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Abstract

This thesis reports on the synthesis, characterization, photophysiochemical
properties of morpholine substituted symmetrical and asymmetrical porphyrins.
The synthesized porphyrins are conjugated to cancer selective biomolecules
(folic acid and biotin) which are linked to nitrogen doped graphene quantum
dots, as potential photosensitizers for photodynamic therapy (PDT). The
symmetrical morpholine porphyrin complexes 2 (Sn(lV) 5,10,15,20 tetra-4-
morpholinyl porphyrin) and 3 (Zn 5,10,15,20 tetra-4-morpholinyl porphyrin) had
the same substituent but different central metals, and they were both
conjugated to biotin decorated nitrogen doped graphene quantum dots (B-
NGQDs), however complex 2 (Sn(I1V)5,10,15,20 tetra-4-morpholinyl porphyrin)
was conjugated to B-NGQDs through an ester bond and complex 3 (Zinc
5,10,15,20 tetra-4-morpholinyl porphyrin) through m-m stacking. The effect of
asymmetry was studied by comparing complex 3 (Zn 5,10,15,20 tetra-4-
morpholinyl porphyrin) and complex 5 (Zn 5- bromophenyl-10-15-20-(tris-4-
morpholinyl) porphyrin). Complex 5 (Zn 5- bromophenyl-10-15-20-(tris-4-
morpholinyl) porphyrin) was an asymmetric porphyrin with morpholine and
bromine as substituents. It was observed that asymmetry enhances singlet
oxygen quantum yield and PDT activity. It was alsoobserved that folic acid is a
better targeting biomolecule when compared to biotin, and this was studied by
comparing complex 3 conjugated to B-NGQDs and complex 3 conjugated to folic
acid decorated nitrogen doped graphene quantum dots (FA-NGQDs). 3-FA-
NGQDs had a better cellular uptake and PDT activity.
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Problem statement

Photodynamic therapy (PDT) has been developed over the past decades as an alternative
treatment for cancer, as it has many advantages compared to traditional therapies like
chemotherapy [1]. This technique requires a photosensitizer (e.g. porphyrins), visible light of

the appropriate wavelength to produce reactive oxygen species that eradicate diseased cells

In this thesis, porphyrins will be conjugated to nitrogen doped graphene quantum dots
decorated with cancer selective biomolecules (folic acid and biotin) with the aim of reducing
aggregation, enhancing solubility and physicochemical characteristics. At present, PDT is
being tested in the clinics to treat cancers of the head and neck, brain, lung, pancreas, breast,
prostate, and skin [2]. However, in this thesis PDT will be tested on Michigan Cancer

Foundation -7 (MCF-7) breast cancer line.
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CHAPTER 1

INTRODUCTION

1.1 Photodynamic therapy (PDT) background

Photodynamic therapy (PDT) is a minimally invasive treatment modality for diseased cancer
cells, which uses laser light of appropriate wavelength (ideally at the maximum absorption of
the photosensitizer), and a viable photosensitizer (PS) (such as porphyrin) to generate
cytotoxic reactive oxygen species (ROS, including singlet oxygen) that eradicate diseased cells
[3, 4]. A good PS for PDT must possess the following properties: minimum dark toxicity, be
able to generate singlet oxygen and other ROS, be selective to cancer and have strong
absorption with high extinction coefficient in the red/ near infrared region of the

electromagnetic spectrum (600-800 nm) to allow deeper tissue penetration by light [5].

The mechanism behind porphyrin photosensitization during PDT is shown Fig. 1.1 The PS is
introduced to the tumour cells, followed by irradiation with light of appropriate wavelength
(at Amax of the PS). Upon the irradiation, the PS in the ground state (So) absorbs energy to

occupy the first excited state (*S,).

12



Fig. 1.1. Schematic illustration of photodynamic therapy on cancer cell. So ground state, *S;
first excited state, ISC = intersystem crossing, ROS = reactive oxygen species,'O; singlet

oxygen, 30, ground state molecular oxygen.

The PSin the *S; may fluoresce back to S, or may undergo Intersystem crossing (ISC) to occupy
triplet state. The PSin triplet state may generate ROS through either type | or type Il reactions.
Type | reaction involves direct transfer of electron or proton from the PS or biomolecule in
the triplet state to an oxygen molecule which results in the formation ROS. Type Il reaction
involves the transfer of energy from PS in the triplet state to the ground state molecular
oxygen (102) resulting in the generation of singlet oxygen. Type Il is assumed for PDT. In this

work porphyrins will be used as photosensitisers.

13



1.2 Porphyrins

1.2.1 Background

The word porphyrin is derived from Greek porphura meaning purple [6], and in 1912 the first
structure of porphyrin was proposed by Kiisher [7]. A porphyrin is a heterocyclic macrocyclic
organic compound that is made of 4 pyrroles that are joined at their alpha («) carbon atom
by methane bridge (=CH-), as shown in Fig. 1.2. There are a total of 26 m electrons in
porphyrins, of which an extended conjugated 18 m -electrons form a planar continuous
system responsible for its aromatic behaviors [8]. Porphyrins are stable molecules that can
coordinate metals. There are different types of substitution points on a structure of a

porphyrin (Fig. 1.2), the 8- a, and meso positions.

Fig. 1.2. Schematic representation of (A) free base porphyrin macrocycle with beta (8), alpha

() and meso structural positions and (B) metalated macrocycle with an axial ligand.

The - substituted porphyrin closely resemble naturally occurring porphyrins, @ and the meso
substituted porphyrin have no direct biological counterparts but have found wide applications
as biomimetic models and as useful components in material chemistry [9]. The choice of
substituent on a porphyrin depends on the application. Synthetic porphyrins can be used for

clinical applications such as in PDT and photodynamic antibacterial chemotherapy (PACT)
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agents [10], in catalysts for bleaching of industrial dyes [11], and as protective agents in
nonlinear optical limiting, etc [12]. In this study novel morpholine porphyrins are employed

for PDT to address the issues associated with specificity and selectivity of porphyrins.

1.2.2 Synthesis

There are several methods for synthesising porphyrins which will be discussed below and are

shown in Scheme 1.1.

H H 0
VA& N
+ Q|
CH;CH,CO,H @

Alder-Longo Pyridine Ruthermund and Menotti
140 °C,Reflux
220 °C, Ar
CH;CH,CO,H, p- chloramlme
O MW (100W, 30 °C ,1 min)
: 51.TFA, BF3.O(Et),/CHCI; rtAr O
D g CHZCIz, l, (10%)
2.DDQ . Microwave-
MW (100W, 30 °C, 20 min) assisted
Linsey

Scheme 1.1. Schematic representation of synthesis of a free-base porphyrin using different
methods under different reaction conditions; MW = microwave, r.t. = Room temperature, Ar =

Argon, TFA = Trifluroacetic acid, DDQ = 2,3-dichloro-5,6-dicyanobenzoquinone.

1.2.2.1 Rothermund and Menotti

In 1935 Ruthermund and Menotti were the first to synthesize meso-substituted porphyrin by
reacting pyrrole with benzaldehyde at high temperature for 24 h [13,14]. The conditions of

this synthesis resulted in low yields (approximately 10%).
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1.2.2.2 Adler and Longo

To overcome the low yield challenge, in mid-1960’s Adler and co-workers modified the
Ruthermud reaction by allowing the pyrrole and benzaldehyde to react for 30 min in refluxing
propanoic acid (141 °C) in air [15,16]. This resulted in porphyrin yields of up to 20%, however
not all types of aldehydes can be used with this method as some aldehydes are sensitive to
acids. Aldehydes that had acid sensitive functional groups like hydroxyl, thiol and amino group
did not form desired product with this method [17]. This method was used in this thesis to

synthesize a symmetric porphyrins.

1.2.2.3 Lindsey and co-workers

Lindsey and co-workers developed the synthesis of porphyrin under mild conditions that can
accommodate aldehydes with acid sensitive functional group [18]. In this method equal
amounts of pyrrole and benzaldehyde are employed in the presence of acid catalyst usually
trifluoroacetic acid (TFA) or boron trifluoride etherate (BF3.OEt;) and using dichloromethane
as a solvent at room temperature under an inert atmosphere to form porphyrinogen
intermediate. The porphyrinogen intermediate is converted to a stable aromatic porphyrin by
an addition of oxidant normally p-chloranil or 2,3-dichloro-5,6-dicyno-1,4-benzaquinone

(DDQ) [19]. This method was in this thesis to synthesise an asymmetric porphyrin.

1.2.2.4 Microwave-assisted and other methods

Zurroaki and co-workers developed microwave assisted synthesis for meso substituted
porphyrins. This method is performed by reacting pyrrole, benzaldehyde, in dichloromethane
(DCM) in 10% molar equivalent of iodide in a microwave, followed by addition of p-
chloranaline [20]. The method resulted in an increased of yield (approximately 47%) and
decrease in reaction time [21]. Various microwave-assisted and solvent-free synthetic
procedures have been reported and possess relative high yields within a short period of time

without condensation or distillation processes [21,22].

1.2.2.5 Synthetic methods employed in this thesis

16



Symmetrical meso substituted porphyrins are popular and easy to prepare, and the general
synthetic route involves condensation of pyrrole in the presence of the desired aldehyde to
form the tetra-substituted porphyrin (symmetrical porphyrin). In this work Alder-Longo
method was employed for synthesis of symmetric porphyrin. Asymmetrical meso substituted
porphyrin follows the same synthetic route as the symmetric porphyrin but employs two
types of aldehydes (A and B) and pyrrole in Scheme 1.2. The molar ratios of the two aldehydes
usually used are 1:3 (A: B) [23,24], this type of molar ratio reduces the probability of forming
symmetrical porphyrin. However, there is a probability of forming six porphyrin derivatives
(Scheme 1.2.) when using this molar ratio, but various separation techniques such as column
chromatography can be used to extract the porphyrin of interest from the crude product. In
this work, 1:3 molar ratio of aldehydes was used to synthesise meso substituted asymmetrical
porphyrin. Lindsey method was employed in this work to synthesise asymmetric substituted

porphyrin.
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Reflux | CH;CH,CO,H

AAAB (A;B)

ABBB (AB;) BBBB ABAB cis-(A;B;)

Scheme 1.2. General types of asymmetric porphyrins and their analogues

1.2.3 Electronic absorption spectroscopy

The UV-visible spectra of porphyrins consist of two different regions.

Porphyrins are characterized by two types of bands the Soret (B) band and Q bands. The
absorption of Soret band ranges from 380-500 nm. The Q-bands show peaks in the range 500-
700 nm. In the presence on central metal the four Q bands of free base porphyrin collapse
and merge to two [25]. The typical UV-Visible absorption spectrum of a porphyrin is
represented by the Fig 1.3 (A).

18



Fig. 1.3 UV-Visible spectra of a free base and metallated porphyrin (A) and (B) electronic

transitions showing the origin of B (soret) and Q band of porphyrin.

According to Gouterman’s theory Fig 1.3, (B), absorption bands in porphyrins are due to
transitions between two highest occupied molecular orbitals (HOMOs), and lowest
unoccupied molecular orbital (LUMO). The Soret band is from a1, to eg, and the Q band from

az, to eg [26].
1.2.4 Photophysical and photochemical parameters of porphyrins

Photophysical and photochemical properties are important in determining the potential

applicability as PS for PDT.
1.2.4.1 Fluorescence quantum yield and lifetime

The fluorescence quantum yield (¢f) can be defined as the ratio of the number of photons

emitted through fluorescence to the number of photons absorbed [27,28] Equation 1.1.
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number of photons emmited

¢F =

= Equation 1.1
number of protons absorbed q

However, in this work a comparative method (Equation 1.2) was used to determine
fluorescence quantum yields as reported in literature [29], using zinc tetraphenylporphyrin

(ZnTPP) as a standard with (pet = 0.303) in DMSO [30].

F AStdp?
dF = Pt X A (o) Equation 1.2
Where ¢t is the fluorescence quantum yield of the standard, F and F*' are the areas under
the fluorescence curve for sample and standard, respectively. A and A% are the absorbance
of the sample and standard, respectively. n and n*¥ are the refractive indices of solvent used
for sample and standard, respectively. Fluorescence lifetimes (tf) can be defined as the
average time the excited photon takes to relax back to the ground state through fluorescence.

Tr values were determined using time-correlated single photon counting (TCSPC).
1.2.4.2 Singlet oxygen

The magnitude of singlet oxygen quantum yield ( ¢, ) depends on the efficiency of molecule
to transfer the absorbed energy to ground state molecular oxygen (*0) to generate singlet
oxygen (10,). Singlet oxygen is one of the most reactive intermediates involved in chemical
and biochemical process of various reactions and is responsible for light induced oxidative

destruction of malignant cells [31].

In this work, the chemical method was used for the determination of ¢,, using 9,10-
dimethylanthracene (DMA) as a quencher. The ¢, was calculated using Equation (1.3) [32],
using ZnTPP ( ¢p=0.53) as a standard [33].

B.IStd .
Pp = d3H x S Equation 1.3

where ¢, and c])th are the singlet oxygen quantum vyield of the sample and standard
respectively, B and B% are the photobleaching rates of the singlet oxygen quencher (DMA) in
the presence of the photosensitizer (porphyrin) and the standard, respectively. | and 15 are

the rates of light absorption by the sample and standard, respectively.

1.2.4.3 Triplet lifetimes (77)

20



Triplet lifetimes (77) can be defined as the amount of time the excited molecules exist in the
triplet excited state. In this work, Tt were obtained by exponential fitting the kinetic curves

using the ORIGIN 8 professional software.
1.2.5 Different ways of enhancing photo-physiochemical properties

Several modifications can be done on porphyrins to enhance their photo-physiochemical

properties.
1.2.5.1 Central metal

The use of central metals such as (tin, zinc, indium, and etc.) can improve the photo-
physiochemical properties through heavy atom effect which stimulate intersystem crossing

to triplet excited state [34]. In this work, Sn and Zn are employed as central metals.
1.2.5.2 Substituents

The substituents on the porphyrin also contribute to the photo-physiochemical properties,
substituents such as bromide and sulfur are reported to have internal heavy atom effect and
they increase the rate of intersystem crossing (ISC) which leads to higher singlet oxygen

guantum yields [35]. In this work Br is employed in the asymmetric porphyrin to enhance ISC.
1.2.5.3 Asymmetry

Asymmetrically substituted porphyrins also result in higher singlet oxygen quantum yield as
the asymmetry enhances triple state population [36]. Asymmetry enhances intersystem
crossing and consequently improve singlet oxygen quantum yields, hence asymmetrical

porphyrin is employed in this thesis.
1.2.5.4 Use of carbon nanomaterials

Carbon nanomaterials such as graphene quantum dots (GQDs) can generate singlet oxygen
and other ROS [37], and they also contain electron donating groups which are known to
increase the intersystem crossing in porphyrins-like complexes [38]. In this work carbon based
nitrogen doped graphene quantum dots (NGQDs) nanoparticles are employed with

porphyrins for PDT.
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1.2.6 Porphyrins used in this work

All the porphyrins that were synthesized and used in this work are outlined in Table 1.1 and

will be discussed below.

Table 1.1: Porphyrins employed in this work for PDT

New

Physicochemical and PDT

New

Physicochemical and PDT

o. (CH;0,)S0,

New

Physicochemical and PDT
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New

New

Physicochemical and PDT

Br  (CH302)SOy’

New

Physicochemical and PDT

1.3 Graphene quantum dots (GQDs)

Graphene quantum dots (GQDs) are carbon-based nanomaterials that are photostable,
biocompatible, soluble in aqueous and non-aqueous solvents, minimally toxic,

photoluminescent, and are excellent electron donors [39]. The presence of carboxyl and

23



hydroxyl groups on GQDs surface, and edges enable covalent attachment, electrostatic
interactions and hydrogen bonding with other suitable moieties [40]. GQDs have been
extensively used for targeting and delivery of therapeutic agents to the tumor sites [41].
Doping the GQDs with a heteroatom like nitrogen enhances the properties of GQDs. Doping
GQDs with nitrogen to form NGQDs not only increases the charge mobility of the graphitic
lattice, but also lowers the energy band gap [42], hence in this work the GQDs were doped

with nitrogen to form NGQDs.

The general structure of nitrogen doped graphene quantum dots (Fig 1.4) consists of different
types of nitrogen [43]. NGQDs are reported to show high surface area and high number of
aromatic rings which enhances their  system [44], and this will permit strong m — 7 stacking

interaction with the porphyrins leading to enhanced drug delivery in PDT.

Fig 1.4. Schematic structure of nitrogen doped graphene quantum dots highlighting different

positions of nitrogen’s on the structure.
1.3.1 Synthesis

GQDs can be synthesized using two different methods, top-down method, and bottom-up

method.

Top-down method involves the use of bulk materials such as graphite, graphene oxide etc.
that are subjected to harsh treatment to convert them to nanoscale, Scheme 1.3. Various
approaches may be used to form GQDs in top-down method such as hydrothermal,

solvothermal cutting process etc. [45].
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Cutting

LI

GQDs

Carbon sources

Scheme 1.3. Schematic representation of GQDs synthesized using top-down approach

Bottom-up method involves the use of small molecules as the starting material such as citric
acid, fructose and, etc. Various approaches may be used in bottom-up for these small
molecules to assemble and form GQDs such as microwave pyrolysis, hydrothermal treatment
and, etc (Scheme 1.4). The bottom-up method enables better control of size and shape of
GQDs [46]. In this work bottom-up method was used to synthesize the GQDs using citric acid

as starting material, and urea as doping material to form NGQDs [47].
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Citric acid

NGQDs

Scheme 1.4. Schematic representation of synthesis of nitrogen doped graphene quantum

dots using bottom-up method.

1.3.2. Bio-functionalized NGQDs

To improve the selectivity towards cancerous cells and drug efficacy, NGQDs can be

functionalized with biomolecules that have high selectivity. Hence in this work NGQDs were

functionalized with biotin and folic acid.
1.3.2.1 Biotin

Biotin is a micronutrient that is responsible for cell growth, but the demand for biotin is higher
in cancer cells than in normal cells, because of the abnormal growth and proliferation of
cancer cells [48]. Therefore, attaching biotin to NGQDs helps the drug to locate the cancer
cells. In addition, biotin receptors serve as promising biomarkers for cancer diagnosis and

specific therapy [49].

it

HN” "NH
H H
"y OH
S /\/\[r
(0]
Biotin

Fig 1.5. Schematic structure of biotin.
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1.3.2.2 Folic acid

Folic acid (FA) is a cancer targeting agent, allowing drug endocytosis via folate receptor (FR)
[50], therefore decorating the photosensitizer with folic acid will improve selectivity [51].
Folic acid receptor is overexpressed in epithelial cancer cells including lung, brain, kidney,
breast, and colon cancers. The properties of FR such as high binding affinity and small
molecular size enables it to deliver other types of complexes to cancer cells without causing
harm to normal tissues [52]. Conjugation of folic acid to macromolecules (e.g porphyrin) has

been shown to enhance their delivery to folate receptor-expressing cancer cells [53].

O

] NH
N OH
N N\ N
H
30 AREA
HoN N N
[¢]
Fig 1.6. Schematic structure of folic acid.

1.3.3 Conjugation of porphyrins to NGQDs/Biotin/Folic acid

The combination of porphyrin and GQDs has been reported to enhance cancer treatment
[54]. Porphyrins can be conjugated to NGQDs either through the formation of covalent bond
or non-covalent attachment. Covalent bond conjugation involves the use of functional groups
on the edges of the NGQDs to form a bond with suitable functional groups on the porphyrins.
For non-covalent attachment the porphyrins are loaded on the surface of NGQDs through -

Tt interactions.

Table 1.2 shows porphyrins (asymmetric and symmetric) which have been linked to folic acid,
biotin, and graphene quantum dots for PDT studies in literature [54-60]. The table shows that
mainly metal free porphyrins were employed. In addition, there are no studies on cationic
porphyrins that are linked to either of the biomolecules or GQDs. Cationic porphyrins can
electrostatically interact with the negative charges present on the tumor cell membranes,
facilitating penetration through membranes giving better results in PDT [61]. Hence cationic
porphyrins are employed in this work. Axially ligated porphyrins are covalently linked to the
biomolecules, or NGQDs for the first time in this thesis. The biomolecules employed: folic

acid and biotin are selective and specific PDT agents, as stated above.
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Table 1.2 List of porphyrins conjugated to biomolecules or graphene quantum

dots applied in PDT before.

Porphyrin

Nanoparticle/

Biomolecule

Bond

REF

O(CH,),NH,

Folic acid

[55]

Graphene quantum dots

(GQDs)

[54]

o
HNJ(
NH

H ! ]

¢

Oi
o OH

PEG-Biotin

Covalent

[56]
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[57]

[58]

[59]

[60]

PEG-GQDs
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1.3.4 Porphyrins and their corresponding conjugates used in this work

In this work symmetric and asymmetric porphyrins were synthesized and metalated with tin
or zinc to enhance their intersystem crossing to the triplet state. Biotin (B) was linked to
NGQDs by amide bond to form B-NGQDs, also folic acid (FA) was linked to NGQDs by amide
bond to form FA-NGQDs. The synthesized porphyrin complexes were further conjugated to
B-NGQDs and/ FA-NGQDs to enhance their target delivery towards cancerous cells. Tables
1.1, and 1.3 outline all the porphyrins used in this work and their conjugates, and all the

complexes used in this work are new.
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Table 1.3 Porphyrins and corresponding conjugates used in this work. All studied

for PDT.

Conjugate

Biomolecule/Nanoparticle

Interaction with

porphyrin

2-B-NGQDs
(New)

Biotin- Nitrogen doped graphene

quantum dots (B-NGQDs)

(New)

Covalent (amide)

bond

3-FA-NGQDs

(New)

Folic acid-NGQDs (FA-NGQDs)

(New)

nmn
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3-B-NGQDs
(New)

B-NGQDs

NH,

N=—
NH

——

T
(]

NH, OHO
3Q-FA-NGQDs
(New)

FA-NGQDs

nmn
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nmn

nmn

nmn

B-NGQDs

B-NGQDs

3Q-B-NGQDs

(New)

5-B-NGQDs

(New)

5Q-B-NGQDs
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(New)

B-NGQDs

1.4. Rationale

The effect of different factors that influences or enhances the PDT activity and photo-

physiochemical properties of the complexes were studied as follows:

o The effect of central metal was determined by comparing complex 2 and 3.

e The effect of positive charge was determined by comparing 3 with 3Q and 5 with 5Q.

e The effect of asymmetry was determined using 3 and 5.

e The effect of heavy atom of Br substituent was determined using 3 and 5.

e Biotin was compared with folic acid to determine which has better efficacy of delivery

of drugs in cancer cells, by comparing 3Q-B-NGQDs and 3Q-FA-NGQDs.

e Complexes 1 and 4 were employed as precursors.
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Chapter 2

Experimental



2.1. Materials

2.1.1 General reagents and solvents

N-N dimethyl formamide (DMF), dimethyl sulfoxide (DMSO), methanol (MeOH), ethanol
(EtOH), chloroform, and sulphric acid were purchased from Merk. Ultra-pure water obtained
from the installed purifying system from ELGA, Veolia water PURELAB, Flex system (Marlow,
UK). Chloroform, hydrochloric acid, alpha-cyano-4-hydroxycinnamic acid, and sodium

hydrogen pellets were purchased from Sigma-Aldrich.
2.1.2 Reagents for porphyrin synthesis

Propanoic acid, dimethyl sulfide, 4-bromobenzaldehyde, 4-(4-morpholinyl) benzaldehyde, tin
(IV) chloride, 4-amino phenol, ammonia, deuterated chloroform (CDCls), zinc acetate
dihydrate, 4-formylbenzoic acid, pyrrole, pyridine, trifluoroacetic acid (TFA), 2,3-Dichloro-5,6-
dicyano -1,4- benzoquinone (DDQ), silica gel 60 (0.04-0.063 mm), were purchased from Sigma-
Aldrich. The synthesis of NGQDs has been reported [62].

2.1.3 Reagents for bio-functionalized nitrogen doped graphene quantum dots

N,N-Dicyclohexylcarbodiimide (DCC), 4-dimethylamino pyridine (DMAP), biotin, urea, citric
acid, 1-ethyl-3-(3-dimethylamonopropyl)-carbodiimide (EDC), N-Hydroxysuccinimide (NHS),
and folic acid were purchased from Sigma-Aldrich. Phosphate buffer saline (PBS, 10 mM) pH

7.4 was prepared using appropriate amounts of Na;HPO4 and NaOH.
2.1.4 Reagents for photo-physiochemical studies

Zn 5,10,15,20-tetraphenyl-21H,23H-porphine (ZnTPP), 9,10 dimethylanthracene (DMA),

LUDOX HS-40 colloidal silica, and quinine sulfate were purchased from Sigma-Aldrich.
2.1.5 Reagents for cell studies

Human breast adenocarcinoma MCF-7 were purchased from Cellonex®. The Dulbecco’s
phosphate-buffer saline (DPBS), Dulbecco’s modified eagle’s medium (DMEM, containing 4.5
g/ L-glucose with L-glutamine) with and without phenyl-red were purchased from Lonza®. The

heat-inactivated fetal bovine serum (FBS, 10 % (v/v)) and the 100 pg/ mL-penicillin:100 unit/

36



mL-streptomycin-amphotericin-B-mixture (PSA), as well as the neutral red cell proliferation

water soluble tetrazolium (WST) reagent were all purchased from Biowest®.

2.2 Instrumentation

10.

Ultraviolet-visible spectroscopy was used to record optical absorption spectra at room
temperature using a Shimadzu UV 2550 spectrophotometer, using wavelength range
300-800 nmin a 1 cm path length cuvette.

Fluorescence emissions and excitation spectra were recorded on a Varian Eclipse
spectrofluorometer.

Mass spectra (MS) data were collected on a Bruker AutoFLEX Ill Smart-beam TOF/TOF
mass spectrometer using a-cyano-4-hydrocinnamic acid as the matrix.

Elemental compositions of the NPs and the conjugates were qualitatively determined
using energy dispersive X-ray spectroscopy (EDS), INCA PENTA FET coupled with the
VAGA TESCAM operated at 20 kV accelerating voltage.

The Raman spectra were collected using the Burker Vetex 70-Ram Il Raman
spectrometer, with a 1064 nm Nd:YAG laser and a germanium laser cooled with liquid
nitrogen.

Fourier-transform infrared spectroscopy (FT-IR) spectra were obtained using a Bruker
Alpha model FT-IR spectrometer with a Platinum-ATR with a range 500-4000 cm™.
The transmission electron microscope (TEM), ZEISS LIBRA model 120 operated at 90
kV and TEM software was used for TEM micrographs processing.

X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8, discover
instrument equipped with a Lynx Eye Detector, using Cu Ka radiation (A = 1.5405 A,
Ni filter).

Dynamic light scattering (DLS) was used for hydrodynamic diameter (Dh) and Zeta
potential () of the nanoparticles and nanoconjugates; measurements were done
using a Malvern Zetasizer Nanoseries, Nano-ZS90, using disposable cuvettes and Zeta
cell.

Singlet oxygen quantum yields were done using Ekspla NT 342B-20-AW laser with an
Nd:YAG that pumps a 420-2300 nm optical 30 parametric oscillator (OPO) (355 nm,
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11.

12.
13.

14.

15.

16.
17.

2.0 mJ/7 ns, 20Hz) to provide monochromatic light at a crossover wavelength for the
standard and sample. A Thermo Scientific Evolution 350 spectrometer was used to
record degradation of singlet oxygen quencher (DMA) at a specific time intervals.
X-ray photoelectron spectroscopy (XPS) analysis was measured using an AXIS
UltraDLD (supplied by Kratos Analytical) with an Al (monochromatic) anode equipped
with a charge neutralizer.

Merck Eppendorf centrifuge 5810 was used for precipitates extraction.

The triplet state lifetimes spectra were recorded in DMSO at 470 nm using an
Edinburgh Instruments LP980 spectrometer and an Ekspla NT-342B laser equipped
with an OPO to provide an excitation wavelength (2.0 mJ excitation energy, 7 ns pulse
duration and a 20 Hz repetition rate). The solutions were degassed with nitrogen for
20 min prior to measurement, and the absorbances were maintained at ca. 1.5 for the
Soret band. Exponential curve fitting of the decay curve using OriginPro 8 software
provided the triplet lifetimes.

Bruker AMX 400 MHz and 80 MHz benchtop NMR spectrometers were used to
obtain H-NMR data. The spectra were obtained at ambient temperature using
deuterated solvents (CDCl; and DMSO-dp).

Synergy 2 multi-mode microplate reader (BioTek®) was used to measure cell viability
for PDT.

Thorlabs M625L3 LED (625 nm) was used for PDT studies.

SpectraMax M3, Molecular Devices multi-well-plate reader from Separations using
the SoftMax Pro6.4 programme was used to read absorbance intensity for cellular

uptake studies.
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2.3 Synthesis

2.3.1 Synthesis of 5,10,15,20 -tetra (4-Morpholinyl) porphyrin (1), Scheme 4.1
Propanoic acid (150 mL) was refluxed in the presence of 4-(-4 morpholinyl) benzaldehyde (2
g, 0.01 mol) at 120 °C for 5h. This was followed by the addition of pyrrole (1mL) and the
mixture was allowed to reflux for 3h, then cooled to room temperature to precipitate the
porphyrin. The product was then flittered and washed with methanol and air dried to give
complex 1 (CeoHssNsgOa) as purple solid. Yield = 78%. FTIR (cm™): 2995 (Ar, C-H), 2800(-C-H),
1600 (Ar, C=N), 1200 (C-O-C). *H NMR (CDCls ): § ppm 8.43 (d, 4H, Ar, pyrrole), 8.31 (s, 4H, Ar,
pyrrole), 7.44(d, 8H, Ar, phenyl) 7.34 (d, 8H, Ar, phenyl), 3.45 (m, 16H, CH3), 1.20 (m, 16H,
CH2). UV/Vis (DMSO), Amax nm (log €): 428 (5.65), 522 (5.22), 562 (5.09), 598 (4.98), 652 (4.87).
MALDI-TOF MS, calc 954.46, found 956.46 [M+2H]*.

2.3.2 Synthesis of Sn (1V) 5,10,15,20- tetra (4-Morpholinyl) porphyrin (2), Scheme
4.2

The 5,10,15,20 tetra-4-morpholinyl porphyrin (1) (0.1 g, 0.0001 mol) and tin(IV) chloride (0.2
g, 0.001 mol) were added to pyridine (20 mL) and allowed to reflux for 3 h. The mixture was
cooled down to room temperature, and ammonia (50 mL) was added to the reaction followed
by stirring for 1 h at room temperature. The mixture was then flittered and washed with water
and air dried to give Sn(OH),tetra-4-morpholinyl porphyrin (complex 2) as a green solid,
alumina neutral column with MeOH/CHCls (1:9) as eluent was used to obtain a pure complex
2 (CsoHssNsOgSn). Yield = 62%, FTIR (cmt) 2900 (Ar, C-H), 2800 (C-H), 1661 (Ar, C=N), 1221 (C-
N), 1150 (C-O-C). *H NMR (CDCl3): § ppm 9.20 (s, Ar,4H, pyrrole), 9.14 (s, Ar, 4H, pyrrole), 8.25
(s, 8H, Ar, phenyl), 7.35 (d, 8H, Ar, phenyl), 4.0 (m, 16H, CH2), 1.8 (m,16H, CH,). UV/Vis
(DMSO), Amax N (log €):445 (5.79), 568 (5.23), 625 (4.95). MALDI-TOF MS, calc 1106.35, found
1105.35 [M+H]*.

2.3.3 Synthesis of Zn 5,10,15,20- tetra (4-Morpholinyl) porphyrin (3), Scheme 4.3
In a 100 mL round bottom flask containing chloroform (10 mL), complex 1 (0.8 g, 0.00083 mol)
was added followed by excess amount of zinc acetate dihydrate (2.4 g, 0.010 mol) in MeOH
(8 mL). The mixture was allowed to reflux for 2h, the metalated crude was poured into water
(100 mL) and the organic layer was collected and dried followed by the purification with
aluminium oxide neutral column chromatography with chloroform as eluent to obtain pure

complex 3. Yield = 70 %. FTIR (cm 1) 3076 (Ar,C-H), 1546 (Ar,C=N), 1413 (C-N), 1147 (C-O-C).
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'H NMR (CDCls): § ppm 7.47 (s, 4H, Ar, pyrrole), 7.29 (d, 4H, J= 2.0 Hz, Ar, pyrrole), 7.09 (d,
8H, J= 3.4 Hz Ar, phenyl), 7.05 (d, 8H, J=2.5 Hz, Ar, phenyl), 2.65 (m, J= 3.4 Hz, 16H, CH;), 1.20
(m, J= 3.4 Hz ,16H, CH,). UV/Vis (DMSO) Amax nm (log €): 432 (4.14), 563 (3.42), 610 (3.32).
MALDI-TOF MS. Calc 1016.37, found 1017.92 [M+H] *.

2.3.4 Quaternization of Zn 5,10,15,20- tetra (4-morpholinyl) porphyrin 3Q,
Scheme 4.5

Complex 3 (0.3 g, 0.00023 mol) was dissolved in 5 mL of DMF, followed by the addition of
dimethyl sulfate (3 mL). The reaction was allowed to reflux for 30 min, the compound was
centrifuged and washed with EtOH to remove excess DMF and the unquaternized species,
complex 3Q, was then obtained. Yield = 62%. FTIR (cm?) 3419 (Ar,-CHs), 3054 (Ar, C-H), 1657
(Ar, C=N), 1446 (C-N). 'H NMR (DMF): § ppm 8.30 (s,4H, Ar, pyrrole), 8.05 (s, 4H, Ar, pyrrole)
7.80 (d, 8H, J= 1.7 Hz, Ar, phenyl) 7.70 (d, 8H, J=5.1 Hz, Ar, phenyl), 4.01 (s, 3H, CH30), 3.25
(m, 16H, J=10.1 Hz, CH>), 2.85 (s, 12H, quaternized methyl-H), 2.40 (m, 16H, /=10.2 Hz, CH>).
UV/Vis (DMSO) Amax Nm (log €): 436 (4.36), 568 (3.72), 612(3.51). MALDI-TOF MS. Cal 269,
found 266 [M+3H"].

2.3.5 Synthesis of 5-(4-bromo) 10,15,20-tris (4-morphlinyl) porphyrin (4), Scheme
4.4

4-4 (Morpholinyl)benzaldehyde (0.5g,0.002 mol) was dissolved in 200 mL of DMF stirring at
temperature under inert atmosphere, and this was followed by the dropwise addition of
pyrrole (0.23 mL) and the reaction was allowed to stir for 4h. To this mixture, 4-
bromobenzaldehyde (0.16g, 0.0008 mol) and TFA (1.19 mL) were added and, the mixture was
stirred for overnight. Then DDQ (2.36g) was added and the mixture was allowed to stir again
for 24h to convert the porphyrinogen intermediate formed to a stable aromatic porphyrin.
Silica chromatography was used to purify the compound using chloroform/petroleum ether
(1:9) as eluent to give a purple solid, and the resulting compound (complex 4) was air dried in
fumehood. Yield = 72%. FTIR (cml) 2977 (Ar, CH), 1500 (N-H), 1417 (C-N).2H NMR (CHCl3):
6 ppm 8.89 (d, 2H, Ar), 8.56 (s, 6H, Ar), 8.03 (d, 2H, Ar), 6.42 (s, 4H, Ar-pyrrole), 5.95 (s, 6H,
Ar),5.16 (s, 4H, Ar-pyrrole), 3.66 (m, 12H,CH,), 1.23 (m, 12H, CH32). MALDI-TOF MS (m/z). Cal
947.32 found 946.04 [M+H*]. UV/Vis (DMSO) Amax nm (log €): 432 (4.10), 522 (2.92), 563
(2.88), 602 (2.77), 650 (2.53). MALDI-TOF MS. Cal 947.32, found 946.04 [M+H"].
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2.3.6 Synthesis of Zn 5-(4-bromo) 10,15,20-tris (4-morphlinyl) porphyrin (5),
Scheme 4.3

In a 100 mL round bottom flask containing chloroform (10 mL), complex 4 (0.8 g, 0.00083 mol)
was added followed by excess amount of zinc acetate dihydrate (2.4 g, 0.010 mol) in MeOH
(8 mL). The mixture was allowed to reflux for 2h, the metalated crude was poured into water
(100 mL) and the organic layer was collected and dried followed by the purification with
aluminium oxide neutral column chromatography with chloroform as eluent to obtain pure
complex 5. Yield = 68 %. FTIR (cm'1) 2977 (Ar, CH), 1673 (Ar, NH), 1417 (C-N). H NMR (CHCl3):
8 ppm 11.01 (s, 2H, Ar-Br), 10.56 (s, 2H, Ar-Br), 10.17 (s, 4H, Ar-CH), 9.81 (s, 4H, Ar-CH,), 8.92
(s, 2H, Ar-CHz), 8.60 (s, 2H, Ar-CHy), 5.62 (s, 1H, Ar-pyrrole), 5.46 (s, 1H, Ar-pyrrole), 5.37 (s,
1H, Ar-pyrrole), 5.30(s, 1H, Ar-pyrrole), 4.76 (s, 4H, Ar-pyrrole), 4.50 (m, 12H, -CH>), 3.75 (m,
12H, -CH2). UV/Vis (DMSO) Amax nm (log €): 427 (3.89), 560 (3.03), 605 (2.85). MALDI-TOF MS.
Cal 1011.23, found 1011.68.

2.3.7 Quaternization of Zn 5-(4-bromo) 10,15,20-tris (4-morphlinyl) porphyrin
(5Q), Scheme 4.5

Complex 5 (0.3 g, 0.00023 mol) was dissolved in 5 mL of DMF, followed by the addition of
dimethyl sulfate (3 mL). The reaction was allowed to reflux for 30 min, the compound was
centrifuged and washed with EtOH to remove excess DMF and the unquaternized species,and
complex 5Q was obtained. Yield = 58%. FTIR (cm™) 3489 (Ar, -CHs), 2931 (Ar, CH), 1673 (NH),
1429 (C-N). 'H NMR (DMSO): § ppm 9.17 (s, 4H, Ar-CHy), 9.08 (s, 2H, Ar-Br), 8.87 (s, 4H, Ar-
CHy), 6.22 (s, 2H, Ar-Br), 5.5-5.29 (d, 1H, Ar-pyrrole), 4.94 (s, 1H, Ar-pyrrole), 4.79-4.75 (d, 1H,
Ar-pyrrole), 4.71-4.67 (d, 1H, Ar-pyrrole), 4.54 (s, 2H, Ar-CH3), 4.50 (s, 2H, Ar-CH3), 4.36 ( s,
2H, Ar-pyrrole), 4.05 (s, 2H, Ar-pyrrole), 3.74 (m, 12H, Ar-CH3), 2.64 (m, 12H, Ar-CH3), 2.01 (m,
12H, quaternized methyl-H). UV/Vis (DMSO) Amax nm (log €) 429 (3.79), 557 (3.17), 598 (3.06).
MALDI-TOF MS (m/z). Cal 451.23 found 567.48 [M+(DMS0.2H,0)]".

2.3.8. Preparation of Biotin-NGQDs, Scheme 4.6 (A)
Biotin (40 mg, 0.16 mmol) was dissolved in DMF (5mL) and to this solution DCC (23 mg, 0.18

mmol) and DMAP (20 mg, 0.16 mmol) were added and the mixture was stirred at room
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temperature for 24h. NGQDs (0.2g) were added to water (2mL) followed by sonication for 30
min. The biotin solution (0.012 mol/mL) was then added to the NGQDs solution. The mixture
was stirred for 24h at room temperature, the biotin-NGQDs (B-NGQDs) mixture was
suspended in ethanol and then collected by centrifugation to remove the non-conjugated

biotin, NGQDs, DCC and DMAP [63].

2.3.9. Preparation of folic acid-NGQDs, Scheme 4.6 (B)

Folic acid (40 mg) and PBS (30 mL) were added to the beaker, and the mixture was stirred for
2 h at room temperature to allow folic acid to dissolve. Then, EDC (0.14 g, 0.0009 mol) and
NHS (0.10g, 0.0009 mol) were added under magnetic stirring in the dark for 24 h. The NGQDs
were added to the solution followed by further stirring for 24 h. Finally, dialysis was carried
out for one day using a dialysis membrane and freeze drying was carried out to obtain folic

acid-conjugated nitrogen-doped graphene quantum dots (FA-NGQDs) [64].

2.3.10 Formation of conjugates

2.3.10.1 Covalent conjugation (ester bond) complex 2 to B-NGQDs, Scheme 4.7

Complex 2 (40 mg, 0.03 mmol) and B-NGQDs (20 mg) were dissolved in dry DMF and sonicated
for 4h. The mixture was then refluxed with continuous stirring in the dark for 72h. The
conjugate was precipitated using ethanol and collected by centrifugation and thereafter dried

in vacuum [65]. 2-B-NGQDs was then formed through an ester bond.

2.3.10.2 it-1t stack conjugation to FA-NGQDs, Scheme 4.8

Complex 3 (0.1 g, 0.00009 mol) and 3Q (0.1 g 0.00092 mol) were dissolved separately in 10
mL of DMF, then FA-NGQDs (0.8g) were added to the mixtures followed by stirring in the dark
at room temperature for 48 h. The product obtained (3-FA-NGQDs and 3Q-FA-NGQDs) was

centrifuged and washed with EtOH to remove unreacted species.

2.3.10.3 ir-1t stack conjugation to B-NGQDs, Scheme 4.8

Complexes 3 (0.1 g, 0.00092 mol), 3Q (0.1g, 0.000085 mol), 5 (0.1 g, 0.00009 mol), and 5Q
(0.1g, 0.000086 mol) were dissolved separately in 10 mL of DMF. B-NGQDs (20 mg) was added
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to the mixtures followed by stirring in the dark in room temperature for 48 h. The conjugates

obtained were centrifuged and washed with EtOH to remove the unreacted species.

2.4 Cell studies

2.4.1 Tissue culture studies

For cell studies, the human breast cancer MCF7-cells were cultured in 75 cm? vented flasks
(or 96-well plates, for cytotoxicity studies) in a 37 °C incubator from HealForce® with a ~5%
CO; humidified atmosphere in culture media (DMEM containing 4.5 g/ L-glucose with L-
glutamine and phenol red, supplemented with 10% FBS and 5% PSA), and were grown to

100% confluency. All the cell studies were performed in triplicate.

2.4.2 Dark and PDT studies

The complexes and their conjugates were inoculated into 96 well plates at different
concentrations: 2.5, 5, 10, 20, and 40 pg/mL in culture media with 1% DMSO solution. The
cells were incubated in dark for 24h, and thereafter they were washed with DPBS. Then the

DMEM without phenyl red was added to the wells.

For PDT studies the cells were irradiated with Thorlabs M625L3 LED (625 nm) for 30 min. The
DMEM without phenyl red was thereafter decanted, and the cultured media was added. The
cells were re-incubated in growth conditions. For dark toxicity studies, cell samples similar to
those prepared for PDT studies were prepared. The cells were however kept in the dark for

24 h. The cell viability assay using WST was performed to quantify viable cells.

The dark and PDT cell viability was measured after 24h using WST assay on a synergy™ 2

multi-mode microplate reader BioTek at 450nm. Equation 2.1

Absorbance of sample

Cell viability = X 100% Equation 2.1

Absorbance of control

2.4.3 Cellular uptake

To determine drug content in cell samples in 24h, the cells were grown in 96 well plates and
inoculated with the NGQDs, B-NGQDQs and FA-NGQDs, porphyrin complexes and their
conjugates at the similar concentrations to that of PDT. The plates were incubated at 37 °C
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under ~5% CO; humidified atmosphere for 24 h. The media was then decanted, and the cells
were washed with DPBS to remove complexes/conjugates that have not been absorbed into
the cells. The DMEM with no phenyl-red was added and absorbances of the samples were
obtained at the Amax of the porphyrin for the porphyrin complexes and their conjugates, and
Amax of the NGQDs for NGQDs and B-NGQDs, and FA-NGQDs. To correct the absorbance of
the samples, the average absorbance of the control sample (MCF-7 cells with no compounds)
was subtracted from the average absorbance of the test samples. The graph of corrected
absorbance against the corresponding concentration for each test compound was plotted.
The absorbance were obtained using the SpectraMax M3, Molecular Devices multi-well-plate

reader from Separations using the SoftMax Pro6.4 programme.
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Chapter 3

Failed attempted synthesis



3.1 Conjugation of complex 2 to NGQDs through an amide bond using modified axial
ligand, Scheme 3.1

Complex 2 was heated at reflux in CHCIs for 4h with two equivalent of 4-amino phenol to yield
axially ligated complex 6. Complex 6 was then purified by neutral alumina column
chromatography with CHCls: MeOH (9:1) as eluent. The carboxy moiety of NGQDs was
activated by EDC and DMAP for 24h in DMF, then Complex 6 was added to activated NGQDs
with an aim to conjugate NGQDs and Complex 6 through an amide bond, but the axial ligand

was not stable.

DCC,DMAP
DMF:H,0
Stir 48h, RT

Scheme 3.1. Schematic representation of failed conjugation for complex 6 to NGQDs.

3.2 Synthesis of Complex 7, Scheme 3.2
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An attempt to synthesize ABAB porphyrin complex 7 was carried out following the synthetic
route reported [65] with few modifications. In a 250 mL round bottom flask 4-(-4 morpholinyl)
benzaldehyde (0.5g, 0.002 mol) was added to distilled pyrrole (1mL) under an inert
atmosphere. Trifluoroacetic acid (TFA) (1.5mL) was added to this mixture which was allowed
to stir at room temperature for 30 min. The mixture was poured in water (5 mL) and extracted
with dichloromethane (DCM) (3 x 5mL). The organic layer was washed with saturated sodium
bicarbonate (3 x 5 mL), followed by water (3 x 5 mL). The organic layers were dried over
sodium sulfate and air dried to give 5-(4-morpholinyl) -2-dipyrromethane (DP-morpholinyl).
The obtained (DP-morpholinyl) was added to 4-bromobenzaldhyde (0.37g, 0.002 mol) in
DCM, to this mixture boron trifluoride etherate (BF3.0Et,) was added and the mixture was
allowed to stir for 4h at room temperature under an inert atmosphere. DDQ (2.36g) was
further added followed by stirring for 30 min to convert the porphyrinogen intermediate
formed to a stable aromatic porphyrin. However, the porphyrinogen intermediate formed

converted into a corrole and not a porphyrin.
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Scheme 3.2. Schematic representation of failed synthesis of ABAB porphyrin.

3.3 Rationale behind the synthesis

The rationale behind the conjugation of complex 6 to NGQDs through functionalized axial
ligand was to enhance its photophysiochemical properties and PDT. The rationale for complex
7 was to study the effect of symmetry between tetra (complex 3), mono (complex 5) and di

(complex 6) porphyrin and its activity on PDT.
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Chapter 4



4.1 Synthesis and characterization of porphyrin complexes
Free base porphyrin complex 1 was synthesized following Alder and Longo method (Scheme
4.1). The metalation of complex 1 was done with two different metals tin (V) chloride to give

complex 2 (Scheme 4.2) and zinc acetate dihydrate to give complex 3 (Scheme 4.3).

H
N CH5CH,COOH
| Y, * !
Reflux, 5h

Complex 1

Scheme 4.1. Synthetic route of complex 1

)

®
—
O\NN @
o N Y SnCl,,Pyridine
bt reflux,5h
5D

Aq. Ammonia

Y

)

Complex 1

Complex 2

Scheme 4.2. Metalation route for complex 2 using tin (1V) chloride as metal salt

52



Zn acetate dihydrate
Reflux, 3h

DMF
MeOH

() @

Complex 1 Complex 3

Zn acetate dihydrate

CHCI3:MeOH, Reflux 3h

Scheme 4.3. Metalation route for complex 3 using, zinc acetate dihydrate as a metal salt.

The asymmetric freebase porphyrin complex 4 (Scheme 4.4) synthesized in this thesis
followed the Lindsey method. The metalation of complex 4 to form complex 5 followed the

synthetic route in Scheme 4.3 as it was also metalated with zinc acetate dihydrate.
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N Complex 4
)

Scheme 4.4. Synthetic route of complex 4

All the cationic porphyrins (3Q and 5Q) were synthesized from their respective
metalloporphyrins (3 and 5) following the reported synthetic procedure [34] with slight
modification. Dimethyl sulfate was used as a quaternizing agent for the quaternization of both

3Q and 5Q as shown in Scheme 4.5.
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Scheme 4.5. Quaternization of porphyrin complexes (A) 3 and (B) 5 to cationic complexes 3Q

and 5Q.

All the porphyrin complexes were characterized using MALTI-TOF mass spectra (Appendix 1-
7), *H proton NMR (Appendix 8-14), Fourier-transform infrared spectroscopy (FT-IR), and UV-
Visible spectroscopy. *H NMR spectrum for complex 1 showed 56H that is -2H of what was

expected, these 2H are from the inner NH protons, and it is reported in literature that usually
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the inner NH protons of porphyrins are strongly shielded due to the ring currents, reflecting
the aromaticity of porphyrins [67]. For complex 2 the number of protons obtained was 56H
being shot of 2H from the axial ligand and this is due to the fact that they are highly shielded
[68]. Complex 3 gave 56H as expected, and for complex 3Q the number of protons obtained
were 71H as expected. NMR spectrum of complex 4 gave 48 H, but the expected number of
protons was 50H where the 2H (NH) from the core of porphyrin were not observed on the
NMR spectrum due to strong shielding [67]. Complex 5 gave 48H as expected, and the
spectrum of 5Q resulted in 57H as expected this was with addition of 9H when compared to
complex 5 which are from the methyl groups from the quaternizing agent. From the MALTI-
TOF, the molecular peak ion was observed at m/z = 956.12 for complex 1 that is [M+2H] *of
what was expected, and at m/z = 1105.35 for complex 2 that is [M+H] * of what was expected.
The molecular peak ion was observed at m/z = 1017.93 for complex 3 that is [M+H] *of what
was expected, complex 3Q m/z the expected mass was 269 and the mass obtained was 266
which is [M+3H]*. The calculated MALDI-TOF MS of complex 4 was 947.32 and found was
946.04 [M+H*] which was short of 1H, and for complex 5 the calculated mass was 1011.23,
and found was 1011.68 as expected. Complex 5Q, the calculated mass was 451.23, and the
mass found was 567.48 [M+(DMSO.2H,0)]* where the expected mass of 451.23 had an
addition of water and DMSO, and the mass was run in DMSO [69].

The UV-vis spectra of all the porphyrin complexes were performed in DMSO. The free base
porphyrins complexes (1 and 4) spectra showed Soret bands and four less intense Q -bands,
Fig 4.1. The Soret band of complex 1 absorbed at 428 nm and for complex 4 at 426 nm, Table
4.1. Complex 1 was slightly red shifted when compared to complex 4, because it contains two
electron rich elements which are nitrogen and oxygen on all the substituents of the porphyrin

that result in red shift of the absorption band [70] as shown in Fig 4.1, Table 4.1.
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Table 4.1 UV-vis maximum absorbance of the complexes and conjugates in DMSO.

Complexes Amax(nm)@
Soret band

NGQDs (337)

B-NGQDs (331)

FA-BGQDs (356)

1 428

2 445

3 432

3Q 435

4 426

5 427

5Q 429

3-FA-NGQDs 437 (346)

3Q-FA-BNGQDs 419 (346)

2-B-NGQDs 441 (314)

3-B-NGQDs 437 (331)

3Q-B-NGQDs 429 (331)

5-B-NGQDs 430 (331)

5Q-B-NGQDs 419 (331)

(@ Values in brackets are for NGQDs
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Fig 4.1. Uv-vis spectra of complexes 1 and 4.

Upon metalation of complex 1 to give complexes 2 and 3, it was observed that the four Q-
bands of complex 1 merged into two and the Soret band was red shifted. Introduction of
heavy metals results in degree of perturbation and electron delocalisation within the
porphyrin macrocycle, resulting in red shift of the Soret band [71]. Complex 2 was red shifted
compared to complex 3 as Sn is heavier metal than Zn with observed wavelengths of 445 nm
and 432 nm respectively at the Soret band (Fig 4.2. (A)), Table 4.1. Slight red shift was also
observed upon quaternization of complex 3 to 3Q (436 nm), and complex 5 to 5Q (429 nm)

this is due to the presence of heavy atom sulfur from the quaternizing agent (Fig 4.2. (B)).
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Fig 4.2. Uv-Vis spectra of complexes (A) 2 and 3, (B) 3,3Q,5, and 5Q.
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4.2 Formation of conjugates
4.2.1 Amide bond formation of B-NGQDs and FA-NGQDs

The presence functional groups on the surface and edges of the NGQDs enable different types
of bonds to form with other suitable moieties. The NGQDs were functionalized with two
different biomolecules through an amide bond using the NH; from the NGQDs to bond with
COOH moiety from the biomolecules. The first biomolecule used was biotin where its carboxy
moiety was activated using DCC and DMAP in DMF by stirring at room temperature for 4h. To
this mixture NGQDs were added and allowed to stir to further 48h to form B-NGQDs, Scheme
4.6 (A). Folic acid was also used to bond with NGQDs through an amide bond, the similar
procedure from the above was followed with slight modifications as outlined in chapter 2 to

form FA-NGQDs, Scheme 4.6 (B).

DCC,DMAP
DMF:H,0
Stir 48h, RT
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Scheme 4.6. Synthetic pathway of (A) B-NGQDs, and (B) FA-NGQDs

4.2.2 Ester bond for complex 2 to B-NGQDs

The conjugation of complex 2 to B-NGQDs was performed following the method reported

[65], where both compounds were refluxed for 72h in DMF to form an ester bond between

the COOH moiety of the B-NGQDs and the OH of complex 2. This resulted in conjugation of 2-

B-NGQDs (Scheme 4.7).
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DMF, Sonicate 4h,
Stir, reflux 72h

Scheme 4.7. Synthetic pathway of 2-B-NGQDs through an ester bond
4.2.3 it-1t stacking

NGQDs have the m system which enable m — m stacking with molecules containing w
electrons. Therefore, FA-NGQDs were conjugated to 3 and 3Q through m — m stacking as
porphyrins are also m system molecules to give 3-FA-NGQs and 3Q- FA-NGQDs (Scheme 4.8
(A)). The prepared B-NGQDs were also conjugated to complexes 3, 3Q, 5, and 5Q through 7-
1t stacking (Scheme 4.8 (B)).

62



FA-NGQDs

DMF Stir at RT
48h

N
3-FA-NGQD
® .

63



Br (CH30,)SOy"

DMF
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Stir at r.t.m
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N

[ j 5Q-B-NGQDs
o

Scheme 4.8. Representation of the nw stacking using (A) complex 3 as an example with FA-
NGQDs to form 3-FA-NGQDs and (B) complex 5Q as an example with B-NGQDs to form 5Q- B-
NGQDs.

4.3 Characterization of conjugates

The conjugates were characterized with the following characterization techniques:
ultraviolet-visible spectroscopy (Uv-vis), transmission electron microscope (TEM), dynamic
light scattering (DLS), energy dispersive spectroscopy (EDS), Fourier transform infrared (FT-

IR), Raman spectroscopy, X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS).

4.3.1 Ultraviolet-visible spectroscopy
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NGQDs had absorption at 337 nm, and after covalent linking NGQDs to biotin the absorption
of biotin decorated NGQDs (B-NGQDs) was observed at 331 nm which is blue shifted by 6 nm
when compared to NGQDs alone (Fig 4.3 (A)), Table 4.1. Moreover, upon conjugation of
NGQDs to the folic acid (FA-NGQDs) the peak shifted to 356 nm (Fig 4.3 (A)). This red shift is
caused by an increase in sp? C (C-C/C=C) from the folic acid [64]. The conjugate, 2-B-NGQDs
had a peak at 314 nm that was from B-NGQDs which is blue shifted by 17 nm compared to B-
NGQDs at 331 nm (Fig 4.3 (B)), Table 4.1. The blue shift is evidence of strong interaction
between the porphyrin and GQDs [71]. A slight blue shift on the Soret band of 2-B-NGQDs
compared to complex 2 alone was also observed and this could be due to close packing
attributed to the orientation of metalloporphyrins on the surface of the nanoparticles [73-
75]. Conjugates 3-B-NGQDs, 3Q-B-NGQDs, 5-B-NGQDs, and 5Q -B-NGQDs showed the
presence of B-NGQDs at 331 nm. For 3-B-NGQDs and 5-B-NGQDs the Soret bands were red
shifted when compared to the porphyrins only with complex 3 from 432 nm to 437 nm 3-B-
NGQDs (Fig 4.3 (C)), and complex 5 from 427 nm to 430 nm 5-B-NGQDs (Fig 4.3 (D)). Red
shifting could be due to J- aggregation which is associated with red shifting in porphyrins and
can also observed for distorted porphyrins [76,77]. The Soret band for 3Q-B-NGQDs and 5Q-
B-NGQDs showed blue shifting when compared to their complexes only which suggest strong
interaction between the porphyrin and B-NGQDs. The Soret band of complex 3-FA-NGQDs
was observed at 437 nm resulting in a red shift by 5 nm compared to complex 3 alone.
Complex 3Q-FA-NGQDs Soret band absorbed at 419 nm resulted in blue shift by 16 nm
compared to complex 3Q alone, and blue shift suggest strong interaction between complex

3Q and FA-NGQDs (Fig 4.3 (E)).

——NGQDs
—— FA-NGQDs B
— B-NGQDs

1.0

0.8

0.6 |

0.4
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0.2

0.0

300 400 500 500 700
Wavelength (nm)
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Fig 4.3. UV-Vis spectra (DMSO) of (A) NGQDs, B-NGQDs, FA-NGQDs, (B) 2 and its conjugates,

(C) 3 and its B-NGQDs conjugates, (D) 5 and its conjugates and (E) 3 and its conjugates.
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4.3.2 Energy dispersive X-ray (EDX)

EDX spectra analysis was used to determine the elemental compositions for complexes and
conjugates, Fig 4.4. For the NGQDs all the expected elements were observed which are
carbon, nitrogen, and oxygen, but there was also presence of Na which was from sodium
hydroxide that was used in the synthesis to neutralize the pH of the NGQDs. The decoration
of NGQDs with biotin (B-NGQDs) resulted in the appearance of the S peak which confirms the
presence of biotin in NGQDs. FA-NGQDs also showed all the expected elements. Complex 2
and the conjugate showed the expected elemental peaks, and Sn peak. In the conjugate (2-B-
NGQDs) all the peaks observed in complex 2 and in B-NGQDs were observed. In complex 3
the presence of Zn was observed with other expected elements, and for complex 3Q there
was presence of all elements observed in 3 and sulfur which is from the quaternizing reagent.
It was observed that both the elements observed in FA-NGQDs alone and 3 were observed in

3-FA-NGQDs. All the expected elements in 3Q-FA-NGQDs were observed.

NGQDs B-NGQDs
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FA-NGQDs

2-B-NGQDs

3Q
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3-FA-NGQDs 3Q- FA-NGQDs

Fig 4.4. EDX spectra analysis of NGQDs, B-NGQDs, FA-NGQDs and their conjugates.

4.3.3 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) was used for morphological analysis and to estimate
the shape, size distribution and particle sizes, Fig 4.5. It was observed that the NGQDs were
circular in shape, and there was size increase upon the covalent linking of biotin and NGQDs
(B-NGQDs) and upon conjugation with the porphyrin (2-B-NGQDs) as well. The TEM images
for FA-NGQDs showed well defined spherical shapes with an average diameter for 14.2 nm,
for 3-FA-NGQDs, and 3Q-FA-NGQDs the average sizes are 14.6 nm, and 16.1 nm, respectively
(Table 4.2). An increase for all compared to NGQDs at 4.2 nm. A huge increase in size upon

the conjugation could be due to aggregation, because porphyrins are known to aggregate.
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2-B- NGQDs

FA-NGQDs

3-FA-NGQDs

3Q-FA-NGQDs

Fig 4.5. Transmission electron microscopy (TEM) micrographs and corresponding histogram

size distribution curve of NGQDs, FA-NGQDs, B-NGQDs and their conjugates.
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4.3.4 Dynamic Scattering Light (DLS) and Zeta potential measurements

Dynamic light scattering (DLS) was used to determine the average particle distribution. The
average diameter of NGQDs obtained was 4.2 nm, for B-NGQDs was 8.7 nm and for 2-B-
NGQDs was 28.0 nm, (Fig 4.6 (A), Table 4.2). Upon the conjugation of 2 to B-NGQDs there was
a huge increase in size, and this is probably due to interactions between the porphyrins on
adjacent B-NGQDs. It was observed that the unquaternized porphyrin conjugates (5-B-NGQDs
and 3-B-NGQDs) resulted in bigger sizes when compared to cationic conjugates (5Q-B-NGQDs
and 3Q-B-NGQDs) (Fig 4.6 (B)), Table 4.2. This is due to that the study was performed in water
and the unquaternized porphyrins were not soluble which resulted in bigger size. The average
diameters in (Fig 4.6 (C)), Table 4.2 are 15.7 nm, 24.3 nm, and 32.2 nm for FA-NGQDs, 2-FA-
NGQDs, and 3-FA-NGQDs respectively. The increase in size of the conjugates compared to
NGQDs alone shows the formation of supramolecular assemblies of NGQDs and the
porphyrin. Discrepancies in particle size determined by TEM and DLS could be attributed to
interference of the dispersant into hydrodynamic diameter, resulting in higher values for DLS

[78].
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Fig 4.6. Dynamic light scattering (DLS) distribution curve for (A) NGQDs and its conjugates,

(B) B-NGQDs and its conjugates, and (C) FA-NGQDs and its conjugates.

Different properties of nanoparticles and nanoconjugates such as size, polydispersity index
(PDI), and zeta potential play an important role in their physicochemical and biological
properties [79]. The zeta potential and PDI of the NGQDs and conjugates were measured
using DLS (Table 4.2). Zeta potential (¢) is a measure of charge carried by particles suspended
in aliquid, it indicates the stability of colloidal dispersion. The degree of electrostatic repulsion
between adjacent particles is indicated by the magnitude of zeta potential. The high zeta
potential value (regardless of charge) indicates the stability, and the smaller value indicates
that attractive forces exceed repulsion which results in aggregation [80-84], the zeta
potentials of NGQDs obtained was (-7.1 mV), B-NGQDs (-21.0 mV), and 2-B-NGQDs (-23.0
mV). Thus, an increase was observed following the conjugation of biotin to NGQDs and of 2
to B-NGQDs, implying improved stability. The negative zeta potential values for B-NGQDs, 3-
B-NGQDs and 2-B-NGQDs originate from dissociated carboxyl groups of the B-NGQDs. The
positive zeta potentials for 3Q-B-NGQDs and 5Q-B-NGQDs could be a result of the
guaternization of porphyrins. Compounds with a positive zeta potential (3Q-B-NGQDs and
5Q-B-NGQDs) will bind to negatively charged surface of the cell and this is important for this
study. FA-NGQDs (-18.5 mV) is more stable than NGQDs (-7.1 mV) and the stability of the
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former is reduced in the presence of porphyrins. Poly dispersity index (PDI) is a representation

of the distribution of size populations within a given sample [85], and the PDI values (Table

4.2) obtained for NGQDs, FA-NGQDs, B-NGQDs, 3-B-NGQDs, 3Q- B-NGQDs, and 5Q-B-NGQDs

signify broad particle size distribution. The values of 2-B-NGQDs, 5-B-NGQDs, 3-FA-NGQDs,

and 3Q-FA-NGQDs signify monomodal dispersions.

Table 4.2 Nanoparticle, and nanoconjugates sizes and Zeta potential values.

Complex/conjugate | DLS size | TEM size | T (mV) PDI Raman
(nm) (nm) (Io/1c)
NGQDs 4.2 3.0 -7.1 1.00 0.86
B-NGQDs 8.7 5.5 -21.0 0.75 0.93
FA-NGQDs 15.7 14.2 -18.5 0.92 0.73
2-B-NGQDs 28.0 134 -23.0 0.63 2.57
3-B-NGQDs 28.5 - -7.4 1.00 0.33
3Q-B-NGQDs 10.2 - 0.6 1.00 0.36
5-B-NGQDs 28.5 - -3.4 0.31 0.64
5Q-B-NGQDs 9.9 - 0.01 1.00 0.22
3-FA-NGQDs 24.3 14.6 -13.5 0.64 0.85
3Q-FA-NGQDs 32.2 16.1 7.6 0.49 0.51

awon

not determined

4.3.5 X-ray photoelectron spectroscopy (XPS)
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X-ray photoelectron spectroscopy (XPS) analysis was carried out to probe the structural

compositions of the NGQDs and functionalised biotin, Fig. 4.7.

Wide scan XPS spectrum of NGQDs in (Fig.4.7 (A)) shows Cl1s, N1s, and O1s signals at 285.2,
396.9 eV and 531.9 and, respectively. Na auger peak at 494.4 eV as the result of NaOH
employed in the NGQDs synthesis. The O (1s) peak is related to ester and hydroxyl groups
bonded to aromatics which is the case on the NGQDs and B-NGQDs [86]. The C 1s peak of
NGQDs can be deconvoluted into peaks centred at 284.5 (C=C, C-N, C-0), 285.0 (C-OH), 286.4
(C-N) and 288.2 eV (C=0) [87]. The C-N peak at 286.4 eV indicates that N is covalently bonded
to C which suggest successful doping [88]. The C 1s peak of B-NGQDs can be deconvoluted
into peaks centred at 284.5 eV (C-C, C-N, C-0), 285.9 eV (C-OH), 287.9 eV (C-O-C) [87]. The N
1s peaks of NGQDs can be deconvoluted into peaks centred at 398.0, and 399.1,
corresponding to pyridinic (398.0 eV) [88], amino (399.1) [89]. The XPS N 1s peak for B-NGQDs
can be deconvoluted into peaks centred at 398.0, 399.4, and 401.2 eV, corresponding to
pyridinic [89], O=C-N [90], and N-H [91,92], respectively, Fig. 4.7 (C).

The pyridinic composition is dominant relative to amino functional group for NGQDs. The
disappearance of primary amine functional groups NH; (for NGQDs) to NH (for B-NGQDs)
confirm the successful formation of the amide bond and the formation of B-NGQDs. The O 1s
peak of NGQDs can be deconvoluted into peaks centred at 590.0 eV (metal oxide from Na
auger), 530.4 eV (C=0), and 533.1 eV (C-0O-C), and the O 1s peaks of B-NGQDs can
deconvoluted into peaks centred at 528.9 eV (metal oxide from Na auger), 530.2 eV (C=0),
and 533.1 (C-O-C).
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Fig. 4.7 XPS Wide scans of (A) NGQDs, B-NGQDs. XPS high resolution spectra for NGQDs and
B-NGQDs: (B) C1s, (C) N1s and (D) O1s.

78



4.3.6 X-ray diffraction analysis (XRD)

XRD was used for phase identification of NGQDs and their conjugates. NGQDs exhibited a
broad diffraction at 26= 30° which is ascribed to Bragg’s reflection of the carbon in the
graphene layers [93], Fig. 4.8. The B-NGQDs exhibited a diffraction at 26=17°, thus the
presence of biotin in NGQDs caused a shift. Complex 2 exhibited a broad peak at 260 = 28° due
to the amorphous nature of the porphyrin [94]. The conjugates (2-B-NGQDs) showed a peak
at 20 =19° which blue shifted again when compared to B-NGQDs peak with 2 units. Blue shifts
in the XRD patterns of graphene materials have been associated with the formation of new
material [95]. FA-NGQDs was also blue shifted when compared to NGQDs alone, and the peak

was also less broad.
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Fig 4.8. XRD analysis for the NGQDs and its conjugates

4.3.7 Fourier -transform infrared spectroscopy (FT-IR)
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FTIR was used to analyse change in functional groups of the compounds, Fig 4.9. The covalent
linking of biotin and NGQDs (to form B-NGQDs) was confirmed by the presence of the amide
vibration at 1645 cm™ and an OH from the NGQDs at 3319 cm™, Fig 4.9. The successful
covalent linking of folic acid to NGQDs was confirmed by an amide bond at 1657 cm™ with a
less intense peak, (Fig 4.9). The spectra of NGQDs alone showed OH peak at 3308 cm™ and C-
N at 1558 cm™, but upon covalently linkage with FA the OH became more intense and amide
bond was observed. Upon covalent conjugation of B-NGQDs to complex 2 (Fig 4.9), there is a
shift of NH strech (for B-NGQDs at 1645 cm™) to 1656 cm™ and there is a presence of C=0
peak at 1472 which confirms succesful conjugation of complex 2 and B-NGQDs through the

ester bond. The vibrational peak shifts suggesting presence of molecular interactions [96].
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Fig 4.9. FT-IR spectra of NGQDs and their conjugates

4.3.8 Raman spectroscopy
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Raman spectroscopy was used to determine the degree of structural defects introduced on
the surface of the NGQDs upon conjugation to biotin or folic acid and porphyrin complexes.
The G-band is a representation of in-plane vibration of sp? bonded carbon atoms, and D band
is due to out of plane vibration sp? attributed to the presence of structural defects [97]. The
disorder (D, sp3) defects and graphitic (G, sp?) bands were observed respectively at
(1374;1570 cm™?) for NGQDs, (1286;1574 cm™) for B-NGQDs, (1291; 1602 cm™) for 2-B-
NGQDs, (1046,1423 cm™) for FA-NGQDs, (1045, 1421 cm?) for 3-FA-NGQDs and (1043,1420
cm?) for 3Q-FA-NGQDs, (1053, 1420 cm™) for 5Q -B-NGQDs, (1043, 1419 cm™) for 5-B-
NGQDs, (1050, 1422 cm™) for 3Q-B-NGQDs, and (1018, 1419 cm™) for 3-B-NGQDs. The shifts
in the D and G band are an indication of strong interaction between porphyrins and graphitic
sheets due to a charge transfer [98], and Raman shifts have been attributed to factors such
as nature, diameter and strain of nanoparticles [99-102]. The ratio intensity of the D and G
bands (Ip/lg) values obtained for NGQDs was 0.86, for B-NGQDs it increased to 0.93 and it
increased drastically upon the conjugation of B-NGQDs to form (2-B-NGQDs) to 2.57. The Ip/ls
ratio (Table 4.2) of FA-NGQDs, 3-FA-NGQDs and 3Q-FA-NGQDs were 0.73, 0.85, and 0.51
respectively, and the ratio for FA-NGQDs is surprisingly lower than for NGQDs. The decrease
could be due to the additional sp? carbons from folic acid in FA-NGQDs compared to NGQDs.
It was also not expected for 3-FA-NGQDs to result in higher Ip/lg ratio compared to FA-NGQDs,
since it is generally expected that m — m conjugation will not affect the NGQDs structure as
much as covalent bonding. The Ip/I¢ ratio of 5Q-B-NGQDs, 5-B-NGQDs, 3Q-B-NGQDs, and 3-
B-NGQDs obtained were 0.22, 0.64, 0.36, and 0.33 respectively. Increases or decreases in Ip:lg
ratios of GQDs have been previously reported to be due to size-dependent edge-state

variations of GQDs [102].
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Fig 4.10. Raman spectra of NGQDs, B-NGQDs, and 2-B-NGQDs as example.
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4.4. Photophysical and photochemical parameters

1700

All photophysical and photochemical parameters were studied in DMSO and results are

presented in Table 4.3.

Table 4.3 Photophysical parameters in DMSO

Complex/ (0T Te(ns) (O Tr(us)
Conjugates

NGQDs 0.70 5.02 - -
B-NGQDs 0.10 2.27 - -
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FA-NGQDs 0.04 0.58 - -

2 < 0.01 0.01 0.59 20
2-B-NGQDs < 0.01 0.01 0.79 31
3 0.08 1.77 0.24 21
3-FA-NGQDs 0.06 1.39 0.97 117
3Q 0.03 1.28 0.56 83
3Q-FA-NGQDs < 0.01 0.001 0.99 336
3-B-NGQDs 0.02 0.10 0.53 283
3Q-B-NGQDs 0.01 0.05 0.61 107
5 <0.01 0.05 0.40 121
5-B-NGQDs < 0.01 0.06 0.84 164
5Q <0.01 0.03 0.60 177
5Q-B-NGQDs < 0.01 0.04 0.90 383

4.4.1 Fluorescence quantum yield (¢r) and life-times (t¢)

Fluorescence quantum yield (¢e) were obtained using ZnTPP as a standard (¢¢**9=0.030) as a
standard [30] in DMSO for porphyrins complexes, following the comparative methods
reported in literature [29]. Quinine sulfate in 0.05M in H,SO04 solution (¢r=0.52) [103], as the
NGQDs standard. It was observed that symmetric porphyrins 3 and 3Q had higher ¢r when
compared to asymmetric complexes 5 and 5Q, and these low yields can be accounted by the
presence of bromide which favors the intersystem crossing rather than fluorescence [104].
Complex 2 had lower ¢r when compared to complex 3 and 3Q this is due to the fact that tin
in 2 is a heavier metal when compared to zinc which influences the intersystem crossing.

NGQDs had ¢r of 0.70 but upon decorating with biotin and folic acid ¢rvalues were 0.01 and
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0.04, respectively (with the emission spectra shown (Fig 4.11 (A)). This suggests that the
biomolecules folic acid and biotin quench fluorescence of NGQDs, the conjugates also
resulted in lower yields compared to porphyrins. The fluorescence life-times (tr) of complexes
and conjugates were studied using TCSPC analysis by excitation at emission maxima. The
fluorescence life-time values followed the same trend as the fluorescence quantum vyields,
since tr are directly proportional to ¢r. Fig 4.11 (B) shows the fluorescence lifetime decay curve

fitting for FA-NGQDs in DMSO as an example.
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Fig 4.11. Emission spectra of FA-NGQDs (A), and fluorescence lifetime decay curve fitting (B) for

FA-NGQDs in DMSO, using LUDOX HS-40 colloidal silica as a scatter sample.

4.4.2. Singlet oxygen quantum yields and triplet lifetimes

Singlet oxygen is generated through an energy transfer between the excited triplet state of
photosensitizer and ground state in molecular oxygen [4]. In this study, the ¢, value were
determined by monitoring chemical degradation of DMA as a singlet oxygen quencher and
ZnTPP (¢, =0.53) as a standard in DMSO [33]. The degradation of DMA was observed, (Fig.
4.12) and the values of ¢, were calculated using the equation reported in literature [32]. The
Soret and Q bands of the porphyrin complexes remained stable confirming their
photostability. The conjugates 2-B-NGQDs (¢, = 0.79), 3-B-NGQDs ( ¢, = 0.53), 3Q-B-NGQDs
(dp=0.61), 5-B-NGQDs (pp=0.84), and 5Q-B-NGQDs ( ¢ = 0.90) resulted in higher ¢, when
compared to their respective porphyrin complexes only, and this is due to the presence of
heavy atom sulfur from biotin which enhances the intersystem crossing to the triplet state.
Dyes with sulfur are reported to have internal heavy atom effect [105], and they show larger

increase in the rate of intersystem crossing which leads to higher oxygen yield [106]. It was
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also observed that FA-NGQDs porphyrin conjugates 3-FA-NGQDs (¢, = 0.97) and 3Q-FA-
NGQDs (b, = 0.99) had higher ¢, when compared to their porphyrin complexes only (Table
4.3), thus FA improves singlet oxygen quantum vyields of porphyrins as has been observed
before [107]. It was also observed that 3-FA-NGQDs and 3Q-FA-NGQDs had larger ¢, when
compared to 3-B-NGQDs and 3Q-B-NGQDs, as it is reported that the introduction of folic acid

changes the photophysical properties which also result in an increase in ¢, [107].

Fig 4.12. Degradation of 9,10-dimethylanthracene (DMA) in the presence of complex 2 using

DMSO as a solvent as an example.

The triplet decay curves (Fig 4.13) were fitted exponentially on ORIGIN® 8 Professional software
to obtain the triplet lifetimes. The triplet lifetime (tr) for 3Q-FA-NGQDs is longer than for 3Q
alone, the same applies for complex 3 and its conjugate. Thus the FA-NGQDs improves the
triplet lifetime for porphyrins, hence the improved singlet oxygen quantum vyield of
porphyrins in the presence of FA-NGQDs, since singlet oxygen is generated from the triplet

state. It was also observed that B-NGQDs improved the triplet lifetimes of the porphyrin
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complexes since upon conjugation high 71 values were obtained, (Table 4.3). The triplet decay

curve (for complex 5 as an example) is shown in Fig 4.13.
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Fig 4.13 Triplet decay curve of 5 as an example in DMSO.

4.4. Summary of the chapter

Symmetric (2, 3, and 3Q) and asymmetric (5 and 5Q) substituted porphyrins were synthesized
as potential photosensitisers for PDT. NGQDs were also synthesized and decorated with
different biomolecules; biotin and folic acid and conjugated to the porphyrin complexes. The
conjugates and porphyrin complexes were fully characterized by different characterizing
techniques. The conjugation of 2-B-NGQDs was done through an axial ligand forming an ester

bond, and all other conjugation was through m-m stacking. The photophysiochemical
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properties of compounds were studied, and it was observed that the ¢r of porphyrins
decreased upon conjugation to NGQDs complexes along with tr. However, upon conjugation

of porphyrin complexes to B-NGQDs,FA-NGQDs there was an increase in ¢,.
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Chapter 5



5.1 Cell studies

The MCF-7 cells were grown to 100% confluency, and the stock concentration of all complexes
was prepared by dissolving each complex in 1% DMSO and making the volume up with

supplemented media. DMSO (1%) used had a negligible effect on the cells (Appendix A15).

5.1.1 In vitro dark cytotoxicity

The MCF-7 cells were treated with porphyrin complexes and their conjugates at
concentrations ranging from 2.5 ug/mL to 40 pg/mL and incubated in dark for 24h. The
percentage of live cells were calculated relative to untreated cell samples that is at 0 pg/mL
concentration of complex/ conjugates using WST-1 cell proliferation assay. At all
concentrations the cell viability of all complexes and conjugates were above 90% which is
negligible and not harmful. In vitro dark cytotoxicity is undesirable for photosensitizers aimed

for use in PDT [5], Fig 5.1.
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Fig 5.1. Histograms showing the MCF-7 cells cell viability (%) when incubated in the dark in

the presence of complexes 3, 3Q, 5, 5Q, and their conjugates.
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5.1.2 Photodynamic therapy

The MCF-7 cells were treated with same range of concentrations as used for dark cytotoxicity
studies. The cells were then incubated for 24h, they were then irradiated with Thorlabs M625
LED (625 nm) for 30 min. Upon irradiation, the phototoxicity of all photosensitizer against
MCF-7 cells increased with an increase in concentrations. It was observed that the symmetric
porphyrins (3 and 3Q) performed poorly when compared to asymmetric porphyrins (5 and
5Q), and this is due to the high singlet oxygen quantum vyields of asymmetric porphyrins (Fig
5.2 (A)). Charged porphyrins 5Q and 3Q had better performance when compared to their
respective uncharged porphyrins 5 and 3, and this is due to that positively charged porphyrins
can penetrate the tumor cells membranes easily giving better PDT results [61]. At the highest
concentration of 40 pg/mL, conjugates 5-B-NGQDs and 5Q-B-NGQDs were the best
performing with cell viability of 17% and 14%, respectively (Table 5.1). Also, at a highest
concentration of 40 pug/mL complex 2 had a cell viability of 31% and complex 3 had cell
viability of 45% (Table 5.1) and this is due to high singlet oxygen quantum yield of 2 (Fig 5.2
(B)) when compared to 3, and singlet oxygen is the main cytotoxic species in PDT. 3Q-FA-
NGQDs exhibited higher PDT effect with cell viability of 28% at 40 ug/mL compared to 3Q
alone which exhibited cell viability of 37%, this suggest that the FA-NGQDs enhanced the PDT
effect of complex 3Q. The same trend was observed with 3-FA-NGQDs when is compared to
3 alone, 3-FA-NGQDs exhibited cell viability 31% and complex 3 exhibited cell viability of 45%
also suggesting that FA-NGQDs improved the PDT effect of complex 3 (Fig 5.2 (C), Table 5.1).
Conjugates performed better as expected because the biomolecules (biotin and folic acid) on
the NGQDs have high selectivity, and nanoparticles are reported to enhance the delivery of
the photosensitizer dye and selective accumulation in cancer tumors due to enhanced
solubility in aqueous solvents and the enhanced permeability and retention effect [108]. It
was also observed that 3-FA-NGQDs and 3Q-FA-NGQDs had better PDT activity with cell
viability of (31% and 28%), respectively when compared to 3-B-NGQDs (33%) and 3Q-B-
NGQDs (37%), and this concludes that FA enhanced PDT activity better than biotin. The ICso
values (Table 5.1) were used to determine the concentration that is required for the
conjugates/ complexes to eradicate 50% of the cells and were determined as shown in Fig.
5.3. Lower ICsp value is favourable as it entails the need for low concentration of a sensitizer

for therapy to yield effective cell inhibition [109]. 5Q-B-NGQDs had a lowest ICsg value of 1.4
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ug/mL. All the conjugates had the lowest ICso values when compared to their complexes

alone.
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Table 5.1: ICso values of complexes and conjugates

Complex/ Conjugate | ICso value (ug/mL) Cell viability (%) at | Cellular
40ug/mL uptake(absorbance)
at 40pg/mlL
NGQDs 14.2 25 0.42
B-NGQDs 14.4 30 0.45
2 11.2 31 0.43
2-B-NGQDs 10.4 22 0.48
3 14.5 45 0.23
3Q 5.8 37 0.26
3-B-NGQDs 4.4 34 0.28
3Q-B-NGQDs 3.2 37 0.31
5 10.7 36 0.85
5Q 7.5 33 0.91
5-B-NGQDs 4.4 17 0.89
5Q-B-NGQDs 1.4 14 0.96
FA-NGQDs 8.2 57 0.39
3-FA-NGQDs 5.87 31 0.38
3Q-FA-NGQDs 39 28 0.49

The change in cellular morphology of the MCF-7 breast cells before and after treatment were
obtained from the microscope, Fig 5.4. Healthy MCF-7 cells have an eye-like shape and are
surface adherent as shown in Fig 5.4. However, upon PDT treatment the overall size reduces,

forming circular shapes as observed below and the cells ultimately die [109].
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Fig 5.4. The cytograms on MCF-7 cells for control (1% DMSO), and after being treated with
5Q-B-NGQDs in presence of light.

5.1.3 Cellular uptake

The cellular uptake of all complexes and conjugates was determined by measuring
absorbance of internalized photosensitizer drug after incubating with MCF-7 cells for 24h. The
cellular uptake plays an important role in the PDT activity of the photosensitizer [110]. Fig.
5.5 (A) shows that B-NGQDs has better cellular uptake (especially at low concentrations)
compared to NGQDs, and this due to the fact that cancer cells are known to overexpress biotin
receptors [111]. The asymmetric complexes (5 and 5Q) were compared with symmetric
complexes (3 and 3Q) in Fig. 5.5 (B), and it was observed that at lower concentrations (and in
the absence of B-NGQDs), the symmetric complexes have higher uptake, but at a higher
concentration the asymmetric have higher uptake. In the presence of B-NGQDs, there was a
higher increase in the uptake for the asymmetrical porphyrins (Fig 5.5 (C)). At a highest
concentration of 40 ug/ mL, the uptake absorbance intensity of the compounds and their
conjugates are listed in Table 5.1. Conjugates of B-NGQDs had better uptake when compared
to the porphyrin complexes alone and this is due to the high selectivity from B-NGQDs, and
tumor targeting properties of biotin [110]. At higher concentrations, 3-FA-NGQDs had higher
cellular uptake compared to 3 alone as shown in Table 5.1, Fig 5.5 (D). The same applies to
3Q-FA-NGQDs compared to 3Q. Therefore, it can be concluded that FA-NGQDs improved the
uptake efficacy of 3 and 3Q due to the tumor targeting properties of folic acid [50]. 3Q-FA-
NGQDs had the highest cellular uptake at highest concentrations, and this is attributed by

cationic charges and high selectivity from FA-NGQDs which makes it to easily penetrate the
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cancer cells. At a highest concertation of 40 pug/ mL 3-FA-NGQDs (0.38) and 3Q-FA-NGQDs
(0.49) had higher cellular uptake when compared to 3-B-NGQDs (0.28) and 3Q-B-NGQDs

(0.31) and this confirms that FA is better at targeting.
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Fig 5.5 MCF-7 cellular uptake over 24h at different concentration for (A) NGQDs and B-
NGQDs, (B) 3, 3Q, 5, and 5Q, (C) 3, 5, and their B-NGQDs conjugates, and (D) 3 and their FA-

NGQDs conjugates.
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5.3 Summary of the chapter

It was observed that all complexes and conjugates had no dark toxicity. B-NGQDs and FA-
NGQDs enhanced the PDT effect of the porphyrin complexes, as it was observed that upon
conjugation there was an increase in PDT activity (low number of viable cells). Biotin and folic
acid enhanced the cellular uptake of NGQDs when attached to them. Upon quaternization, it
was observed that 3Q and 5Q had an increase in cellular uptake when compared to their

respective complexes 3 and 5.
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Chapter 6



6.1 General conclusion

This thesis reports for the first time asymmetrical and symmetrical morpholine substituted
porphyrins conjugated to B-NGQDs and FA-NGQDs, through either covalent or non-covalent
attachment for PDT. The porphyrins were quaternized to improve their water solubility.
NGQDs exhibited high ¢r but it decreased upon conjugation with biotin, and it was due to the
presence of a heavy atom sulfur. Complexes 2 and 3 had the same substituents but different
central metals however, the singlet oxygen quantum yield for 2 was (¢, = 0.59) and (p, =
0.24) for 3. This is due to that Sn in 2 is heavier metal than Zn in 3. Asymmetric porphyrins (5)
exhibited higher singlet oxygen quantum yield when compared to the symmetric porphyrins
(3), and this because asymmetry and bromine enhances intersystem crossing. These higher
singlet oxygen quantum yields corresponded to high PDT activity against MCF-7 cells. The
conjugates resulted in enhanced PDT activity and cellular uptake when compared to the
porphyrin complexes alone. It was also observed that the cationic porphyrins (3Q and 5Q)
had better cellular uptake when compared to their respective neutral complexes, because

cationic porphyrins penetrate the cell walls easily.

6.2 Future prospects

® Try other alternative methods to synthesize ABAB porphyrin (Fig 6.1) and expand on

the study of asymmetry by comparing it with complex 3 and 5

Fig 6.1. ABAB porphyrin structure
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e Follow the method in [112] to calculate singlet oxygen quantum yield of NGQDs, since
it was observed in the study that it enhances the singlet oxygen quantum yields of

porphyrin complexes.
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Fig. A1 MATLI-TOF mass spectra of complex 1

114



Fig. A2 MALTI-TOF mass spectra of complex 2

Fig. A3 MALTI-TOF mass spectral of complex 3
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Fig. A5 MALTI-TOF mass spectral of complex 4
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Fig. A6 MALTI-TOF mass spectral of complex 5
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Fig. A7 MALTI-TOF mass spectral of complex 5Q
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Fig. A8 'H-NMR spectra of complex 1 in CDCl3
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Fig. A9 'H-NMR spectra of complex 2 in CDCl3
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Fig. A10 *H-NMR spectra of complex 3 in CDCl3

Fig. A11 'H-NMR spectra of complex 3Q in DMF
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Fig. A12 'H-NMR spectra of complex 4 in CDCls

Fig. A13 'H-NMR spectra of complex 5 in CDCl3
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Fig. A14 'H-NMR spectra of complex 5Q in DMSO
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Fig. A15 Histograms showing (A) dark toxicity and (B) PDT activity of 1% DMSO in cells in the
absence of photosensitizer.
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