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ABSTRACT

GLYCOSYLATED CONJUGATED OLIGOMER AND
CHLOROPHYLL BASED NANOPARTICLES FOR
PHOTODYNAMIC THERAPY

Ezgi Oduncu
M.S. in MATERIALS SCIENCE AND NANOTECHNOLOGY
Advisor: Doniig Tuncel
January 2023

Nanomaterial-based therapeutic agents are drawing a lot of attention because
numerous capabilities, including drugs, targeting groups, and photoactive units,
can be combined on one platform to treat infectious diseases and cancer. In this
regard, two different nanomaterials and their nanomedicine applications were re-
ported. Firstly, red-emitting glycosylated conjugated oligomer (COL) nanopar-
ticle was prepared and hybrid conjugation with gold nanoparticles was prepared
by the nanoprecipitation method in order to examine photothermal applications.
Due to their authentic electronic and optical characteristics, showing high sin-
glet oxygen production ability, enabling control of the sizes of nanoparticles by
acetyl groups in the side chains, enhancing their stability, and improving cell
permeability via the hydrophobic effect they are promoting photosensitizers for
photodynamic therapy. Secondly, chlorophyll, a natural photo absorbent, was ex-
tracted from spinach leaves, and chlorophyll nanoparticles were prepared by nano-
precipitation method because of their promoting properties which are high bio-
compatibility, low production cost, and natural reductive chemical atmosphere,
containing plenty of hydrogen atoms and being environmentally friendly. Then,
hybrid conjugation with gold nanoparticles was prepared to investigate photother-
mal therapy application. Both of the nanoparticles showed a high generation
ability of reactive oxygen species (ROS) even at low light intensities and short
exposure times which makes nanoparticles an ideal photosensitizer. From the
antibacterial experiment, when Gram-negative (Escherichia coli, E. coli) bacteria
were incubated with chlorophyll-based nanoparticles, a reduction up to 2.8-log
and 2.33-log in colony-forming units (CFUs) was obtained under light irradiation
for Chl-Au and Chl nanoparticles, respectively. Also, these nanoparticles showed
minimal dark cytotoxicity (0.32-log and 0.15-log). On the other hand, conjugated
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oligomer-based nanoparticles precipitated in bacterial suspension and were un-
able to pass across the cell wall of bacteria which was proved by SEM images and
4 mm and 5 mm inhibition zone were recorded for COL and COL-Au nanopar-
ticles which are highly lower than ampicillin (7 mm). Along with these results,
it is deduced that conjugated oligomer nanoparticles are not proper for antibac-
terial photodynamic applications although the interaction between the bacterial
cell wall and nanoparticle was promoted with gold conjugation. For anticancer
photodynamic therapy applications, MCF-7 breast cancer cells were treated with
these nanoparticles in the dark and under white light illumination for 20 min-
utes, and the decline in cell viability was recorded at 50 %, 60 %, and 58 %, 72 %
reduction for Chl, Chl-Au, and COL, Chl-Au nanoparticles, respectively. Also,
they demonstrated dark cytotoxicity with the increment of concentration. Ad-
ditionally, they also demonstrated the capacity for cellular imaging due to their
inherent fluorescent properties, which might be used for image-guided PDT ap-
plications. Along with this, the cytotoxicity results were supported by displaying
the cellular uptake of nanoparticles and their surrounding the nucleus of breast

cancer cells.

Keywords: Photoactive conjugated oligomer, chlorophyll, photodynamic therapy,
singlet oxygen, cancer treatment, antibacterial applications.
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Nanomateryal bazli birlegikler fotoaktif birimlere sahip olmalari, ila¢ yiikleme
ve hedefleme gruplar1 gibi bir ¢ok iglevsellige sahip olmalar1 ve bir ¢ok 6zelligin
tek bir platformda birlestirebilmeye olanak sagladiklar: i¢in kanser ve bulagici
hastaliklara kars1 tedavi agsamalarinda biiyik bir onem goriiyor. Bu ozellikleri
dikkate alinarak iki farkli nanomalzeme ve bunlarin nanotip uygulamalar: rapor
edilmigtir. Ik olarak, nano¢okeltme yontemi ile glikosile konjuge oligomer bazl
nanomateryal (COL) ve bunun altin nanomalzeme ile hibrid konjugasyonu (COL-
Au) hazirlandi. Egsiz elektronik ve optik 6zellikleri, yan zincirlerdeki asetil gru-
plar1 tarafindan nanoparcaciklarin boyutlarinin kontrol edilmesini saglamalari,
kararliliklarini artirmalari ve hidrofobik etki yoluyla hiicre gegirgenligini iy-
ilegtirmeleri nedeniyle, fotodinamik terapi i¢in 1518a duyarlilagtiricilar: ajan olarak
umut vaad ediyorlar. Ikinci olarak, yiiksek biyouyumluluk, diigiik tiretim maliyeti
ve dogal indirgeyici kimyasal atmosfer, bol miktarda hidrojen atomu iceren ve
cevre dostu olan tegvik edici ozellikleri nedeniyle 1spanak yapragindan dogal bir
fotosogurucu olan klorofil elde edildi. Fototermal uygulamalarini incelemek igin
altin nanoparcacik ile hibrid konjugasyonu sentezlendi. Nanopargaciklarin her
ikisi de, diigiik 151k yogunluklarinda ve kisa maruz kalma siirelerinde bile yiiksek
bir reaktif oksijen tiirii (ROS) iiretme yetenegi gosterdi ve bu da nanoparcaciklari
ideal bir 1518a duyarl ajan haline getiriyor.

Antibakteriyel deneyleri igin, Gram-negatif (Escherichia coli, E. coli) bakteriler
Chl-Au ve Chl nanopartikiiller ile inkiibe edildiginde, 151k altinda koloni olusturan
birimlerde (CFU’lar) 2,8-log ve 2,33-log’a kadar azalma kaydedildi.Ayrica, bu
nanopargaciklar minimum karanlik sitotoksisite (0.32-log ve 0.15-log) gosterdi.
Ote yandan, konjuge oligomer bazli nanopartikiiller, bakteriyel siispansiyonda
¢okelme gosterdigi ve bu bakteri hiicresi duvari ile istenilen sekilde etkilegsime
giremeyerek hiicre duvarinda toplandigt SEM gortintiileri gosterildi. COL i¢in
4mm, COL-Au i¢in 5 mm inhibisyon bolgesi kaydedildi. Bu sonuclar etkinligi
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kanitlanmig olan ampisillinden (7 mm) oldukga diigiiktiir. Bu sonuglarla birlikte,
bakteri hiicre duvar: ile nanopartikiil arasindaki etkilesimin altin konjugasyonu
ile desteklenmesine ragmen, konjuge oligomer nanopartikiillerin antibakteriyel
fotodinamik uygulamalar i¢gin uygun olmadigi sonucuna varilmigtir.

Antikanser fotodinamik tedavi uygulamalari i¢gin MCF-7 meme kanseri
hiicreleri bu nanopartikiiller ile karanlikta ve beyaz 11k aydinlatmasi altinda 20
dakika siireyle tedavi edilmig ve klorofil bazli hiicre canlihginda COL ve COL-
Au nanoparcaciklar: i¢in % 58 ve % 72, klorofil ve klorofil - Au nanopargaciklar:
icin % 50 ve % 60 oraminda azalma kaydedilmistir. Ek olarak, gorintii bazh
fotodaynamik uygulamalar: i¢in kullanilabilecek dogal fliioresan ozelliklerinden
dolay1 hiicresel goriintiileme kapasitesini de gosterdiler. Ayrica, nanopargaciklarin
kanser hiicrelerinin c¢ekirdeklerini sarmalamasi ile hem sitotoksisite sonuglari

desteklenmig hem de hiicre zarimindan igeri girmesi kanitlanmigtir.

Anahtar sozciikler: Fotoaktif konjuge oligomer, klorofil, fotodinamik terapi, sin-
glet oksijen, kanser, antibakteriyel uygulamalar.
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Chapter 1

Introduction

1.1 Conjugated Polymers and Oligomers

Conjugated polymers are organic and synthetic materials that have properties of
electro- and photoluminescent. Due to the high reproducibility of the synthesis,
the ease of establishing uniformity, and the ability to have greater control over
end groups and molecular weight, oligomers, having convergent molecular prop-
erties with those of polymers, have attracted significant interest. [1] In addition
to all these, the electrical conductivity of m-conjugated oligomers and polymers
is increased by electrochemical doping, as they have a backbone with delocalized
electrons. Due to those delocalized electrons, conjugated polymers and oligomers
are conductive or semi-conductive in contrast to traditional insulator polymers
and oligomers. Because of these appealing features, research efforts were focused
on conjugated compounds and utilizing them in a variety of applications, includ-
ing electronics, biomedicine [2, 3], solar cells, chemical sensing [4], biosensing [5],
nanophotonics, etc. The structures of some commonly used conjugated polymers

are given in Figure 1.1.

Depending on the intended use, oligomers may be preferable to polymers. For

instance, in the construction of solar devices, oligomers may be favored over
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Figure 1.1: Common conjugated polymers. [6]

similar polymers that are insoluble or difficult to work with. [7] For imaging,
monodisperse amphiphilic-conjugated oligomers have been developed. In order
to create water-soluble, incredibly stable self-assembled particles in water, am-
phiphilic oligomers with fluorescence hues covering the full visible spectrum have
been created. Co-assembling multi-targeting agents for bio-imaging is possible

by the usage of oligomeric moieties which can self-assemble. [§]

1.1.0.1 Conjugated Polymer and Oligomer Nanoparticles

There has been attention to conjugated polymer-based nanoparticles (CPNs) be-
cause possessing combined characteristics of nanoparticles and conjugated poly-
mers/oligomers for example having high fluorescence quantum yield and molar
absorptivity, enabling functionalization with easy synthesizing, adjustable prop-
erties, requiring minimum cost and light-harvesting abilities. Self-assembled con-
jugated oligomer-based nanoparticles (CONs) are encouraging because they offer

several advantages compared to CPNs that make them preferable for biological

2



applications. They have a fairly smaller size enabling improved cell penetration,
cell permeability, and capability of excretion, and defining their molecular weight
is easier. Also, CONs have better fluorescent quantum yields than CPNs and that
can be comparable to CPNs in terms of stability and molar absorption. [9, 10]
The preparation methods of CONs are decisive for determining the shape and
size of nanoparticles. Examples of these methods are miniemulsion, redeposition,

direct condensation of organic vapor, and pulsed laser ablation. [11]

1.1.1 Photophysical and Photochemical Properties of
Conjugated Compounds

The electric conduction of the molecule can be determined according to their
molecular orbital diagrams which indicate the relaxation type that can go through
when excitation of its electrons by light. Photoluminescence (PL) is the generic
name for fluorescence and phosphorescence and defines the emission of light from
materials after they absorb photons. Most conjugated polymers show interest-
ing photophysical properties, including PL, photoconductivity, etc., thanks to
delocalized m—electrons, and are colored. The m—electrons of the conjugated
oligomers are excited under light radiation with sufficient energy, going from the
highest occupied molecular orbital (HOMO or ground state) to the next avail-
able energy state, the lowest unoccupied molecular orbital (LUMO). The excited
electrons revert to the stable HOMO state by fluorescence or phosphorescence
because the LUMO state is extremely unstable. The terms m—level (So) and *-
level (S1) are also used to describe these orbitals. These materials have a typical
band gap between the range of 1.5 eV to 4 eV, and their conductivity of electrical
conductivity rises with a narrowing band gap. [12] At these levels of molecular
energy, electron excitations can also happen in response to photon absorption,
and the relaxation of these excitations back to the ground state can be taken place
by different paths. The process of photon emission, which happens when electrons
first cross into a triplet state and then come back to a singlet ground state that
has lower energy than the lowest singlet excited state, is known as phosphores-

cence. Conjugated polymers display fluorescence. The Jablonski energy diagram



is displayed in Figure 1.2 and schematically represents these phenomena.

The differentiation between the HOMO and LUMO states in terms of energy,
which defines the optical and electrical characteristics of the conjugated polymers,
is called the band gap. The conjugated polymers’ optical and electronic properties
are tunable because the conjugated polymers’ band gap is tunable. In this way,

conjugated polymers become very attractive in many application areas. [13]
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Figure 1.2: A simple illustration of Jablonski Diagram for photoluminescent phe-
nomena. [13]

1.2 Nanoparticles Prepared from Pigments

For the production of nanoparticles, new and sustainable approaches under
”Green nanotechnology” have recently been developing. In the sense of bio-
compatibility, low cost of production, and natural chemically reductive environ-

ment, using microorganisms (fungi and bacteria), along with natural products



(polysaccharides, and plant extracts), involving plenty of hydrogen atoms, for
nanoparticle synthesis is highly advantageous in comparison to conventional syn-
thesis methods. The techniques of nanoparticle synthesis from plant extracts
are cost-effective, environmentally friendly, and done without complicated proce-
dures. [14]

1.2.1 Chlorophyll

Tetropyls are described in organic chemistry as compounds consisting of four
pyrrole or pyrrole-like rings loosely connected by carbon bridges of single-atom
at the « positions of every ring. If tetropyls are formed by a closed structure,
then tetrapyrrole is called macrocyclic, or generally simply cyclic. Metal cations
can be attracted to macrocyclic tetrapyrroles and trapped at the core of the
pyrrole frame, where a coordination complex is created. [15, 16] Porphyrins,
chlorins, bacteriochlorins, and corrins are the main types of cyclic tetrapyrrole.
While these groups generally share similar structural characteristics, only minor
differences in hydrogenation degree result in a significant variety of their metabolic
characteristics. The least hydrogenated groups are represented as porphyrins
and the important prosthetic heme group is formed by a number of iron (Fe)-
coordinated porphyrins. [17, 18] Chlorins are a more hydrogenated version of the
tetrapyrrole archetype with a pyrrole transformed to pyrroline. The core structure
of most chlorophyll is formed by chlorins. A fifth isocyclic ring connected to the
macrocycle, substitutions one or more sides, a long chain of hydrocarbon (phytol)
is included, and a magnesium (Mg) ion at the center are further characteristics

of chlorophyll (Figure 1.3).

In fact, the majority of chlorophylls have a macrocycle of the chlorin type
presenting a single bond at C7-C8, or the type of bacteriochlorin having a single
bond in each sort of location. Due to the reduction of potential double aromatic
bonds at C7-C8 and C17-C18 is preserved. The residue of phytol in the majority
of synthetic and natural chlorophyll derivatives is eliminated through hydrolysis.

In enzymatic reactions, the phytol can be a handle, it aggregates in micelles, and



the interaction between other pigments and cofactors and phytol is taken happen.
All of these make phytol useful. The isolated macrocycle’s photochemical charac-
teristics are unaffected by removing it, despite the fact that its high lipophilicity

is frequently unwanted in pharmaceuticals.
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Figure 1.3: Structures of derivatives of chlorophyll. A) Chemical structure of a
generical chlorophyll. Red highlights are placed on the chemical alteration loca-
tions that occur most frequently. B) Chlorophyll a and some relevant compounds
(C,E) organically derived derivatives, D) a pioneer, and F-H) synthetic deriva-
tives). [19]

The chemistry of both chlorophyll and its derivatives is determined by the
tetrapyrrole moiety’s aromaticity and the functional groups’ reactivity found in
side chains (Figure 1.3 ). The macrocycle has meso positions which are sensitive

to electrophilic reactions. [20]

1.2.1.1 Photophysical and Photochemical Properties of Chlorophyll

Tetrapyrroles absorb light through 7 —7* transitions from their ground state (S0)
to excited states (Sn) which is short-lived. Tetrapyrrole macrocycles exhibit two
distinct bands in their visible and near-infrared absorption spectrum: B-band,

also known as the Soret band, which occurs about 400 nm, and the Q-band, which



spans the wavelength range of 600-800 nm. The highest optical limit window for
phototherapy (650-1350 nm), where the maximum amount of light can penetrate
tissues, is where the Q-band is located. Comparing reduced tetrapyrrole macro-
cycles to porphyrins, chlorin and bacteriochlorin exhibit a gradually red-shifted
Q-band. The structure of chlorophyll contains the isocyclic ring which causes
redshifts in the visible tetrapyrrole absorption and increment in the intensity of
it by decreasing the conjugated macrocycle symmetry. The Q-band is affected
in different ways depending on the position of carbonyl groups of substituents:
blue shift throughout the x-axis (C7), and redshift along the y-axis (C3, C131).
On the other hand, substituents with carbonyl groups cause a red shift in the
Soret band. The macrocycle’s symmetry is increased by the chelation of a core
metal, which causes the Q-band to shift to the blue, lose intensity, and split into
two peaks. Internal conversion causes the rapid non-radiatively decay to the ini-
tial excited state, S1, from Sn excited levels. After excitation, the derivative of
chlorophyll can come back to the ground state through three different processes.
These processes are non-radiative vibrational relaxation, fluorescence, or moving
by way of a triplet state (T1). The transition to a triplet state (T1) is caused
by the intersystem crossing transition of a forbidden electron. Due to the ex-
tended lifespan of triplet states, relaxation from T1 to SO can either be radiative
(phosphorescence) or result from interactions with nearby chemical species in one
of two ways: by transferring charges to molecular substrates for radical species
formation, reactive oxygen species (ROS) is formed by a reaction between them,
and oxygen (Type I reaction), or by energy transfer to the molecular oxygen(30,)
ground triplet state directly, which leads the formation of singlet oxygen (*Oy)
(Type II reaction) (Figure:1.4). [21, 22]

Intermolecular interactions also affect the light activation of derivatives of
chlorophyll. The aggregates formation is supported by disperse interaction and

7 — 7, which alter the Q-band position by lowering its intensity. [24]
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Figure 1.4: Photochemistry of chlorophylls. A) The excited chlorophyll deriva-
tives’ possible relaxation pathways are displayed in the Jablonski diagram. B) The
types of chlorophylls photoactive compounds found naturally, C) The porphyrin-,
chlorin-, and bacteriochlorin-type chlorophylls’ spectra. [23]

1.3 Biomedical Applications of Conjugated Ma-
terials and Chlorophyll

The compatibility between cells and tissues and conjugated polymers were re-
ported in vitro and in vivo, and have attracted interest in the biomedical field.
[25] Since the 1980s, applications for in vivo imaging and monitoring [26], cell
labeling, biomolecular sensing, and drug delivery have been explored. [27, 28]

The main uses of CPNs in the biomedical field are shown in Figure 1.5.
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Figure 1.5: Schematic illustration of CPNs in different biological applications.
[26]

High photostability, low cytotoxicity, and effective permeability through cellu-

lar cytoplasm are all achieved by conjugated-based nanoparticles. Organic dyes
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and fluorescent proteins are frequently used in imaging in biology, however, they
exhibit rapid photobleaching, which is a significant disadvantage. In addition to
these regularly used biological materials, quantum dots are a synthetic substitute
for CPNs, but they require great care because their heavy-metal cores are very
cytotoxic. Conjugated polymers are more suited for live cell imaging because
they offer better light-harvesting and signal-amplification capabilities, higher flu-

orescence brightness and photostability, and naturally reduced cytotoxicity. [29]

Similarly, chlorophyll and its derivatives possess special qualities and high
potential in the domains of science and medicine. Indeed, they can be utilized
as cancer-preventing agents, antimutagen, agents to induce apoptosis, efficient

antioxidants, and antibacterial and immuno enhancing compounds. [23]

1.3.1 Drug Delivery and Imaging

The term ”drug delivery” refers to the process of sending certain drugs to their
intended recipients over a period of time by using pharmaceutical formulation
techniques, encapsulation techniques, improving the drug loading efficiency of
particular carriers, and other approaches. [30, 31] Despite the fact that various
effective anticancer medications have been developed for more than a century,
effective cancer therapy still poses a difficulty. It is obvious that there are not
any effective drugs by their nature. The effectiveness of drugs is explained by
how well they are managed and transported. Drug delivery methods that are
effective are still insufficient. The low water solubility of hydrophobic anticancer
drugs limits their usage in biological mediums. Additionally, there might be side

effects and this could harm healthy cells. [32]

Organic dyes and fluorescent proteins are frequently used in bioimaging, how-
ever, they exhibit rapid photobleaching, which is a significant disadvantage. For
imaging of cells, conjugated polymers are convenient since their promising prop-
erties are better harvesting of light capacity, signal amplification capability, pho-
tostability, high brightness of fluorescence, and having less cytotoxicity by their
nature. [33]



In the literature, some charged conjugated polymers are accounted for in-
tracellular imaging biomolecular application that does not promote any particle

formation or require bioconjugation. [34]

The nanomaterials containing anionic groups like phospholipids promote elec-
trostatic attractions which help the binding of cationic polymers to the surfaces
of cells easily. However, there might be nonspecific electrostatic interactions that
make it difficult to control cellular uptake. On the other hand, it has been claimed
that cell permeability and charges of apoptotic cells are higher than healthy cells.
In this regard, apoptosis of cells can be monitored by cationic ones. The reason
for this is the addition of negative charges besides their negative charge by nature.
[35]

1.3.2 Cancer Therapy

The International Agency for Research on Cancer estimates that 29.5 million peo-
ple will die from new cancer cases and 20.4 million from cancer-related mortality
each year by 2040. In the United States, 1.81 million new incidences of cancer
were stated in 2020, and approximately 607,000 people died of cancer, according
to the National Cancer Institute (NCI). In this regard, a major worldwide health
issue is cancer. The primary cause of cancer mortality and morbidity is metasta-
sis [36]. The spread of cancer cells to adjacent tissues and organs from the site
where they first developed is known as metastasis. They leak into the blood and
lymphatic systems as they leave the main tumor. Apoptosis, autophagic death,
pyroptosis, and necrosis are the four different forms that occur in the death of cells
(Figure: 1.6). Apoptotic cells undergo swelling and packing densely with inter-
cellular organelles. Generally, expanding the mitochondria and other organelles
of necrotic cells, rupturing the membranes, and leaking the organelles are typical
characteristics of necrotic cells. Double membranes and autophagosomal vacuoles

with cytoplasmic contents are features of autophagic cells. [37]
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Figure 1.6: Scheme for different forms of cell death. [38]

1.3.2.1 Chemotherapy

Traditional chemotherapeutic medicines and cytotoxic medications are the main
treatments utilized to treat cancer from a fundamental perspective. To kill and
inhibit the growth of tumors, chemotherapeutic drugs are being used. [39] On
the other hand, there are several drawbacks of traditional chemotherapy that
restrict its efficiency of the chemotherapy. The solubility and stability of agents
used in chemotherapy are weak, resistance to drugs, targeting that is not selec-
tive, and releasing chemotherapeutic agents without control are some of them.
In spite of the negative aspects, chemotherapy is the most used and effective
method of cancer treatment. However, the efficiency can increase by combination
with other therapies, and improve the efficiency of chemotherapy. Thanks to the
supramolecular approach, while limited drawbacks the efficiency of chemother-
apy can increase because they are promoting vehicles for drug delivery with the

encapsulation of drugs.

1.3.2.2 Phototherapy

Phototherapy known as light therapy is one of the medical treatments that use
both artificial light sources and daylight used to treat cancers and skin disorders
like infection and mood and sleep disorders. There are two types of phototherapy;
photothermal therapy (PTT) and photodynamic therapy (PDT) (Figure: 1.7).
For phototherapy, the photoreactive agent that is activated with light is used to

11



inactivate pathogens. The excitation of the PTT or PDT agent has resulted in

thermal and chemical damage in the tumor respectively. [40, 41]
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Figure 1.7: Clinical advancement and possible of photothermal and photodynamic
for cancer treatment. [42]

Chemotherapy and radiotherapy treatments are often used in cancer treat-
ment. However, as a result of these treatments, serious side effects such as anemia,
gender and fertility problems, and hair loss can be seen in patients. Photody-
namic therapy serves as an alternative method due to its advantages such as less

cost and insignificant side effects. [43, 44]

1.3.2.3 Photothermal Therapy

In PTT, the photothermal agent absorbs energy from photons when light is ap-
plied at a specific wavelength, and the transformation occurs from a ground state

to an excited singlet state. [40]

Following, the vibrational relaxation on the excited singlet state, the excited
photothermal agents collide with their surrounding molecules. This collision
causes excited photons to return to the ground state, and increase kinetic en-
ergy. This raise in energy, increase the temperature of this environment which
causes the inactivation of pathogens like tumor ablation and necrosis (Figure:
1.8). [42]
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Figure 1.8: Pathological Mechanism of Nanoparticle-Based Photodynamic Ther-
apy and Photothermal Therapy. [45]

1.3.2.4 Photodynamic Therapy

The main principle of PDT is photochemical reaction chains induced by a pho-
toactivated PS drug. These reactions trigger reactive oxygen species (ROS) gen-
eration to cause cytotoxic effects. In photodynamic therapy, there are three main
components; a photosensitizer, molecular oxygen, and light. The excitation of
PS with proper light exposure leads to the formation of reactive oxygen species
(ROS) ranging from peroxides, hydroxyl radical, and singlet oxygens from the
molecular oxygens in order to promote the death of cells and tissues as shown
in Figure 1.9. [46] When an appropriate wavelength is applied, the PS drug
is activated with the absorption of photons to the excited singlet(S1) state, and
with the intersystem crossing, it is transitioned to the excited triplet state (T1)
and relaxation. The T1 state lifetime is longer than the S1 state. This situa-
tion extends the interactions between PS in the T1 states and its surrounding
molecules. The reactive oxygen species (ROS)production is triggered by the ex-
cited triplet state through two mechanisms as displayed in Figure 1.10; reactive
oxygen species (ROS) can be created by T1 PS directly oxidizing biomolecules
(Type I mechanism) or by reacting with O, to create singlet oxygen (*0,) (Type

I mechanism).

In type I reaction, an electron is transferred from the excited photosensitizer

13



to the substrate in order to create free radicals. The photosensitizer receives
an electron from the substrate, which makes it a radical anion and causes the
generation of substrate cation. When there is oxygen in the environment, the
oxygenated product of superoxide anion or hydroxyl radical is produced depend-
ing on the situation by reaction with oxygen. These substances are useful in the
battle against pathogenic microbes because they modify the functionality of cells

or tissues in creatures that are exposed to them.
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Figure 1.9: Type I and type II reactions. [46]

In type II reaction, the excess energy of excited sensitizer is transferred between
the triplet state and molecular oxygen in a ground state leading to the excitation

of singlet oxygen.

Because the Type II mechanism causes the majority of the cell damage brought
on by PDT, oxygen is required for PDT to be effective. It is crucial that PS is
concentrated in tumors at the time of irradiation because of the brief half-lives

of ROS (for example, the effective radius of 'O, is only 20 nm). [40]

PDT is used in clinical settings, as seen in Figure 1.11. Following admin-
istration, accumulation of PS throughout the body is seen. After that, PS is
accumulated in the targeted tissue and when light is illuminated, the target tu-

mor will be killed. Cell destruction in PDT primarily depends on apoptosis.
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Figure 1.10: The illustration of the production of singlet oxygen and reactive
oxygen species. [46]
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Figure 1.11: PDT in clinical practice. [47]

In comparison to other conventional medicines, PDT has less invasiveness,
better targeting capabilities, and fewer side effects with a clinically authorized
antibacterial and anticancer approach. PDT, however, has a number of draw-
backs, such as limited light penetration depth that makes it difficult to treat
superficial cancers, oxygen dependence that prevents it from treating hypoxic
tumors, and self-catalyzation of traditional PSs. The combination of many treat-
ment strategies helps to overcome these limitations and improve the effectiveness

of therapy.

Ozkan et al. investigated antibacterial and anticancer phototherapy applica-
tions of red-emitting conjugated oligomer (COL) based nanoparticles (COL-Au-
NPs) on bacteria and breast cancer cell lines. The amine pendant groups lead

to toxicity in dark, and the remarkable reduction was achieved by capping with
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cucurbit[7]uril ( CB7TQCOL-Au-NPs). (Figure 1.12) [48]

Cellular Imaging Pﬁ PDT

Figure 1.12: Schematic display of the nanoparticles and their antibacterial and an-
ticancer phototherapy applications (Reprinted with permission from [48]. Copy-
right 2020, American Chemical Society).

Zhao et al. studied the antibacterial photodynamic efficiency of a cationic
conjugated oligomer (OPV) with porphyrin photosensitizer against E. coli and
S. aureus. They displayed high ROS generation capability even at low concen-
trations (33 and 88 nM). Also, the presence of cationic donors enhanced the

solubility of water and reduced porphyrin aggregation. (Figure 1.13) [49]

Control OPV-C;-TPP  OPV-C4-TPP PP

S.aureus

Figure 1.13: The SEM images of E. coli treated with OPV-C3-TPP and control
groups under white light illumination for 1 h. [49]

On the other hand, chlorophylls cannot be used directly in drugs that must

pass through the cell membrane unaltered due to their chemical structure. As a
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result, its concentration in tumor cells is reduced due to its sensitizing activity
and ability to dissolve in aqueous solutions. In other words, in aqueous and bi-
ological mediums, purified chlorophylls show poor solubility in organic solvents
and are insoluble in water. They agglomerate into less photoactive materials that
make them inappropriate for use in the formulation of intravascular drugs due
to the lipophilicity of the porphyrin aromatic ring. [50] The effect of the pho-
totherapeutic of PSs is enhanced by the combination of nanomaterials in terms
of raising the solubility and stability, and efficiently conveying them into malig-
nant tumors. The simplicity of surface conjugation between PSs and metallic

nanoparticles makes metallic nanoparticles excellent nanocarriers. [51]

Shaimaa Alexeree et al. reported the conjugation of chlorophyll b and gold for
improving their photodynamic efficiency toward MCF7 and the HepG2 cancer cell
lines. Chlorophyll b and gold nanoparticles were synthesized from natural sources,
spinach, and potatoes, respectively. The results indicated that this nanoconjugate
with a higher concentration of 10.6 mg/mL has low dark toxicity and excellent
killing efficiency against tumor cells under 650 nm laser irradiation. (Figure 1.14)
[52]
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Figure 1.14: Schematic illustration of preparation Chl b-Au nanoconjugate and
its PDT application. (Reprinted with permission from [52]. Copyright 2021
Elsevier B.V.)

Yu-Cheng Chin et al. reported a clustered nanoparticle by assembling Iron

oxide and chlorophyll as photosensitizers. The cluster-structured nanoparticles
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(CNPs) were prepared by a facile one-pot coprecipitation method. The internal-
ized Fe-based nano-photosensitizers were utilized both in vivo and vitro. The
survivability rate of orthotopic MB49-bearing mice was significantly increased to

91.7% as well as preventing tumor growth.(Figure 1.15) [53]

Figure 1.15: The illustration of the synthesis of iron oxide@chlorophyll clustered
nanoparticles for targeted delivery and immunoregulatory effect within BC cells.
[53]

Rongjun Liu et al. synthesized a novel spinach-based and carbon-based nano-
material namely ” chlorophyll-rich biomass quantum dots” (CBQDs) and its con-
jugation with copper ions in order to increase the efficiency of PDT by decreasing
biothiol concentrations in tumor cells. These nanoparticles showed high ROS gen-
eration efficiency against tumor cells without any detection of tumor cells after 12
days. Additionally, they exhibited low cytotoxicity and excellent biocompatibility
with concentrations from 50 and 500 pg mL~'. (Figure 1.16 ) [54]

A

Figure 1.16: A) CBQDs and CBQD-Cu nanocomposites preparation shown
schematically and B) the imaging implementation of intracellular biothiol and
dual-enhanced PDT against cells. [54]
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1.3.2.5 Development of Antimicrobial Agents

In recent years, antibiotics have been very effective in combating pathogens and
have played a vital role in extending the human lifespan. However, when an-
tibiotics are used excessively, microbial strains that are resistant to antibiotics
emerge. As a result of this situation, antimicrobial treatment becomes more diffi-
cult. Alternative antimicrobial treatments are urgently sought to alleviate the cri-
sis because it is important to avoid the risk of antibiotic resistance. [55, 56, 57, 58|
Alternative approaches like surfaces with smart bacteria and anti-biofilm are be-
ing studied in order to fight infections caused by bacteria and the formation
of biofilm. [59] Supramolecular materials have promoting properties which are
having special properties such as advocating controllable and flexible interac-
tions and making assembling different agents possible. These properties make
the supramolecular approach advantageous. [60] PDT and PTT methods can
also be effective to combat killing bacteria. Pathogens, such as viruses, have been

treated with antimicrobial PDT. (Figure 1.17)

Antimicrobial
PDT

Parasites Viruses Bacteria Fungi

T

Figure 1.17: Pathogen types that can be killed by PDT. [47]

Peng et al. examined the photothermal and photodynamic efficiency of
OFGreen-N, a fluorene-based conjugated oligomer, against E. coli. The oligomer
(10 ug/mL) showed excellent photothermal efficiency under 808 nm laser illumina-
tion, and the conversion efficiency was reported as 37.7%. A significant reduction
in the number of E. coli was reported by treating OF-Green-N (0.06 mg/mL) un-
der light illumination. Moreover, since OF-Green-N has quaternary ammonium
groups in its structure this nanoparticle displayed high dark cytotoxicity (Figure
1.18) [61]
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Figure 1.18: Schematic illustration of killing bacteria by OF-Green-N. (Reprinted
with permit from [61]. Copyright 2020, American Chemical Society)

Vahhab Soltaninejad et al. synthesized bifunctional PVA /ZnO/Agl/Chlorophyll
nanocomposite film and investigated its antimicrobial properties against E. coli
and S. aureus. For the S. aureus and E. coli cell lines, the inhibition zone has
been assessed at about 20 and 12 mm, respectively. Also, it has been reported
that the high-yield result is obtained by LED lamp irradiation (70 W, A = 425
nm) for 60 min. (Figure 1.19) [62]
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Figure  1.19: The  schematic  representation  of  bifunctional
PVA /ZnO/Agl/Chlorophyll nanocomposite film and its promoting applica-
tions. [62]

1.4 Aim of the Study

The main goal of this study is to synthesize chlorophyll and prepare conjugated

oligomer and chlorophyll nanoparticles and their hybrid conjugations with the

20



gold nanoparticle, and use them as photosensitizers in the antibacterial and an-
ticancer PDT and imaging process. The nanoprecipitation method was used to

prepare nanomaterials.

Chlorophyll was intentionally selected since cyclic tetrapyrroles are naturally
proven photosensitizers because they absorb strongly in the visible region of the
electromagnetic spectrum, have a high molar extinction coefficient when activated
by visible light their capacity to produce singlet oxygen, and also have low dark
toxicity. In this regard, chlorophyll, a natural photo-absorbent, was synthesized
from spinach leaf, and chlorophyll nanoparticles and hybrid conjugation with gold
nanoparticles were prepared. The novelty of synthesized chlorophyll is containing
both chlorophyll a and chlorophyll b as well as the method used for preparing

nanomaterials.

In detail, chlorophyll is made up of four pyrrole rings that are linked together
structurally by a magnesium ion and a long hydrophobic alkyl chain. Addition-
ally, one of the pyrrole rings in chlorophyll has a methyl group (-CHj) linked to
it in chlorophyll a and the formyl group (-CHO) takes the place of the methyl
group (-CHj) in chlorophyll b. The conjugation mechanism is taken place by a
coordination bond formed between Lewis acid and Lewis base. In this situation,
the Mg atom at the center of Chl molecules is Lewis acid, and the interaction
between protein and other molecules and the Mg atom is formed through coordi-
nation bonds. In this regard, the gold nanoparticle is encapsulated by chlorophyll
a which leads to an improved intersystem crossing and promotes the generation
capability of ROS. Also, by taking advantage of the positive charges provided by
the formyl group (-CHO), the electrostatic reaction between them and negative
charges located on the surface of the gold nanoparticle was formed in order to
both eliminate the minimal solubility of chlorophyll and increase the light-induced
effect.

Additionally, the synthesized red-emitting conjugated oligomer was charac-
terized, and the hybrid conjugate with gold nanoparticles was prepared. Red-
emitting conjugated oligomer (COL) has acetyl groups in the side chains making

it possible to control the nanoparticle’s size, increase stability, and enhance cell
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permeability via the hydrophobic effect. While the core of the oligomer is hy-
drophobic, side chains are hydrophilic. Therefore, by taking advantage of this,
it is expected to achieve specific binding between mannose receptors and acety-
lated mannose groups in cell walls. Also, since Chl, Chl-Au, COL and COL-Au
nanoparticles showed a high yield of reactive oxygen species (ROS) generation,
their photodynamic therapy application against both gram-positive and gram-
negative bacteria and cell lines was investigated. While they have low dark cy-
totoxicity against human breast cancer cells (MCF-7), displayed a high level of
cytotoxicity with light illumination. Moreover, due to their inherent fluorescent
nature, their cellular imaging capacity was displayed which makes them good

candidates for drug-loaded and image-guided therapy applications.

Moreover, since all of the nanomaterials are hydrophobic, because of their
hydrophilic characteristics, Au NPs can dramatically increase photosensitizers’

solubility in water and boost cellular uptake.

22



Chapter 2

Experimental

2.1 Materials

Analytical-grade chemicals were utilized in the chemical synthesis and used af-
ter being taken. Whenever necessary, Milli-Q water (18.2 M cm at 25°C) was
used. After distilling and drying the solvents required, experiments and reac-
tions were conducted under air, unless otherwise specified. The deuterated sol-
vents (DCl3 and Dy0) required to run NMR spectroscopy were bought from
Merck. The required solutions and chemicals for mammalian cell culture; Dul-
becco’s Eagle Medium (DMEM) and sodium pyruvate, fatal bovine serum (FBS)
penicillin/streptomycin (Pen-strep), and MEM non-essential amino acids solution
were bought from Sigma-Aldrich, Thermo Fischer Scientific, and Merck, respec-

tively.

For passaging process, the required Gibco Trypsin-EDTA (0.25%) solution be-
ing bought from Sigma-Aldrich was used. PBS (10X), which was acquired from
Sigma-Aldrich, was diluted 10-fold to make 1X PBS by distilled water and auto-
claved and stored until usage. In order to measure the cell viability of nanoparti-
cles, MTT was bought from Sigma-Aldrich was used. For preparing the fixation

solution required for the imaging process, 37% paraformaldehyde solution was
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bought from Carlo Erba Reagents, and Triton X-100 detergent was supplied from
Merck. The dye for imaging by confocal laser scanning microscopy, DAPI was

purchased from Thermo Fischer Scientific.

2.2 Instrumentation

2.2.1 'H Nuclear Magnetic Resonance (NMR) Spec-

troscopy

Utilizing a Bruker AVANCE DPX-400 NMR spectrometer running at 400 MHz

for '"H NMR chemical structures of substances were characterized.

At 25°C, all of the spectra were captured while products were being dissolved
in deuterated solvents. Chemical shifts were expressed in ppm with respect to
the internal standard, tetramethylsilane (TMS). The abbreviations for spin mul-

tiplicities are s (singlet), d (doublet), t (triplet), q (quartet), and m (multiplet).

2.2.2 Electrospray lIonization-Mass Spectrometry

In order to analyze the product’s exact molecular weight, Agilent 6224 Accurate-
Mass Time-of-Flight (TOF) LC/MS and Agilent 6530 Accurate Mass Q-TOF
LC/MS systems were engaged.

2.2.3 F T -IR Spectroscopy

Fourier Transform Infrared spectra were measured using a Bruker Alpha-II Plat-

inum ATR FT-IR spectrometer outfitted with a DLATGS detector with a reso-

1

lution of up to 2 em™" in order to characterize the chemical functional groups on

the chlorophyll. The data were captured in the 4000-400 cm ™! spectral band for
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scans.

2.2.4 UV-Vis Absorbance Spectroscopy

Ultraviolet-visible (UV-Vis) optical characterization spectra were obtained by
Cary 300 UV-Vis Double Beam Spectrometer equipped with a Xenon-lamp as the
source of illumination. UV-Vis absorbance of compounds was recorded between
the wavelengths of 200 nm and 800 nm, by using quartz cuvettes with 1 cm width.

Water was used as a solvent.

2.2.5 Fluorescence Spectroscopy

The fluorescence spectrum of samples was obtained at the solution phase using a
Varian Cary Eclipse fluorescence spectrophotometer. A quartz cuvette having a

10 mm path length was used.

2.2.6 Dynamic Light Scattering (DLS) and Zeta Potential

The size and zeta potential of particles were obtained by Malvern Zetasizer Nano
ZS equipped with a 663 nm laser at 25°C. Two different cuvettes were used; while
in order to measure the zeta potential folded capillary zeta cells were used, DLS

results were examined with a standard fluorescence cuvette.

2.2.7 Scanning Electron Microscopy (SEM)

The morphological characterization of nanoparticles was examined with Quanta
200 FEG Thermo Fisher Scientific operating at environmental scanning electron

microscopy mode.
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2.2.8 Transmission Electron Microscopy (TEM)

The morphological properties of nanoparticles were visualized with FEI Tecnai

G2 F30 transmission electron microscope.

2.2.9 Microplate Reader

The Optical density (OD) value of bacteria was measured at 600 nm (O Dgg),
and for the MTT assay, the absorbance values were recorded at 570 nm with

SpectraMax M5 multi-detection microplate reader system.

2.2.10 Confocal Laser Scanning Microscopy (CLSM)

CLSM images were obtained on Leica TCS SP8 X multiphoton system with a
40X objective.

2.2.11 Critical Point Dryer (CPD)

The Autosamdri-934 Tousimis CPD in a cleanroom was used to dry samples by
CO5 at 7.4 MPa, 30°, and for intermediate fluid, ethanol is used.

2.3 Syntheses

2.3.1 Extraction of Chlorophyll

Firstly, spinach leaves were rinsed with distilled water 4 times. Then they were
cut into small parts, and dried in an oven for 3 h, at 40 °C. Secondly, 100g was

weighed and placed in 250-300 mL of ethanol overnight at room temperature and
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dark (all leaves should be inside alcohol). The next day, the resulting mixture
with green color was filtered and blended with 250-300 mL hexane (the same
amount of ethanol) and 5-10 mL of distilled water. In the n-hexane phase, the
Chl-carotene and the dissolution of pigments in the water and ethanol phases
were pulled away in 3 hours. Additionally, Chl and carotene were separated by
adding silica gel to the n-hexane phase. After taking the top layer, 20-25 g of
silica was added to the solution while mixing until the yellow color was achieved.
Thirdly, the mixture was mixed at room temperature for 50 min. While doing
filtration, the yellow liquid part was poured whereas keeping the silica in the
beaker as much as possible. Then, the filtration process was conducted with 50-
100 mL methanol, and the silica was washed at the same time until the silica
lost its green color. Eventually, by using a rotary evaporator to evaporate the

solvents, dark green and oily chlorophyll was produced. [62]

2.3.2 Synthesis of Red-Emitting Conjugated Oligomer
(COL)

The monosaccharide functionalized conjugated oligomer synthesized in the previ-
ous study by our group was synthesized in the same way. [63] Briefly, red-emitting
oligomers which carry azide groups were engaged for post-functionalized glyco-
conjugate oligomer synthesis. This functionalization was carried through a click
reaction between azide groups and acylated mannose groups. 4,7-bis((E)-2-(9,9-
bis(3- azidopropyl)- 9H-fluoren-2-yl) vinyl) benzo[c|[1,2,5] thiadiazole (52.0mg,
60.0 umol) and 2,3,4,6-Tetra-O-acetyl-O-prop-1-yl- a- D-mannopyranoside (92.7
mg, 240pumol) was put in 7 mL purged THF into a 25 mL round bottom flask.
Then, the solution was stirred until completely dissolved for 10 min. In order
to prepare aqueous solutions of CuSO4.5H>0 (6.00 mg, 24.0 pmol) and sodium
ascorbate (9.51 mg, 48.0 umol) separately, 1 mL degassed ddH>0 was used. Af-
ter adding the C'uSO, solution to the mixture, the ascorbate solution was added
by using a pipette in order to add slowly while stirring the reaction solution and
continued to mix at 50°C for 2 days. Then, the solvent was vaporized and the

residual was washed by using water and waited until drying. Finally, the product
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of pure red crystalline was obtained. (Figure 2.1)
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Figure 2.1: Schematic representation of 4,7-bis((E)-2-(9,9-bis(3- triazol- tetra-
O-acetyl- @ — D-mannopyranosyl)-9H-fluoren-2-yl)vinyl)benzo|c|[1,2,5]thiadiazole
synthesis. [63]

2.4 Reactive Oxygen Species (ROS) Detection

Light-induced reactive oxygen species (ROS) production capability of photosensi-
tizers was investigated using a notorious 2,7-dichlorofluorescein diacetate (DCFH-
DA) assay. Firstly, 2.5 mg of dichlorofluorescein diacetate (DCFH-DA) was solved
in ethanol (5 mL). 500 uL was taken from this solution and added to 2 mL of 0.01
N NaOH, and stored at dark and room temperature (30 min). Then, 10 mL was
taken from sodium phosphate buffer (PBS) and added to the solution, and stored
in the fridge. With alkanaline media, dichlorofluorescein diacetate (DCFH-DA)
was hydrolyzed and 40 pM solution of 2,7-dichlorofluorescein (DCFH) was ob-
tained as depicted in Figure 2.2 The solution was stored in the dark and cold

environment until usage.

First, the blank was measured (0 min). To do this, 500 uL of DCFH was
added to a standard fluorescence cuvette and then 1mL of water was added to
this solution, and after measurement, the wavelength of excitation and emission
wavelength were obtained, 488 nm and 524 nm, respectively. Then, white light
was applied to the solution with the intensity of 1 mW/em? for a minute and
the emission spectrum was obtained. This process was continued four times.
So, the solution’s emission intensity was obtained every minute for 4 minutes.

After measuring blanks, 100 puL of 5 pg/mL of each nanoparticle and 500 pL
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Figure 2.2: The detection mechanism of the DCFH-DA assay. The molecular
structures of 2-7 Dichlorofluorescin diacetate (DCFH-DA), 2,7-dichlorofluorescein
(DCFH), and with the reaction of ROS highly fluorescent 2,7-dichlorofluorescein
(DCF) was produced.

of DCFH were taken and this solution was diluted by adding 1 ml of deionized
water. An identical procedure was conducted to measure the ROS generation

ability of nanoparticles.

2.5 Bacterial Experiments

2.5.1 Preparation of E. coli and B. subtilis Suspensions

A single colony of E.Coli and S. aureus were taken from semi-solid Luria-Bertani
(LB) agar plate and put into a 15 ml flask with 5.0 mL of liquid LB culture
medium. Then incubated (37°C, 200 rpm, 14 hours). Additionally, 10-20 pL of
bacteria solution was placed in 15-20 L of liquid LB medium and incubated at
similar conditions. Centrifugation was used to harvest them (2 min, 4°C, 7000
rpm). After each centrifugation, bacterial solutions were washed with fresh 1X
Phosphate buffered saline (PBS) at least four times in order to take away from
both dead bacteria and LB medium. Then, the supernatant was discharged and
bacterial residues were resuspended in PBS. While resuspending PBS was added
to the solution by checking the optical density value at 600 nm (ODgg), and
when the OD value was adjusted to ~1.0.
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2.5.2 Determination of Minimum Inhibitory Concentra-

tion (MIC Assay)

In order to determine the MIC values of nanoparticles, the broth microdilution
method was followed after the preparation of bacterial suspension as described
in subsection 2.5.1. Two different protocols were followed. Firstly, after the
preparation of nanoparticles with different concentrations, 10 plL of each was
taken and added to 100 L of bacterial solution suspended in a 96-well plate. Two
different protocols were followed. Firstly, after the preparation of nanoparticles
with different concentrations, 10 pL of each was taken and added to 100 pL of

bacterial solution suspended in a 96-well plate.

For the control group, 10 uL of Gibco 1X PBS was used. Then, the mixtures
were incubated at 37°C for 1 hour. After that, the white light (20mW/cm?)
was applied to the both control and nanoparticle-treated groups. In the second
protocol, bacteria were suspended in a liquid LB medium. Firstly, 2 mL of liquid
LB was added to a 24-well plate, and 1 mL of stock nanoparticle was added to
the first well and mixed properly. Then by taking 1 mL of solution from the
previous well, was added to the next well and the last mL was thrown away.
Finally, 50 pL of bacterial suspension was added to the solution. For the control
group same process was conducted with 1X PBS. Similarly, after incubation for 1
hour, samples were exposed to light (20mW /cm?). For the dark group, the same
experiment was conducted. After that, both treated and non-treated groups
were incubated (37°C, 100 rpm, 16 hours). Finally, by using a microplate reader
O D¢ values were obtained. In order to get smooth results, the experiments were

replicated three times.

2.5.3 Antibacterial Activities of the Nanoparticles

2.0 mL of diluted bacterial suspensions were treated with distinctive concentra-
tions of nanoparticles for 30 min (37°C, 200 rpm). Later, white light (20mW/cm?)

was irradiated to samples. The same experiment was carried out with the same
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amount of PBS for the control group. 50 pL of 10°-fold diluted bacterial sus-
pensions were taken and spread on the LB agar plates and incubated for 64 h at
37°C. Colony forming units (CFUs) were measured following incubation. For the
dark group, the same experiment was carried out without applying light. The
decreasing graph of the mean logl0 colony forming units (CFU) in accordance
with exposing light and without light was drawn. Also, by using log;g reduction
= log10(C/T) log reduction was evaluated (T and C indicate that control and
treated groups).

2.5.4 Imaging of Antibacterial Activity by SEM

In order to remove organic contamination, silica wafers with the size of 1 cm
x 1 cm were incubated in isopropanol and ethanol (30 min each). Then they
placed at 37°C incubator to dry completely. 100 pL bacterial suspension having
approximately 1 O Dgyo value was added to 1 mL of PBS, then these solutions were
treated with each photosensitizer, and incubated in a shaker incubator at 37°C
for 40 min. The white light was illuminated (20mW/cm?). The same amount of
PBS was used for the control groups, and for the dark group, the same procedure
was carried out. 10 pL from each were placed onto silica wafers and fixed with
2.5% glutaraldehyde solution (in PBS) at 4°C for 14 h.

2.5.5 Agar Disk Diffusion Assay

The agar disk diffusion assay was conducted to evaluate the efficiency of antibacte-
rial PDT of nanoparticles on E. coli and S. aureus bacteria. Both bacteria strains
were suspended in liquid LB medium at 37°C, 200 rpm for 14 hours. Fresh LB
was used to dilute bacterial suspension 100-fold and O Dggy value was adjusted to
0.5-0.6 which is corresponded to the mid-log phase. 150 nL of bacterial solutions
were taken and spread on agar plates. After incubation of 5 mm circular filter
paper under UV light 10 pL of nanoparticles was poured to filter papers. For the

comparison, the same amount of test antibiotic (ampicillin) was placed on filter
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papers. After that, they were placed on the agar plates. After 10 min white light
irradiation, agar plates were incubated at 37°C for 14 hours. After incubation,
the nanoparticles’ antibacterial activity was evaluated by measuring the radius

of the inhibition zone.

2.6 In vitro Experiments

2.6.1 Cell culture

The appropriate medium that contains 88 % DMEM, 10 % fatal bovine serum, 1
% penicillin/streptomycin, 1% L-Glutamine, 0.1 mM non-essential amino acids,
1 mM sodium pyruvate was used to culture MCF-7 cells to T25 canted-neck
tissue culture flasks and incubated at 37 °C with 5 % CO, - humidified and dark
environment. After cells reached ~ 70 — 80% confluency, cells were transferred
to T75 flasks by passaging. Then, continued to be grown by passaging each 3-4
days using Trypsin/EDTA solution.

2.6.2 Cytotoxicity and photo-cytotoxicity

In order to determine the dark- and photo-cytotoxicity of nanoparticles on mam-
malian cells in vitro, the methyl thiazolyl tetrazolium (MTT) assay was utilised.
The MTT solution was prepared according to the code of the kid and stored at
-20 °C in the dark until usage. The tetrazolium salt in the MTT experiment
is converted to an insoluble formazan dye at 37 °C' by the dehydrogenase en-
zyme that existed in viable cells (Figure (2.3)). Additionally, solubilizing agents
are added to the insoluble formazan salt to dissolve it, and the colored result is

quantitatively quantified at 570 nm using a spectroscopic micro-plate reader.

Tetrazolium salts can no longer be reduced by dead cells into colored formazan

products. MTT is transformed into a purple formazan product with a peak
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absorbance near 570 nm in viable cells with an active metabolism. As a result,

the quantity of live cells in the culture directly correlates with the intensity of

- NADH NAD* _'

the colorful product.

[

N
MTT Formazan

{34, S-dimethylthiazod-2-y1)-2,5- ((E.Z)-5-(4,5-dimethylthiazol-2-y1)-1,3-
diphenyltitrazolium bromidd) diphenylformazan)

Figure 2.3: Reduction of MTT to formazan crystals. [64]

MCF-7 breast cancer cell line was engaged to conduct experiments. After
calculating the cell density which is 4 x 10® cells/well, the cell suspensions were
seeded onto 96-well plates with DMEM and incubated at 37°C' in an incubator
with 5% CO, for 24 h. After that, the cells were treated with different dosages of
nanoparticles and incubated overnight. For the control group, the same amount
of 1X Phosphate-Buffered Saline (PBS) was added and the same procedure was
followed. While the white light (20mW/ecm?) was applied to nanoparticle-treated
cells for 20 min for the determination of photo-cytotoxicity, the dark group was
stored in the incubator. All groups were incubated overnight in a carbon dioxide
incubator at 37 °C.

After 48h incubation, the medium was taken away, 100 uL of Gibco Dulbecco’s
Modified Eagle Medium (DMEM) and 10 pL of MTT with a concentration of 1.2
mM were added to well-plate and incubated for 4h at 37 °C. Later, the medium
was aspirated and 110 pL dimethyl sulfoxide (DMSO) was added to wells to
dissolve formazan crystals. After adding PBS, according to the number of living
cells, the color change was observed. Finally, the cell viability of each cell was
determined by reading absorbance values by a microplate reader at 570nm. The

experiment was repeated four times for each concentration and for control groups.

Tables 2.1, 2.2, 2.3, and 2.4 provide the concentrations of nanoparticles used

for MTT assay to measure relative cell viability (FC=Final Concentration, the
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amount used from stock solution, FV /well=Final Volume for each well).

Table 2.1: Concentrations of COL used in MTT cell viability assays.

NPs Dark/Light | FC(uM) | NPs(puL) | PBS(pnL) | DMEM(puL) | FV /well(nL)
Cell control 0 0 60 100 160
Conc.1 1.377 2 58 100 160
Conc.2 3.444 ) 55 100 160
Conc.3 6.888 10 50 100 160
Conc.4 13.777 20 40 100 160
Conc.b 20.666 30 30 100 160
Conc.6 27.555 40 20 100 160
Conc.7 34.444 50 10 100 160
Conc.8 41.333 60 0 100 160

Table 2.2: Concentrations of COL-Au used in MTT cell viability assays.

NPs Dark/Light | FC(uM) | NPs(puL) | PBS(pL) | DMEM(pL) | FV /well(pL)
Cell control 0 0 60 100 160
Conc.1 1.344 2 58 100 160
Conc.2 3.444 5 55 100 160
Conc.3 6.722 10 50 100 160
Conc.4 13.444 20 40 100 160
Conc.5 20.166 30 30 100 160
Conc.6 26.888 40 20 100 160
Conc.7 33.611 50 10 100 160
Conc.8 40.333 60 0 100 160

2.6.3 Statistical Analysis

In accordance with the DMEM control group, MTT relative cell viability differ-
ences were normalized. The light and dark conditions analysis was carried out
using a one-way analysis of variance (ANOVA). The data are emblematized as
the mean + Std. (n = 4) (** and **** demonstrate a great difference between

groups with p < 0.001 and p < 0.0001, respectively)

2.6.4 CLSM Experiments

MCF-7 cells were cultured on treated 6-well tissue culture plates and microscope

slides inside 6-well plates with a density of 4 x 10° per well in DMEM solution and
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Table 2.3: Concentrations of Chl used in MTT cell viability assays.

NPs FC(uM) NPs(uL) PBS(puL) | DMEM((uL)

Dark/Light

Cell control 0 0 60 100
Conc.1 2.488 2 58 100
Conce.2 6.222 5 55 100
Conc.3 12.444 10 50 100
Conc.4 24.888 20 40 100
Conc.5 37.333 30 30 100
Conc.6 49.777 40 20 100
Conce.7 62.222 50 10 100
Conc.8 74.666 60 0 100

Table 2.4: Concentrations of Chl-Au used in MTT cell viability assays.

NPs FC(nM) NPs(pL) PBS(puL) | DMEM((uL)

Dark/Light

Cell control 0 0 60 100
Conc.1 2.166 2 58 100
Conc.2 5.416 5 55 100
Conc.3 10.83 10 50 100
Conc.4 24.888 20 40 100
Conc.5 21.66 30 30 100
Conc.6 32.5 40 20 100
Conce.7 54.166 50 10 100
Conc.8 65 60 0 100
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incubated at 37°C for 24h. Then, 1 uM of four different nanoparticle groups which
are Chl and Chl-Au, COL, and COL-Au were added to the culture, and the same
amount of PBS was added for the non-treated control group. After being treated
with nanoparticles, cells were incubated for 48h. After that, while white light is
applied to the light group for 20 min, another group remained in incubation. The
next day, firstly, the media was taken away, and cells were rinsed with PBS two
times. Secondly, for the fixation process, 1mL 4 % paraformaldehyde solution
was added and stored at 4°C' for 10 min to acquire better fixation. The fixation
solution was prepared by dilution of 37 % formaldehyde solution to 4 % by adding
1X PBS with a 1:9 ratio. Then, after aspirating the fixative solution cells were
rinsed with PBS two times. After that, cells were permeabilized for 1 min in 0.1 %
Triton X-100. Cells were thoroughly washed with PBS two times after aspirating
the Triton. Then, one-two drop of DAPI solution was added and waited for 4
min, and the cells were observed at both Fluorescent and DIC Equipped Inverted

Microscope and Leica Confocal Microscope.
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Chapter 3

Results and Discussions

This chapter includes two sub-sections. Section 3.1 describes the preparation
and characterization of red-emitting conjugated oligomer (COL) nanoparticles
and their applications in anticancer therapy and cell imaging. In section 3.2, the
characterization of chlorophyll and the preparation and characterization of chloro-
phyll nanoparticles are discussed. Moreover, photodynamic therapy applications

were covered by displaying ROS generation ability.

3.1 Red-emitting Conjugated Oligomer (COL)

Nanoparticles

The red-emitting conjugated oligomer (COL) nanoparticle and its hybrid conju-
gation with gold nanoparticles were synthesized through the nanoprecipitation
method. The acetyl groups make it possible to manage the nanoparticles’ size,
increase their stability and enhance cell permeability via the hydrophobic ef-
fect. While the core of the oligomer is hydrophobic, side chains are hydrophilic.
Therefore, by taking advantage of this, it is expected to achieve specific binding

between mannose receptors and acetylated mannose groups in both bacteria and
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mammalian cell walls. These water-dispersible nanoparticles demonstrated sta-
bility in an aqueous medium for prolonged times. Also, it is found that they show
highly generation ability of reactive oxygen species (ROS). In this regard, these
nanoparticles were investigated as a promising photosensitizer in antibacterial

and anticancer photodynamic therapy (PDT) applications.

3.1.1 Preparation and Characterization COL and Hybrid
Conjugated Gold (COL -Au) Nanoparticles

Soluble oligomers can be made dispersible in water by making nanoparticles using
nanoprecipitation methods. A water-miscible solvent (i.e. THF, DMSO, DMF,
etc.) like tetrahydrofuran (THF) that can dissolve the materials is utilized, and
the solution (THF and oligomer) is injected onto the Milli-Q) water drop by drop
and ultrasonicated to hinder the aggregation and to promote dispersion, then
after achieving a solution which is homogeneous, the solvent is evaporated. The

preparation of nanoparticles is displayed in Figure 3.1.

|
=

Sonication

rsj-\/;: Distilled water  Nps in THF + water THF evaporation =~ Water-dispersible Nps

Oligomer in THF

Figure 3.1: Preparation of conjugated oligomer (COL) nanoparticles by nanopre-
cipitation method.

Gold nanoparticles can be employed in photothermal therapy because they
exhibit localized surface plasmon resonance (LSPR) in the near-infrared region of
the electromagnetic spectrum. However, the results obtained from photothermal
therapy were not successful. Therefore, since the higher ROS generation ability
was obtained with hybrid conjugation with gold, the results were reported. In
this regard, the same procedure was applied to prepare hybrid conjugated gold
(COL -Au) nanoparticles after gold AuCls was added to aqueous media (Figure
3.2).
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Figure 3.2: Preparation of hybrid nanoparticles of COL with gold nanoparticles
by nanoprecipitation method.

In order to find an appropriate concentration of COL, 5 different solutions
with distinctive concentrations from 1 mg/ml to 5 mg/ml were prepared, and
DLS and zeta potential values were measured for moths. The most similar data
with small changes were recorded for the concentration of 4 mg/ml. Therefore,
this concentration was selected as an optimal concentration with around 115 nm
hydrodynamic diameter, and whole experiments were conducted with this stock
solution. The nanoparticles’ zeta potential in water was +32.2 mV at 25°C. The

reason for this the positive (— potential is positive charges on the nanoparticles.

With the conjugation of gold nanoparticles, the hydrodynamic size of the
nanoparticle is decreased to 100 nm. This is because the hydrophobic conju-
gated backbone oligomer folds around the Au*3 ion, consequently encapsulating
the gold. And also, there is a reduction in zeta potential owing to the fact that

the surface area was diminished with the encapsulation of gold nanoparticles.

Table 3.1: Zeta potential and size values of solutions of COL and COL-Au
nanoparticles.

Nanomaterial Size (nm) Zeta-Potential
(mV)
COL 59,43 32,2
COL-Au 40,15 24,1

In order to evaluate the nanoparticles’ stability in water, the hydrodynamic
diameter and zeta potential values were measured and recorded for 30 days. As

indicated in Figure 3.4, a remarkable change in the size of COL was not observed.

TEM and SEM were also used to analyze the morphology of COL and COL-Au.
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Figure 3.3: (a)DLS histograms of COL and COL-Au and (b) zeta potential values
of COL and COL-Au, respectively.
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Figure 3.4: Average hydrophobic size distribution of COL in aqueous media.
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The images obtained for both nanoparticles are not satisfying and the intended
images could not be reported. According to SEM and TEM images represented
in Figure 3.5, COL has a spherical shape with different sizes, and small clustered
particles are also observed for both COL and COL-Au nanoparticles. In Figure
3.5¢, the grey parts indicate nanoparticle solution and the shiny parts display
gold nanoparticles. This means that the gold nanoparticles were encapsulated by

conjugated oligomer properly without causing agglomeration.

a) b) ©)

Figure 3.5: (a) SEM image of COL (b) SEM image of COL-Au and (¢) TEM
image of COL-Au.

3.1.2 Photophysical Properties and ROS Generation
Ability of COL and COL-Au Nanoparticles

The photophysical characteristics of COL and COL-Au were evaluated using UV-
VIS-NIR absorbance and fluorescence spectroscopy. Absorption peaks for COL
and COL-Au were recorded at 369 nm and 480 nm respectively. The difference
between absorbance values is explained by the strong absorption capability of
colloidal solution which is gold in the visible spectrum. It can be said that the
results were obtained as expected when the results were compared with the study
in which conjugation red-emitting conjugated oligomer with amine groups in the
pendant chain with the gold nanoparticle. [48] Likewise, Timugin Balkan et
all. synthesized hybrid conjugated oligomer with tertiary alkyl amine side chains
-silver nanoparticles (AgNPs) and reported UV-Vis absorption spectra among
the different concentrations. Similarly, the specific peak for Ag nanoparticles
was only obtained with higher Ag concentrations which can support to results
obtained in this study. [65] As illustrated in Figure 3.6, COL has an emission
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peak centered at around 605 nm, and 607 nm excitation wavelength was recorded
for COL-Au.
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Figure 3.6: The absorption (a) and emission (b) spectral diagram of COL and
COL-Au.

By using the DCFH-DA assay as explained in Section 2.4 the ROS production
capabilities of COL and COL-Au were measured under white light (1mW/cm?)

exposure and the recorded results are displayed in Figure 3.7.

For COL, the intensity of fluorescence emission rise to 300 nm in a minute
and proceed to increase, reaching nearly 800 nm when lighten for four minutes.
The fluorescence emission intensity of COL-Au is about 300 nm within a minute
and continued to increase, approaching nearly 1000 nm when irradiated for five
minutes. These results indicate that COL and COL-Au can produce ROS con-
siderably even with a small dosage of white light (11W/cm?). The reason for the
higher emission intensity for COL-Au is explained by the metal-enhanced ROS

production effect.

The light-activated ROS production ability of COL and COL-Au, and DCFH
oxidation of blank have shown a continuous raise in the peak intensity with the
application of white light. For COL, the fluorescence emission intensity increased
to around 300 nm in a moment and continued to ascend, approaching approx-
imately 800 nm when exposed for four minutes. For COL-Au, the fluorescence
emission intensity increased to about 300 nm in a minute and rise continually,
reaching roughly 1000 nm when exposed for five minutes. These results indi-
cate that COL and COL-Au can produce ROS significantly even though at a low
dosage of white light (17W/cm?).
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Figure 3.7: a) Fluorescence intensity of DCF at 524 nm which is blank and COL

under continuous white light exposure. b) The ROS measurement result for COL-
Au.

3.1.3 Examination of Cytotoxicity and Phototoxicity of
COL and COL-Au Nanoparticles on E. coli and S.

aureus

After confirmation of the ROS generation abilities of nanoparticles, the biocidal
activity of them under light irradiation was analyzed against E. coli (Gram-
negative) and S. aureus (Gram-positive). Antibacterial experiments were studied
in the dark and under white light illumination with a flux of 20mW/cm? by
performing the surface plating method (Figure 3.8 ). According to the results,
both COL and COL-Au did not show significant dark toxicity while they display
light-induced killing effects toward bacteria. Additionally, the agar disk diffusion
assay was conducted in the dark and with light exposure for 20 min. Figure
3.9). compares the plate images from the agar disk diffusion assay with the
corresponding graphs of the inhibition zone radius for nanoparticles and ampicillin
against E. coli. According to the findings of the agar disk diffusion method,
ampicillin had an inhibition zone radius of approximately 7 mm both in the
dark and under light conditions. For the COL and COL-Au nanoparticles, the
inhibition zone radius was measured as 4 mm and 5 mm, respectively. Since the
nanoparticles have high reactive oxygen species production ability, it is expected
to be an additional treatment method to antibiotics with displaying high killing
efficiency with light illumination. Nevertheless, the killing efficiency is not high
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as expected, remaining nearly a 5 mm inhibition zone. The reason for this is the
unsuccessful interaction between nanoparticles and bacterial cell walls. Despite
the fact that higher interactions were achieved by gold nanoparticle conjugation,
the phototoxicity of nanoparticles has remained at low efficiency. Furthermore,
when it is compared with the oligomer with different functional groups, which
have similar characterization results, this nanomaterial had an inhibition zone
of almost 7 mm, while the result for COL-Au nanomaterial remained at 4.7 mm
[48]. As stated earlier, the main reason for this is that the desired connection with
the cell cannot be achieved. Also, the SEM images prove that these nanoparticles

cluster in PBS and LB solution onto the bacteria cell wall (Figure 3.10).

Control

Dark

Light

Figure 3.8: Agar plate photographs for E. coli on agar plate treated with nanopar-
ticles and non-treated control in the dark and with light exposure.

3.1.4 Examination of Mammalian Cancer Cell Cytotox-
icity and Photocytotoxicity of COL and COL-Au

Nanoparticles

MTT assay was utilized for the evaluation of the cytotoxicity of nanoparticles on
mammalian cells in-vitro by using the most used breast cancer cell line, MCF-7.

Different amounts of COL and COL-Au were incubated with MCF-7 cell lines
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Figure 3.9: a) Agar disk diffusion assay plate photographs of COL and COL-Au
nanoparticles towards E. coli (indicated with blue and black) and ampicillin (in-
dicated with red) in the dark and under light illumination. b) The corresponding
radius of the inhibition zone graph of E. coli. Multiple paired t-test was performed
to compare results for the significant differences between groups. (*** and ****
indicate a significant difference between groups with p < 0.001 and p < 0.0001,
respectively).
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Figure 3.10: SEM images of E. coli treated with COL and COL-Au and non-
treated in the dark and under white light illumination (20mW/cm?) for 20 min.
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in dark and under light exposure. In order to investigate the dark cytotoxicity
of COL and COL-Au, different concentrations from 1.37 to 41.3 pM, and from
1.34 to 33.61 pM were used, and for control groups, the same procedure was
applied with PBS. At lower concentrations, both COL and COL-Au did not show
significant cytotoxicity on MCF-7 cells, but by adding 40 pL of each nanoparticle
a decrease in relative cell viability was observed. The photodynamic efficiency of
nanoparticles was examined by white light (20m¥/cm?) illumination to MCF-7
cells for 20 min. By contrast with the dark case, a significant reduction in relative
cell viability was recorded with light irradiation, and along with these results, the
activation of nanoparticles with light is proved. As seen in Figure 3.11, when we
compare samples treated with nanoparticles and the control group, a remarkable
reduction was seen even with 1.377 pM of COL (p < 0.0007). Similar results were
observed for the MCF-7 cells treated with COL-Au with a higher reduction in cell
viability (p < 0.0001). Consequently, the reduction in cell viability was reported
for both nanoparticles even at low concentrations. According to these results, it
can be deduced that the PDT efficiency of the COL at a similar concentration

was improved by the conjugation of Au nanoparticles and COL.
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Figure 3.11: Relative cell viability (%) of COL and COL-Au against MCF-
7 breast cancer cells at various concentrations ate dark and light irradiation
(20mW/em?, 20 minutes). 2-way ANOVA multiple comparison tests were con-
ducted to compare results for the notable differences between groups. (** and
*R** demonstrate a considerable difference between groups with p < 0.0011 and
p < 0.0001,respectively).
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3.1.5 Cellular Imaging by COL and COL-Au Nanoparti-

cles

By using the MTT assay, NPs’ photodynamic anti-cancer effect was demonstrated
on the MCF-7 cell line. Along with the results of the MTT assay, in addition,
the results and interaction between cells and NPs were approved with confocal
laser scanning microscopy (CLSM), and cellular imaging application was exam-
ined. As the NPs have fluorescence properties by nature, they can be favorable
to use directly for cellular imaging or image-guided PDT for cancer treatment.
Confocal laser scanning microscopy (CLSM) was used to compare NP-treated
and untreated cells to determine whether or not NPs may be absorbed by MCF-7
cells, as shown in Figure 3.12. After 21h incubation of cells on microscope slides,
they were treated with 6.2 ntM of NPs for 72 h. Moreover, the white light was
applied for 20 min to light groups. Then, by adding DAPI nucleus of the cells
was stained. When excited by a 461 nm laser, DAPI produces blue fluorescence
emission, whereas COL-Au produces red fluorescence when excited by a 480 nm
laser. As proven in Figure 3.12, the cellular uptake of COL-Au was concentrated

primarily surrounding the nuclear membrane.

COL
g ym 73 .

Figure 3.12: CLSM images of non-treated MCF-7 cells, COL-treated cells and
COL-Au-treated cells.

COL-Au

Control

Dark

Light
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3.2 Chlorophyll and Chlorophyll Nanoparticle

3.2.1 Characterization of Chlorophyll

The chlorophyll was obtained by following the procedure indicated in Section
2.3.1, as shown in Figure 3.13.

(1) Filration P Separation of two
2) n-Hexane/water '
EtOH @ 4 phases L . n-Hexane phase

Overnight n\.‘ 3
Fresh spinach il
P Removed I Silica gel

(1) Stirring
(2) Seperation

e (1) Filtration o H 2

g (2) Evaporation Chlorophyll adsorbed

Chlorophyll by silica gel seeds

Figure 3.13: Schematic display of the extraction of chlorophyll from spinach leaf.

Extracted chlorophyll contains a mixture of chlorophyll a and chlorophyll b and
a minor amount of pheophytin a and pheophytin b. (Figure 3.14) Chlorophyll is
made up of four pyrrole rings that are linked together structurally by a magnesium
ion and a long hydrophobic alkyl chain. The difference between chlorophyll a and
chlorophyll b is the functional group. While chlorophyll a has a methyl group
(-C'Hj), chlorophyll b has a formyl group (-CHO). Moreover, pheophytin a and
b are oxidation products of chlorophyll (Mg in the center is gone).

Figure 3.15 displays the FT-IR spectra of the spectral interval within the
4000-400 em~* wave band. FTIR spectra showed the vibration functional group
C-Hs and C-H, of chlorophyll around 2920 cm-1 and 2850 ¢m ™!, respectively.
Moreover, chlorophyll revealed broad adsorption centralized at 3400 cm~! for its
hydroxyl group. The appearance of a strong peak at 1735 ¢m ™! account for the
vibration of the ester group C=0. Additionally, the C-N vibration of porphyrins
at 1644 ¢cm~! and the C-O vibration at 1045 c¢m ™' were recorded. When the
results were compared with the literature spectra, the main peaks obtained from
functional groups are similar only with a small difference that is caused by the
type of the plant and the procedure used to extract [67]. Also, it can be said

that chlorophyll is extracted successfully since there is a high overlapping with
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Figure 3.14: The chemical structure of Chlorophyll a, Pheophytin a, Chlorophyll
b, Pheophytin b. [66]

peaks of literature spectra.

The ESI-MS spectra showed the presence of both chlorophyll a (Ma) and
chlorophyll b (Mb) in the final product with their molecular weight, Ma:
Cs5H7505NyM g, and Mb: Cs5H7oM gN4Og respectively.

After proving the presence of both chlorophyll a (Ma) and chlorophyll b (Mb)
in the final product with their molecular weight by mass spectroscopy. The
following confirmation was performed by 'H-NMR spectroscopy and is shown in
Figure 3.16. In Figure 3.17, a triplet of an olefinic proton is seen at 5.31 ppm,
and so assigned to P2. Two multiplets are seen at 4.50 ppm (1H) and 4.47 (2H).
The former couples with the doublet of the methyl group give a peak at 1.74
ppm, and this is assigned to H-4. The signal at 4.14 ppm (1H) is attributed to
H-3 because it couples with a multiplet at 2.39 ppm. The signal of a methyl
group at 1.73 ppm interacts with a multiplet from two protons at 3.79 ppm. The
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Figure 3.15: FT-IR spectra of chlorophyll.

ethyl group on C-8 is responsible for these resonances. At 3.8 ppm, 3.50 ppm
and 3.3 ppm, and 3.2 ppm four methyl group signals appear as singlets and are
assigned to 21, 18!, 8!, and 13! respectively. The reason for this can be set out
by the chemical shift of the carbon atom, and attributed to methoxy group H-
21. The chemical shifts belonging to the other three molecules are located on a
double bond. A proton multiplet at 2.6 ppm and 2.315 ppm belongs to the same
C-atom and is assigned to the H-3!. Equivalently, the multiplets at 2.3 ppm and
2,089 ppm are related to the same C-atom and are allocated to the H-3% protons.
The allylic methylene group and methylene group in Phytane are recorded with a
multiplet at 1.9 ppm and 1.29 ppm. Lastly, the solvent peak is seen at 7.269 ppm.
Although 'H-NMR spectrum is not pure, when main peaks were compared to the

literature, the results show that the extraction is accomplished successfully.

3.2.2 Preparation and Characterization of Chl and Chl-

Au Nanoparticles

Chlorophyll nanoparticles were prepared by conducting the same procedure used

to prepare conjugated oligomer nanoparticles.

As depicted in Figure 3.18, the hydrodynamic diameter of Chl NPs was
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Figure 3.16: ESI-MS spectra of the corresponding chlorophyll a and chlorophyll
b.

5 16 6 9! Solvent P2 3t 32

TR , 3.8 ppm -> 212
\. . X |‘ I |, 3.5ppm -> 181 ool
=5 2 2 3x3T = < 33ppm->8l = A8 LGS 3
e szppm->13t T Y 7T
L T Y iy R RY, |
SRR T R T T i e i R e e T
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recorded at around 80 nm. On the other hand, the zeta potential of the Chl
nanoparticle in water was -43.1 mV at 25°C'. The reason for the negative

(—potential is negative charges on the nanoparticles.

Similarly, as the chlorophyll was conjugated with gold, Chl-Au NPs were
recorded to have a hydrodynamic diameter at around 88.27 nm, and the mea-
sured zeta potential value is -50 mV. Shaimaa Alexeree et. al reported that
chlorophyll b is negatively charged and the zeta potential value of chlorophyll
b - gold nanoparticle conjugation is around nearly -30 mV [52]. However, the
zeta potential of chlorophyll conjugation with gold nanoparticles was measured
as approximately -51 mV because extracted chlorophyll contains both Chl a and
Chl b. The gold nanoparticle binds the magnesium ion at the center of Chl a
and increases the surface area and negative charges, gold nanoparticle makes a

connection with Chl b through the formyl group and is so encapsulated by Chl
b.
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Figure 3.18: a) DLS histogram of CHL, b) DLS histogram of CHL, c) Zeta
measurement result of CHL d) Zeta potential value of CHL-Au.

The stability of Chl and Chl-Au Nps in water was evaluated by measuring

52



zeta values and hydrodynamic sizes for 30 days. The results revealed that the
nanoparticles can maintain their stability in aqueous media for quite a long time,

as displayed in Figure 3.19.
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Figure 3.19: (a) Average hydrophobic size distribution and (b) Average zeta
potential values of Chl and Chl-Au in aqueous media for 30 days.

TEM and SEM were also used to analyze the morphology of Chl and Chl-
Au. The TEM images obtained for both nanoparticles are not satisfying and
the intended images could not be reported. According to SEM and TEM im-
ages represented in Figure 3.20, chlorophyll has a spherelike and four-leaf clover
shape with different sizes. In Figure 3.20d, the grey parts indicate nanoparticle
solution and the shiny parts display gold nanoparticles. This means that the
gold nanoparticles were encapsulated by chlorophyll properly without causing

agglomeration.

3.2.3 Photophysical Properties and ROS Generation
Ability of Chl and Chl-Au Nanoparticles

Figure 3.21 displays the absorption spectra of Chl and Chl-NPs nanoparticles.
The main absorption peaks are the intense Soret band (B-bands) of Chl at about
415 nm and 453 nm. The O-bands, absorption value of the ground state to the
first state transition, is around 642 nm and 670 nm. Similarly, both B-bands and
Q-bands of Chl are maintained for Chl-Au NP. On the other hand, the peak at

around 530 - 550 nm is characteristic of the gold nanoparticles’ surface plasmon
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Figure 3.20: SEM images of (a), (b) chlorophyll and TEM images of (¢) Chl and
(d) Chl-Au nanoparticles.
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resonance. Vito Rizzi et all. examined photoactivity and photostability of chloro-
phyll a, and reported that chlorophyll a nanoparticle has two absorption peaks
at 417 nm and 662 nm [68]. Similarly, Shaimaa Alexeree et all. studied photo-
dynamic therapy applications of chlorophyll b-gold nanoconjugate, and reported
that chlorophyll b has 4 main absorption peaks at around 415 nm and 453 nm
with high intensity and 642 nm and 670 nm with lower intensity [52]. Moreover,
in both of the studies, the characteristic absorption peak of Au nanoparticles
was measured at around 520 nm. With the comparison of literature and ex-
tracted chlorophyll, the extraction was held successfully and both chlorophyll a
and chlorophyll b give main peaks clearly.
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Figure 3.21: UV-vis absorbance and fluorescence emission spectrum of
chlorophyll-based nanoparticles.

Since fluorescence emission value depends on the absorption wavelength, the
measured absorbance values were used to excite nanoparticles. The chlorophyll
fluorescence emission spectrum ranges from 640 nm to 750 nm; has two apparent
peaks in the red region at around 680 — 690 nm and in the far-red region between
700 and 740 nm. These peaks can be observed for both Chl NP and Chl-Au NP,
when the nanoparticles were put under the excitation of 407 nm and 404 nm,
respectively. The indication of gold is believed to be around an emission wave-
length of 550 nm, which can be seen from these Chl-Au NPs. Even at a lower
intensity, this nanoparticle is still able to produce emissions in the red region at
around 680 nm and in the far red at 730, attributed to the presence of chloro-
phyll. As reported in the literature previously, the fluorescence emission spectrum

of chlorophyll b - gold nanoparticle conjugation was measured in the red region
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at around 682 nm and in the far-red region at 745 nm [52]. Moreover, the fluo-
rescence emission spectrum chlorophyll a - gold nanoparticle conjugation has two
main peaks at 667 nm and 725 nm [68]. According to these studies, the obtained
fluorescence and absorbance values of the prepared chlorophyll nanoparticle and
chlorophyll with gold conjugation were similar to the literature that promotes

successful results.

It is commonly known that chlorophyll has relatively long-living excited states
and is quite effective at absorbing light. In the presence of light, singlet chloro-
phyll that has been excited directly results in the creation of the highly reactive
triplet chlorophyll. In this regard, the Chl-NP and Chl-Au NP efficiency of ROS
generation under white light illumination (1mW/cm?) was carried out using the
DCFH-DA assay. As the 2,7-dichlorofluorescein (DCFH) was exposed, a very
weak emission peak was obtained at 524 nm due to the auto-oxidation of DCFH
to DCF. The addition of nanoparticles to the solution has caused illumination
to produce the peak intensity at 524 nm with significant raise and continued to
increase progressively over the lighting period. These results proved that both
Chl-NP and Chl-Au NP have the potential as photosensitizers with fairly high
ROS generation capability just under the small flux of white light. Comparing
the ROS production capabilities of Chl-NP and Chl-Au NP, higher photolumi-
nescence intensity was recorded and with the exposure of light, the redshift was
observed. This might be attributed to the effect of metal-enhanced ROS gener-
ation of gold nanoparticles, a raise in intra-and interchain reactions, high order
aggregation, and effective energy transfer to lower energy emitting states. The
light-activated ROS production ability of Chl and Chl-Au, and DCFH oxidation
of blank have shown a continuous raise in the peak intensity with the applica-
tion of white light, and the peak intensity hit approximately 900 and 1000 for
Chl and Chl-Au. These results indicate that these nanoparticles display notable
light-activated ROS generation capability (Figure 3.22).
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Figure 3.22: (a) Fluorescence spectra of DCF at 524 nm for Chl NP under white
light. (b) Fluorescence spectra of DCF at 524 nm for Chl-Au NP under white

light.

3.2.4 Examination of Cytotoxicity and Phototoxicity of
Chl and Chl-Au Nanoparticles on E. coli and S. au-

reus

Following the discovery that Chl and Chl-Au nanoparticles have a large yield
of ROS production, their light-induced biocidal activity was investigated. Since
gram-negative bacteria are responsible for the vast majority of infectious dis-
eases, they were selected as a representative organism for this reason. S. aureus
(a gram-positive bacteria) was also taken into consideration in order to qualify
nanoparticles as a broad-spectrum antibacterial agent. The interactions between

nanoparticles and S.aureus and E. coli were investigated.

Firstly, the minimum inhibitory concentration (MIC) value was established in
the dark and under white light exposure with a flux of 20mW/cm? treating E.
coli with concentrations varying from 2.21 pM to 20 pM and from 1.19 pM to 17
M in order to determine the best concentration range of Chl and Chl-Au for the
inactivation of E. coli, respectively. Their optical density at 600 nm ((ODsgg))
was recorded after the nanoparticle-treated bacteria and the non-treated control
group were maintained in both light and darkness. Information regarding the
development of microorganisms is derived from the (ODggo) data. It is a sort

of turbidity measurement that uses an absorbance detection method to quantify
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scattered light. More light will be dispersed by the bacteria the more there are
in the solution. The lowest concentration of an antimicrobial agent that prevents
microorganisms from growing visibly is known as the MIC value. According to
the MIC determination study, there is not any significant difference in the effect of
different dosages of nanoparticles against E. coli in the dark. On the other hand,
the data under photoirradiation showed that the antimicrobial effectiveness was
improved by light illumination. Although the OD values were decreased to 0.569
nm and 0.427 nm by treating with Chl and Chl-Au, a more progressive reduction

has been expected with increasing concentration. (Figure 3.23 )
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Figure 3.23: MIC assay of Chlorophyll-Au (a) in the dark and (b) under the
white light and MIC assay of Chlorophyll (c¢) in the dark and (d) under white
light exposure in comparison to the control groups.

After estimating the possible MIC value which is 8.60 nM for Chl and 7.49 utM
FOR Chl-Au, the nanoparticle’s photodynamic antibacterial activity was studied
in darkness and with light illumination using the surface plating method. The
colony forming unit (CFU) values were calculated and shown in Figure. With 20
min light exposure, the reduction from 7.6 to 7.1 and 6.91 for Chl and Chl-Au
was recorded and shown in Figure 3.24. However, in the dark the reduction is

small. Although nanoparticles have a killing effect on bacteria, the results were
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not as expected. The reason for this might be the poor solubility of chlorophyll
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Figure 3.24: a) Agar plate images for E. coli treated with nanoparticles and non-
treated control in the dark and under light b) Bacterial killing performance of
nanoparticles toward E. coli under light exposure.

Additionally, in order to analyze the further photodynamic antibacterial ac-
tivity of nanoparticles the agar disk diffusion assay was conducted in the dark
and with light exposure for 20 min. Figure 3.25 compares the plate images from
the agar disk diffusion assay with the accounting for graphs of the inhibition zone
radius for nanoparticles and ampicillin against E. coli. According to the find-
ings of the agar disk diffusion method, ampicillin had an inhibition zone radius
of approximately 7 mm both in the dark and under the light. The inhibition
zone under light irradiation was measured as 4.80 mm and 6 mm while 2.75 mm
and 3 mm were measured for dark conditions for chlorophyll nanoparticles and
chlorophyll gold nanoparticle conjugation respectively. This outcome confirms
our earlier observations that these nanoparticles show minimal dark cytotoxicity
nevertheless, the killing efficiency they showed toward bacteria is not as expected

and remained at the 6 mm inhibition zone.

Scanning electron microscopy was used to better explore the interactions be-
tween nanoparticles and microorganisms (SEM). SEM is a trustworthy method
for analyzing the morphology of bacteria in contact with any antibiotic substance.
SEM pictures of E. coli that had been exposed to 8.60 pM for Chl and 7.49 pM
FOR Chl-Au of nanoparticles both in the dark and under light were taken. E. coli
cells treated with Chl and Chl-Au in the dark are shown below in Figure 3.26. It
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Figure 3.25: a) Plate photographs of agar disk diffusion assay of Chl and Chl-
Au nanoparticles towards E. coli (indicated with blue) and ampicillin (indicated
with red and black) in the dark and under light exposure. b) The corresponding
inhibition zone radius graph of E. coli. Multiple paired t-test was conducted
to compare results for the considerable differences between groups. (*** and
*HH% demonstrate a remarkable difference between groups with p < 0.001 and
p < 0.0001, respectively).

is evident from the photographs that the majority of the E. coli were rod-shaped.
Unlike the case exposed to light, their cell walls kept their flat surfaces. The sur-
face of the bacteria treated with NP collapsed. Similarly, with the illumination
of white light, the shapes of S. aureus were disrupted and the deterioration of the

cell wall is obviously seen in the image for Chl-Au. (Figure 77 )

3.2.5 Examination of Cytotoxicity and Photocytotoxic-
ity on the MCF-7 Cell Line of Chl and Chl-Au

Nanoparticles

The same results both with the literature and Chl nanoparticle were recorded.
Chl-based nanoparticles significantly affect the MCF-7 cell line’s cytotoxicity.
While the cell viability of Chl nanoparticles at lower concentrations was high for
the dark group, the cell viability declined with increasing concentration. This
is hardly a substantial reduction, though. On the other hand, the MCF-7 cells
displayed a striking reduction in cell viability when exposed to light. Figure 3.28
shows that even with 2.488 1M of Chl nanoparticle, there was a notable reduction

when comparing samples treated with nanoparticles to the control group. Similar
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Figure 3.26: SEM images of E. coli treated with Chl and Chl-Au and non-treated
in the dark and under white light exposure (20mW/cm?) for 20 min.
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Figure 3.27: SEM images of S. aureus treated with Chl and Chl-Au and non-
treated in the dark and under white light illumination (20mW/cm?) for 20 min.
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outcomes with a larger reduction in cell viability were seen for the MCF-7 cells
treated with Chl-Au. Shaimaa Alexeree et all. reported that Chl b - Au NPs
display a higher lethal effect on MCF-7 cell lines with an 80 % reduction under
light irradiation and a 30 % reduction in the dark [52]. These results are much
more promoting than our extracted chlorophyll nanoparticles. There might be
two explanations for this; one of them is the composition of nanoparticles which
resulted in the different connection between cellular walls; extracted chlorophyll
contains both chlorophyll a and chlorophyll b; and also the preparation method

of nanoparticles influences the results.
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Figure 3.28: Relative cell viability (%) of Chl and Chl-Au against MCF-7 breast
cancer cells at different concentrations in the dark and under light irradiation
(20mW/em?, 20 minutes). 2-way ANOVA multiple comparison tests were per-
formed to compare results for the considerable differences between groups. (**
and **** express a remarkable difference between groups with p < 0.0024 and
p < 0.0001, respectively).

3.2.6 Cellular Imaging by Chl and Chl-Au

The MCF-7 cell line was utilized to demonstrate the photodynamic anti-cancer
impact of nanoparticles using the MTT assay. Confocal laser scanning microscopy
(CLSM) was used to validate the MTT assay results and the interaction between
cells and NPs. The NPs’ inherent fluorescence qualities make them advantageous
for application in image-guided PDT for cancer treatment or direct cellular imag-
ing. To ascertain whether or not nanoparticles may be absorbed by MCF-7 cells,

confocal laser scanning microscopy (CLSM) was employed to compare NP-treated
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and untreated cells, as shown in Figure. The same applied to COL nanoparticles
procedure was followed. DAPI emits blue fluorescence when excited by a 461 nm
laser, whereas Chl and Chl-Au emit red fluorescence when excited by a 404 and
407 nm laser, respectively. The cellular absorption of nanoparticles was largely

focused around the nuclear membrane, as seen in Figure 3.29.

Control Chlorophyll Chlorophyll-Au

0 pm .

Figure 3.29: CLSM images of non-treated MCF-7 cells, Chl-treated cells and
Chl-Au-treated cells.
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Chapter 4

Conclusions and Future Works

Hereby, two different nanoparticles and their hybrid conjugation with gold
nanoparticles were prepared successfully and their applications in a variety of
nanomedicine fields comprising antimicrobial and anticancer PDT and cellu-
lar imaging were also demonstrated. Moreover, despite the fact that the gold
nanoparticle was used to investigate photothermal therapy applications, the re-
sults were not satisfying therefore the photothermal effect of gold nanoparticle
was ignored. Also, since gold nanoparticles displayed metal-enhanced ROS gener-
ation ability and provide higher efficiency, their effect was reported in this study.
Firstly, in water, the stability of COL and COL-Au nanoparticles was recorded for
a month without any seeable aggregation. Although they expressed high reactive
oxygen species (ROS) production capacity the results for antibacterial applica-
tions were not as expected. The killing efficiency of nanoparticles was compared
to ampicillin which has a 7 mm inhibition zone and the radius of the inhibition
zone was measured as 4 mm and 5 mm for COL and COL-Au, respectively. Also,
SEM was used to demonstrate the interaction between nanoparticles and bacterial
cells. The aggregation of nanoparticles was observed in SEM images. Although
better interaction and higher killing efficiency were obtained with the conjugation
of gold nanoparticles, these nanoparticles did not exhibit higher efficiency com-

pared to antibiotics. Future studies will be focused on modifying the conjugated
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oligomer with re-synthesizing to solve both precipitation problems in the bac-
terial suspension and increase the killing effect against both Gram-positive and
Gram-negative bacteria for both of the nanoparticles. Also, structure engineer-
ing of them will be required to enhance responsiveness with stimulation for active
targeting and increasing photodynamic effect against antibacterial applications.
On the other hand, COL demonstrated high killing efficiency under 20 min light
illumination, and the reduction in the cell viability was recorded as 58 %, and
displayed 18 % dark cytotoxicity. The higher reduction rates, 72 %, in the cell
viability was recorded for COL-Au nanoparticles, with 40 % dark cytotoxicity.
Although COL-Au has higher killing efficiency with light illumination, it is not a
good photosensitizer because a good photosensitizer should have high killing effi-
ciency with a little dark cytotoxicity. Secondly, in water, the stability of COL and
COL-Au nanoparticles was recorded for a month without any seeable aggrega-
tion. Despite the poor solubility of chlorophyll in aqueous solutions, as indicated
in the literature [69], water-dispersible nanoparticles were prepared by the nano-
precipitation method, and stability in an aqueous solution was obtained. After
proving their high ROS generation ability, their antibacterial applications were
studied against E. coli and S. aureus. By applying the surface plating method, a
reduction up to 2.8-log and 2.33-log in colony-forming units (CFUs) was reported
under light exposure for Chl-Au and Chl nanoparticles, respectively. On the other
hand, 0.32-log and 0.15-log reductions in colony-forming units (CFUs) were mea-
sured under dark conditions. Furthermore, the inhibition zone of Chl and Chl-Au
was measured as 4 mm and 5 mm. Also, the collapsing of the bacterial surface
with light illumination was revealed by SEM images. However, it was expected to
reach 7 mm like ampicillin. The reason for this might be poor solubility of chloro-
phyll in an aqueous medium might also affect and decrease killing efficiency. For
anticancer photodynamic therapy applications, MCF-7 breast cancer cells were
treated with these nanoparticles in the dark and under white light illumination
for 20 minutes, and the reduction in cell viability was recorded with 50 % and
60 % reduction for light illumination, and 24 % and 36 % reduction in the dark
for Chl and Chl-Au nanoparticles, respectively. Furthermore, the results display
that the Au nanoparticles could increase the uptake, solubility, and PDT effect of

nanoparticles. Also, the uptake of nanoparticles strongly and high efficiency were
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verified by confocal microscopy. Since both of the nanoparticles showed higher
levels of light-induced biocidal activity and relatively low dark cytotoxicity, they
can be examined on other cancer cell lines. Furthermore, due to their naturally
fluorescent qualities, they were also used in cellular imaging, and this property

holds tremendous promise for image-guided PDT and drug delivery applications.
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