Photo-physicochemical Characterization and In Vitro
Photodynamic Therapy Activity of Phthalocyanine-
Graphene Quantum Dots Conjugates

A thesis submitted in fulfilment of the requirements for the degree of

MASTER OF SCIENCE

By
LINDOKUHLE CINDY NENE

RHODES UNIVERSITY

Where leaders learn

February 2019




DEDICATION

cancer of a loved one.



ACKNOWLEDGEMENTS

A special thank you to my supervisor, Distinguished Professor Tebello Nyokong, for all the

knowledge imparted, encouragement and support through the course of my studies.
Thank you to Ms Gail Cobus for all the administrative work and support.

Rhodes University academic staff for support and valuable lessons, Dr Brendan Wilhelmi,
Dr John Mack, Dr Johnathan Britton, Dr David Oluwole, Ms Muthumuni Managa and

colleagues, “S22-group”. Thank you.
The National Research Foundation (NRF) for support and funding. Thank you.

Professor Nagao Kobayashi and Mutsumi Kimura, who were hosting me during my stay and

study at Shinshu University, Japan. Thank you.

Dr Fethi Bedioui and wonderful supervisor Camille Lescot who hosted me during my stay
and study at Chimie ParisTech, France. The good friends | made; Dr Wiliam Caneschi, Menel
Ben Frej and Getnet Sewnet Kassahun as well as the UTCBS group. Campus France for

funding. Thank You.

Warm thank you to my dad, Mandlenkosi Blessing Nene; siblings, Nozipho, Nosisa and
Mlondolozi Nene; friends; Reitumetse Nkhahle, Sivuyisiwe Mapukata, Palesa Motsoai, and

mentor, Dr Garth Cambray. Thank You.

And most importantly, my guardian angel, late-mother, Mildred Tilly Nene. Thank You.

S ] imie Paris ’
V & wa & (@)
R —————1%§

RHODES UNIVERSITY F Foundation

Where leaders learn SHINSHU
UNIVERSITY ParisTech

campusfrance.org



ABSTRACT
This thesis reports on the preparation of several differently substituted Zn(ll) phthalocyanine
(Pc) complexes and their respective graphene quantum dots (GQDs) conjugates. In addition,
Pc complexes substituted with biologically active molecules used in cancer therapeutics,
namely: benzothiazole and morpholine, were also prepared and conjugated to GQDs. The
photo-physicochemical properties were determined for both the complexes and their
respective conjugates including the fluorescence/ triplet quantum yields and lifetimes as well
as the singlet oxygen generating abilities. Upon conjugation to GQDs, the fluorescence of the
Pc complexes decreased (insignificant decrease in some cases), with an increase in the triplet
guantum yields. However, the singlet quantum yields of the Pcs in the conjugates did not
show an increase with the increase in the triplet quantum vyields. This is suspected to be due
to the screening effect. The cytotoxicity of the complexes in vitro decreased upon
conjugation, as a result of reduced actual number of Pc units provided in the conjugate for
therapy. An increase in the efficacy upon quaternization was observed, and a relatively better
performance was also observed for the cationic complex in combination with the biotin-
functionalized GQDs, 7-GQDs-Biotin. Moreover, the cellular uptake of 7-GQDs-Biotin over 24

h was relatively high compared to complexes alone and other Pcs-GQDs conjugates.
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CHAPTER ONE Introduction

Problem statement

Cancer remains one of the leading causative agents for the morbidity and mortality
burden globally. Several treatment regimens have been used for cancer with the
conventional chemotherapy showing limitations such as lack of selectivity and specificity
(invasive) [1,2]. Photodynamic therapy (PDT) has been introduced to overcome these
limitations [3], where phthalocyanines (Pcs) have grown as a promising generation of
sensitizers for PDT. However, Pcs generally lack specificity for cancer [4,5]. Therefore,
methods of preparing efficacious and cancer-selective Pcs-sensitizers for PDT is

paramount in the study and development of effective cancer treatments.

This thesis reports on the conjugation of Pcs to graphene quantum dots (GQDs), as cancer-
selective delivery vectors for Pcs. A selection of known chemical groups used for cancer
therapeutics including benzothiazole, morpholine, biotin and cationic moieties were used
in the design and synthesis of Pc-GQDs conjugates to potentially improve the therapeutic

efficacy in terms of solubility in agueous media, cancer specificity and uptake.
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Preface

A summary of the aims of this work is outlined in Fig. 1.1.
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Figure 1.1. Summary of the methods used for modifying phthalocyanines for potential cancer
specificity and uptake used in this work.
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1.1. Brief background on photodynamic therapy

Photodynamic therapy (PDT) has immerged as a non-invasive/ selective technique developed
as an alternative or supplementary to the conventional chemotherapy or radiation therapy
for cancer treatment [3,6,7]. PDT is relatively cheaper and gentler, with minimal toxicity to
non-malignant somatic cells [8]. PDT uses light-responsive-chemical compounds known as
photosensitizers (PSs), synergistically with light of specific wavelength (activator) and
molecular oxygen (Oz) to initiate cytotoxicity through the generation of reactive oxygen
species (ROS) [9-11]. The PSs form key components and are required to possess a set of

specific properties for potential applications in PDT [12-15].

The prerequisite properties of PSs for PDT include, in addition to ROS generation upon
exposure to light, low to no dark toxicity; chemical and physical stability at storage/
physiological conditions; specificity and selectivity to cancer; rapid accumulation at cancer
site; and maximum absorbance of light of wavelength in the near-infrared region (NIR) of the
electromagnetic spectrum [13,16-19]. Wavelengths in the NIR have relatively better tissue

penetrability and can therefore reach deeper-seated cancer cells during PDT [7].

A plethora of PSs have been designed and studied for PDT both in vitro and in vivo. These PSs
can be summarised in one of the major groups, namely: pophyrins, chlorins, bacteriochlorins,
phenothezium, xanthene, distyryl boron dipyrromethene and phthalocyanines [20,21]. Of
these, phthalocyanines are regarded as promising PSs for PDT [22-24] and are a subject of this

thesis.
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1.2. Phthalocyanines

Phthalocyanines (Pcs) are a group of brilliant blue or green and sometimes brown coloured
organic dyes. The discovery of Pcs dates to the 1900s, where the first Pcs were obtained
accidentally as a by-product during the preparation of 2-cyanobenzamide [25]. The word
phthalo-cyanine is derived from two terms; where “phthalo-" is from the precursor for Pcs,

phthalic acid, and “-cyanine”, the Greek term for the colour blue.

1.2.1. General structure
Structurally, Pcs are macro-cyclic compounds with a tetrapyrrolic core. These aromatic
compounds comprise a characteristic 18 m-electron-system which affords them impressive
electronic and optical properties [26,27]. The structure of Pcs may vary, depending on the

nature and positions of substituents and nature of the central metals, Fig. 1.2.

Figure 1.2. The generalised structural formulae of A) metal-free and non-substituted Pcs; B)
metallated and substituted Pcs and C) metallated Pcs with axial ligand. Rp: peripheral (B)
substituent, Rn: non-peripheral (a) substituent, M: metal, Ra: axial substituent.
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Metal-free Pcs (H2Pcs) are of Dan symmetry Fig. 1.2A, and the metallated Pcs (MPcs) are of
Dan symmetry Fig. 1.2B [28]. Depending on the oxidation state of the metal, axial substituents
can be incorporated on MPcs through direct linkage to the metal as shown in Fig. 1.2C.
Additionally, the structural features of Pcs can vary by attachments of substituents on the

alpha (a, Rn) and/ or beta (B, Rp) positions respectively, Fig. 1.2B [29].

1.2.2. Synthesis
The Pcs are synthesized from smaller simpler precursors. The synthesis of Pcs generally
involves a single step where the precursors: phthalic anhydride, phthalimide or phthalonitrile,
etc., are used along with a metal salt in a cyclotetramerization reaction to form MPcs, or H;Pcs

in the case where a metal is not added in the reaction Scheme 1.1 [30,31].

Alternatively, MPcs may be formed in a two-step reaction, where the H.Pcs are first
synthesized and subsequently metallated instead of the direct interaction of the precursors
with the desired metal as shown in Scheme 1.1 [32]. Depending on the application and
production scales, specific precursors may be used in the preparation of Pcs, for example,
large industrial scale would utilize phthalic anhydride, where in a small laboratory scale, the

phthalonitriles would normally be used [33-36].
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Scheme 1.1. A selection of Pcs precursors for preparing HPcs and MPcs, namely: (I) o-

cyanobenzamide, (ll) phthalamide, (Ill) phthalimide, (IV) 1,3-diiminoisoindoline, (V) phthalic
anhydride, (V1) phthalonitrile.
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Scheme 1.2. The preparation of tetra-B-substituted Pcs using phthalonitrile precursor. R:

substituent, MX: metal-salt, M: metal.

This thesis reports on the peripherally tetra-substituted MPcs. To achieve Pcs with

substituents (R-groups), the phthalonitrile precursors bearing the desired R-groups at specific
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positions are usually used. Commonly, the 4-nitrophthalonitrile is used, where the nitro-

group is displaced by the electrophilic-end of the R-group Scheme 1.2 [37-39].

1.2.3. Electronic absorption behaviour
The typical UV-vis absorption spectra of Pcs are characterised by two prominent absorbance
peaks that are due to m-t"transitions, namely; the Q and B bands which appear in the NIR and
the blue-region, respectively, Fig. 1.3A [40,41]. The origin of the Q and the B bands can be
explained by the Gourteman model of linear combination of atomic orbitals (LCAO) as a
function of transitions occurring between the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) [42]. In the case of MPcs, the Q-band
appears as one intense peak, which arises from the transitions from the a1, of the HOMO to
the egof the LUMO. The B-band arises from the transitions from the a,, and by, of the HOMO
to the eg of the LUMO, Fig. 1.3B, [42-44]. The absorption spectra of Pcs are mostly dependant
on the structural properties, such as the type and size of central metal; the size, nature and

position of substituents among other properties [45-48].
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Figure 1.3. The illustration of a typical (A) UV-vis absorption spectrum and (B) electronic
energy levels showing the origin of the Q and B bands of MPcs.
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1.2.4. Photo-physicochemical parameters
The photo-physicochemical properties of Pcs are important in determining their potential

applicability as PSs for PDT. The PDT mechanism of action is illustrated in Fig. 1.4.
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Figure 1.4. Jablonski diagram illustrating the initiation of cytotoxicity by light activated
photosensitizer during photodynamic therapy.

Upon irradiation, Pcs in the ground state absorb energy from the light source (hva) to occupy
the first excited state,'Pc* [49]. The excited Pc* eventually relaxes and may undergo
fluorescence back to the ground state by emitting light of a different wavelength (hvg) or may
undergo intersystem crossing (ISC) to occupy the excited triplet state, 3Pc” [49]. Molecules in
the triplet state may interact with molecular oxygen (O;,) to generate singlet oxygen, or will
instead undergo phosphorescence, releasing energy (hvp) back to the ground state [15,49,50].
The photo-physicochemical parameters derived from the Jablonski diagram include the
fluorescence, triplet and singlet oxygen quantum yields and they are discussed in the

following sections [51-53].
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1.2.4.1. Fluorescence quantum yield and lifetime
The fluorescence quantum yield (®f) quantifiy the amount of excited molecules, *Pc”, that
will relax back to the ground state, Pc, through fluorescence [54] Fig 1.4, this value is

determined using previously repoted comparitive methods [52,54,55] using Equation 1.1.

2
F(Sample).A (Standard). T (Sample)

‘DF(Sample) = ‘DF(Standard) (Equation 1.1)

2
F (s tandard).A(S ample).n(S tandard)

Where the @fisample) and Drstandara) are the Of of the sample and standard respectively,
F(sample) and Fistandard) are the areas under the fluorescence curve for the sample and standard,
respectively. The A¢sample) and Astandard) are the absorbance values at the excitation
wavelength for the sample and standard, respectively. The n(sample) and Nystandard) are the

solvent refractive indices for the sample and standard, respectively.

The fluorescence lifetimes (tf) determine the time it takes the excited photons to relax back
to the ground state through fluorescence. The tr are directly proportional to the O for a
specific molecule. There are several methods that can be used to determine the 1 [56,57].
The t= were determined using time-correlated single photon counting method in this thesis

[58-60].

1.2.4.2. Triplet quantum yield and lifetime
The excited molecules that will instead occupy the triplet state, 3Pc”, are quantified by the
triplet quantum yield (®r) Fig 1.4 [61,62]. The ®Or can be determined using previosly reported

comparitive methods [51, 63] using Equation 1.2.

AAT(Sample).ST(Standard).

D (sampie) = Pr(standard) (Equation 1.2)

AAT(S tandard).ET(S ample).

10
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Where the @r (sample) and @r (standara) are the Or of the sample and standard, respectively,
AAr(sampie) and AArystandard) are the changes in the triplet state absorbances for the sample and
standard, respectively, and the Ersample) and Erystandard) are the extinction coefficients at the
triplet state for the sample and standard, respectively. The € values for both the samples and

standards may be calculated using Equation 1.3.

AAr .
Er=E&g a4 (Equation 1.3)
Where &s is the excinction coefficient and As is the change in absorbances at the ground

singlet state respectively.

The triplet lifetimes (tr) determine the amount of time the excited molecules, 3Pc” will exist
in the triplet excited state. In this work, to obtain tr the kinetic curves were exponentially

fitted on ORIGIN® 8 Professional software [62].

1.2.4.3. Singlet oxygen quantum yield
The efficiency of singlet oxygen generation from 0> mediated by the 3Pc” can be quantified as
the singlet oxygen quantum vyield (Da) [64, 65]. The calculation of the ®a can be done using
methods described in literature [64-66]. In this work, the ®a were determined
spectroscopically, by monitoring the photodegradation of the singlet oxygen quencher as

described in literature [67]. The @a values were calculated using the Equation 1.4.

R(Sample).IAbs(Standard).

d)A(sample) = d)A(Standard) (Equation 1.4)

R (Standard).l Abs(Sample).

Where the @a(sample) and Da(standard) are the O of the sample and standard, respectively. The

R(sampie) and Rystandard) are the rates of photodegradation of the quencher mediated by the

11
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sample and the standard, respectively, and laps(sample) and labs(standard) are the rate at which
light is absorbed by the sample and standard, respectively. Where I can be determined using

Equation 1.5.

a Al .
Iyps=— (Equation 1.5)
NA
Where a = 1-10*™, A (A) is the absorbance of the Pcs at the irradiation wavelength, A is the
irradiated area (2.5 cm?), I is the intensity of the light used (photons/ cm?) and Na is the

Avogadro’s constant.

1.2.5. Methods of improving photo-activity and therapeutic efficacy
The advantage of working with Pcs is that they are relatively easy to modify to improve their
properties for different applications including PDT [68-72]. Several structural modifications
have been employed with the aim of improving the optical behaviour, photo-physicochemical

properties and cancer specificity of the Pcs [73-75].

1.2.5.1. Central metal and substituents

The use of heavy atoms as central metals may improve the photo-physicochemical properties
and PDT activity through the heavy-atom effect [76-78]. Heavy metals may also assist the red-
shifting of the Q-band to the NIR, which is essential for therapy [79]. Aggregation in Pcs affect
their photo-activity and therefore cause challenges in the study and applications of Pcs
[80,81]. To overcome these, Pcs substituents are carefully designed. Bulky substituents are
used to enhance solubility and reduce aggregation in organic solvents through steric
hindrances [82-85]. A series of differently substituted Pcs, ranging from simple substituents
such as the tert-butyl and phenylthiol and bulkier substituents such as benzothiazole and
morpholine groups were synthesized and studied in this work.

12



CHAPTER ONE Introduction

1.2.5.2. Quaternization

Nitrogen-bearing functional groups, usually 2° and 3° amines, are used to form cationic-
guaternary amines on the substituent of the Pcs to afford water soluble quaternized Pcs,
(QPcs) [86-88]. In addition to water-solubility, which is ideal for biological applications such
as cancer treatment, cationic drug molecules have been shown to have affinity to cancer cells
through electrostatic attraction, owing to the oppositely charged anionic cell membrane [89-
92], and enter cells through the clathrin-mediated endocytosis pathway [93]. Furthermore,
Matshitse et al. have reported on the improvement of cellular uptake of Pcs upon increase in
the number of cations conferred [94]. This serves as an advantage since, in addition to
promising photo-physicochemical properties for PDT, Pcs also need to be designed/ modified
to target cancer as they generally lack specificity.

In this work, benzothiazole and morpholine-substituted Pcs were used to allow for the
preparation of quaternary amines. Moreover, these groups are targeted as anti-cancer

entities in cancer drug development [95-97].

1.2.5.3. Conjugation to nanocarriers
Furthermore, cancer selectivity and delivery of Pcs can be achieved by tagging with
specialised carriers [98-100]. Nanoparticles (NPs) for drug delivery are attractive due to their
versatility, biocompatibility, improved drug loading and targeting [101-103]. The NPs-drug
conjugates are likely to target the cancer microenvironment due to the leaky vasculature
around the cancer site, allowing easier entrance, accumulation and retention at cancer target
sites, this is known as the enhanced retention factor (EPR) [104,105]. Some of the
nanocarriers that have been designed and studied for Pcs’ cancer-specificity and delivery

include Au-NPs, polyacrylamide nanoparticles and liposomes to mention a few [106-109].

13
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Other drug nano-carriers of interest in medicine include graphene quantum dots, which are
a subject of this thesis [110,111]. In addition to cancer targeting, NPs have been
demonstrated to improve the PDT activity of Pcs in Pcs-NPs conjugates through the heavy-

atom effect [78, 112].

1.3. Graphene quantum dots

Graphene quantum dots (GQDs) are fluorescent, aromatic nanomaterials structurally
appearing as flat carbon sheets and may comprise of carboxyl, hydroxyl and amine functional
groups on their edges. GQDs have earned a great deal of interest in biology owing to their
high biocompatibility and low cytotoxicity [110]. Additionally, GQDs have also shown good
aqueous dispersity; chemical inertness; pH stability and photostability and have been applied

as PDT agents or fluorescent imaging probes in oncology and other diseases [110-113].

1.3.1. Syntheses

There are two main approaches for preparing GQDs; the top-down and the bottom-up
approach Fig. 1.5 [114]. The top-down approach involves the fragmentation of bigger
molecules such as graphite, graphene oxide, carbo-nanotubes etc. [115-117]. Various
methods such as laser ablation, hydrothermal or solvothermal cutting processes etc. may be

used to form GQDs in the top-down approach [118].

The bottom-up approach utilises smaller precursor molecules such as citric acid, glucose, and
other aromatic molecules Fig. 1.5 [119,120]. The assembly of these molecules to form GQDs
may be assisted by various processes including ultrasonication, hydrothermal treatments,
microwave pyrolysis (carbonization) etc. [118]. The bottom up-approach affords better

control in the size and shape of GQDs with fewer defect, unlike the top-down approach [121].

14
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Figure 1.5. Summary of the top-down and bottom-up approaches for the preparation of

GQpDs.

15



CHAPTER ONE Introduction

In this work, the bottom-up approach, using the precursor citric acid, in the presence of
polyethyleneimine by hydrothermal treatment was used to afford the NH,-GQDs. The

simplified structure of the NH,-GQDs is represented in Fig. 1.6.

Figure 1.6. Simplified structure of NH,-GQDs used in this work

1.3.2. Conjugation of Pcs to GQDs
The conjugation of Pcs to GQDs is achievable through the formation of both covalent and non-
covalent bonds [122]. For covalent conjugation, the functional groups on the edges of the
GQDs are used to form bonds directly, or indirectly through a linker to the Pcs with
appropriate functional groups. In the case of non-covalent conjugation, the Pcs are loaded on
to the flat surface of the GQDs through m-1t interactions [122]. The large flat surface of GQDs

allows for the loading and delivery of multiple drug (Pcs) units.

The Pcs and GQDs conjugates have been prepared and studied for various applications such
as in non-linear optics, electrochemistry and fluorescence sensing in our group [123-125].
Some of the Pcs-GQDs -t conjugates that have been prepared are summarized in Table 1.1,

[65,124-131].

16
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Table 1.1. Examples of reported tetra-p- substituted MPcs -t conjugated to GQDs.

Phthalocyanine Pcs (R-Group) Studies done Ref
Structural characterisation,
No R-group Photo-physicochemical
M: Zn{ll) characterisation (Of, ®a, O, 1), [126]
Photocatalysis of 4-chlorophenol.
g
X Structural characterisation,
\jﬁj Photo-physic?chemical 127]
~ X characterisation (Of, ®a, O, 1),
M: Zn(ll), Al(111) Fluorescence sensing of Hg?*.
)ij Structural characterisation,
Soy Photo-physicochemical [128]
M: Zn(l1) characterisation (®f, ®a, O, T7).
"
"o Structural characterisation
COOH , ’ [124]
/©/ Electrocatalysis.
~o
M: Co(ll)
,\(/ Structural characterisation,
\0/©/ Photo-physicochemical [129]
M: Zn(1l) characterisation (Of, ®a, O, 7).
FE
ijF Structural characterisation,
~o N | Photo-physicochemical [130]
M: Zn(ll) characterisation (®Of, ®a, O, T71).
(0}
—$-OH Structural characterisation,
0 Photo-physicochemical [65]
M: Al(I) characterisation (®Of, ®a, Or, T7).
Structural characterisation,
NC Photo-physicochemical
o characterisation (®f, ®a, Or, T7), [131]
M: Zn(1l) Fluorescence sensing of Ascorbic

acid.
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1.3.3. GQDs bio-functionalization
To afford enhanced cancer specificity and uptake of GQDs-drug complexes, biologically active
molecules are usually tagged onto GQDs. Some of the commonly used biomolecules for

GQDs-mediated drug transport that have been used are listed in Table 1.2 [132-137].

Table 1.2. Examples of biomolecules used to functionalize GQDs for cancer therapeutics.

Biomolecule L
. Structure Application Ref.
(Drug carried)
Oy OH
Folic acid i ji\g Theranostic for Cervical
g Ron el N E [132]
(Doxorubicin) Y :iﬁIN:]”H Cancer (He-La cells)
Biotin OyN 9 Delivery to adenocarcinoma
110
(Doxorubicin) o (A549 cells) [110]
Cyanines.5 Theranostic for mammary
) land derived breast cancer 133
(Doxorubicin) 8 [133]

(4T1 cells)

Arginine-glycine- Theranostic for human

H NH, , O oj/mb
aspartic acid peptide HzN\"/N NI A Ny  prostate cancer (DU-145and  [134]
(Doxorubicin) NH " PC-3 cells)
Herceptin antibody Theranostic for breast cancer (135]
(Doxorubicin) (MCEF-7 cells)
scFv-B10 antibody Theranostic for breast cancer (136]
(Cisplatin) (MDA-MB-231 cells)

OH OH
Hyaluronic acid-f °(§&BZ 0 Delivery to pancreatic cancer 137]
(Gemcitabine) OH NH (Panc-1 cells)
o~

Although the Pcs-GQDs conjugates have not been studied for PDT, the conjugate of Pcs to a
biofunctionalized, GQDs-GSH-folic acid have been reported [65]. In this thesis, however, the

GQDs were functionalized using biotin.
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Biotin is widely used as a targeting probe for cancer which allows for the internalization of
the drug molecules to which it is coupled [110,138,139]. Biotin is a growth promoter, and the
biotin uptake system is overexpressed on cancer cells to maintain their rapid proliferation and
metastasis [140]. Therefore, linking cancer therapeutics to biotin is one way to improve the
drug specificity. Moreover, the expression of biotin receptors, in comparison to folic acid
receptors is higher in cancer cells [141]. The functionalization of GQDs with biotin creates a
delivery vector that targets cancer sites through the EPR effect and internalization of the Pcs
loaded on the surfaces via the receptor mediated endocytosis.

To maintain the binding ability of biotin to the receptor, the ring-end which fits to the binding
cavity of the biotin receptor [141] such as Avidin and its derivatives must be left untampered
with. Previously, GQDs have been linked to biotin through a linker which affords the NH;
groups to which biotin may be bound [110]. In this work, the NH,-GQDs were used, where the
GQDs were covalently linked to the biotin through amide bonds involving the carboxylic-

terminal of biotin and the amine groups on the edges of GQDs, Fig. 1.7.

GQDs-Biotin

Figure 1.7. Simplified structure of biotinylated NH»-GQDs.

A summary of the Pc complexes and their corresponding GQDs and GQDs-biotin conjugates

prepared in this work is given in Table 1.3.
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Table 1.3. The Zn(lI)Pcs-GQDs conjugates used in this thesis.

Introduction

Pcs (complex number); name ref NPs Studies done
\?f Structural characterisation,
Q( Photo-physicochemical
roperties (Of, Oa, Or, 17),
b d %{J New  NH-GQps  Properties(@r @s, Orr)
X\(\g\ In vitro Photodynamic
E\ﬁ therapy.
(1); di-tert-butyl-methyl phenoxy Zn(ll)Pc
Structural characterisation,
@ Yé/ Photo-physicochemical
N2 N roperties (D, O, Or, 11),
» (142]  NH-GQps  Properties(®r Os Orr)
N /%%< In vitro Photodynamic
therapy.
(2); tert-butyl Zn(Il)Pc
\/p Structural characterisation,
% N { Photo-physicochemical
éj W [143]  NH,-GQDs properties (Of, ®a, Or, 1),
- In vitro Photodynamic
therapy.
(3); phenylthio Zn(II)Pc
&
s
\\Nn\g "LSO Structural c.haracter.isation,
N 2y Photo-physicochemical
QN < ‘ )@\S [144] NH,-GQDs properties (O, Oa, O, T7),
éj} In vitro Photodynamic
& therapy.
(4); -benzo[d]thiazol-2-yl-benzenethiol
Zn(I)Pc
[ s N 4+
O s
_Ns S Structural characterisation,
= ﬁ( %@ ructura c. arac er.lsa ion
e Photo-physicochemical
New NH,-GQDs properties (Df, Oa, Or, T7),

(5); cationic benzothiazole-thiophenyl
Zn(Il)Pc

In vitro Photodynamic
therapy.
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— NH,GQDs

RS Q)
)

N, 26 N
N b

ot

(6); 2,5-dimethyl-4-(morpholinomethyl)

New

o

NH2-GQDs
h Zn(ll)P
phenoxy Zn(Il)Pc -biotin
NH,GQDs
_d:g/ | — 4+
-
o
N\,\"Zﬁ,%\o
ggf\“ New
o
N b
(7); cationic 2,5-dimethyl-4- NH>-GQDs
(morpholinomethyl) phenoxy Zn(ll)Pc -biotin

Structural characterisation,
Photo-physicochemical
properties (Or, Oa, O, 17),
In vitro Photodynamic
therapy,

Cellular uptake studies.

Structural characterisation,
Photo-physicochemical
properties Of, Oa, Or, 1),
In vitro Photodynamic
therapy,

Cellular uptake studies.

Structural characterisation,
Photo-physicochemical
properties (Of, Oa, O, T7),
In vitro Photodynamic
therapy,

Cellular uptake studies.

Structural characterisation,
Photo-physicochemical
properties (O, Oa, P, T7),
In vitro Photodynamic
therapy,

Cellular uptake studies.
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1.4. Novelty statement
The syntheses and structural characteristics of complexes 2-4 have been reported [142-144].
Complexes 1 and 5-7 are reported for the first time in this thesis. All the complexes contain

Zn(ll) as the central metal, to enhances the ISC to the triplet state [76].

As shown in Table 1.1, there has been no reports on the study of Pcs-GQDs conjugates for

PDT, neither in vivo nor in vitro, hence, the subject of this thesis.

Additionally, Pcs containing biologically active chemical moieties used for cancer therapeutics
have not been conjugated to GQDs before. In this thesis, Pc complexes comprising of
substituents that have shown anti-cancer properties, such as the benzothiazole (complex 4
and 5) [95] and morpholine (complex 6 and 7) [97] groups, were synthesized and conjugated

to GQDs, Table 1.3.

The effects of cations conferred on the N atoms of the benzothiazole and morpholine groups
were evaluated by comparing complex 4-5 and complex 6-7, as well as their respective

conjugates.

The NH,-GQDs were used to allow for direct linkage of biotin to the GQDs via the NH2-groups.

The effects of the cancer specific and uptake-probe, biotin, on the GQDs-biotin was evaluated

by comparing complex 6 and 7 to their respective GQDs and GQDs-biotin conjugates.
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1.5. Aims and objectives: PDT activity of Pcs-GQDs conjugates

- Aim
The aim of this work was to design Pcs with substituents that will enhance their internalization
in cancer cells, MCF-7 and then conjugate them to GQDs, and thereafter study the PDT activity

of the prepared complexes on MCF-7 cell lines in vitro.

- Objectives

The objectives of this work are outlined in Scheme 1.3.

e Study the
Prepare PC;GQDS photophysicochemical
Gl properties.

én yt/tro PIBII:F e Data analysis/ interpretation
activi y7on ) and conclusion.

Prepare Pcs and e Study the Photo-
GQDs with physicochemical
moeities used in properties.
cancer
therapeutics. * in vitro PDT on MCF-7.

Scheme 1.3. Outline of the objectives for the study of the in vitro PDT activity of Pcs-GQDs on
the MCF-7 cell line.

A series of analytical techniques were employed to define the structural and photo-
physicochemical properties their physico-chemical properties of the newly synthesized

complexes and conjugate.
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1.6. Side work: Introduction of Flow chemistry for synthesis of probes for positron

emission tomography

During my MSc, | spent six months at Chimie ParisTech, France, for training on flow chemistry,
and to develop the trifluoromethylthiolation reaction in flow, (a reaction developed for the
synthesis of radiotracers). This section introduces the studies that were conducted during the

visit.

1.6.1. Radiotracers in cancer imaging
The development of effective bioimaging techniques allowing for early diagnosis of diseases

such as cancer is important for ensuring effective treatment [145].

Positron emission tomography (PET) is a non-invasive quantitative imaging technique used in
the detection and management of various diseases including cancer and Alzheimer disease
[146]. PET utilises a chemical compound labelled with a positron emitting radionuclide,
referred to as radiotracer [146]. The radiotracer also comprises of a biologically active
molecule (bio-ligand) which functions to direct the radiotracer to specific sites in a biological

system Fig. 1.8.

Linker

v N

Imaging Delivery

Figure 1.8. Design of a radiotracer comprising the radionuclide and targeting-bioligand.

Several radionuclides have been used for the design and study of PET radiotracers, including:

oxygen, 0 (t1/2=~2 min); nitrogen, 3N (t1/2=~10 min); carbon, 1C (t1/=~20 min); and fluorine,
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18F (t1/2=~110 min) to mention a few [147]. The 8F has gained attention for PET radiotracers
owing to its relatively longer half-life (t1/2). The ['®F]-Fluorodeoxyglucose, (['8F]-FDG), is a
commonly used F-based radiotracer for PET which enters cancer cells through the glucose
endocytosis system [147]. The radiotracer is not for all types of cancer, neither for all diseases.
Therefore, a more universal method for efficiently radio-labelling biomolecules for
bioimaging is of paramount importance. Noting the inevitable occurrence of radioactive
decay, the method of preparing radiotracers must be selected with care to maintain quality
radiotracers for imaging.

Additionally, a pharmaceutically valuable moiety, i.e. the trifluoromethylthio- group (-SCFs),
is of interest in this study for use in radio-labelling chemical compounds. The SCF3 group is
highly electrophilic and has been reported to improve drug transport through the cellular lipid

membrane as well as improve the metabolic stability of the drug. [148].

1.6.2. Difluorocarbene-derived trifluoromethylthiolation reaction
Zheng and colleagues have described for the first time the one-pot synthesis of SCFs-
functionalised compounds wusing the difluorocarbene reagent, difluoromethylene
phosphobetaine (PhsP*CF,CO;; PDFA) [149]. This method allows for the in-situ incorporation
of a third F atom, which may be radioactive or non-radioactive isotope depending on the

application, on the difluoro-bearing carbon derived from the difluorocarbene, Scheme 1.4.

N i Sg CsF 3 R-X

(PDFA)

Scheme 1.4. Trifluoromethylthiolation reaction of aliphatic electrophiles derived from the
difluorocarbene PDFA.
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Upon heating, the PDFA dissociates to generate a difluorocarbene which readily forms S=CF;
in the presence of Sg, Scheme 1.4. A third F is subsequently added in situ to the S=CF; carbon
to form the SCFs. The SCF; is thereafter incorporated to the aliphatic group (R) through a
nucleophilic substitution mechanism, displacing the electrophile (X) initially bound to it (R-X)
to form the desired R-SCF3 compound [149].This reaction mechanism is also attractive for PET
radiotracer design in that it is time efficient when incorporating the SCF3 on a bioactive-
compound, compared to preparing the SCF3 prior to bio-conjugation. The method described
by Zheng et al. [149], was performed in a batch reaction system. The disadvantages following
this type of a reaction technique are attributed to the inefficient heat and mass transfer since
there is a low volume to surface ratio in the reaction vessel [150]. This tends to be even more
problematic when upscaling, leading to incomplete reactions and formation of side products

[150].

In this project, the application of the reaction mechanism as described in Scheme 1.4 was
introduced in a flow system instead of a batch reaction system. The non-radioactive isotope,

19F, was used for safety purposes.

1.6.3. Flow chemistry
Flow chemistry involves the performance of synthetic chemistry in a tube in continuous flow

unlike the conventional batch reactions [151].

Flow reactors have an increased surface-volume ratio, generally improving the heat and mass
transfer in the reaction mixture thus relatively improving the reaction efficiency with reduced
side products [151]. Therefore, making flow chemistry a promising technique for the synthesis

of quality radiotracers.
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1.7. Aims and objectives: Development of the trifluoromethylthiolation reaction in flow.
- Aim

The aim of this work was to develop the difluorocarbene-derived difluoromethylthiolation

reaction in flow. The trifluoromethylthiolation reaction explored in this project is as described

by Zheng and colleagues [149]. The reaction as described in literature, is performed and

optimized in DMF for batch reactions. The major challenge for applying the reaction directly

in flow is due to the poor solubility of some reagents in DMF.

- Objectives

The objectives of this work are outlined in Scheme 1.5.

Reproduce .
) e Solvent screening for
reaction process as . .
. . application of reactionin
described in
. flow.
literature.

e Optimize reaction conditions
including: solvent, solvent
ration and reagent ratios,
time, temperature and flow
rate

Perform reaction
in flow

4\ e Perform reaction using
Proof of concenpt different substrates

—/ (aliphatic electrophile)

Scheme 1.5. Outline of the objectives for the development of the trifluoromethylthiolation
reaction in flow.

The reaction was monitored using *H and °F nuclear magnetic resonance.
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2.1. Materials

2.1.1. Solvents
The N,N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO) ethanol, methanol, and
tetrahydrofuran (THF) were purchased from Merck®. The 1-pentanol, chloroform, ethyl
acetate, diethyl ether, acetone, toluene and hydrochloric acid were all purchased from Sigma-
Aldrich®.

2.1.2. Reagents for the synthesis of phthalonitriles, Pcs and Biotin-GQDs
The zinc acetate (Zn(OAc)2, 99%), 1,8-diazabicyclo [5.4.0] undec-7-ene (DBU), 2,5-dimethyl-4-
(morpholinomethyl) phenol hydrochloride monohydrate, 2,6-di-tert-butyl-4-methylphenol,
sodium sulphate, potassium carbonate, dimethyl sulphate (DMS), biotin, N,N’-
dicyclohexylcarbodiimide (DCC), 4-dimethylamino)pyridine (DMAP), and aluminium oxide 90
active neutral were purchased from Sigma-Aldrich®. The Millipore water was acquired from

a Milli-Q water system (Millipore Corp, Bedford, MA, USA).

2.1.3. Standards and quenchers for photo-physicochemical studies
The anthracene-9,10-bis-methylmalonate (ADMA), 1,3-diphenylisobenzofuran (DPBF),
unsubstituted Zn(ll)Pc, and quinine sulphate (QS) were purchased from Sigma-Aldrich®.

AlIPcSmix (mixture of sulfonated Pcs derivatives) was prepared as described in literature [152]

2.1.4. Previously synthesized materials
Some of the reagents and complexes used in this work were synthesized following methods
previously described in literature. These include, 4-nitro-phthalonitrile [153], 4-(2,6-di-tert-
butyl-4-methylphenoxy) phthalonitrile (Pn 1, Scheme 3.1.) [154], tetra-tert-butyl Zn(Il)Pc
(complex 2) [142], tetra-phenylthio Zn(lI)Pc (complex 3) [143], and tetra- 4-(benzo[d]thiazol-

2-yl)benzenethiol Zn(Il)Pc (complex 4) [144], and the NH,-GQDs [155].
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2.1.5. Materials for cell studies
The human breast adenocarcinoma Michigan cancer-7 (MCF-7) cell line were purchased from
Cellonex®. The Dulbecco phosphate-buffer saline (DPBS), Dulbecco’s modified eagle’s
medium (DMEM) 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/ mL-
streptomycin-amphotericin-B-mixture (PSA) as well as the neutral red cell proliferation

reagent (WST) were all purchased from Biowest®.

2.2. Instruments and methods

2.2.1. Structural characterisation

e The Infrared (FT-IR) spectra were recorded using the Burker Alpha model FT-IR
spectrometer with universal attenuated total reflectance (ATR) sampling accessory.

e 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.

e The 'H nuclear magnetic resonance (NMR) spectra were recorded with Bruker
Advance I+ 600 MHz (or 400 MHz) NMR spectrometers.

e Elemental analysis was done using a VARIO ELEMENTAR EL IIl CHNS instrument.

e 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.

e The transmission electron microscope (TEM), ZEISS LIBRA model 120 operated at 90

kV and iTEM software was used for TEM micrographs processing.
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For dynamic light scattering (DLS) measurements, Malvern Zetasier Nanoseries, Nano-
7590 was employed. Energy dispersive X-ray spectroscopy (EDS) was done in the INCA

PENTA FET coupled with the VAGA TESCAM, at 20 kV accelerating voltage.

2.2.2. Photo-physicochemical characterization
The ultraviolet-visible (UV-Vis) spectra of the complexes were recorded using the
Shimadzu 2550 UV-Vis spectrophotometer, in the range of 300-800 nm.
The fluorescence emission and excitation spectra were recorded using the Varian
Eclipse spectrofluorimeter using a 360-1100 nm filter.
The fluorescence lifetimes were recorded using the time correlated single photon
counting (TCSPC) Fig. 2.1, (FluoTime 300, Picoquant GmbH). A diode laser (LDH-P-670
driven by PDL 800-B, 670 nm 20 MHz repetition rate, Picoquant GmbH) was employed
where Pc absorbs and LDH-P-387 with 10 MHz repetition rate, 88 ps pulse width where
GQDs absorb.
A laser flash photolysis system, Fig. 2.2, consisting of a LP980 spectrometer with a
PMT-LP detector and an ICCD camera (Andor DH320T-25F03) detector was used to
determine triplet quantum vyields. The signal from the PMT detector was recorded on
a Tektronix TDS3012C digital storage oscilloscope. The excitation pulses were
produced using a tuneable laser system consisting of an Nd:YAG laser (355 nm, 135
mJ/4—6 ns) pumping an optical parametric oscillator (OPO, 30 mJ/3-5 ns) with a
wavelength range of 420-2300 nm (NT-342B, Ekspla).
Triplet lifetimes were determined by the exponential fitting of the kinetic curves using

the ORIGIN® 8 Professional software.
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Figure 2.1. Time correlated single photon counting setup for fluorescence lifetimes studies.

Focusmg

S

Xenon
Lamp

\

\
\

|
Shutter —

Shutter Lens

|©

o — — —— =)

Monochromator

Camera

Detector/
MCP-PMT

Focusing
mirror

Figure 2.2. Laser flash photolysis system setup for triplet quantum yields and lifetime studies.
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e |[rradiations for singlet oxygen quantum vyields were done using a General Electric
guartz projector lamp (300 W). The system has a 600 nm glass (Schott), water filter,
cut of filter and A 670 nm interference filter placed in the light path before the sample
Fig. 2.3. Light intensities were measured with a POWER MAX 5100 (Molelectron®

detector incorporated) power meter.

Water Interference
Quartz filter filter

lamp bl
____&I Sample

Convergence
5 Cut-off
lens

regulator

Figure 2.3. Singlet oxygen generation studies set-up.

2.2.3. PDT irradiation
For photodynamic therapy studies, sample irradiations were performed in the Modulight®
Medical Laser System 7710-680, with a sample holder, a Turnkey laser system connected to

a 2.3 W channel at 680 nm, a hand switch pedal, connectors and safety interlocks, Fig. 2.4.

) Hand switch
pedal

Sample
chamber

Figure 2.4. The Modulight® Medical Laser System used for PDT studies.
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2.3. Syntheses

2.3.1. tetra-(2,6-di-tert-butyl-4-methylphenoxy) Zn(ll)Pc, complex 1,
Scheme 3.1

To obtain the tetra-(2,6-di-tert-butyl-4-methylphenoxy) Zn(ll)Pc (complex 1), the metal free
tetra-(2,6-di-tert-butyl-4-methylphenoxy) Pc (Hz2-1) was first synthesized as follows: Pn 1 (1.00
g, 2.89 mmol) was dissolved in 1-pentanol (5 mL) in the presence of DBU (0.3 mL, 1.93 mmol)
and refluxed for 6 h under Ar to obtain the H2-1, Scheme 3.1. The reaction mixture was cooled
and the H;-1 was thereafter evaporated to dryness. The product was purified using neutral
aluminium oxide 90 active gel column chromatography by gradient eluent using a methanol:
CHCI3 solution. H2-1, Yield: 79.1%. UV-vis (CHCl3): Amax 661 nm,697 nm. Anal. Calc. for
Co2H106Ng04, expected C, 79.62; H, 7.70; N 8.07%, found: C, 79.27; H, 7.20; N, 8.02%. IR [(ATR)
Vmax/cm]: 1650 (C—C), 1457 (C—H), 1380 (C—N), 1239 (C-0—C), 1156 (~C—0). NMR: *H NMR
(600 MHz, CDCl3), (6:ppm): 9.51-9.31 (12H, m, Ar-H), 8.04—6.67 (8H, m, Ar-H), 1.63 (12H, m,
CHs-H), 1.45-1.43 (72H, m, CHs-H), 0.09 (2H, m, NHz-H). MALDI-TOF (m/z): Calculated:
1386.83, Found: 1387.73 [M]".
The Hz-1 (0.2 g; 0.14 mmol) was dissolved in 5 ml of anhydrous DMF in the presence of
Zn(OAc)2 (0.04 g; 0.22 mmol) and DBU (0.1 mL; 0.67 mol) and was left to reflux while stirring
continuously under Ar overnight to form complex 1, Scheme 3.1. The reaction mixture was
cooled to ambient temperature and the product was precipitated out of solution with 1:1
(v/v) methanol and water solution and collected by centrifugation at 3500 rpm for 5 min. The
product was dried in an enclosed fume hood. The product was further purified and isolated
using neutral alumina packed column with gradient eluents using a hexane: CHCls solution.
Complex 1, Yield: 75%. Anal. Calc. for Co2H104NsO4Zn, expected: C, 76.14; H, 7.22; N, 7.2%,

found: C, 76,80; H, 7.91; N, 7.15%. IR[(ATR), Vmax/cm™]: 2951 (Ar, C-H stretch), 2867 (-C-H),
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1645 (Ar, C=C), 1627 (Ar, C=N),1093 (-C-O-C). *H NMR (600 MHz, CDCls), (8, ppm): 9.29 (s, 7H,
Ar-H), 7.97 (s, 4H, Ar-H), 7.01 (d, J = 8.52, 9H, Ar-H), 2.16 (d, J = 11.2 Hz, 12H, CH3-H), 1.50 —
1.17 (m, 72H, CHs3H). MALDI-TOF-MS (m/z): Calculated: 1451.28, found 1452.35 [M]*. UV/ Vis

Amax (nm) (log €, DMSO): 679 (4.6), 613 (4.0), 356 (4.2).

2.3.2. tetra-(4-(2,5-dimethyl-4-(morpholinomethyl) phenoxy)) Zn(ll)Pc,
complex 6, Scheme 3.2

The tetra-(4-(2,5-dimethyl-4-(morpholinomethyl) phenoxy)) Zn(ll)Pc (complex 6) was
prepared by first synthesizing the corresponding phthalonitrile, 4-(2,5-dimethyl-4-
(morpholinomethyl) phenoxy) phthalonitrile (Pn 2), Scheme 3.2, as follows: 2,5-dimethyl-4-
(morpholino-methyl) phenol hydrochloride was first suspended in Millipore H,0 and filtered
to remove the HCI dissolved in the H,0. The solid was thereafter dissolved in CHCls, Na;SO4
was added to the solution to remove residual H,O and this was followed by filtration. The
filtrate was dried under pressure in vacuo. The dry light-brown solid (3 g, 14.5 mmol) and 4-
nitro-phthalonitrile (2 g, 11.55 mmol) was dissolved in 15 mL anhydrous DMF, then K,COs (5
g, 36.18 mmol) was added into the reaction mixture in 1 g portions after 1 h intervals. The
reaction mixture was maintained at ambient temperature under Ar with continuous stirring
for 48 h. The product was precipitated with ice and collected through vacuum filtration. The
product was thereafter dried and recrystalized in acetone. Pn 2, Yield: 68%, Anal. Calc. for
C21H21N30,, expected: C, 72.60; H, 6.09; N 12.10%, found: C, 71.41; H, 6.3; N, 12.0%. IR[(ATR),
Vmax/cm™]: 2961 (Ar, C-H), 2853 (-C-H), 2233 (-C=N), 1674 (Ar, C=C), 1600 (Ar, C=N),1093 (-C-
0-C). NMR: *H NMR (400 MHz, CDCl3), (6:ppm): 8.05 (d, 1H, Ar-H), 7.87 (s, 1H, Ar-H), 7.23 (m,
2H, Ar-H), 6.91 (s, 1H, Ar-H), 3.78-3.76 (m, 4H, CHz-H), 3.61 (s, 2H, CHa-H), 2,71 (s, 4H, CHx-H),

2.29 (s, 3H, CHs-H), 2.04 (s, 3H, CHs-H).
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The 2,9,16,23-tetrakis-(2,5-dimethyl-4-(morpholinomethyl)) phenoxy Zn(ll)Pc (complex 6)
was obtained through cyclo-condensation of Pn 2 (0.5 g, 1.5 mmol) dissolved in 1-pentanol
(3 mL) in the presence of Zn(OAc); (0.4 g, 2 mmol) and DBU (0.3 ml), Scheme 3.2. The mixture
was heated at 140 °C under Ar atmosphere and left to stir for 24 h. The reaction mixture was
thereafter cooled to ambient temperature. The product was precipitated out of solution with
1:1 methanol and water solution (v/v) and centrifuged at 3500 rpm, then finally washed with
methanol and then collected by centrifugation. The pelleted product was then air-dried in an
enclosed fume hood. The product was further purified using silica gel column, eluted with 1:1
(v/v) CHCls : THF as the eluting solvent. Complex 6, Yield: 82.5%. Anal. Calc. for CgaHsaN120sZn,
expected: C, 69.34; H, 5.82; N, 11.55%, found: C,69.80; H, 5.70; N, 11.21%. IR[(ATR), Vmax/cm"
11: 3000 (Ar, C-H stretch), 2817 (-C-H), 1720 (Ar, C=N), 1211 (-C-N), 1000 (-C-O-C). NMR: *H
NMR (600 MHz, CDClz), (6:ppm): 8.07 (d, 2H, Ar-H), 7.75 (m, 4H, Ar-H), 7.0 — 7.25 (m, 6H, Ar-
H), 6.6-6.71 (m, 8H, Ar-H), 3.75-4.0 (s, 11H, CH»-H), 3.70 (s, 3H, CH2-H), 3.3 (m, 10H, CHz-H),
2.55-2.25 (m, 16H, CH»-H), 2.18 (s, 4H, CHs-H), 1.75 (d, 20H, CH3-H). MALDI-TOF-MS (m/z):
calculated: 1455.02, found: 1455.02 [M]*. UV-vis (DMSO): Amax 684 nm, UV/ Vis Amax (nm) (log

£): 684 (4.87), 615 (4.24), 355 (4.6).

2.3.3. Cationic Zn(ll) Pcs, complex 5 and complex 7, Schemes 3.3 and 3.4
To obtain the cationic tetra-4-(benzo[d]thiazol-2-yl) benzenethiol Zn(ll)Pc (complex 5) a
solution of complex 4 (0.5 g, 0.32 mmol) in anhydrous DMF and excess DMS was prepared
and stirred for 72 h at 70 °C under Ar, Scheme 3.3. The mixture was then cooled to room
temperature, the solid product was washed with hot acetone, collected by centrifugation,
and thereafter continuously washed with methanol, ethyl acetate, THF and CHCIs, and finally

dried with diethyl ether and left to dry further in fume hood. Complex 5, Yield: 76 %. Anal.
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Calc. for CsaHaaN12SsZn, expected: C, 65.38; H, 2.87; N, 10.48; S, 16.00%, found: C, 63.46; H,
3.0; N, 10.79; S, 16.4%. IR[(ATR), Vmax/cm]: 3044 (Ar, C-H), 2796 (CHs, C-H), 1603 (C=N), 1478
(Ar, C=C), 752 (C-S). *H NMR (600 MHz, DMSO-Ds), (5, ppm): 8.59-8.62 (m, 4H, Ar-H), 8.09-8.1
(m, 4H, Ar-H), 7.80-7.82 (m, 6H, Ar-H), 7.72-7.74 (d, 2H, Ar-H), 7.59-7.64 (m, 8H, Ar-H), 7.4-
7.5 (d, 16H, Ar-H), 7.42 (d, 4H, Ar-H), 4.03 (s, 12H, CHs-H). UV/ Vis Amax (hm) (log &, DMSO):
683 (4.4), 615 (3.8), 355 (4.3).

To obtain the cationic tetra (4-(2,5-dimethyl-4-(morpholinomethyl) phenoxy)) Zn(ll)Pcs
(complex 7), a solution of complex 6 (80 mg, 0.055 mmol) in anhydrous DMF was prepared
and stirred at 90 °C for 30 min under Ar gas. Excess DMS was thereafter added drop-wise and
the mixture continued to stir for 72 h, Scheme 3.4. The product was purified as described for
complex 5 above. Complex 7, Yield: 67.5%. Anal. Calc. for CggHosN120sZn, expected: C, 69.76;
H, 6.39; N, 11.09; Found: C, 67.9; H, 6.82; N, 11.2%. IR[(ATR), Vmax/cm™]: 2996 (Ar, C-H), 2807
(-C-H), 1611 (Ar, C=N), 1241 (-C-N), 1000 (-C-O-C). NMR: 1H NMR (600 MHz, CDCls), (6:ppm):
8.12 (d, 2H, Ar-H), 7.7 (m, 4H, Ar-H), 7.34-7.4 (m, 2H, Ar-H), 7.08 — 7.25 (m, 4H, Ar-H), 6.82-
7.1 (m, 8H, Ar-H), 4.5 (s, 8H, CHa-H), 3.72-3.65 (m, 16H, CH»-H), 3.37-3.48 (m, 16H, CHa-H),
3.3 (s, 12H, CHs-H), 2.25 (s, 12H, CHs-H), 1.97 (s, 12H, CHs-H)., (log €): 682 (4.25), 618 (3.73),

357 (4.08).

2.3.4. Synthesis of GQDs-biotin, Scheme 3.5
To prepare the biotin functionalised GQDs, a solution of biotin (0.015 g, 0.06 mmol) in 2.5 mL
anhydrous DMF was prepared. To the solution, DCC (0.0083 g, 0.05 mmol) and DMAP (0.01 g,
0.08 mmol) were added, and left to stir at room temperature for 24 h, Scheme 3.5. A separate
solution of GQDs (0.1 g) in water (1 mL) was prepared and added to the biotin solution. The

resulting mixture was stirred at room temperature for 24 h. The Biotin-GQDs were
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precipitated using ethanol and then collected by centrifugation to remove non-conjugated

biotin and GQDs, as well as the soluble DCC and DMAP.

2.3.5. Conjugation of Pc complexes to GQDs and GQDs-biotin, Scheme 3.6
The nt-it conjugation of the Pcs onto GQDs was similar for the different Pcs (complexes 1-7).
The GQDs (10 mg) were dissolved in 1 mL of Millipore water and each of the Pcs (10 mg) were
dissolved in 4 mL anhydrous DMF in separate vials and sonicated for 4 h separately. The GQDs
and the Pcs solutions were then mixed and stirred at room temperature for 48 h. The same
method was used for conjugation of the complexes to GQDs-Biotin (6-GQDs-biotin and 7-
GQDs-biotin). 1-GQDs, 2-GQDs, 3-GQDs, 4-GQDs and 6-GQDs conjugates were thereafter
washed with ethanol, the cationic conjugates 5-GQDs, 7-GQDs and 7-GQDs-biotin were
washed with THF, and then diethyl ether, 6-GQDs-biotin conjugates were washed with
methanol. The conjugates were thereafter collected using a centrifuge at 3500 rpm for 5 min

and dried in a closed fume hood overnight.

2.4. Photo-physicochemical parameters

2.4.1. Fluorescence quantum yields and lifetimes
The Of were calculated using Equation 1.1, following methods described in literature [54,55].
The unsubstituted Zn(ll)Pc (Or = 0.20) was used as a standard for @ in DMSO [62] when
exciting where the Pcs absorb. Quinine sulphate (QS) in 0.05 M H3;SO;4 solution (O = 0.60)
[156] was used as the standard when determining the @O at the excitation wavelength of
GQDs. The samples and ZnPc standard for ®r determination where Pcs absorb were prepared
such that the absorbance of the v-band was ~0.05 a.u, and the Aexc (nm) used were at the
crossover of the Q-bands of the test samples and the standard. The samples for the

determination of the ®r of GQDs were prepared such that the absorbance of the GQDs in the
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and QS are ~0.5 a.u, where the Aexc (nm) used were the cross-over wavelengths between the
QS and GQDs in each sample. The tr were obtained using TCSPC, Fig. 2.1, by exciting where

Pcs absorb and where GQDs absorb for GQDs and GQDs-Biotin.

2.4.2. Triplet quantum yields and lifetimes
The Ot were calculated using Equation 1.2, following methods described in literature [51,63].
The unsubstituted Zn(ll)Pc (O = 0.65) was used as standard for ®rin DMSO [157]. The triplet
absorption decay curves were obtained using the instrument illustrated in Fig. 2.2. The
samples were prepared such that the absorbance intensity at the Q-band was ~1.5 a.u. All the

samples for Orstudies where deaerated using Ar for 12 min.

2.4.3. Singlet oxygen quantum yields
The ®a were calculated using Equation 1.4, following methods described in literature [64-66].
The unsubstituted Zn(ll)Pc (®a = 0.67) was used as standard for ®a in DMSO [158] and
AIPcSmix (Da =0.42) was used as standard for @, in water [159]. Samples for ®Oa studies, using
DPBF, were prepared such that the absorbance at the Q-band was ~1.5 a.u for each of the
complexes/ conjugates and the ZnPc standard. The DPBF maximum absorbance was ~2 a.u
(at A =417 nm). For Qa studies, using ADMA, the absorbances at the Q-band was ~1 a.u for
the test complexes/ conjugates and the AIPcSmix, and ~2 a.u for ADMA (at A = 380 nm). Each
of the complexes/ conjugates were mixed at 1:1 v/ v ratio with DPBF or ADMA, in the dark,
prior irradiation. For @, studies using DPBF in DMSO, the samples were irradiated for 20 s
over 2 min, where irradiations for @, studies using ADMA were done at 10 min intervals over

50 min. The system used for @, studies is shown in Fig. 2.3.
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2.5. _Cell studies
2.5.1. Tissue culture
The human breast cancer MCF7-cells in T75 cm? vented flasks containing culture media
(DMEM with 4.5 g/ L glucose with (-glutamine and phenol red, supplemented with 10% FBS
and 5% PSA), were incubated in a 37 °C, 5% CO; humidified atmosphere incubator from
HeatForce®, and were grown to 100 % confluency. The cells were quantified using the
haemocytometer. For dark and PDT studies, the cells were inoculated into 96 well plates (10°

cells/ well) and incubated over 24 h in conditions described earlier.

2.5.2. Dark and PDT toxicity studies
The Pcs and conjugates were inoculated into the 96-well plates at different concentrations:
5, 10, 20, 40, 60, 80 and 100 pg/ mL in culture media with 1% DMSO solution. The cells
incubated in the dark for 24 h. The cells were thereafter washed with DPBS, and the DMEM

without phenyl-red, was added to the wells.

For PDT studies, the cells were irradiated for 5 min using the Modulight® Medical Laser
System, Fig. 2.4. 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.

Cell viability was measured for both dark and PDT tests after 24 h using the WST assay on a

Synergy™ 2 multi-mode microplate reader BioTek at 450 nm, Equation 2.1.

Absorbance of sample

Cell viability = .100% (Equation 2.1)

Absorbance of control
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2.5.3. Cellular drug-uptake studies
To determine the cellular drug uptake in 24 h, cells were grown in 96 well-plate and inoculated
with Pc complexes, Pc-GQDs conjugates and GQDs at concentrations 5, 10, 20, 40, 60, 80 and
100 pg/ mL in 1% DMSO in culture media. A control sample containing 1 % DMSO in culture
media was prepared. The plates were incubated at 37 °C under ~5% CO2 humidified
atmosphere for 24 h. The media was then decanted, and the cells were washed with DPBS to
remove complexes that have not been absorbed into the cells. The DMEM with no phenyl-
red was added and the fluorescence of the samples were obtained at the excitation Amax of
Pcs for the Pc complexes and Pcs-GQDs conjugates, and Amax of GQDs for GQDs and GQDs-
biotin. To correct the fluorescence of the samples, the average fluorescence of the control
sample (MCF-7 cells with no compounds) was subtracted from the average fluorescence of
the test samples. The graph of corrected fluorescence intensity against the corresponding
concentration for each test compound was plotted. The fluorescence intensities were
obtained for each sample, using the SpectraMax® M3, Molecular Devices multi-well-plate

reader from Separations using the SoftMax® Pro6.4 programme.
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2.6. Side work: Trifluoromethylthiolation reaction in flow

2.6.1. Flow reactor
The flow reactions were performed in the Syrris Asia Syringe Pump 16 mL flow reactor. A
simplified diagram alongside the image of the flow reactor used for this study is shown in Fig.

2.5A and B, respectively.

Solution mixer (iv)

Flow-reactor

Flow-rate (v)

i Control (ii)

jh | Product (vi)

Reagent solutions (i)

Figure 2.5. Flow reactor, A) set-up outline and B) instrument image. (B is labelled in the same
order as A).

The features in the flow system include: feed-pumps, through which reagent solutions in a
specified flow-rate are introduced in a mixer, the reagent mixtures then enters a
temperature-adjustable-reactor, where the chemical reaction will occur for a specified

duration and thereafter flow out in to a collecting vessel.
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2.6.2. Sample analysis and quantitative NMR
Proton *H NMR spectra were recorded on a Bruker AC300 instrument with a carrier frequency
of 300 MHz. The chemical shifts are given in part per million (ppm) on the delta scale. The
solvent peak was used as a reference value in *H NMR, where CDCl3= 7.24 ppm. The °F NMR

spectra were recorded using a Bruker Avance 400 NMR spectrometer at 400.13 MHz.

The product yields in the crude samples were calculated using quantitative 'H NMR methods,

where 1,3,5-trimethoxybenzene was used as an internal standard.
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CHAPTER THREE Synthesis and structural characterization

3.1. Phthalocyanines

The structural characteristics in terms of elemental composition, morphology and size of the
new Pc complexes, GQDs, GQDs-biotin and the conjugates prepared are reported in this

chapter. The values obtained are summarized in Table 3.1.

Table 3.1. UV-vis maximum absorbance and size estimations in DMSO, unless stated
otherwise. References in square brackets.

Complex ﬁ::(c?:]brir;ge I/l ratio l()dLir:;e I(-rzzi::)rllg(Pc)/ Ref
g (Pc-GQDs))
1 679 - - - W
2 678 - - - [142]
3 691 - - - [143]
4 685 - - - [160]
5 683 - - - W
6 684 - - - W
7 682 (647) - - - ™
GQDs 365 (367) 0.08 7.5 - [126]
1-GQDs 677 0.23 24.4 0.68 W
2-GQDs 676 0.15 26.4 1.23 TW
3-GQDs 690 0.16 32.7 1.42 TW
4-GQDs 680 0.17 36.4 0.80 TW
5-GQDs 681 0.40 28.2 0.70 TW
6-GQDs 680 0.14 22.0 0.61 W
7-GQDs 680 (647) 0.26 18.7 0.57 TW
GDQs-biotin 367 (372) 0.20 12.0 - TW
6-GQDs-biotin 683 0.25 314 0.56 W
7-GQDs-biotin 682 (646) 0.32 24.2 0.55 W

@Values in round brackets are in water.
bTW, values reported in this work.
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3.1.1. Neutral Pc complexes

The complexes used in this work were tetra-B-substituted Z(l1)Pc. The synthesis and structural
characterization of complexes, 2, 3 and 4 have been reported [142,143,160]. This section
reports on the synthesis and structural characterization of complexes 1 and 6. The desired
substituents were introduced on the phthalonitriles, prior to cyclization. A series of analytical
techniques were employed to confirm the structures of the target complexes. The results

obtained were in agreement with the expected results.

The metal free Hz-1 was first synthesized through the cyclization of phthalonitrile Pn 1 and
thereafter metallated with Zn(ll) (from the Zn(OAc);) to obtain complex 1 in the presence of

DBU, using 1-pentanol as the solvent, Scheme 3.1.

J?f Zn(OAc),, DBU

Ns___ o DBU, 1-pentanol HN_ N‘

z Reflux, 12 h, Ar 1- pentanol N
\g reflux, 12 h, Ar \@éﬁ

N?

Pn1l

Scheme 3.1. Synthesis of complex Hz-1 and subsequent metalation to form complex 1.

The *H NMR integration for complex Hz2-1 showed the two central hydrogens at 0.09 ppm, a
sum of 84 -CHs protons from the substituents and a sum of 20 aromatic protons from both
the substituents and Pc ring. The total number of protons are the expected number of protons
for complex Hz-1. The molecular weight of complex H-1 was obtained using mass
spectroscopy where the expected mass was 1386.83 m/z and the mass obtained was 1387.73
m/z. The CHN elemental analysis for complex Hz-1 gave the expected values. These results

confirmed the structure of complex Hz-1.
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Complex Hz-1 was metallated using Zn(ll) to form complex 1. The *H NMR integration for
complex 1 showed the absence of the -NH; protons (from the centre of the Pc ring) and
general reduction of the total number of protons by two was suggestive of successful
metalation of Hz-1. A sum of 20 aromatic protons and 84 -CHs protons were obtained for
complex 1. The molecular weight for complex 1 was obtained using mass spectroscopy where
the expected mass was 1451.28 m/z and the mass obtained was 1452.35 m/z. The CHN
elemental analysis for complex 1 gave the expected. These results confirmed the structure of

complex 1.

The phthalonitrile Pn 2 was prepared through a substitution reaction of the nitro- group on
the 4-nitrophthalonitrile by the 2,5-dimethyl-4-(morpholino methyl) phenol, Scheme 3.2.
Complex 6 was obtained by cyclization of phthalonitrile Pn 2 with the Zn(Il) metal inserted in

situ in the presence of DBU, using 1-pentanol as the solvent.

g )
A/
N
T%% SO
DMF, K,CO
o » KL03 Zn(OAc), DBU J“Y/;

N O HO N\\ o » ’ B N/
SO0+ RIS O Ml
N? rt, 48 h,Ar N? 1-pentanol, reflux, NNN N

24 h, Ar

Pn 2 m\n 6

Scheme 3.2. Synthesis of phthalonitrile Pn 2 and complex 6.

The *H NMR integration for complex 6 gave a sum of 20 aromatic protons, 40 -CH, protons
and 24 -CHs protons confirm complex 6. The molecular weight for complex 6 was obtained
using mass spectroscopy where the expected mass was 1455.02 m/z and the mass obtained
was 1455.02 m/z. The CHN elemental analysis for complex 6 gave the expected values. These

results confirmed the structure and purity of complex 6.
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The structural compositions of the newly synthesized complexes 1 and 6 along with their
corresponding phthalonitriles were further characterized by FT-IR spectroscopy detailing the

functional groups comprising the structures, Fig. 3.1.

Transmittance

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)
Figure 3.1. FT-IR spectra of the phthalonitriles Pn 1 and Pn 2 and the Pc complexes 1 and 6.
The FT-IR spectra of the phthalonitriles show the presence of the nitrile peaks at shift ~2231
cm, as seen for Pn 1 and Pn 2, Fig. 3.1. The nitrile peaks disappear upon formation of the

complexes since new bonds are formed during cyclo-condensation of the phthalonitriles, as

seen for complexes 1 and 6.

The process of the Zn(ll) metal insertion in the core of the Hz-1 to obtain complex 1 was

monitored using UV-vis absorption spectroscopy at A>600 nm, Fig. 3.2.
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Figure 3.2. The UV-vis absorption spectrum of the metal free complex Hz2-1 and the metallated
complex 1 in chloroform. Concentration: complex H2-1 mM and 1 at 1.55 x 10 M.

MPc characteristically show a single Q-band, unlike metal free complex which have a split Q-
band, in the near-infrared region of the UV-vis spectrum, Fig. 3.2. The split Q-band of the Ha-
1 occur at wavelengths 659 nm and 697 nm in DMSO. Upon metalation, a single Q-band is
observed at 679 nm. The UV-vis absorption spectrum of complex 1 is typical of MPc, a similar
trend was observed for the MPc reported in this thesis. The Q-band wavelengths (Amax) for
the complexes are reported in Table 3.1 and are compared to the reported complexes 2-4

(142,143,160].

Complex 3 has a relatively high Amax of 691 nm, followed by complexes 4 and 6. This may due
to the heavy atomic effect by the presence of N, O and S in the structures [76-78,161]. The

Amax is relatively lower for complexes 1 and 2, with Amax of 679 nm and 678 nm respectively.
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3.1.2. Cationic Pc complexes

Synthesis and structural characterization

This section discusses the synthesis and structural characterization of the cationic complexes

5 and 7 obtained from the formation of quaternary amines on the substituents from complex

4 and 6, respectively, using DMS, Scheme 3.3 and Scheme 3.4.

ke
ﬁw@f L

\N.
N ;nsN J

N —_—
QN &N)i@\s DMF, Ar, 72 h
<)\s
N=

O

SN 4+
(> s
N= S
i%\\:w zﬁ"ri @NQ

Scheme 3.3. Synthesis of cationic complex 5 through quaternization of complex 4 using DMS

in DMF for 72 h.

,N%? DMS
_N. /N N
N Zn, Jy
sN N DMF, Ar, 72 h
N
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& -2
N b

4+

Scheme 3.4. Synthesis of cationic complex 7 through quaternization of complex 6 using DMS

in DMF for 72 h.
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The 'H NMR for complex 5 in comparison to the corresponding complex 4 gave a sum of 44
aromatic protons and 12 -CHs. The presence of aliphatic protons at ~4.03 ppm indicates the
introduction of the methyl groups forming quaternary amines since the corresponding
complex 4 only comprises of aromatic protons, Scheme 3.3. The CHNS elemental analysis for
complex 5 gave the expected values. The results obtained confirmed the structure and purity

of complex 5.

The *H NMR integration for complex 7 gave a sum of 20 aromatic protons, 40 -CH; protons
and 36 -CHs protons. The sum of the protons obtained corresponds to the sum of the protons
calculated from the structure of the complex. The CHN elemental analysis for complex 7 gave
the expected values. The agreement of the expected values and the obtained values

confirmed the structure and purity of the complex 7.

The increase in the sum of protons by 12 protons for both complexes 5 and 7 compared to
the corresponding complexes 4 and 6, respectively, indicates the quaternization of all 4
nitrogen atoms at the substituents of each of the complexes (introducing 3 protons on each
nitrogen atom). The mass spectra of the cationic complexes 5 and 7 could not be obtained
due to the inability of the complexes to ionize. The FT-IR of complex 5 and 7 were similar to
the corresponding complexes 4 and 6, due to similar functional groups of Pc backbone, C=N,

C=C, C-H.

The UV-vis spectra of the cationic quaternized complexes were obtained and compared to
the non-quaternized parent complexes. Furthermore, the UV-vis spectra of the quaternized
complexes in water were obtained and compared to the UV-vis spectra in DMSO. The UV-vis
spectra of complexes 4 and 5 are shown in Fig. 3.3 and complexes 6 and 7 are shown in Fig.

3.4.
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Figure 3.3. UV-vis absorption spectrum of Complex 4 in DMSO and 5 in DMSO and water.
Concentration: complex 4 1.9 x 10> M at in DMSO and complex 5 at 3.9 x 10° M in DMSO.

Normalized Absorbance

Wavelength (nm)

Figure 3.4. UV-vis absorption spectrum of Complex 6 in DMSO and 7 in DMSO and water.
Concentrations: complex 6 at 1.35 x 10> M and complex 7 at 5.5 x 10° M in DMSO.
The UV-vis absorption spectrum of the cationic complex 5 shows aggregation in DMSO, when

compared to the spectrum of complex 4 in DMSO Fig. 3.3. Aggregation in water for complex
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5 increases compared to DMSO. Aggregation is typical of Pc in agueous media [162].
Aggregation in Pc is judged by the presence of broad or split Q bands, with the low energy
band being due to the aggregate and the high energy band due to the monomer [162]. In the
case of the complex 7, the spectrum in DMSO is similar to the spectrum of complex 6 with
little evidence of aggregation, as seen with a defined Q-band, Fig. 3.4. In water, both

complexes 5 and 7 are aggregated.

The Lambert — Beer law was observed in DMSO for complexes, showing monomeric behaviour

[163], complex 7 is shown as an example in Fig. 3.5.
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Figure 3.5. Molar absorptivity of complex 7 in DMSO. Insert: Concentration vs A absorbance
graph for complex 7.

The Amax for the complexes are listed in Table 3.1. Upon quaternization, the Q-band of the

complexes slightly blue-shifts in DMSO, and more in water. The Amax for complex 4 occurs at
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685 nm, where the Amax for complex 5 blue shifts to 683 nm. Similarly, for complex 6, with an

Amax at 684 nm, the Amax blue shifts to 682 nm for complex 7. The blue shifts for complexes 5

and 7 are due to the lowering of the electron donating ability of the quaternary nitrogen

groups [164].

The solubility of complexes 5 and 7 in water, unlike complexes 4 and 6, was one way to

monitor the introduction of cationic charges by quaternary amines on the structures. The

water-soluble complex 7 and non-water soluble complex 6 are shown on Fig. 3.6.

J Quaternization

) »

Soluble

Insoluble complex 7
complex 6 > g

Figure 3.6. Image of complex 6 and the cationic complex 7 in water.
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3.2. Biotin-functionalized GQDs

Biotinylation on the edges of the GQDs was achieved through the formation of covalent amide

bonds to form GQDs-biotin in the presence of DCC and DMAP, Scheme 3.5.

DCC, DMAP, DMF,

r.t, 48 hrs

Scheme 3.5. Biotinylation of GQDs to form GQDs-biotin.

To evaluate the chemical composition of the biotin-functionalized GQDs, the FT-IR spectra

were obtained for the pristine GQDs, biotin and the GQDs-biotin conjugates, Fig. 3.7.

Gaps

Transmittance (%)
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Wavenumer (cm’)
Figure 3.7. The FT-IR spectra of pristine GQDs, biotin and GQDs-biotin.
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The covalent linkage of biotin to GQDs was confirmed by the presence of amide bonds. The
amide functional group in the GQDs-biotin was shown by the presence of the NH stretches at
3391 cm-tand 1646 cm-%, the C=0 stretch at 1555 cm-! and C-H stretch at 3295 cm-! which
are characteristic to an amide group combined. A strong C=0 stretch at 1700-1668 cm-! is
seen in the biotin spectrum, this may be for both the carboxylic end and the carbonyl in the

ring of the structure.

Furthermore, EDX spectroscopy was used to determine the elemental composition of the

GQDs in comparison to the GQDs-biotin, Fig. 3.8.
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Figure 3.8. The EDX spectra showing the chemical composition of A) GQDs and B) GQDs-
biotin.
The main elements present in both the structures include C at 0.2 keV, N at 0.4 keV and O at

0.6 keV, where the biotin in the GQDs-biotin affords S at 2.3 keV on the structure as shown in

Fig. 3.8, and absent in the GQDs, Fig. 3.8A.
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The UV-vis absorption spectra of the GQDs and GQDs-biotin were obtained, Fig 3.9.
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Figure 3.9. The UV-vis absorption spectrum of GQDs and GQDs-biotin in water.

The GQDs absorb in the blue-region, with Amax at 367 nm in water Fig. 3.9. The absorbance
red-shifts when linked to biotin, with Amax at 372 nm in water. The additional N groups
introduced to the GQDs structure from the biotin may hold the same effect as does N groups
in N-doped GQDs, which causes the absorption and emission of GQDs to red-shift [165]. In

DMSO, the Amax is 365 nm for GQDs and 367 nm for GQDs-biotin, Table 3.1.

3.3. Conjugation of Pc complexes to GQDs and GQDs-biotin

3.3.1. Syntheses

The Pc complexes were conjugated to GQDs and/ or GQDs-biotin through m-mt interactions.
Complexes 1-5 were conjugated to the GQDs, and complexes 6 and 7 were conjugated to both
the GQDs and GQDs-biotin, Scheme 3.6. The conjugates were structurally characterized using

various analytical techniques.
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3.3.2. TEM imaging and DLS
The TEM images of the pristine GQDs/ GQDs-biotin and the conjugates were obtained to
evaluate the shape, size distribution and an estimation of the particle sizes. The average sizes

were further estimated using DLS (alongside the corresponding TEM images), Fig. 3.10.
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Figure 3.10. The TEM images of A) GQDs in ethanol, B) GQDs-biotin in methanol and C) 7-
GQDs-biotin in ethanol with their respective DLS graphs showing the average dimeter sizes in
water.
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The solvents were selected based on solubility for sample preparation for both TEM imaging
and DLS. The GQDs are circular in shape and are monodispersed as shown in Fig. 3.10A and
Fig. 3.10B. The conjugates (7-GQDs-biotin), Fig. 3.10C, appear aggregated compared to the
pristine and GQDs-biotin. This is likely to be due to interactions between the Pc complexes on
adjacent GQDs via -t stacking since Pc are known for their -7 stacking to form H aggregates

[162], and size estimation is therefore difficult to ascertain from the TEM images.

The DLS plots were obtained to determine the average particle sizes of the GQDs and GQDs-
biotin complexes Fig. 3.10. The average diameter for GQDs obtained was 7.5 nm and
approximately 12 nm for GQDs-biotin as shown in Fig 3.10A and B. The average size for the
7-GQDs-biotin obtained was 24.2 nm. An increase in the size of the GQDs-conjugates as
compared to the pristine GQDs observed is due to the stacking of Pc onto the surface of the

GQDs. This is observed for all conjugates in Table 3.1.

3.3.3. Pc complex loading on GQDs

The Pc loading onto the surface of GQDs was determined using a quantitative method as
described previously [166]. This involves comparing the spectra of the Pc complexes before
and after conjugating to GQDs or GQDs-biotin. The Pc loading on GQDs, (mmol (Pc)/g (Pc-

GQDs)), values are summarized in Table 3.1

The UV-vis spectra for determination of the Pc loading is shown in Fig. 3.11, using complex 7

and 7-GQDs as an example.
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Absorbance
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Figure 3.11. UV-vis spectra of complex 7 and 7-GQDs in DMSO. Concentrations: complex 7 at
1.69 x 10° M and 7-GQDs at 9 x 10® M in DMSO.

The absorbance intensity of the Pc is relatively higher for complex 7 and lower in the
conjugates, 7-GQDs since the mass of the sample is the sum of the Pc and GQDs, Fig. 3.11.
The loading for complexes 1 and 4-7 were generally relatively lower compared to complexes
2 and 3. This may be due to the bulky substituents covering a larger surface and therefore
reducing the loading of the complexes. The loading for complex 2 is however lower compared
to complex 3, the tert-butyl substituents’ geometric arrangement may also reduce loading
through steric hindrance. The loading for the cationic complexes, 5 and 7, is lower in
comparison to the corresponding non-ionic complexes, 4 and 6, Table 3.1. Although the
cationic complexes are attracted to the surface of the GQDs by electrostatic attraction, the
cations may reduce stacking of Pc on each other through like-charge repulsion, hence the
decrease in Pcloading on GQDs upon introduction of cations. The Pc loading further decreases
when conjugated on GQDs-biotin, as seen for the conjugates 6-GQDs-biotin and 7-GQDs-
biotin, compared to 6-GQDs and 7-GQDs, respectively. The presence of biotin on the edges of
the GQDs may introduce steric hindrances, hence reduced Pc loading compared to non-

functionalized GQDs. However, the decrease in the loading of the Pc is relatively low.
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3.3.4. Raman spectroscopy

Raman spectroscopy was used to evaluate the quality of the GQDs Fig. 3.12. The GQDs are
known to display characteristic Raman peaks termed the G-Band (sp?) tangential mode and
the D-(disorder) band (sp3) breathing mode, Fig. 3.12. The G-band is a representation of in-
plane vibrations of sp? bonded carbon atoms, whereas the D band is due to the out of plane
vibrations attributed to the presences of structural defects [167]. The D-bands are observed
at 1200 cm™ for GQDs, at 1240 cm™! for GQDs-biotin and at 1271 cm™! for 6-GQDs-biotin,
whereas the G bands are observed at 1506 cm™ for GQDs and 1537 cm™! for GQDs-biotin and
at 1579 cm™ for the 6-GQDs-biotin, Fig. 3.12. Shifts in the Raman frequencies are often

indicative of strong m-electron interactions in hybrid materials [168].
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Figure 3.12. The Raman spectra of GQDs, GQDs-biotin and 6-GQDs-biotin.
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The ratio of the D and G intensities, denoted Ip/ls, is generally considered as a quality
parameter to determine the extent of functionalization of the carbon nanomaterials. The Ip/lg
obtained for GQDs is 0.08, Table 3.1. The value increases upon the covalent conjugation to
biotin, GQDs-biotin. This is due to the introduction of defects. The Ip/lg is increases upon n-mn
conjugation to the Pc, where the cationic complexes have higher Ip/lc ratios compared to the
non-ionic conjugates. This is due to additional electrostatic interaction. The Ip/lg also
increases for complexes conjugated to GQDs-biotin, since biotin introduces out of plane

functional groups and therefore increasing the D-Band.

3.3.5. UV-vis spectroscopy
The UV-vis absorption spectra of the complexes and their GQDs and GQDs-biotin conjugates
were obtained and compared. The UV-vis spectra of complex 7 and the respective conjugates

are shown in Fig. 3.13 as an example.
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Figure 3.13. The UV-vis absorption spectra of 7 and 7-GQDs and 7-GQDs-biotin in DMSO.
Concentrations: complex 7 at 5.5 x 10> M in DMSO.
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The Q-band of complex 7 is slightly blue shifted in the presence of GQDs Fig. 3.13, but there
was no difference in the presence of biotin in GQDs-biotin observed, Table 1. The blue
shifting of the Q band in the presence of semiconductor QDs has been reported to be
dependent on the functionalities on the surface of the QDs [169]. The B-band, between 300
nm and 400 nm increases upon conjugation. This is the sum of the absorbance intensities of
the GQDs and complex 7 in the conjugates since the GQDs also absorb in the blue-region, with
Amax at 365 nm in DMSO, Fig. 3.9. This was observed for all the conjugates, however, the
increase in the absorbance intensity between 300 nm and 400 nm differed for the complexes,

this may be the result of amount of the complex loading on the GQDs/ GQDs-biotin.
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3.4. Conclusion of chapter

The synthesis and structural characterization of the novel Pc complexes, GQDs-biotin and Pc-
GQDs/ Pc-GQDs-biotin conjugates were presented. The results obtained in ascertaining the
structural composition of the complexes were in aggreement with the expected results.

Therefore, the structures and purity of the newly synthesized complexes were confirmed.

The Amax of GQDs red-shifts upon conjugation to biotin in GQDs-biotin. Where the Amax of all
the complexes blue shifts slightly upon conjugation to GQDs. The quality of the Pc-GQDs
conjugates was studied using Raman spectroscopy, where the Ip/lg ratios represent the
degree of structural defects introduced on the GQDs surface upon conjugation. As expected,
the Ip/lc ratio increases for GQDs upon conjugation to biotin in GQDs-biotin due to
introduction of out-of-plane functional groups from the biotin. The Ip/ls ratio also increases
upon conjugation to Pc complexes. The number of moles of Pc complexes loaded on the
surface of the GQDs/ GQDs-biotin differ dependig on the nature, size and geometry of the
substituents. Bulkier substituents showed relatively lower Pc loading values (complex 1 and
4-7). Where less bulky substituents had relatively higher loading values (complex 2 and 3).
The loading values decrease upon introduction of cations on the substituents, this may be
due to like-charge repulsion, which may reduced Pc loading. Loading further decreases for Pc
complexes loaded on GQDs-biotin compared to the corresponding Pc-GQDs conjugates. The
additional biotin groups on the GQDs may introduce stearic hindrance, and therefore reduce

loading.

The morphology of the GQDs and GQDs-biotin appeared monodispersed, and clustered upon

conjugation to Pc complexes.
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4.1. Photophysical properties

The photophysical parameters of the Pc complexes and conjugates including the fluorescence
(®¢) and triplet (Or) quantum yields were determined for the new complexes and conjugates
prepared in this work, Table 4.1. Some of the parameters have been reported for the complex

2 [142], complex 3 [143], complex 4 [160] and GQDs [126].

4.1.1. Absorption, emission and excitation parameters
The absorption, excitation and emission spectra of complex 6 are shown in Fig. 4.1 as an

example.
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Figure 4.1. The UV-vis absorption, upon excitation at 610 nm and emission spectra complex
6 in DMSO. At excitation wavelength Aexc is 610 nm. Concentrations: 1.35 x 10 M.

The absorption spectra of the complexes were similar to the excitation spectra and mirror
images to their emission spectra, similar to the illustration shown in Fig. 4.1 for complex 6.

This means that the absorbing molecules are the same as the emitting molecules [169].
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Table 4.1. The photo-physicochemical parameters of the complexes and conjugates studied
in DMSO unless stated otherwise. References in square brackets.

Complex ®r2+0.01 % (ns)?+0.01 @r10.01 tr(pus) £0.01 ®a+0.01
1 0.16 2.94 0.78 353 0.50
2 0.18 [142] 3.2[142] 0.77 214 0.49
3 0.14 [143] 2.46 0.65[143] 149 [143] 0.50
4 0.18 [160] 2.73 [160] 0.67[160]  148[ 160] 0.54
0.35
5 0.10 2.65 0.75 217 019t
6 0.20 2.93 0.68 238 0.67
, 0.20 2.89 0.69 269 0.53
0.13 2.88 - ; 0.11"
(0.17) [126]  (3.65) - ; ;
GQDs (0.20) b (4.80) b - ; ;
1-GQDs 0.15 (0.05) 2.86 0.81 367 0.44
2-GQDs 0.17 (0.06) 3.04 0.83 223 0.40
3-GQDs 0.01 (0.09) 2.15 0.67 189 0.45
4-GQDs 0.11 (0.04) 2.59 0.70 159 0.50
0.30
5-GQDs 0.09 (0.04) 2.67 0.77 223 010"
6-GQDs 0.15 (0.1) 2.95 0.72 234 0.60
0.14 (0.07) 2.92 0.74 267 0.58
7-GQDs 0.10(0.08)®  2.34°b - - 0.08°
- (0.24) (3.92) - ; ;
GDQs-biotin (0.25) b (3.98) b i i i
6-GQDs-biotin  0.16 (0.09) 2.21 0.72 274 0.47
- 0.14 (0.05) 2.36 0.70 274 0.54
7-GQDs-biotin 545 (hog)b  2.2° - - 0.08°

2Values in round brackets are where GQDs absorb.
bValues in water.
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The emission spectra of the GQDs in water and DMSO were compared to Fig. 4.2.
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Figure 4.2. The UV-vis emission spectra of GQDs in DMSO and water where Aexc: 355 nm.

The emission intensity of the GQDs is slightly reduced in DMSO in comparison to the emission

intensity in water at same concentration and is also red-shifted from 453 nm in DMSO to 462

nm in water, Fig. 4.2. The emission spectra are similar for the GQDs and GQDs-biotin since

they absorb close to each other and they both have a broad absorbance.

4.1.2. Fluorescence quantum yields and lifetimes
The fluorescence quantum vyields (®f) were determined for the Pc complexes, GQDs, GQDs-

biotin and GQDs and/ or GQDs-biotin conjugates. The ®r of the complexes change upon

structural modifications, including quaternization, conjugation to GQDs and GQDs-biotin. The

Or are reported in Table 4.1.
The ®Orof complex 5 is lower compared to the corresponding complex 4 in DMSO, this may be

due to the additional methyl groups upon quaternization to the heavy S and N atom, causing

the heavy atomic effect enhancing ISC to the triplet state and consequently decreasing the
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O@r. A similar trend was observed for 4-GQDs and 5-GQDs and for 6-GQDs-biotin and 7-GQDs-
biotin. The effect of additional methyl groups upon quaternization on the ®r was, however,
not observed for complex 6 and 7 and for the 6-GQDs and 7-GQDs conjugates. The O®r of
GQDs-biotin is higher compared to the pristine GQDs. In water, the Or is higher for GQDs,
this may be due to better solubility compared to DMSO, where aggregates in DMSO may
cause reduction in the ®f for GQDs, and no change was observed for GQDs-biotin. The O of
the Pc complexes generally decreases upon conjugation to GQDs and/ or GQDs-biotin (no
changes in some cases), Table 4.1. This may be attributed to the photoinduced electron
transfer between the excited singlet state of the complexes and the carbon material in the
conjugates [170]. The ®rof the GQDs and GQDs-biotin drastically decrease upon conjugation

compared to the GQDs/ GQDs-biotin alone when excited where GQDs absorb, 355 nm.

The fluorescence lifetimes (tr) of the complexes and conjugates were determined, where the

fluorescence decay curve of complex 1 is shown in Fig. 4.3 as an example.
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Figure. 4.3. The fluorescence decay curve of complex 1 in DMSO.
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The tr decreases upon quaternization for complexes 4 and 5, and complex 6 and 7,
corresponding to the ®r in the case of complex 4 and 5. The 1 of the GQDs increase upon
conjugation to biotin, in GQDs-biotin in DMSO. The increase in the tr corresponds to the
increase in the @Or. The 1r of the Pc complexes decrease upon conjugation even though there
were no changes in Or in some cases, Table 4.1. The tr and ®r values are expected to change
in unison. Increase or decrease in fluorescence lifetimes may depend on the geometry or
distance between the metal and Pc molecule [171]. The t¢ for the GQDs and GQDs-biotin
drastically decrease (< 0.1 ns) upon conjugation to Pc complexes. The decrease in the ®r and

Tr may be due to FRET or other inter and intramolecular processes.

Fluorescence resonance energy transfer (FRET) is based on the phenomenon of energy
transfer between the emitting donor to the acceptor molecules [172]. In this case the GQDs
as the donor and Pc as the acceptor in the conjugate. However, for FRET to occur there must
be a spectral overlap between the emission spectra of the donor (in this case, GQDs) and the
absorbance spectrum of the acceptor (Pc). There is little overlap between the spectra, Fig 4.4.

Hence the decrease in O and r values of the GQDs, could be due to non-FRET processes such

as changes in surface defects [173].
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Figure 4.4. The UV-vis absorption spectrum of complex 6, the emission spectrum of GQDs and

the emission spectrum of 6-GQDs, where Aexc 355 nm in DMSO. Insert: Emission spectrum of

complex 6 where Aexc 355 nm in DMSO. Concentrations: complex 6 at 1.35 x 10° M.

The emission of the GQDs is reduced compared to the emission of complex 6 in the conjugate
upon excitation at 355 nm, Fig. 4.4. When complex 6 alone is excited at 355 nm, emission in
the NIR is observed. It is important to note that the B bands of the complexes are located
where GQDs absorb, this is likely to affect the ®f values. Hence the stimulated emission and
FRET cannot certainly be confirmed, and the values are therefore for comparative purpose
only. The decrease in the @®f of GQDs in the conjugates may be due to the occurrence of

several processes including photon induced electron transfer (PET), inter-charge transfer (ICT)

which occurs between functional groups on the structures, or FRET among other processes

[172].
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4.1.3. Triplet quantum yields and lifetimes

The triplet quantum vyields (®r) and lifetimes (tr) are listed in Table 4.1. The transient and

triplet decay curves of complex 7 are shown in Fig. 4.5A and B, respectively.

The transient curve shows a broad absorption band between 386 nm and 603 nm, a peak
within this range is observed at 506 nm and attributed to the triplet-triplet state absorption
(T1-T») Fig. 4.5A. The negative peak was observed at 680 nm. The negative absorption can be
attributed to the depletion or photobleaching of complex 7 in the grounds state [174]. A
similar trend was observed for the all complexes for both the transient and absorption

spectra.

Complex 1, 2 and 5 have a high ®r. The O of complex 5 however, is not the highest even
though its Or is the lowest. This is unexpected since the structure of complexes 1 and 2, unlike
5, do not have the S and N atoms which may promote the population of the triplet state
through the heavy atomic effect. The increase in the ®r is observed upon quaternization for
complexes 4 and 5, corresponding to the decrease in the ®, since the two are competing
processes. This is not observed for complex 6 and 7. The ®r generally increases upon
conjugation to GQDs. No change is observed in the Ot of 6-GQDs-biotin compared to 6-GQDs,

and a decrease in the @t for 7-GQDs-biotin compared to 7-GQDs is observed.

The triplet decay curves were fitted exponentially on ORIGIN® 8 Professional software to
obtain the triplet lifetimes. The triplet decay curves obeyed second order kinetics, as shown
in Fig. 4.5B. This trend is typical of MPc complexes at high concentration, due to triplet—triplet
recombination [175] and was observed for all the complexes and respective conjugates. The
triplet lifetimes of the complexes are summarized in Table 4.1. Shortening of triplet

lifetimes is expected with increase in triplet quantum yields [176], this is not observed
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in this work. Lengthening of lifetimes upon conjugation was observed in most cases,
except for 6-GQDs and 7-GQDs. This could be due to the protection of Pc afforded by
GQPDs in the case of conjugates. Complex 1 has the highest ®r and tr, while complexes 3
and 4 both have the lowest ®rand shortest tr. The tr lengthens upon quaternization for
complexes 4 and 5 and complexes 6 and 7. The lengthening of the tr for complexes 4 and 5

corresponds to the increase in the Or.
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Figure 4.5. A) Transient curve and B) triplet absorption decay curve and fitting for complex 7
in DMSO.
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4.2. Photochemical properties: Singlet oxygen quantum yields

The singlet oxygen quantum yields (Da) were determined by the photodegradation of singlet

oxygen quenchers. The degradation of DPBF in DMSO, Fig. 4.6, and ADMA in water, Fig. 4.7

mediated by complex 7 are shown as examples.
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Figure 4.6. The singlet oxygen generation by complex 7 monitored by the degradation of DPBF
over 100 s at 20 s time intervals in DMSO
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Figure 4.7. The singlet oxygen generation by complex 7 monitored by the degradation of
ADMA over 50 min at 10 min time intervals in water.
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The decrease in the absorbance of the DPBF (monitored at 417 nm) in DMSO and ADMA
(monitored at 380 nm) in water, is indicative of photo-dependant singlet oxygen generation
since the DPBF and ADMA are singlet oxygen scavengers. The DPBF and ADMA degrade upon
reaction with the singlet oxygen, as shown in Fig. 4.6 and Fig. 4.7, respectively. A summary of

the ®avalues for the complexes and conjugates are summarized in Table 4.1.

®a are generated from @1, hence where the latter is high, @a is likely to be high. Complex 5
with a relatively high @1 however, has a low ®a. Complexes 4, 6 and 7 have high ®a even
though they do not have the highest @1 The ®a decreases upon quaternization, this is
observed for complexes 5 and 7, even though there was an increase in the @t for complex 5

(from complex 4), and no change for complex 7 (from complex 6).

The @ decreases upon GQDs conjugation for the complexes. This decrease may be due the
screening effect of the GQDs on the Pc, which may shield the transfer of energy to oxygen,
and hence the reduction of the ®a [177]. A similar effect is observed for GQDs-biotin
conjugates compared to the complexes alone except for complex 7. There is a decrease in the
®ain water compared to DMSO, Table 4.1. The decrease in the @a in water may be due to

the quenching effect of water [62] and the low solubility of singlet oxygen in water [178].
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4.3. Conclusion of chapter

The photophysical and photochemical properties defining the ®f, ®r and O, were obtained
for the Pc complexes and Pc-GQDs and Pc-GQDs-biotin conjugates in DMSO. The O of the Pc
complexes decrease upon conjugation to GQDs and GQDs-biotin along with the tr. The @O of
the complexes decreases upon quaternization, as seen with complexes 4 and 5, however,
complex 6 and 7 remain unchanged. The @rincreases upon quaternization for complexes 4
and 5, but not for complex 6 and 7. The ®rgenerally increases upon conjugation to GQDs. The
@x of the Pc decreases upon conjugation for complexes 1-6, however, an increase is observed
for complex 7. The ®afurther decreases for 6-GQDs-biotin and 7-GQDs-biotin. However, the
®a of complex 7 and 7-GQDs-biotin are similar. The high Pc concentrations used for singlet
studies, where absorbance ~1.5 (a.u) may cause susceptibility to aggregation and

consequently affecting the ®a.
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5.1. Invitro photodynamic therapy (PDT)

The PDT activities of the Pc complexes, Pc-GQDs and Pc-GQDs-biotin were evaluated on the
MCF-7 cell lines in vitro (using 10> cells/ well in 96-well plates). The cells prior and post
treatments were viewed under a microscope to visually asses the effects of the synergistic

activity of light with the samples, Fig. 5.1.

Figure 5.1. The cytograms of the MCF-7 cells on clear-bottom-96-well plates in 1% DMSO-
cultured media inoculated with 100 pg/ mL of 5-GQDs incubated at 37 °C at 5% CO3, A) when
incubated in the dark and B) irradiated for 5 min. Magnification: 10X, Scale bar: 200 um.

The number of viable cells incubated in the dark, Fig. 5.1A, is higher in comparison to cells
after PDT Fig. 5.1B in the presence of 5-GQDs. Similarly, a reduction in cells was observed only
for samples irradiated with light for PDT as shown in Fig. 5.1B, for all the Pcs complexes and

GQDs/ GQDs-biotin conjugates.

To quantify viable cells after irradiation, the cells were treated with WST and the absorbances
of the test samples were obtained and calculated as a percentage from the total cells in the
1% DMSO control sample. The cell viabilities are represented in the histograms, showing the
dark toxicity studies, Fig. 5.2 and PDT studies Fig. 5.3, mediated by 6-GQDs, 7-GQDs and 7-

GQDs-biotin, for example. There were no cytocidal effects observed for cells incubated in the

80



CHAPTER FIVE Cell studies

dark for each of the studied complexes. In contrast, upon exposure to light, the number of

viable cells reduced for all complexes/conjugates Table 5.1.
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Figure 5.2. Histograms showing the MCF-7 cells cell viability (%) when incubated in the dark
in the presence 6-GQDs, 7-GQDs and 7-GQDs-biotin in vitro. Control = 1% DMSO in cultured
media. n=3.
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Figure 5.3. Histograms showing the MCF-7 cells cell viability (%) after PDT by 6-GQDs, 7-GQDs
and 7-GQDs-biotin in vitro. Control = 1% DMSO in cultured media. n=3.
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For control samples, 1% DMSO, pristine GQDs and GQDs-biotin, no cytotoxic effect was
observed uponirradiation. For GQDs and GQDs-biotin, no activity was expected since the light
source was out of the range of absorbance for GQDs, hence no photo-activation to initiate

cell death.

A summary on the activity of the complexes/conjugates, as a function of cell viability after

PDT at the highest concentration used, 100 pg/ mL, is shown in Table 5.1.

Table 5.1. Summary of the ®a in DMSO and PDT activity of 100 pg/ mL the complexes and
conjugates on MCF-7 in vitro, n=3.

Complex (O)N % Cell Viability Conjugates (O % Cell Viability

1 0.50 43.4 1-GQDs 0.44 54.5

2 0.49 48.1 2-GQDs 0.40 52.2

3 0.5 49.7 3-GQDbs 0.45 34.7

4 0.54 57.0 4-GQDPs 0.50 43.4

5 0.35 324 5-GQDs 0.30 48.1

6 0.67 47.7 6-GQDs 0.60 66.2
6-GQDs-biotin  0.47 40.8

7 0.53 44.1 7-GQDs 0.58 51.2
7-GQDs-biotin  0.54 349

There are no obvious trends between the @, and the PDT activity for both the complexes and
the conjugates, Table 5.1. For example, there is an increase in cell viability (decrease in PDT
activity) for 1-GQDs, 2-GQDs, 5-GQDs, 6-GQDs and 7-GQDs compared to the complex alone,
corresponding to decrease in ®a values. However, for 3-GQDs and 4-GQDs, there is a decrease
in cell viability (increase in PDT activity) compared to the complexes alone, even though ®a
values decreased upon conjugation. The cationic complexes were generally better performing
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compared to the corresponding non-charged complexes, including complex 4 compared to 5,
and complex 6 compared to 7, as well as the conjugates 6-GQDs compared to 7-GQDs. This
has previously been reported for Pcs [94] and other charged complexes for cancer treatment
[89,178]. The net anionic membrane charge of cancer cells is believed to be susceptible to
cationic drug complexes through electrostatic attraction. This may result in improved drug
retainment and hence more available Pcs for therapy. The 4-GQDs however, showed better
PDT activity compared to the cationic 5-GQDs.

The conjugates of GQDs-biotin showed higher PDT activities compared to the conjugates of
GQDs alone, Table 5.1. This may be a result of improved cellular uptake since cancer cells are
known to overexpress biotin receptors. Moreover, the DMEM used in this study had no biotin
content, and therefore, there was no binding competition between the biotin on the GQDs to
nutrient biotin. It should be noted that the cytocidal effect of the different photosensitizer is

dependent on several factors including cell type, cellular uptake, and localization [179,180].

5.2. Cellular drug uptake

The cellular uptake of the complexes, GQDs, GQDs-biotin and conjugates were determined to

predict the amounts of samples that were available in cells for PDT after incubation for 24 h.

The cellular uptake of the non-ionic complex 6-GQDs and the cationic complex 7-GQDs were
determined and compared to evaluate the effect of charge on the uptake of the complexes.
The cellular uptake of the 6-GQDs and 7-GQDs were then compared to the cellular uptake of
the corresponding GQDs-biotin conjugates. The cellular uptake of pristine GQDs and GQDs-
biotin were also obtained to evaluate the effect of biotin. The uptake curves of the complexes

are shown for the 6-GQDs, 7-GQDs and 7-GQDs-biotin Fig. 5.4.
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Figure 5.4. MCF-7 cellular uptake over 24 h as a function of fluorescence intensity, for A) 6-
GQDs and 7-GQDs and B) 7-GQDs and 7-GQDs-biotin where Aexc 680 nm, and C) GQDs and
GQDs-biotin at Aexc 360 nm.

The cellular uptake of the complexes, GQDs and the conjugates increases upon increase in

the concentration.
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The point at which the cellular uptake concentrations begin to plateau, for each of the Pc
complexes (complexes 6 and 7), their corresponding conjugates and the GQDs and GQDs-

biotin, are summarized in Table 5.2.

Table 5.2. Summary of the maximum concentration uptake of the complexes, GQDs, GQDs-
biotin and conjugates over 24 h.

When excited where Pcs absorb

Complex Max concentration Conjugate Max concentration
(ng/ mL) (ug/ mL)

6 40 -60 6-GQDs 20 - 40
6-GQDs-biotin 40-60

7 40 - 60 7-GQDs 40 - 60
7-GQDs-biotin 60— 80

When excited where GQDs absorb
GQDs >80
GQDs-biotin > 80

Thereis anincrease in the uptake upon introduction of cations in the complexes, and a further
increase upon biotin conjugation observed for the Pcs-GQDs conjugates Fig. 5.4A and Fig.
5.4B respectively. This may further justify the improvement of PDT in that improved cellular
uptake avails more cellular Pcs units for PDT. The pristine GQDs and GQDs-biotin uptake
continue to increase above 80 pg/ mL Fig. 5.4C. GQDs-biotin however, showed an increase in
the concentration uptake when compared to GQDs alone. This increase may be afforded by
the presence of biotin on the GQDs which enhance the uptake of the particles through a

receptor mediated transport system.
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5.3. Conclusion of chapter

The studies showed that the Pcs complexes and the conjugates to GQDs and GQDs-biotin
have no dark toxicity. The PDT activity of the Pcs complexes is higher compared to the GQDs
conjugates (high number of viable cells). However, upon conjugation to GQDs-biotin, for

complex 6 and 7, the PDT activity increases (low number of viable cells).

The cellular uptake for the complexes increases upon introduction of cations, as seen for
complexes 6 and 7. A further increase is observed for complexes conjugated to GQDs-biotin,

7-GQDs-biotin in comparison to complexes 7-GQDs.
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6.1. Solvent screening

The aim was to develop the trifluoromethylthiolation in flow for the preparation of SCF3-

labbeled Pcs complexes as potential PET/ PDT theranostic as shown in Scheme 6.1.

F3CS

R
R R
X
R 4
N ,X\g?
0| Ph,P*CF,CO,, CsF, S, N*N\M/ N
N N
N MNy / ST —— S N l\!
N\N ! solvent, temperatre <N
R
R

X-MPcs SCF3;-MPcs

Scheme 6.1. Trifluoromethylthiolation of MPcs with electrophilic axial ligand.

The trifluoromethylthiolation reaction was reproduced as described in literature, Scheme 6.2
[149]. Since not all reagents were completely soluble in DMF before and after the reaction
was completed (at 70 °C, over 5 min), several solvents were screened to determine a solvent

system in which a homogenous liquid solution can be prepared for flow, Table 6.2.

Br E

CsF )<F
Ph,P*CF,CO, + tos, = F7 s
solvent, temperature
Br Br

time
PDFA Br-R (Substrate) SCF;-R

Scheme 6.2. Trifluoromethylthiolation reaction. PDFA: difluoromethylene phosphobetaine
(Ph3P*CF,CO,).

The samples for determining a working solvent-system were prepared by adding each reagent
(~10 mg) separately in an eppendorf tube for each solvent (1 mL) at room temperature (r.t)
and when heated at 70 °C stirring for 5 min to determine the reagents that remain unreacted.
The mixtures were then checked to see if the reagents go into solution (Yes) or remain

undissolved (No) or partially dissolved (Yes*) after 5 min in the respective solvent.
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Table 6.1. Selection of solvents screened to dissolve reagents

Side work: Trifluoromethylthiolation in flow

Reagents

Substrate
Solvent ¢ g0c | rt  70%c | rt 70 | rt  70°
DMF Yes” Yes No No No No Yes Yes
DMSO Yes” Yes No No Yes” Yes” Yes Yes
DMA No Yes No No No No Yes Yes
Toluene No Yes Yes Yes No No Yes Yes
DCM Yes - Yes - No - Yes -
CHCI3 Yes Yes No No No No Yes Yes
THF Yes Yes Yes Yes No No Yes Yes
MeCN No Yes No No No No Yes Yes

DMF: dimethylformamide, DMSO: dimethylsulfoxide, DMA:
dichloromethane, THF: tetrahydrofuran, MeCN: acetonitrile.

dimethylacetamide, DCM:

The DMF as used by Zheng [149] for the trifluoromethylthiolation reaction evidently does not

dissolve the regents even at increased temperatures as shown in Table 6.1. The DMSO,

toluene, DCM and THF were better compared to the other solvents. The solubility of the Sgin

toluene compared to DMF is shown in Fig. 6.1 as an example of the method of solvent

screening.

Ssin DMF

Sgin Toluene

Figure 6.1. Solubility of the Sg in DMF vs toluene at room temperature.
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The trifluoromethylthiolation reaction was performed in the solvents that better dissolved
the reagents, including DMSO and DCM, and solvent mixtures including DMF + toluene, DMSO
+ toluene and DMSO + DCM + toluene in comparison to DMF as in literature [149]. The
reaction conditions were as described by Zheng et al. [149] in terms of the reagent molar
ratio, time and temperature. For mixed solvents, toluene was used to dissolve Sg and DCM for
PDFA, in the case were DCM was used. The rest of the reagents were dissolved in DMSO. For
each reaction with mixed solvents, the solutions were prepared separately then mixed

immediately before the reaction vessel was immersed in a heat oil-bath.

For each reaction, the 'H NMR spectrum was determined to evaluate the quality of each
reaction. Considering the product yield percentage as well as presence of by-products. The
peak of interest by *H NMR analysis occurs around 4.02 ppm [149], representing the

hydrogens attached to the C directly linked to the S on the SCFs group (S-C-H»-F3).

From the 'H NMR spectra Fig. 6.2A and B, all the reactions showed presence of the product
peak expected at ~4.02 ppm. The DCM spectrum, however, showed many more peaks which
are representative of contaminants, therefore, disqualifying DCM as a solvent for this
application as it would require tedious purification processes. The reactions in DMF, DMF +
toluene, DMSO and DMSO + toluene were relatively better, however, the DMF alone would
not completely dissolve all the reagents and thus not ideal for flow reactions. The DMSO +
toluene compared to the rest of the solvents was better in that the yield was relatively higher
with reduced side-products peaks. Additionally, the mixed solvents; DMSO + toluene
improved the solubility of the reagents. Therefore, making the mixed solvent a potential

solvent system for the trifluoromethylthiolation reaction in a flow reactor.
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Figure 6.2: The A) full 'H-NMR spectra and B) near product-region 'H-NMR spectra of the
trifluoromethylthiolation reaction in different solvents.
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6.2. Optimization of the reaction conditions in batch

The reaction in DMSO + toluene was thereafter performed in varied conditions to assess how

it can be improved for flow. The time and temperature of the reaction were varied, keeping

the reagent ratios constant, Table 6.2.

Table 6.2. Batch reaction in mixed DMSO and toluene at different reaction conditions. Where
the concentration ratio were 1:2:0.7:5 for substrate:PDFA:Sg:CsF.

Temperature Time Yield
(°C) (min) (%)
60 5 23.0
70 5 68.0
70 60 77.4
80 5 86.6
90 5 90.0
90 10 89.1

From the 'H NMR analysis, the trifluoromethylthiolation reaction in DMSO + toluene showed
improvement when performed at 90 °C for 5 min, compared to lower temperatures, 60 °C,
70 °C and 80 °C, Table 6.2. Moreover, at 90 °C, when reaction time was increased to 10 min,
the reaction efficiency neither improved nor deteriorates. Therefore, the temperature and
time for the trifluoromethyl thiolation reaction in DMSO + toluene was kept at 90 °C for 5 min
and tested in a flow reactor. However, noting that the reaction behaviour in batch may not
necessarily be the same in flow, time and temperature were also slightly changed and tested

in flow.
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6.3. Flow reaction

The trifluoromethylthiolation reaction using the DMSO + toluene solvent-system was
performed in flow using a 16 mL volume flow reactor. The reaction conditions were varied in

terms of reagent concentration ratios, temperature, time and flow rate, Table 6.3.

Table 6.3. Flow reaction in mixed DMSO and toluene at different reaction conditions.

Concentration ratios Temperature Time Flow rate Yield
Substrate: PDFA: Sg: CsF (°C) (min) (mL/ min) (%)

1:2:0.7:5 90 5 3.2 >99.9
1:2:0.7:2.5 90 5 3.2 60.2
1:1.5:0.7:5 90 5 3.2 90

1:2:0.7:5 90 3.5 4.6 40.5
1:2:0.7:5 70 5 3.2 24.15

The reaction at 90 °C in flow still maintained a high yield, of >99.9 % when the reagent
concentration ratio was 1:2:0.7:5. The reduction of PDFA molar equivalent from 2 to 1.5
impressively maintained a high yield of 90 %. Further variations in the reaction conditions
included reduction in the concentration of CsF from a molar equivalent to the substrate of 5
to 2.5 which resulted in the reduction of the product yield to 60.2 %. Reducing the reaction
time from 5 min to 3.5 min, and reducing the reaction temperature to 70 °C, also reduced
product yield percentage down to 40.5% and 24 % respectively.

The *H NMR of crude product from the batch reaction (reaction conditions, concentration
ratios: 1:2:0.7:5, temperature: 90 °C, time: 5 min in DMSO + toluene) was compared to the
'H NMR of the crude product from the flow reaction, Fig. 6.3A. The reaction performed in

flow showed reduced side products in comparison with the reaction mixture from a batch
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reaction. The °F NMR was obtained and confirmed presence of product, at ~-41.5 ppm Fig.

6.3B [149].
| o Al
“r:.m:.
Product peak
JLEESSLE | M 4.02 |
.[i_a_LC_hI_l 'v P ey p—— --A_J‘ ) e A I— -.N_J___ 2
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Figure 6.3. The A) 'H NMR spectra of the trifluoromethylthiolation reaction mixture in batch
and in flow, at 90 °C for 5 min in DMSO + toluene. B) 1°F NMR spectrum of the reaction in flow
at 90 °C for 5 min in DMSO + toluene.
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The formation of side-products was evident in the reaction mixtures (at 90 °C, 5 min) in batch,
however, much lower in flow Fig. 6.3A. The attempt to predict which compounds were
formed as side-products was done using a method of reagent-elimination, where the reaction
with all the reaction conditions were kept the same however one or two reagents would be

excluded in the reaction. The results were analysed by *H NMR, Fig. 6.4.

T PDFA + Ss

s 200 Substrate + PDFA + CsF
|| PDFA+CsF
Substrate + Sz + CsF

Substrate + CsF

Figure 6.4. The 'H NMR spectra of reaction at 90 °C for 5 minutes in DMSO + toluene with
some reagents

From the 'H NMR spectra of the reaction mixtures, the reaction of PDFA and CsF, surprisingly
showed a peak like that of the protons of the C in the - SCFs group, Fig. 6.4. Therefore, it is
worthy of consideration to perform further characterization such as °F NMR for this reaction
and additional characterization techniques such as infrared spectroscopy, mass spectrometry
or elemental analysis to confirm synthesis of desired product. The PDFA + CsF reaction also
had more proton peaks that any other reaction. However, generally, the mixtures did not

show any reaction products.
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The SCFs-Pcs, as shown in Fig. 6.1 was not obtained due to time constraints, and it is therefore

part of the future work.

6.4. Conclusion of chapter

The reagents used in the trifluoromethylthiolation reaction were soluble in the DMSO +
toluene solvent system. The reaction showed better performance in comparison to other

solvent systems at 90 °C for 5 min, using reagent ratios described in literature [149].

The trifluoromethylthiolation reaction in flow using the DMSO + toluene at 90 °C for 5 min
solvent system was relatively purer compared to the reaction performed in flow. The target

products were confirmed by 'H NMR and °F NMR.
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7.1. Conclusion

The photo-physicochemical properties and in vitro photodynamic activity of a series of
Zn(ll)Pcs derivatives and how these properties may be affected upon conjugation to GDQs
and GQDs-biotin by -t interactions, was investigated on human breast cancer MCF-7 cell
lines.

A decrease in the O (insignificant in some cases) and the consequent increase in the ®r was
observed for the conjugates. The ®x however, was reduced for the conjugates compared to
the non-conjugated complexes. This was suspected to be caused by the screening effect from
the GQDs, inhibiting facile energy transfer to the oxygen from the triplet state. The conjugates
did however demonstrate PDT activity on the human breast cancer MCF-7 cell lines upon
irradiation. The conjugation of the Pcs complexes to pristine GQDs (without biotin) did not
show improvement in the photophysical parameters nor the in vitro PDT activity on MCF-7
cell lines. However, upon functionalization of GQDs with biotin, the PDT activity improves due

to improved drug uptake in the Pcs-GQDs-Biotin conjugates.

In addition to assisted uptake using biotin, the cationic complex 7 and 7-conjugates showed
improved PDT activity compared to the non-ionic complex 6. This is also believed to be due
to the enhanced uptake of the cationic complexes. Overall, the combination of cancer drug-
uptake methods, viz GQDs, cationic charges and biotin transport, help improve the
therapeutic efficacy of Pcs during PDT in vitro by improving the concentration of Pcs

penetrating the cells.
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7.2. Futures work

General Conclusion and Future Work

a) To synthesize Pcs that may be linked both covalently, possibly through amide bond, and

non-covalently, through -t bonds, and compare the PDT activity in vitro.

Route A Route B

Pcs-GQDs

Figure 7.1. Methods of conjugating Pcs to GQDs; Route A: through -t bonds and Route B:
through covalent linkages, using amide bond as an example.

The Pcs linked covalently to the GQDs may be amino-substituted MPcs (MPcs 1) or carboxy-

substituted MPcs (MPcs 2), which may be linked via the carboxy or amino groups on the GQDs,

respectively.

b) To develop the trifluoromethylthiolation of Pcs reaction to prepare a potential PET/

PDT theranostic as shown in Scheme 7.1.

R
R X
a0 .
_no N Ph;P*CF,CO,, CsF, Sg,
W
! solvent, temperatre
N
R
X-MPcs

R

F3CS

/N\NI/N N

N, / \NI

e

SCF3-MPcs

Scheme 7.1. Trifluoromethylthiolation of MPcs with electrophilic axial ligand.

Study the structural properties, photo-physicochemical properties, PDT activity of the SCFs-

Pcs and the effect of the SCF3 on the cellular uptake of the Pcs.
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