage upon single-photon excitation
of a chromophore at wavelengths above 830 nm.

DNA photocleavage experiment in the presence of the chemical additives deuterium oxide,
sodium benzoate, and EDTA demonstrated that DNA strand breakage by dye KI2 with near-
infrared light at 850 nm involves a major contribution from type I hydroxyl radicals. Also, dye
KI2 upon irradiation displayed ROS burst with the HPF hydroxyl radical probe (HPF).

In the future, the photocytotoxicity studies of dye KI2 will be explored in cancer cells.
Moreover, we will continue to develop new and improved symmetrical 4-quinolinium
carbocyanine dyes that absorb in the near-infrared wavelength range. Our long-term goal is to

develop near-infrared cyanine dyes for use in photodynamic cancer treatment. The therapeutic
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benefit of using infrared light rests in its ability to penetrate biological tissues leading to more
effective elimination of cancer cells. Based on our results, we envisage that cyanine dye KI2 might

be an important photosensitizer for PDT practice one day.



100
3.6 Supplementary Information

A) Dye KI2 (x = Br) in Buffer B) Dye KI2 (x = Br); 1283 nM bp DNA
Buffer + 800 nm ex

--------- Dye + DNA + 800 nm ex
--------- Dye + 800 nm ex Dye + DNA + 790 nm ex
Dye + 790 nm ex 100 -

120

-
o
o
T
o
o

-]
o
T

o

@
o

-----------f""

',
o
T
s
o

Fuorescence Intensity
@
o
Flucrescence Intensity

L5

o
T
L]
o

0 T T T T T J T T T T
600 650 700 750 800 850 900 600 650 700 750 800
Wavelength (nm) Wavelength (nm)

850 900

Figure 3.18: Fluorescence emission spectra showing light scattering of 10 uM dye KI2 in 10 mM
sodium phosphate buffer pH 7.0 (22 °C) in the: (A) absence of 1,283 uM bp CT DNA and (B)
presence of 12,83 uM bp CT DNA. Emission spectra were recorded at excitation wavelengths (Ex)

800 and 790 nm with emission wavelengths (E) 810 and 800 nm, respectively AEx =10 and
AEn=10 (red and green lines)



101

Methylene blue in Ethanol

Methylene blue + 600 nm ex

Fluorescence Intensity

650 700 750
Wavelength (nm)

Figure 3.19 Fluorescence emission spectrum of 5 pM methylene blue in pure ethanol. The
emission spectrum of methylene blue was recorded at an excitation wavelength (Ex) of 600 nm
with an emission wavelength (Em) of 610 nm (22 °C).
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Figure 3.20: UV-visible absorption spectra of dye KI2 recorded with pentamidine or methyl
green. Samples contained 10 uM of dye KI2, 10 mM sodium phosphate buffer pH 7.0, 38 uM bp
of CT DNA, and (A) and (B) 50 uM pentamidine; (C) and (D) 50 uM methyl green: (left panels)
dye was added before pentamidine or methyl green, (right panels) dye was added after pentamidine
or methyl green (22 °C).
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4 GENERAL SUMMARY AND CONCLUSION

Photosensitizing agents that can be light activated in the near-infrared phototherapeutic
window are of a great importance for photodynamic therapy, by allowing an enhanced penetration
depth of the incident light through biological tissues. In this study, we showed that symmetrical 2-
quinolinium and 4-quinolinium pentamethine carbocyanine dyes substituted with either hydrogen
(3 and KI4), bromine (4 and KI2), or chlorine (KI3) generated DNA cleavage when irradiated in
the near-infrared range. The electron withdrawing meso-bromine atom of 2 -quinolinium (4) and
4-quinolinium (KI2) carbocyanine dyes enhances their interactions with dsDNA by preventing
them from becoming auto-oxidized in aqueous solution. UV-visible spectra of the brominated
carbocyanine dyes reveal that DNA has a major effect on dye aggregation. Low DNA
concentrations encouraged the formation of a high order hypsochromic aggregated form of dyes 4
and KI2, while high DNA concentrations promoted the formation of a putative bathochromic dye
monomer through a intermediate of low-order aggregated dye forms.

The monomeric form of dyes 4 and KI2 seems to interact with DNA in a non-intercalative
way due to lack of fluorescence emission with a possibility of external binding. Moreover,
competitive DNA binding using pentamidine shows that dyes 4 and KI2 might also interact with
the DNA minor groove. Reactions of the dyes run in the presence and absence of fluorescent ROS
probes, and DNA photocleavage experiments of chemical additives reveal that irradiation of the
DNA-bound form of dyes 4 and KI2 with 707—759-nm and 850 nm near—infrared light generates
Type I OH" radicals that create direct strand breaks in plasmid DNA in high yield (pH 7.0, 22 °C).
Also, DNA photocleavage reactions of the brominated 4-quinolinium cyanine KI2 show that

irradiation of DNA-bound dye at 905 nm leads to direct DNA strand breakage. The results
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presented in this thesis represent the first report of DNA photocleavage upon single-photon
excitation of a chromophore at wavelengths above 830 nm.

Fluorescence microscopic data reveal that brominated cyanine dye 4 is taken up by ES-2
ovarian cancer cells by localizing in the cytosolic and perinuclear regions with a possibility of cell
nuclei localization. Dye 4 is found to be non-toxic in the dark. Also, when irradiated with 694 nm
laser light, cyanine dye 4 shows high levels of phototoxicity by reducing ES-2 ovarian cancer cell
viability from 100 = 10% to 14 + 1%.

In the future, the photocytotoxicity studies of dye KI2 will be conducted. Moreover, we will
continue to develop novel symmetrical 2-quinolinium and 4-quinolinium carbocyanine dyes that
absorb in the near-infrared wavelengths range with the goal of developing near-infrared
phototherapeutic agents. The benefit of using near-infrared light is that it allows deep penetration
of the incident irradiation into biological tissue to eliminate cancer cells more effectively. Based
on our results, cyanine dyes 4 and KI2 might one day be important as photosensitizing agents in

photodynamic cancer therapy.



	Unprecedented DNA Photocleavage Mediated by Quinolinium Pentamethine Carbocyanine Dyes in the NIR Wavelength Range
	Recommended Citation

	MANUSCRIPT TITLE

