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Abstract 
 

This thesis investigates new strategies to enhance the efficacy of photodynamic therapy (PDT) 

under hypoxic conditions using in-vitro cancer cell models. Phthalocyanines are chosen as viable 

photosensitizer complexes owing to the favourable absorption properties. To this end, this thesis 

reports on the synthesis and photophysicochemical properties of various zinc and silicon 

phthalocyanines (Pcs). To afford better photophysicochemical properties, the reported Pcs were 

conjugated to different nanoparticles (NPs) through chemisorption as well as amide bond 

formation to yield Pc-NP conjugates. 

All the studied Pcs showed relatively high triplet and singlet oxygen quantum yields corresponding 

to their low fluorescence quantum yields. The various mechanisms for hypoxic response include 

(i) Type I PDT, (ii) PDT coupled with oxygen-independent therapy and (iii) in-situ oxygen 

generation using catalase-mimicking nanoparticles which serve to supplement in-vitro oxygen 

concentrations using MPcs or MPc-NPs conjugates. The mechanisms were assessed using 

electrochemical, computational techniques and catalase mimicking experiments.  

The as-synthesised Pcs or Pc-NPs were subjected to liposomal loading before PDT studies which 

led to enhanced biocompatibility and aqueous dispersity.  The in-vitro dark cytotoxicity tests and 

photodynamic therapy activities of the fabricated Pc-liposomes and Pc-NPs-liposomes on either 

Henrietta Lacks (HeLa) or Michigan Cancer Foundation-7 (MCF-7) breast cancer cells are 

presented herein. This work further showed that folic acid (FA) functionalization of liposomes 

could be exploited for active drug delivery and herein led to an almost 3-fold increase in drug 

uptake vs non-FA functionalised liposomes in accordance with folate receptor (FR) expression 

levels between HeLa and MCF-7 cells. 
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The in-vitro dark cytotoxicity and photodynamic therapy of selected Pc complexes and conjugates 

were accessed using MCF-7 and HeLa cell lines. The various mechanisms; (i) Type I PDT, (ii) 

PDT coupled with oxygen -independent therapy and (iii) in-situ oxygen generation using catalase-

mimicking nanoparticles were shown to adequately compensate for the otherwise attenuation of 

PDT activity under hypoxia. 
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Preamble  

Photodynamic therapy (PDT) is an anti-cancer treatment modality that employs an otherwise 

inactive chemical (photosensitizer) that is activated by light to produce cytotoxic reactive oxygen 

species (ROS) including singlet oxygen. Since oxygen is critical to PDT, the endogenous hypoxic 

microenvironment that characterizes most tumors presents a significant bottleneck to the clinical 

adoption of PDT. Moreover, intratumoral hypoxia is further aggravated by oxygen consumption 

during the administration of PDT, resulting in suboptimal treatment outcomes. Therefore, there is 

an urgent need to develop new strategies to sensitize cancer cells to photodynamic damage. 

This thesis investigates new strategies to enhance the efficacy of photodynamic therapy (PDT) 

under hypoxic conditions using in-vitro cancer cell models.  It was hypothesized that the efficacy 

of PDT could be substantially improved by (1) utilizing metallophthalocyanines (MPcs) as near-

infrared (NIR) active photosensitizers, which have the potential for applications targeting deeper-

seated tissues, (2) utilizing targeted phthalocyanines to pharmacologically relevant sites within the 

tumor using liposomal drug delivery systems, and these MPcs were used either alone or in the 

presence of various metallic nanoparticles (NPs) to positively modulate their photophysical and 

photochemical properties and afford them responsiveness to hypoxia within tumor tissue. This 

thesis, therefore, describes the synthesis of symmetrical and asymmetrical metallophthalocyanines 

as photosensitizers in the presence of various metallic nanoparticles.  Liposomes are used as 

effective drug delivery systems. The thesis addresses hypoxia and multiple strategies are explored 

for improving the efficacy of PDT towards hypoxia tumor environment. A small section of this 

work explored the use of MPcs as photocatalysts in photoelectrocatalysis.  
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Introduction 

This chapter describes the basis of the thesis. It gives background on metallophthalocyanines, 

nanoparticles employed, and how these nanomaterials can be conjugated to form visible light 

active photodynamic hybrids responsive to tumor hypoxia. A section of this chapter focuses on 

the application of metallophthalocyanine-nanoparticle (MPcs-NPs) conjugates as effective 

photoelectrochemical hybrids. 

1.1  Metallophthalocyanines (MPcs) 

Phthalocyanines (Pcs) and their metalated derivatives are two-dimensional 18 π-electron aromatic 

macrocycles that consist of four isoindole units linked through nitrogen atoms, Figure 1.1. 

Phthalocyanines enjoy exclusive properties such as high thermal and chemical stability, as well as 

acute photo-responsiveness to near-infrared (NIR) radiation.  Phthalocyanines are architecturally 

flexible. The phthalocyanine ring can allow for the incorporation of a variety of substituents either 

at the non-peripheral (α) or peripheral (β) positions, modulating a varied number of important 

properties such as solubility, stability, and biocompatibility [1]. They have a similar (although 

larger) core structure to the naturally occurring porphyrin complexes such as heme, and as such, 

over 70 different metals or metalloids can be introduced into their inner core to form 

metallophthalocyanines (MPcs) via a coordinate-covalent bond between the nitrogen atoms and 

metal ions [2]. The various metals also help to modulate the physical, electronic, and optical 

properties of MPc complexes. Pcs have found applications in several fields such as optical limiting 

[3-5], electro-catalysis [6,7], photosensitizers in photodynamic therapy (PDT) [8-10] and in solar 

cell technology [11]. 
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Figure 1.1: The molecular structures of (i) an unmetallated phthalocyanine (H2Pc) and (ii) a 

metallophthalocyanine (MPc). 

1.1.1 Synthesis of Metallophthalocyanines (MPcs) 

A wide variety of ortho-disubstituted benzene derivatives such as phthalonitrile, phthalimide, 

phthalic anhydride, and 1,3-diiminoisoindoline have been applied as starting materials for Pc 

synthesis, depending on the particular application (Scheme 1.1). Phthalic anhydride is usually the 

starting material of choice for synthesis on an industrial scale since phthalic anhydride is a 

relatively cheaper starting material [12]. However, in a laboratory setting, a suitable phthalonitrile 

is often preferred because it leads to a higher purity product. 

The synthesis of MPcs via the phthalonitrile route generally involves the cyclotetramerization of 

the desired phthalonitrile (or dicyanobenzene) derivative in the presence of a metal salt of choice, 

a high boiling point solvent and a catalyst (commonly 1,8-diazabicyclo [5.4.0] undec-7-ene 

(DBU)) with sufficient heating. MPc complexes containing metals in the +3 or +4 oxidation states 

(such as In3+, Rh3+; Sn3+ and Si4+, etc.) are routinely reported in the literature. They can bind one 
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or two axial ligands. Such MPc complexes have drawn significant interest since axial ligation helps 

to prevent aggregation through the steric hindrance of the macrocycle.  

 

Scheme 1.1: Phthalocyanine ring showing potential sites for substitution (peripheral and non-

peripheral positions) and synthesis from varied starting materials. MXn = Appropriate metal salt. 

Amidst all MPcs, silicon phthalocyanines (SiPcs) have received particular interest owing to their 

hexacoordinated silicon (IV) [13]. Besides, the presence of two axial positions renders SiPcs 

unique among Pcs. Axial ligands serve to modulate the properties of SiPcs as desired. Moreover, 

bulky axial substituents perturb planarity and significantly help to improve solubility [14-16].  
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In this work, silicon phthalocyanines with axial phenolic substituents are of interest. Silicon 

phthalocyanine dichloride (Cl2SiPc) was employed as a precursor molecule. In the synthesis, the 

axial Si–Cl bonds undergo substitution reactions with phenolic substituents to generate the 

corresponding symmetrically substituted bis-alkoxy derivatives. 

Symmetrically substituted Pcs are synthesized by cyclo-condensation of mono-substituted 

phthalonitrile precursors to obtain tetra-substituted Pcs.  For the synthesis of non-peripherally (α) 

and peripherally (β) substituted Pcs, phthalonitrile precursors substituted at the 3 and 4 positions 

are used, respectively. Asymmetric MPcs are often preferred where specific binding or 

coordination with other molecules are needed. As a result, there has been much interest in the 

design of asymmetrical Pcs. Besides, such Pcs exhibit better organization capabilities and exhibit 

unique properties, which are necessary for many applications such as photodynamic therapy, 

optical limiting, and catalysis. 

Amongst the numerous methods employed in the synthesis of asymmetric Pcs, statistical mixed 

condensation of two differently substituted phthalonitriles is the most common. The resulting Pcs 

bear one (B) isoindole sub-unit and three identical (A) sub-units (or vice versa) (AB3 or A3B). The 

condensation of A and B isoindole subunits often results in a mixture of six compounds labeled 

ABBB, AABB, ABAB, BBBB, AAAB, and AAAA (Scheme 1.2). 
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Scheme 1.2: possible outcomes from a mixed condensation reaction using the statistical 

condensation of phthalonitriles A and B. R = Subsituent. 

High yields of asymmetrically substituted Pcs can be obtained in a ratio of A and B of 3:1. Larger 

mole ratios of 9:1 or higher could be employed in accordance with the reactivity of the substituents. 

The desired asymmetrical structure is then obtained by separating the different fractions formed 

via chromatographic methods. Both symmetrical (tetra-substituted) and asymmetrical (AB3 or 

A3B) MPcs complexes were employed in this work. 
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1.1.2 Electronic absorption spectra of MPcs 

The absorption spectra of phthalocyanines are significantly influenced by whether they are 

metalated or not, the number, position, and nature of substituents, amongst other factors [1,17,18].  

A typical electronic absorption spectrum of a metallated phthalocyanine is shown in Figure 1.2. 

The UV-vis spectrum of MPcs is characterized by a sharp absorption band in the red region of the 

electromagnetic spectrum called the Q band and a less intense B band (which consists of two 

bands) appearing between 300 – 400 nm [19,20]. Gouterman’s four orbital model sufficiently 

describes the spectral features of phthalocyanines [21,22]. According to Gouterman’s four orbital 

model, the Q band absorbance is due to electron transitions from the ground state (a1u) highest 

occupied molecular orbital (HOMO) to the eg lowest unoccupied molecular orbital (LUMO), 

Figure 1.2 (insert). The less intense B band absorbance results from transitions from the a2u to eg 

and b2u to eg transitions. A single Q band characterizes metallated symmetrical Pcs, while 

unmetallated Pcs and asymmetrically substituted MPcs may exhibit a split Q band subject to 

solvent effects [23]. 
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Figure 1.2: Example of ground state UV-vis spectrum of Pcs extrapolated from unpublished work. 

Insert = molecular orbital representation of electronic transition). 

 

Phthalocyanines are an important sub-class of porphyrin-type molecules whose applications have 

been vital in several research areas. Two such important categories are the subject of this thesis, 

which employed the photosensitization of the Pc complex for the generation of ROS for 

photodynamic therapy (PDT) and in the degradation of pollutants. The following section 

introduces PDT. 

 

1.2 PHOTODYNAMIC THERAPY 

Photodynamic therapy (PDT) is a non-invasive cancer treatment modality that has received 

considerable interest owing to its merits over conventional therapies. It is noninvasive and thus 

presents lower risks of complications or patient scarring. PDT has been applied for the treatment 

of a large variety of tumors, including skin lesions [24], esophageal malignancies [25], and early 

central stage lung tumors [26], amongst others. In principle, PDT involves three specific 
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components: (i) a photosensitizer (PS) drug, (ii) molecular oxygen, and (iii) light of a specific 

wavelength. 

Figure 1.3 shows the photochemical mechanisms (Type I and Type II) that occur following the 

photoexcitation of MPcs. During the photosensitization process, MPcs (initially in their ground 

state, S0) absorb light. The absorbed light sensitizes MPcs from the S0 to an excited singlet state 

(Sn), which converts to the S1 state through internal conversion, Figure 1.3. Since the S1 state is 

short-lived (10-9 - 10-6 s), it may be readily deactivated through radiative (such as fluorescence), 

Figure 1.3. Alternatively, it may undergo intersystem crossing (ISC) for the S1 state to populate 

the triplet state (T1), (a spin inversion) [27]. The T1 state is a longer-lived state (10-3 - 1 s), allowing 

for electron transfer reactions with proximal cell components (Type I reaction) or energy transfer 

to molecular oxygen (Type II reaction). The Type I photochemical reaction often leads to the 

formation of various radicals such as hydroxyl radicals (•OH) or superoxide radicals (O2
•-). 

Another product of Type I photochemical reaction is the interaction of nitric oxide (NO∙) (which 

may be formed from nitric oxide photodonors) and superoxide radicals to form peroxynitrite ions 

(ONOO-) as reactive nitrogen species (RNS). The Type II photochemical process leads to the 

generation of singlet oxygen (1O2) as the chief photogenerated product. Singlet oxygen is highly 

toxic and is the most important ROS in PDT [28,29].  
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Figure 1.3: A modified Jablonski diagram showing the transition between ground state (S0) and 

electronically excited states (S1 and T1). Abs = absorption, F = fluorescence, VR = vibrational 

relaxation, IC = internal conversion, intersystem crossing, Phosphorescence, S1 = singlet excited 

state, T1 = first triplet state. 

Despite the promise of PDT, its full clinical translation is yet to be realized because of several 

reasons. These include: 

(1) Suboptimal photosensitizers  

(2) Poor bio-distributive properties and delivery of photosensitizer 

(3) The tendency of tumor cells to survive PDT and adapt to post-therapeutic conditions owing 

to inadequate oxygen concentrations (Hypoxia).  

This work aimed to develop approaches to enhance PDT efficacy. This involved the synthesis and 

evaluation of various photosensitizers. This work also evaluated the properties of PS when 

conjugated to nanomaterials as delivery vehicles for photodynamic therapy. As such it explored 
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various strategies for hypoxic alleviation/response for improved photodynamic therapy. The 

following sections will introduce these applications of MPcs. 

1.2.1 Metallophthalocyanines as photosensitizers in Photodynamic therapy  

Based on extensive biological data, an ideal photosensitizer should exhibit minimal dark toxicity 

with a large extinction coefficient in the optical therapeutic window (600-800 nm), which is the 

the spectral range of visible and NIR light (650–850 nm) characterized by a high penetration depth 

into human tissues [30,31]. These desired properties have served as important guidelines for 

designing new photosensitizers for PDT. 

MPcs with central metals such as zinc (II), aluminum (III), and silicon (IV) are particularly 

interesting for PDT due to their highly efficient ROS generation. Many such MPcs are known 

photosensitizers for PDT, many of which are at various stages of clinical trials [32-36]. Some 

examples are shown in Figure 1.4. 
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Figure 1.4: Some MPcs in clinical trials as PS for PDT. 

This thesis focuses on the synthesis of various symmetric and asymmetric substituted zinc 

phthalocyanines and axially substituted silicon phthalocyanines for the primary purpose of 

developing potential photosensitizers for PDT. The efficiency of ROS generation by the employed 

MPcs is often indicative of their efficacy for PDT application and is examined herein.  
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1.2.2 Targeted delivery of the photosensitizer towards tumor tissue 

The indiscriminate localization of photosensitizers in both normal and tumor tissue greatly 

hampers PDT success [37]. This is aggravated by the poor water-solubility and 

unfavorable pharmacokinetic properties of many PSs. Consequently,  therapeutic performance is 

compromised as undesirable side effects are unavoidable [38]. PS localization is therefore crucial 

in PDT. 

Conventionally, passive PDT targeting is facilitated by the leaky intratumoral blood vessels that 

characterises most tumors. Various nanomaterials have been linked to PSs, which allow their 

passive delivery to tumor tissue via the enhanced permeability and retention (EPR) effect [39, 40]. 

Additionally, many metal-based nanomaterials (particles with dimensions in the 1- 100 nm range) 

are known to improve the photosensitizing properties of PSs molecules by enhancing ISC through 

an external heavy atom effect. Nanomaterials such as graphene quantum dots [41-43] or metal-

based nanoparticles such as platinum, gold, and silver nanoparticles [44-47] have been used 

previously as nanocarriers for PS agents. Biodegradable polymeric particles, oil dispersions, 

liposomes, and hydrophilic polymer-PS conjugates are also important passive targeting systems. 

Nanoparticle (NP) based systems therefore represent a viable method for the delivery of PSs. An 

ideal drug delivery system should facilitate selective delivery and accumulation of therapeutic 

concentrations of the PS without loss or alteration of PS activity. 

In this work, liposomes were employed as the primary drug transport vehicles for the delivery of 

the as-synthesized MPcs. Both MPcs and MPcs-nanoparticle conjugates were subjected to 

liposomal loading alone or liposomes functionalized with folic acid as a targeting moiety. The 

PDT activity of the resultant nanocomposites were investigated herein. The following sections 

give a brief outline of liposomes for intratumoral PS delivery.  
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1.2.2.1 Liposomes 

Liposomes are spherical nanostructures with one or more concentric lipid bilayers [48]. Liposomes 

effectively carry hydrophilic drugs within their aqueous inner core and hydrophobic components 

within lipophilic regions between the polar head groups of their lipid bilayer [49]. Importantly, 

liposomal incorporation does not adversely affect the photosensitizing ability of the encapsulated 

PS [50-52]. Liposomes are also highly biocompatible. Since most liposomes are made of naturally 

occurring phospholipids, they are non-immunogenic and non-toxic at pharmacological 

concentrations [53]. Liposomes are already Federal Drug Administration-approved drug delivery 

vehicles for Daunorubicin and Doxorubicin, and several other anti-cancer formulations [54,55]. 

Active drug targeting may be achieved by modifying liposomes with targeting ligands to afford 

cancer-specific receptor-mediated uptake. Active targeting greatly minimizes undesired side-

effects associated with non-specific PS uptake and is based on targeting overexpressed or uniquely 

expressed molecules on cancer cell surfaces.  The serum half-life of liposomes can be prolonged 

by the incorporation of polyethylene glycol (PEG) units. Such long-circulating liposomes allow 

for prolonged interaction time between the target and targeted liposome and hence afford better 

delivery outcomes [56]. Various targeting ligands such as carbohydrates, folic acid, antibodies, 

aptamers, peptides, and oligonucleotides have been used as affinity ligands [57,58]. Folic acid is 

used to modify liposomes in this work. 
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1.2.2.2 Folic Acid and Targeted Liposomes 

Folic acid constitutes a distinct subclass of receptor-targeting moieties among a growing class of 

targeting ligands. Folic acid, a well-known water-soluble B-complex vitamin [59], selectively 

binds to and delivers attached drugs into any cell that expresses cell surface folate receptors (FRs). 

FRs are significantly up-regulated in numerous epithelial cancer cells, including ovarian, breast, 

brain, lung, renal, and colorectal cancer, as opposed to normal epithelia [60-62]. Normal tissues 

with low FR levels are consequently spared the toxicity that commonly limits non-targeted 

therapies. Folic acid can therefore be exploited towards folate-receptor-positive cancer cells 

allowing drug endocytosis via the FR [53].  

Folic acid is a particularly appealing ligand for drug targeting due to its small molecular size, low 

immunogenicity, high binding affinity FRs on cell surfaces, and well-defined conjugation 

chemistry [63]. Also, the ability of FA to bind its receptor to allow endocytosis is not altered by 

covalent conjugation to other molecules and its applicability has been successfully demonstrated 

by various researchers [64,65]. 

In this work, FA was used as the active targeting agent to deliver phthalocyanines to cancer cells. 

This work further explored the differential uptake of folate targeted liposomes against hypoxic 

MCF-7 and HeLa cells as in-vitro cellular models for the first time.  

 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/cancer-cell
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1.2.3 Hypoxia 

The aberrant proliferation as well as distorted blood vasculature in most tumours result in both fast 

consumption of oxygen and insufficient blood supply to the tumor microenvironment (TME). As 

a consequence, TME is characteristically hypoxic. Hypoxia is characterised by both low oxygen 

concentrations and acidulated tumor environments [66,67]. Hypoxia is an essential consideration 

in any cancer-related therapy. Hypoxia is particularly important in PDT since oxygen is a limiting 

factor.  Since the fundamental mechanisms of PDT necessitate the presence of oxygen, it is 

reasonable to expect that PDT would be greatly limited by insufficient tissue oxygenation. 

Compounding on this, hypoxic tumor cells are much more invasive and metastatic [68] and as a 

result, hypoxic tumor tissues are considered the most important factor impacting patient prognosis. 

In addition to low oxygen, the effectiveness of PDT is also limited by the hypoxia-induced 

overexpression of glutathione (GSH), which consumes ROS, further limiting PDT effectiveness 

[69]. Therefore, there is a clear and urgent need to develop PS candidates sensitive to the hypoxic 

microenvironments of tumors. This work hypothesizes that using intelligent PS candidates that are 

either responsive to and/or modulate tumor hypoxia could result in enhanced PDT efficacy. 

Table 1.1 lists previously reported MPcs either used alone or conjugated to various nanoparticulate 

delivery systems for application in PDT using different cancer cell lines [52,70-81]. Although the 

table is not exhaustive, it is evident that most studies in PDT only seek to address either solubility 

issues associated with the use of metallophthalocyanines or the use of nanomaterials to improve 

the photophysical and photochemical properties of the various employed MPcs. 

With the above in mind, this thesis aims to devise new strategies to improve PDT. NIR responsive 

MPcs are synthesised herein, and their PDT activity is explored. The effect of nanoparticle 
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conjugation on the photophysical and photochemical properties of the employed MPcs are 

evaluated herein. To limit PDT hypoxia-induced adaptation mechanisms within cells, this work 

reports on the design and synthesis of novel MPcs and MPcs-conjugates that are either responsive 

to hypoxia or help modulate the hypoxic microenvironment. All PSs employed in this work were 

subjected to liposomal loading to achieve physiological biocompatibility and improve PS delivery 

within tumor cells. 
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Table 1.1: Pcs with NPs alone or loaded in liposomes for PDT. 

Phthalocyanines Nanoparticles Application Reference 

 

 

AuNPs PDT on MCF-7 

human breast cells 

under normoxia 

[71] 

 

AuNPs Photophysics and 

Photochemistry 

[72] 

 

Liposomes In-vitro PDT 

against 

glioblastoma cells 

under normoxia 

[73] 

 
Liposomes PDT against MDA-

MB 231 breast 

cancer cells under 

normoxia 

[74] 
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Liposomes In-vitro PDT 

against Human 

non-small cell lung 

cancer cells 

(A549) under 

normoxia 

[75] 

 

Bimetallic Pt and Fe 

NPs 

Photophysics and 

Photochemistry 

[76] 

 

π-π stacked 

biotinylated 

graphene quantum 

In-vitro PDT 

against MCF-7 

cells under 

normoxia 

[77] 

 

π-π stacked graphene 

quantum dots 

 

In-vitro PDT 

against MCF-7 

cells under 

normoxia 

[78] 

 

 

AgNPs and AuNPs PDT on MCF-7 

human breast 

cells under 

normoxia 
 

[79] 
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Liposomes In-vitro PDT 

against MCF-7 

cells under 

normoxia 

[80] 

 

AuNPs In-vitro PDT 

against B78H1 cell 

line (amelanotic 

clone of murine 

melanoma) under 

normoxia 

[70] 

 

Lactose linked to 

AuNPs 

PDT MDA-MB-

231 human breast 

adenocarcinoma 

and MCF-10A 

human mammary 

epithelial cells 

under normoxia 

[81] 
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ZnPc (R = H) and ZnF16Pc (R = F) 

Liposomes In-vitro PDT 

against HeLa cells 

under normoxia 

[52] 

NPs = Nanoparticles 

MDA-MB-231 = M.D. Anderson - Metastatic Breast 231 
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Besides work by Wang et al. [82] and Broekgaarden and co-workers [83-85], which sort to tackle 

the limitations of hypoxia on PDT using ZnPc and Prussian blue, there are no known studies on 

the use of substituted MPcs for hypoxic PDT, either alone or within liposomes. The liposomes 

enabled improved water solubility and potentially improved biocompatibility for photodynamic 

activity on both human cervical carcinoma (HeLa) and human breast adenocarcinoma (MCF-7) 

cell lines as in-vitro cancer models. The effects of symmetry on the photophysical and 

photochemical properties of MPcs and their PDT activity on MCF-7 and Hela cells are also 

investigated. This work further highlights the synergistic advantages of folate targeting and 

hypoxic response using MPcs-loaded liposomes for PDT for the first time. 

1.3 Metallophthalocyanines conjugates employed in this work  

This work focuses on the synthesis and application of various ZnPc and SiPc derivatives. ZnPc 

and SiPc are particularly desirable for PDT owing to their closed shell nature of the central metal 

which results in favorable photophysical and photochemical properties [86-88]. Moreover, being 

a heavy atom, Zn promotes intersystem crossing (ISC) to the triplet state, leading to complexes 

with high singlet oxygen generating abilities.  The structures of phthalocyanines and conjugates 

used in this work are shown in Table 1.2. Complex 4 (zinc (II) 2-(carboxyethyl-4-phenyl) 

phthalocyanine) has been previously reported [89]. The other complexes (1, 2, 3, 5, and 6) are 

reported for the first time in this work. 

In this work, MPcs and MPcs conjugates were designed to modulate hypoxia. Three general 

strategies were developed and explored herein; (A) new PSs focusing on Type I PDT or 

combination therapy (complex 1), (B) strategies that are O2-independent (complex 2) and (C) 

oxygen-replenishing strategies that directly or indirectly elevate O2 concentrations for PDT 
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(complexes 3 and 4). The following sections highlight the particular mechanisms employed. 

Complexes 5 and 6 were not targeted.  
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Table 1.2: MPcs and MPc conjugates employed in this work  

Pc structure and name NPs employed Application 

 

 
Complex 1 [NEW] 

Silicon (IV) 1,4 naphthoquinone phthalocyanine 

 

Liposomes Photodynamic 

therapy on 

hypoxic MCF-7 

and HeLa cells 
 

 

Complex 2 [NEW] 

Silicon (IV) 1-nitrosonathoquinone 

phthalocyanine 

Liposomes Photodynamic 

therapy on hypoxic 

MCF-7 and HeLa 

cells 
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Complex 3 [NEW] 

Zinc (II) tris [(4-benzo[d]thiazol-2-ylphenoxy)-2-

carboxyphenoxy phthalocyanine 

Amine-functionalized 

GQDs – amide 

bonded to Pc 

 

MnO2@AgNPs and 

MnO2@AuNPs  

grown on the Pc-

GQDs conjugate 

The conjugates were 

loaded into liposomes 

 

Photodynamic 

therapy on hypoxic 

MCF-7 and HeLa 

cells 

 
Complex 4 [89] 

Zinc (II) 2-(carboxyethyl-4-phenyl) 

phthalocyanine 

Amine-functionalized 

graphene quantum 

dots (GQDs) – amide 

bonded to Pc 

 

MnO2@PtNPs 

adsorbed onto the Pc-

GQDs conjugate via 

Pt-N, Mn-N bonds. 

The conjugates were 

loaded into 

liposomes. 

The conjugates were 

also loaded into folic 

acid-functionalised 

liposomes 

 

Photodynamic 

therapy on hypoxic 

MCF-7 and HeLa 

cells 

 

As a side 

application, complex 

4 was also applied in 

photoelectrocatalysis 

with GONS and 

TiO2 
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Complex 5 [NEW] 

Zinc (II) tetra (4-heptanoylphenoxy) 

phthalocyanine 

Both Pcs were loaded into liposomes 

Photodynamic therapy on MCF-7 and HeLa 

cells as in-vitro models 

 

 
Complex 6 [NEW] 

Zinc (II) tetra (3-heptanoylphenoxy) 

phthalocyanine 

NPs = Nanoparticles 

GQDs = Graphene quantum dots 

GONS = Graphene oxide nanosheets 
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In this work, two hypoxic models were used: CoCl2 and Oxyrase pretreatment. CoCl2 is a well-

documented hypoxia mimicking molecule for both in vivo [90] and in-vitro applications [91,92]. 

CoCl2 stabilizes the hypoxia-inducible factor (HIF-1α), the central signaling factor governing 

hypoxia. EC-Oxyrase is a commercially available oxidase mixture that specifically removes 

oxygen from the micro-environment but does not generate any other gas [93,94]. The employed 

cells were subjected to pretreatment with CoCl2 or EC-Oxyrase as in-vitro hypoxic cell models. 

1.3.1 Group A: Type I PDT 

In recent years, there has been increased research interest in using hypoxia-responsive prodrugs 

(HAPs). HAPs take advantage of the inherent oxygen gradient between tumor and normal tissues 

and are selectively activated via reductive metabolisms in sufficiently hypoxic environments. 

However, to date HAPs alone have only shown sub-optimal anticancer effects [95]. The 

combination of HAPs with PDT is an attractive alternative. This is because PDT-potentiated 

O2 consumption could further enhance the effects of the HAPs with enhanced antitumor responses. 

Despite the potential for PDT and HAPs combinational therapy, few studies have investigated the 

feasibility and efficacy of this strategy. The PS is typically co-delivered with prodrug-loaded 

nanoparticle delivery systems such as liposomes and silica-shelled nanoparticles [96-99]. 

This work sort to fabricate a photosensitizer complex that integrates a hypoxic response. A 

prodrug-like quinone moiety was utilized in this case. Many HAPs possess the quinoid structure 

due to their propensity to undergo a one-electron or two-electron reduction mediated by various 

reductive enzymes to the active radical anions in cancer cells through Type I mechanism which 

destroy cancer cells. 
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A novel naphthoquinone-substituted SiPc (SiPc-Prodrug, complex 1) is presented herein for use 

in hypoxic-tumor environments for the first time. This work reports on the direct attachment of the 

prodrug moiety onto the Pc structure and subsequently evaluates the PDT efficacy of the resulting 

complex against normoxic and hypoxic cancer cells. Such an arrangement combines the near-

infrared (NIR) responsiveness and singlet oxygen generation of the SiPc with the hypoxia-

responsive naphthoquinone moiety for synergistic therapy. In effect, complex 1 is employed for 

combinatory therapy incorporating both hypoxic response and Type I PDT. Although Type I 

photosensitizers have been previously reported, this work constitutes the first account of 

combining Type I and hypoxic response within a PS system for PDT. 

1.3.2 Group B: PDT coupled with O2-Independent Therapy 

Nitric oxide (•NO) is a ubiquitous gaseous messenger with vital functions in neurotransmission 

and vasodilation [100]. Recently, •NO has received research interest as an intriguing therapeutic 

species showing excellent anticancer and antimicrobial activity. •NO has been shown to be a 

suitable active radical that can effectively overcome the hypoxia gradient [101,102] and its release 

is independent of O2 availability. Moreover, •NO readily reacts with the superoxide anion (O2•-) 

at a faster rate than with oxygen to form highly reactive peroxynitrite (OONO)[101,103,104]. This 

then results in the formation of •OH and •NO2 radicals leading to impaired cellular function and, 

ultimately, cell apoptosis [105]. To this effect, various •NO delivery agents have been reported 

[106]. The engineering of novel nitric oxide (•NO) photo donors (NOPD) broaden the horizon for 

new and underexplored anticancer treatment modalities. 

The combination of PDT with nitric oxide (NO) photo donors represents a novel and 

underexplored approach for multimodal phototherapy. This work hypothesized that the anti-tumor 

efficacy of PDT may be augmented by using an exogenous NO donor-coupled phthalocyanine. In 
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this work, a novel nitroso-substituted silicon phthalocyanine (NO-SiPc, complex 2), obtained by 

directly attaching a NO reservoir moiety to SiPc, is presented. Combining 1O2 and •NO is 

appealing since such systems benefit from the multitargeted activity. The efficacy of the as-

synthesized complex 2 as a dual red-light responsive singlet oxygen and nitric oxide generating 

PDT agent is herein investigated in normoxic and hypoxic-tumor cell environments. There are 

limited accounts of ruthenium phthalocyanine NO donors [107]. However, to date this work 

constitutes the first account of a dual red-light responsive singlet oxygen and nitric oxide 

generating SiPc PDT agents. 

1.3.3 Group C: In-situ oxygen generation 

Elevated H2O2 levels are a typical feature of hypoxic tumor microenvironments. Such elevated 

H2O2 levels (50–100 μM) are a consequence of the aberrant metabolism and proliferation 

characteristic of tumour tissue [108-110]. H2O2 levels are often closely related to a tumor's 

occurrence and development [111]. In both normal and cancer cells, catalase is an important 

enzyme that protects cells from oxidative damage by catalyzing the decomposition of hydrogen 

peroxide (H2O2) to form O2 and water. In effect, the decomposition of H2O2 into oxygen in tumor 

tissue can be exploited to improve local oxygen levels necessary for hypoxic PDT [112-116]. 

Despite the promise of catalase, some key inherent limitations impede its clinical adoption in PDT. 

These include their relatively high cost for preparation, purification, and storage, poor stability, 

and narrow operational pH ranges [117,118]. 

To overcome these shortcomings, research has focused on developing more stable alternatives. 

Nanozymes are inorganic materials that effectively mimic biological enzymes. With advantages 

such as low cost, easy large-scale production, high stability, and tunable activities, these artificial 

enzymes show superiority over natural enzymes [118]. Nanozymes are effective enzyme mimics 
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demonstrating oxidase [119], horseradish peroxidase [120,121], as well as catalase activity 

[122,123]. Nanozymes are therefore potential substitutes for natural enzymes. Among nanozymes, 

catalase-like nanozymes consisting of Prussian Blue (PB) or metals or metal oxides such as Au, 

MnO2,  mesoporous CeO2, and Pt nanoparticles (NPs) have been shown to readily catalyze the 

breakdown of H2O2 to O2 [124,125]. 

Motivated by the successful application of MnO2 for hypoxic PDT, this work sort to develop novel 

nanozyme systems by coupling MnO2 with other metal nanoparticles with reported catalase-like 

activities. In essence, this work sort to fabricate nanozyme hybrids with superior catalytic activities 

that are not achievable when the constituting nanomaterials are used on their own. Bimetallic 

nanoparticles, owing to their multifunctionality, have the possibility for a unique combination of 

properties that are often not realizable using pure metal components [126]. Such bimetallic catalase 

mimics are reported here for the first time for PDT and are outlined below.  

The presence of amine groups on the GQDs permitted the conjugation of complex 3 or 4 (which 

possess carboxylic acid functional groups) via amide coupling to form 3@GQDs and 4@GQDs, 

respectively and MnO2 is combined with PtNPs, Au/Ag NPs. The MnO2 NPs are grown in-situ on 

preformed PtNPs followed by linking to 4@GQDs to form 4@GQDs-MnO2@PtNPs. Ag/Au NPs 

and MnO2 NPs are also grown in-situ in the presence of 3@GQDs to form 3@GQDs-MnO2-

AuNPs and 3@GQDs-MnO2-AgNPs. The amine-functionality of the GQDs and nitrogen and 

sulphur presence on 3 enabled the in-situ growth of AuNPs/AgNPs- MnO2 nanozymes onto 

3@GQDs via metal-nitrogen or sulfur interactions. The PDT effect of the resulting composites 

were assessed herein on hypoxic tumor cell models for the first time. 
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This work also explores the catalase-mimicking properties of the bimetallic MnO2 and Pt 

nanoparticles (MnO2@PtNPs) over its constituent NPs for the breakdown of H2O2 to oxygen. This 

work, therefore, investigates the integration of catalase-mimicking nanozymes (the above-

mentioned bimetallic MnO2@PtNPs) with 4@GQDs for hypoxic PDT. The PDT effect of the 

resulting composites were assessed herein on hypoxic tumor cell models for the first time. 
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1.4 Metallophthalocyanines as photocalysts for organic pollutants 

As a side application of ROS, complex 4 in this work was applied in the photocatalytic degradation 

of organic pollutants. The need for facile catalysts for the photodegradation of common recalcitrant 

water pollutants has attracted research interest. Among pollutants, industrial dyes such as azo dyes 

containing a single or plurality of azo (–N = N-) groups are particularly important since they are 

not easily oxidized and, as such, persist in the environment. Moreover, their aminated 

biodegradation products are known carcinogens [127]. Therefore, azo dyes are an important 

category of pollutants, and the development of efficient methods for the degradation of organic 

dyes in industrial wastewater is essential and urgent. In response, research methods (physical, 

chemical, or biological) have been devoted towards effective water treatment methods and 

protocols. Physical methods such as flocculation, coagulation, adsorption, and membrane-

filtration, have only shown limited success [128,129]. Fouling and secondary pollution are often 

major challenges of physical methods, necessitating alternative routes.  

Recently, advanced oxidation processes (AOPs), particularly photoelectrocatalytic (PEC) 

oxidation, have been applied for water treatment. PEC synergistically incorporates both 

photocatalytic technology and electrochemistry for sustained ROS generation [130]. In 

photoelectrocatalysis, the inherent limitations of archetypal photocatalysis (such as fast 

recombination of electron-hole pairs) are largely resolved. Additionally, compared to 

electrochemical degradation, a lower anodic potential is required in a typical photoelectrocatalytic 

cell [131]. Several semiconductors (ZnS, ZnO, TiO2, Fe2O3, CdS) have demonstrated 

photocatalytic properties for PEC, with TiO2 being the most notable. Despite the interest in TiO2, 

low photocatalytic rates owing to fast recombination rates of photogenerated electron-hole pairs 

are common. Moreover, the wide bandgap (3.2–3.4 eV) of TiO2 confines its utilization to only UV 
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irradiation, with limited exploitation of solar irradiance (less than 5 %) [132,133]. Different 

methodologies such as doping with metal or non-metal elements have been explored to confer 

visible-light response to TiO2 [134-137]. However, these have only yielded suboptimal results. 

Alternatively, metallophthalocyanines (MPcs), owing to their excellent visible light absorption, 

can confer visible light response to TiO2, effectively sensitizing TiO2 [138-140].  

The current work eliminates the limitations of TiO2 photocatalysts by developing an efficient-

visible light responsive PEC system. This was achieved by compositing a ZnPc (complex 4), 

TiO2, and graphene oxide nanosheets (GONS) (the latter as a support material) to fabricate an 

efficient photo-electrocatalyst for the degradation of Orange G azo dye. A zinc (II) phthalocyanine 

is chosen since ZnPcs are especially visible light responsive, well over their Cu, Ni, and Fe-based 

counterparts [141,142]. Although photocatalyst systems employing MPcs and TiO2 or graphene-

based nanomaterials are known, PEC systems employing Pcs are limited (Table 1.3) [139, 143-

151], hence the aim of this work. Therefore, this work builds on visible-light responsive PEC work 

using MPcs.  
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Table 1.3: Photoelectrocatalytic systems employing MPcs with GQDs/graphene or TiO2. 

Phthalocyanines Nanoparticles Application Reference 

 

TiO2 Photocatalysis [143] 

 

 

TiO2 Photocatalysis [144] 

 

TiO2 Photocatalysis [145] 
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M = Zn 

TiO2 Photocatalysis [139] 

M = Fe 
TiO2 Photoelectrocatalysis [146] 

M = Zn 
carbon nitride Photoelectrocatalysis [147] 

M = H2 
C60 Photoelectrocatalysis [148] 

 

TiO2 Photocatalysis [149] 
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- Photoelectrocatalysis [150] 

 
Binuclear cobalt phthalocyanine 

- Photoelectrocatalysis [151] 
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1.5  Nanomaterials employed in this work 

In this work, MPcs were conjugated to various nanoparticles (particles in a size range of 1–100 

nm [152]. Nanomaterials can effectively modulate the photophysical and photochemical properties 

of MPcs. The nanoparticles of interest in this work are the carbon-based nanomaterials graphene 

oxide nanosheets (GONS) and graphene quantum dots (GQDs). Metal-based materials such as Pt, 

Au, and Ag nanoparticles, manganese oxide, and titanium dioxide nanoparticles were also used 

conjugated to MPcs and used to improve the photosensitizing behaviours of the employed 

phthalocyanines. The introduction to these nanoparticles therefore follows. 

1.5.1 Graphene quantum dots (GQDs) and Graphene oxide nanosheets (GONS) 

Graphene quantum dots (GQDs) are zero-dimensional, oxygen-rich (epoxy, hydroxyl, and 

carboxyl-containing) graphene segments with lateral dimensions less than 10 nm [153].  Research 

interest in GQDs can be attributed to properties such as good aqueous dispersity, pH stability, 

chemical inertness, and photostability which have allowed their application in a wide variety of 

fields [154-159]. 

The GQDs employed in this work possessed amine functional groups to facilitate conjugation to 

the employed MPcs, complex 3 and 4 (Table 1.2). Table 1.1 shows some examples of MPcs with 

GQDs for PDT (conjugated via π-π stacking), this work constitutes the first description of the 

covalent conjugation of asymmetric MPcs to GQDs for PDT. Moreover, this work focuses on the 

application of MPcs-GQDs conjugates for hypoxic PDT for the first time. 

Graphene oxide nanosheets (GONS), are ultra-thin, two-dimensional sheets of carbon atoms in a 

two-dimensional honeycomb lattice characterized by basal oxygen species that distort their 

aromaticity [160]. Their large surface area and unique electrical, catalytic, optical, and mechanical 
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properties have enabled them to be employed in a wide variety of applications, including 

photovoltaics [161] and catalysis [162]. In this work, composites of GONS, TiO2, and MPcs are 

explored for PEC applicability. GONS are envisaged to act as attractive support material owing to 

their large surface area and they aid charge transport due to their excellent electron mobility. 

1.5.2 Manganese oxide nanoparticles (MnO2 NPs) 

Transition metal oxides such as MnO2 NPs, have received substantial research attention due to 

their distinct structure-property relationships in multiple fields, such as energy storage [163] and 

catalysis [164,165]. Recently, MnO2 nanostructures have attracted considerable attention in 

biological application. Specifically, their pH sensitivity and reactivity with H2O2 under acidic 

environments can be exploited for continuous oxygen production in PDT [166,167].  

The MnO2 NPs employed in this work was synthesized primarily via the template method on 

preformed PtNPs. The template method was chosen because of its relative ease of synthesis, 

minimal use of harmful materials, and short reaction times [168]. MnO2 NPs are also coupled with 

either AuNPs or AgNPs, and this work explored the resultant catalase-like properties of their MPc 

conjugates for PDT application for the first time. There are no reports on the coupling of MnO2 

NPs to MPcs (Table 1.1). This work constitutes the first report of coupling MnO2 NPs with MPcs, 

and the resulting conjugates are applied for hypoxic PDT. 

1.5.3 Gold and silver nanoparticles (AuNPs and AgNPs) 

Among the diverse noble metal-based nanoparticles, gold nanoparticles (AuNPs) and silver 

nanoparticles (AgNPs) are among the most widely explored nanoparticles. Properties such as 

minimal cytotoxicity, chemical inertness, large-surface-area-to-volume ratios, and ease of 

structural and surface modifications have allowed applications in drug delivery [169,170].  
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Most reports of MPc conjugates with AuNPs or AgNPs focussed on symmetric Pcs. This work 

however, sort to explore the synthesis of conjugates involving asymmetric MPcs, complex 3 

(Table 1.2). This work reports on the in-situ synthesis of bimetallic AgNPs-MnO2 and AuNPs-

MnO2 localized on the GQDs-Pc complex (complex 3) as support. This report investigates the 

effect of conjugating these hybrid nanoparticles on the photophysical and photochemical 

properties of the employed MPc (complex 3). The affinity of metals for nitrogen/sulphur was 

exploited for the coupling of complex 3 with either AgNPs-MnO2 or AuNPs-MnO2. The catalase-

mimicking properties of the resulting bimetallic hybrids are explored. The respective conjugates 

were subjected to liposomal loading and were subsequently employed for PDT against hypoxic 

MCF-7 breast cancer cells. 

1.5.4 Platinum nanoparticles (PtNPs) 

Platinum nanoparticles (PtNPs) have unique structural, catalytic, and optical properties, which 

have proved useful in many areas including biological applications [171-173]. Despite the utility 

PtNPs, the low stability of nano-scaled Pt has hampered their use in biological fields [174,175]. 

There are no reports on the MPcs-PtNPs conjugates (Table 1.1). This work represents the first 

report of MPcs (complex 4) conjugates with PtNPs. To address the instability of nano-scaled Pt, 

this thesis reports on the use of MnO2 NPs as surface-covering over PtNPs via in-situ formation 

over the PtNPs and herein explores the catalase mimicking ability of the resultant bimetallic 

MnO2@PtNPs for the first time. This work also investigates the effect of the resulting 

MnO2@PtNPs on the photophysicochemical properties of MPcs (complex 4) (Table 1.2). This is 

done with the aim of enhancing the PDT efficacy of the employed MPcs-nanoparticle hybrids 

which were subsequently employed for hypoxic PDT. The as-synthesized MnO2@PtNPs are 

herein adsorbed onto conjugates of complex 4 and amine-functionalized GQDs. The affinity of 
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metals for nitrogen was exploited for the coupling of complex 4-GQDs conjugates with 

MnO2@PtNPs.  

 

1.5.5 Titanium dioxide (TiO2) 

Commercial forms of TiO2 contain different ratios of anatase to rutile in order incorporate the 

merits of both phases. P-25 (Aeroxide), a mixture of 80% anatase and 20% rutile, is one of the 

most common. TiO2 is the most widely used photocatalyst in energy and environmental 

applications since it is non-toxic, stable to photocorrosion, and cheap to produce [176]. Despite 

the wide adoption of transition metal oxides-based photocatalysts such as TiO2, their large bandgap 

values and severe electron/hole recombination rates significantly hamper their efficiency to 

required practical levels. Table 1.3 shows literature accounts of TiO2-MPcs conjugates for 

photocatalytic and photoelectrocatalytic applications which have been limited to the use of 

symmetric MPcs. This work employed an asymmetric MPc (complex 4). Asymmetric MPcs have 

better photophysical and photochemical properties over their symmetric counterparts. This work 

reports on the successful fabrication of a visible light-responsive TiO2-graphene oxide nanosheet – 

complex 4 (TiO2@GONS@4) ternary photocatalyst system for the photoelectrocatalytic 

degradation of Orange G azo dye. 
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1.6  PHOTOPHYSICAL AND PHOTOCHEMICAL PARAMETERS. 

The photophysical and photochemical properties of phthalocyanines determine their feasibility for 

application in various areas such as photodynamic therapy. In effect, these properties measure 

changes in the electronic states of Pcs following interaction with light of appropriate wavelength. 

The Jablonski diagram (Figure 1.3) illustrates these changes, which include both radiative 

processes (fluorescence (F) and phosphorescence (P)) and non-radiative processes (vibrational 

relaxation (VR) and internal conversion (IC), vibrational relaxation (VR), and intersystem crossing 

(ISC) [177]. 

1.6.1 Fluorescence quantum yield (ΦF) and lifetime (τF) 

Fluorescence quantum yields (ΦF) can be defined as the ratio of the number of fluorescing 

molecules to the number of photons absorbed, while fluorescence lifetime (τF) measures the 

average time spent by a fluorophore in its excited singlet state. These properties are influenced by 

several factors, including the solvent type, temperature, the nature of the central metal, and various 

energy transfer mechanisms [178]. For phthalocyanines, τF are usually in the nanosecond range. 

In this work, fluorescence quantum yields were determined using comparative methods employing 

a suitable standard using Equation 1.1.  

Ф𝐹 =  Ф𝐹(𝑠𝑡𝑑)  
𝐹.𝐴𝑠𝑡𝑑.𝑛2

𝐹𝑠𝑡𝑑 .𝐴.𝑛𝑠𝑡𝑑
2         1.1 

where 𝐹 and 𝐹(𝑠𝑡𝑑) are the areas under the fluorescence emission curves of the samples and the 

employed standard, respectively. 𝐴 and 𝐴𝑠𝑡𝑑 the respective absorbances of the sample and the 

standard at the excitation wavelength, and n and nstd are the respective refractive indices of solvents 

used for the sample and the standard. In this work, unsubstituted ZnPc in dimethylsulfoxide 
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(DMSO) (ΦF = 0.20) [1] was used as a standard to determine the standard for the MPcs, and quinine 

sulfate in H2SO4 (0.05 M, HCl) (ΦF = 0.52) [179] for the graphene quantum dots (GQDs). 

The fluorescence lifetimes (τ𝐹) were determined using the time-correlated single photon counting 

(TCSPC) technique.  

1.6.2 Triplet quantum yield (ΦT) and lifetime (τT) 

An optically excited molecule may either return to its ground state or undergo intersystem crossing 

(ISC) to its triplet state. Laser flash photolysis allows for the determination of the triplet properties 

of molecules by measuring the transient absorption molecules generated by short, intense light 

pulses [180]. The triplet quantum yield (ΦT) measures the fraction of molecules that undergo 

intersystem crossing (ISC) from the first excited singlet state, S1, to the triplet state T1 (Figure 

1.3). The triplet lifetime (τT) is the average time taken in the excited triplet state. Triplet state 

parameters are particularly important, especially in visible-light-driven processes such as 

photosensitization, since the triplet state is a prerequisite for singlet oxygen generation.  

In this work, the triplet state parameters were determined experimentally using a comparative 

method [180] using Equation 1.2. 

Ф𝑇 =  Ф𝑇
𝑠𝑡𝑑  .

𝛥𝐴𝑇.𝜀𝑇
𝑠𝑡𝑑

𝛥𝐴𝑇
𝑠𝑡𝑑.𝜀𝑇

          1.2 

where 𝛥𝐴𝑇 and 𝛥𝐴𝑇
𝑠𝑡𝑑represent changes in the triplet state absorbances of the sample and the 

standard, respectively. Ф𝑇
𝑠𝑡𝑑 represents the triplet state quantum yield for standard, and in this case 

the unsubstituted ZnPc which was employed (Ф𝑇 = 0.65 for ZnPc in DMSO) [181]. 𝜀𝑇 and 𝜀𝑇
𝑠𝑡𝑑  

represent the triplet state extinction coefficients of the sample and the standard, respectively. The 
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triplet state extinction coefficients were calculated from ground state molar extinction coefficients 

of the sample and standard, 𝜀𝑠 and 𝜀𝑠
𝑠𝑡𝑑 , respectively, using equations 1.3a and 1.3b, respectively. 

𝜀𝑇 =  𝜀𝑠
𝛥𝐴𝑇

𝛥𝐴𝑠
           1.3a 

𝜀𝑇
𝑠𝑡𝑑 =  𝜀𝑠

𝑠𝑡𝑑 𝛥𝐴𝑇
𝑠𝑡𝑑

𝛥𝐴𝑠
𝑠𝑡𝑑          1.3b 

where 𝛥𝐴𝑠 and 𝛥𝐴𝑠
𝑠𝑡𝑑  represent the changes in the ground state absorbances of the sample and the 

standard, respectively. The triplet lifetimes were obtained by fitting the triplet decay curves 

obtained from laser flash photolysis measurements using OriginPro® 8 software. 

1.6.3 Singlet oxygen quantum yields (ФΔ) 

The efficiency of singlet oxygen generation is represented by the singlet oxygen quantum yield (ФΔ), 

which is defined as the number of singlet oxygen molecules produced per quanta of light absorbed. 

In this study, ФΔ was determined using comparative photochemical methods requiring chemical 

scavengers with suitable standards with known singlet oxygen quantum yields. This is the most 

common method for quantifying singlet oxygen in laboratory settings owing mainly to its 

simplicity. In this work, the singlet oxygen scavenger, 1,3-diphenylisobenzofuran (DPBF) was 

used, and the respective quantum yields were calculated using Equation 1.4. 

Ф𝛥 =  Ф𝛥
𝑠𝑡𝑑 .

𝑅𝑠𝑎𝑚𝑝𝑙𝑒.𝐼𝑠𝑡𝑑

𝑅𝑠𝑡𝑑.𝐼𝑠𝑎𝑚𝑝𝑙𝑒         1.4 

Where Ф𝛥
𝑠𝑡𝑑 represents the singlet oxygen quantum yield of the standard (in this case unsubstituted 

ZnPc with 0.67 in DMSO [1]. 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 and 𝑅𝑠𝑡𝑑 represent DPBF photobleaching rates in the 
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presence of the sample and standard, respectively. 𝐼𝑠𝑎𝑚𝑝𝑙𝑒 and 𝐼𝑠𝑡𝑑 are the rates of light absorption 

by the sample and the standard, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 



45 | P a g e  
 

1.7 Summary of Aims 

This thesis work focuses on the design and synthesis MPcs-type photosensitizers for PDT. Various 

strategies such as coupling the as-synthesized MPcs with in-situ oxygen generating nanozyme 

hybrids, hypoxia activated prodrugs, and NO donor moieties are explored herein. The employed 

composites were subjected to liposomal loading to improve biocompatibility and folic acid 

functionalized liposomes afforded tumour specific delivery. The in-vitro PDT efficacy of the 

resultant PS systems are herein investigated using MCF-7 and Hela cell cancer cell models. This 

work, therefore, seeks to evaluate and validate phthalocyanine PS systems as potential hypoxia-

responsive PDT agents. As a side application of ROS, some Pcs in this work were applied in the 

photoelectrocatalytic degradation of Orange G azo dye. 

Thesis Objectives: 

1. Synthesis and characterization of novel symmetrical and asymmetrical 

metallophthalocyanines bearing zinc or silicon central metal. 

2. Fabrication of GONS, PtNPs and MnO2@PtNPs nanoparticles. 

3. Conjugation of synthesized metallophthalocyanines to the synthesized nanoparticles. 

4. Investigation of the catalase-mimicking properties of various metal nanoparticles and their 

hybrids. 

5. Spectroscopic (ground state electronic absorption and fluorescence), photophysical and 

photochemical evaluation of the synthesized MPs and their nanoparticle conjugates. 

6. Encapsulation of the metallophthalocyanines and metallophthalocyanine conjugates into 

liposomes and the characterization of their nanoliposomal hybrids. 
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7. Cytotoxicity and photodynamic effects of liposome-encapsulated zinc phthalocyanine and 

silicon phthalocyanine derivatives either alone or in the presence of nanoparticles against 

hypoxic MCF-7 and HeLa cell lines as in-vitro cancer models. 

8. Evaluation and comparison of photoelectrocatalytic efficiencies of the zinc phthalocyanine 

(complex 4) modified with TiO2 and GONS. 
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Chapter II 
This chapter provides information on the materials, instrumentation, synthetic procedures, and 

protocols for characterization, as well as cytotoxicity and photodynamic therapy determinations of 

the synthesized complexes. 
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Experimental Section 
2.1 Materials 

2.1.1 General reagents and solvents 

Deuterated dimethyl sulfoxide (DMSO-d6), spectroscopic dimethyl sulfoxide (DMSO) and 

trifluoroacetic acid (TFA) were purchased from Merck. N, N-dimethylformamide (DMF), 

tetrahydrofuran (THF), chloroform and methanol were purchased from SAARChem. H2O2 was 

purchased from MONEMA. All aqueous solutions were prepared using ultrapure water obtained 

from ELGA, Veolia water PURELAB, chorus 2 (RO/DI) system (Marlow, UK). All other reagents 

and solvents were purchased from commercial suppliers and were of analytical grade and used as 

received.   

2.1.2 Synthesis of Pcs, NPs, and their conjugates  

Zinc acetate dihydrate, 1, 8-diazabicyclo [5.4.0] undec-7-ene (DBU), graphite flakes, potassium 

carbonate, N, N’-dicyclohexylcarbodiimide (DCC), N-hydroxysuccinimide (NHS), KMnO4, gold 

(III) chloride hydrate, 1-pentanol, silver nitrate, hexachloroplatinic acid (H2PtCl6), trisodium 

citrate dihydrate (Na3C6H9O9), NaBH4, 2-(N-morpholino) ethanesulfonic (MES) acid hydrate, 1-

nitroso-2-naphthol, 2-hydroxy-1,4-naphthoquinone and NaNO3 were purchased from Sigma-

Aldrich. 1-Ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) was purchased 

from Merck. 2-Di-(9Z-octadecenoyl)-sn-glycero-3-phosphocholine (DOPC) and 1,2-distearoyl-

sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] (DSPE-PEG) 

employed for the synthesis of liposomes were sourced from Avanti Lipids (USA). Folic acid (FA) 

was purchased from SAARChem®. Phosphate buffered saline (PBS) was obtained from 

ThermoFisher.   
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2.1.3 Photophysicochemical studies 

Anthracene-9,10-bis-methylmalonate (ADMA) and 1,3-diphenylisobenzofuran (DPBF) were 

purchased from Sigma Aldrich®. 2,2,6,6-Tetramethylpiperidine (TEMP) and 5,5-dimethyl-1-

pyrroline N-oxide (DMPO) were obtained from Sigma-Aldrich. Unsubstituted ZnPc was 

synthesized from dicyanobenzene and was used as a standard for photochemical and photophysical 

studies of complexes in DMSO.  

2.1.4 Photoelectrocatalysis 

Titanium (IV) oxide (P25-TiO2), orange G, and potassium persulfate were purchased from Sigma-

Aldrich.  

2.1.5 Cell studies and in-vitro PDT 

Cultures of MCF-7 cells and HeLa cells were obtained from Cellonex®. Mouse Epithelial 

Fibroblasts (MEFs) were a generous gift from Prof Adrienne Edkins. 4′,6-Diamidino-2-

phenylindole (DAPI), Dulbecco's Modified Eagle Medium (DMEM) cell culture media and 4-

amino-5-methylamino-2',7'-dichlorofluorescein diacetate (DAF-FM DA) were obtained from 

ThermoFisher.  Heat-inactivated fetal bovine serum (FBS) and 100 unit/mL penicillin-100 μg/mL 

streptomycin-amphotericin B were obtained from Biowest®. WST-1 cell proliferation neutral red 

reagent (Roche®), 7-dichlorofluorescin diacetate (DCFH-DA), cobalt chloride and EC-Oxyrase 

(EC = E. coli) were purchased from Sigma-Aldrich. 
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2.2 Equipment 

1. Ground-state electronic absorption spectra were recorded on a Shimadzu UV-2550 

spectrophotometer. 

2. Fluorescence emission and excitation spectra were obtained on a Varian Eclipse 

spectrofluorometer using a 1 cm pathlength quartz cuvette. The excitation spectra were all 

recorded at the wavelength of the emission spectra. 

3. Fluorescence lifetimes were measured using a time-correlated single photon counting setup 

(TCSPC), as depicted in Figure. 2.1. This was achieved using the Fluo Time 300, 

Picoquant GMbH with a diode laser as excitation source (LDH-P-670 driven by PDL 800-

B, 670 nm, 20 MHz repetition rate, Picoquant GmbH). Fluorescence was detected under 

the magic angle with a Peltier-cooled photomultiplier tube (PMT) (PMA-C 192-N-M, 

Picoquant GmbH) and integrated electronics (PicoHarp 300E, Picoquant GmbH). A 

monochromator with a spectra width of about 4 nm was used to select the required emission 

wavelength. The response function of the system, which was with a scattering Ludox 

solution (DuPont), had a full width at half-maximum (FWHM) of about 300 ns. The ratio 

of stop to start pulses was kept low (below 0.05) to ensure good statistics. All fluorescence 

decay curves were measured at the maximum emission peak. The data were analyzed with 

the program FluoFit (Picoquant GmbH). 

 

 



51 | P a g e  
 

 

Figure 2.1: Schematic representation of a typical TCSPC setup. 

4. Mass spectra data were collected with a Bruker AutoFLEX III Smart beam TOF/TOF mass 

spectrometer. The spectra were acquired using α-cyano-4-hydroxycinnamic acid as the 

MALDI matrix, and a 355 nm Nd:YAG laser as the ionizing source.  

5. Elemental analyses were carried out on a Vario EL III MicroCube CHNS instrument 

analyzer.  

6. FT-IR spectra were obtained on a Perkin-Elmer spectrum 100 with universal attenuated 

total reflectance (ATR) sampling accessory.  

7. Zeta potential and dynamic light scattering (DLS) experiments were performed on a 

Malvern Zetasizer nanoseries, Nano-ZS90. 

8. Atomic force microscopy (AFM) measurements in tapping mode were carried out with 

MFP-3D Origin supplied by Asylum research (Oxford instruments company, USA). 

9. Cyclic voltammetry (CV) experiments were performed using Autolab potentiostat 

PGSTAT 302 electrochemical workstation (driven by GPES software version 4.9). A three-
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electrode setup, where the glassy carbon electrode (GCE, 3 mm diameter) served as the 

working electrode, a platinum wire as the counter electrode and a silver/silver chloride (in 

3.0 M KCl) wire as the reference electrode. The glassy carbon electrode (GCE) was 

polished to a silver mirror on a Buehler-felt pad, using alumina (< 10 µm) and then washed 

with Millipore water. The electrode was then sonicated for 5 min in Millipore water. In 

between each polishing step, the electrode was washed with Millipore water to remove 

impurities. The electrochemical experiments using MPcs were carried out under nitrogen 

in an electrochemical cell. 

10. Proton-nuclear magnetic resonance spectra (1H NMR) were recorded in deuterated solvent 

(DMSO-d6) using either Bruker EMX400 MHz NMR spectrometer or a Bruker 

ADVANCE II 600 MHz spectrometer using tetramethylsilane (TMS) as an internal 

reference  

11. Thermal gravimetric analysis (TGA) measurements were recorded over a temperature 

range of 50 - 800 ⁰C on a Perkin Elmer TGA 8000 Thermogravimetric Analyzer, operated 

under a nitrogen atmosphere. 

12. Transmission electron microscopy (TEM) images were obtained using a Zeiss Libra TEM 

120 model operated at 90 kV. 

13. The scanning electron microscope (SEM) images were obtained using a JOEL JSM 840 

scanning electron microscope.  

14. Energy-dispersive X-ray spectroscopy (EDS) was done on an INCA PENTA FET coupled 

to the VAGA TESCAM using 20 kV accelerating voltage. 

15. 7. X-ray diffraction (XRD) patterns were recorded using a Cu kα radiation (λ = 1.5405 Å, 

nickel filter), on a Bruker D8 Discover equipped with a proportional counter. Scanning was 
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at 10 min-1 with a filter time constant of 2.5 s per step and a slit width of 6.0 nm. The data 

were obtained in the range from 2θ = 10° to 100°. A zero-background silicon wafer slide 

was used for sample placement. The data analysis was carried out using Eva (evaluation 

curve fitting) software. Subtraction of spline fitted to the curved background 

16. Raman spectra were obtained with a Bruker Vertex 70- Ram II spectrometer (equipped 

with a 1064 nm Nd:YAG laser and liquid nitrogen cooled germanium detector). For Raman 

experiments, a long wavelength laser (1064 nm) was employed since it allows for minimal 

sample fluorescence, maximising scattering efficiencies.  

17. Triplet state quantum yields were determined using a laser flash photolysis system 

consisting of an LP980 spectrometer with a PMT-LP detector and an ICCD camera (Andor 

DH320T-25F03). The signal from a PMT detector was recorded on a Tektronix TDS3012C 

digital storage oscilloscope. The excitation pulses were produced using a tunable 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). The schematic representation of the setup is shown in Figure 2.2. The 

solutions were prepared such that the sample and standard absorbance values were ~1.5 at 

the Q band in 1 cm path length quartz cells. The solutions were deaerated using argon and 

then sealed. Lastly, the solutions were illuminated using an appropriate excitation 

wavelength at the crossover wavelength of the sample and the standard at the Q band region 

is used. 
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Figure 2.2: Schematic diagram of the laser flash photolysis setup. 

18. The triplet lifetimes were obtained by exponential fitting of the kinetic curves using 

OriginPro 8 software. 

19. Electron paramagnetic resonance (EPR) spectra were recorded on a Bruker EPR 300E X-

band (10 GHz) spectrometer equipped with a TM probe with a flat quartz cell. The spin 

Hamiltonian parameters were obtained by simulation of the spectra. The static field (3000–

4000 G), center field (3488–3495 G), the modulation amplitude (6.25–6.38 G), the time 

constant (10.24 ms), the conversion time (5.12 ms), the resolution (1024 pts), power (2.00 

mW) and the modulation frequency (100 kHz) were used as the experimental parameters 

at 298 K with one scan. EPR spectroscopy was used to assess the generation of singlet 

oxygen. TEMP was used as a singlet oxygen-specific scavenger. In the presence of singlet 

oxygen, TEMP is oxidized to 2,2,6,6- tetramethyl piperidinyl oxy (TEMPO), which is 

observed as three hyperfine splitting signals of equal intensities. 5,5-Dimethyl-1-pyrroline 

N-oxide (DMPO) was used to probe the existence of hydroxyl radicals or superoxide 

radicals. 
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20. Irradiation for singlet oxygen quantum yield and PDT studies were performed the 

Modulight® Medical Laser system (ML) 7710-680 channel Turnkey laser system coupled 

with a 2 × 3 W channel at 680 nm, cylindrical output channels, aiming beam, integrated 

calibration module, foot/hand switch pedal, fiber sensors (subminiature version A) 

connectors and safety interlocks. Solutions of photosensitizer containing DPBF in DMSO 

or ADMA in aqueous media were prepared in the dark and irradiated in the Q-band region. 

DPBF and ADMA degradation at 417 nm and 380 respectively, was monitored during 

irradiation to quantify the singlet oxygen quantum yield with reference to a standard. The 

layout of the set-up is shown in Figure 2.3. 

21. A Metrohm Swiss 827 pH meter was used for all pH measurements. 

22. X-ray photoelectron spectroscopy (XPS) analysis was done using a Kratos AXIS Ultra 

DLD, with Al (monochromatic) anode equipped with a charge neutraliser, supplied by 

Kratos Analytical. The following parameters were used: the emission was 10 mA, the 

anode (HT) was 15 kV and the operating pressure below 5 x 10-9 torr. A hybrid lens was 

used and resolution to acquire scans was at 160 eV pass energy in slot mode. The centre 

used for the scans was at 520 eV with a width of 1205 eV, with steps at 1 eV and dwell 

time at 100 ms. High-resolution scans were acquired using 80 eV pass energy in slot mode. 

23. Time-of-flight-secondary ion mass spectrometer (TOF-SIMS) data were recorded with an 

ION TOF GmbH TOF SIMS 5–100 run in micro-raster mode. The raster area was 3000 

μm × 3000 μm, and the sample was run in both positive and negative ion modes. The 

analyzer was set to a standard operating mode with a cycle time of 100 μs; the primary 

beam was a Bi3 ion cluster gun with a current of 0.4 pA and an energy of 3000 eV (also 

termed as spectrometry mode). The Bi3 cluster and electron flood gun were used to get a 



56 | P a g e  
 

better ion signal from the sample. Charge compensation was used to account for the 

electron flood gun. The raw data were processed using the Surface Lab 6.5 software 

provided by ION TOF. Glassy carbon plates (Goodfellow, UK) of 1 × 1 cm and 2 mm thick 

were used as substrates for TOF-SIMS. 

24. Light-triggered liposomal release experiments were conducted using a General Electric 

Quartz line projector lamp (300 W). A 600 nm glass cut off filter (Schott), and a water 

filter was used to filter off ultraviolet and infrared radiations, respectively. An interference 

filter (Intor, 670 nm with a bandwidth of 40 nm) was placed in the light path before the 

sample. 

 

 

Figure 2.3: The Modulight® Medical Laser System used for PDT studies. 
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25. The various cells (MCF-7 and HeLa cells) were cultured in a humidified atmosphere 

incubator with ~5% CO2 and temperature at 37 °C (Heal Force). 

26. An oxygen probe (JPBJ-608 Portable Dissolved Oxygen Meter) was used to record the 

dissolved O2 in H2O2 solutions. 

27. In-vitro fluorescence and phase contrast imaging were performed using an Evos 

fluorescence microscope.  

28. The in-vitro dark and post-treatment cell viability was measured using the cell proliferation 

neutral red reagent (WST-1 assay) on a Synergy 2 multi-mode microplate reader 

(BioTek®) at a wavelength of 450 nm. 
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2.3 Synthesis  

Five MPcs complexes are reported here for the first time and their synthetic details are provided 

in this section. Details for the already known phthalonitriles: 4-(4-(benzo[d]thiazol-2-yl)phenoxy) 

phthalonitrile (a) [182], 4-(4-carboxyphenoxy)-phthalonitrile (b) [183], and 4-(4-

(heptanoylphenoxy) phthalonitriles (c) [184], and Pcs: zinc(II) mono-[3-(4-phenoxy) (propanoic 

acid) phthalocyanine [89] and silicon phthalocyanine dichloride (Cl2SiPc) [13] are as reported in 

literature. The amine -functionalized GQDs were synthesized according to reported methods 

[185,186]. 

 

2.3.1 Synthesis of Complex 1 (Scheme 3.1) 

The synthesis of the employed complex 1 was carried out according to reported methods for axial 

ligand exchange in SiPcs, with slight modifications [187]. A mixture of silicon phthalocyanine 

dichloride, Cl2SiPc (100 mg, 0.16 mmol), and lawsone (2-hydroxy-1,4-naphthoquinone, 142 mg, 

0.81 mmol) was stirred in dimethylformamide (DMF, 20 mL) under argon for 20 min. Anhydrous 

K2CO3 was added to the solution, and the mixture was kept stirring for a further 24 h. The desired 

complex 1 was isolated by column chromatography using CHCl3:methanol (99:1), Yield 14 %. 

FT-IR (UATR-TWO™) ν max/cm−1: 3065, 3006 (Ar, C–H), 1650, (C = O), 1668, 1525 (C = N, 

C = C), 1233, 978 (Si-O-C), 809 (O-Si-O), 723 – 782 (C-H). λmax (nm) (DMSO) 672 nm (log ε) 

672 (4.67), 356 (4.35). 1H NMR (400 MHz, DMSO-d6) δ 9.71 – 9.44 (m, 8H), 8.54 – 8.30 (m, J = 

38.2, 6.0 Hz, 8H), 7.93 – 7.72 (m, 8H), 5.84 (s, 2H). Anal. Calc. for (C52H26N8O6Si): C, 70.42; H, 

2.29; N, 12.63. Found: C, 69.28, H, 1.88, 11.36. MALDI-TOF-MS m/z: Calculated: 886.92; 

Found: [M-lawsone +H2O]+ = 730.85. 
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2.3.2 Synthesis of Complex 2 (Scheme 3.1) 

A mixture of Cl2SiPc (100 mg, 0.16 mmol), and 1-nitroso-2-naphthol (142 mg, 0.81 mmol) was 

stirred in dimethylformamide (DMF, 10 ml) under argon for 20 min. Following this, K2CO3 was 

added to the solution, and the mixture was stirred for 24 h. After 24 h, the DMF was evaporated 

to dryness under reduced pressure. The desired NO-SiPc was isolated by column chromatography 

using CHCl3:MeOH (98:2), Yield 16 %. FT-IR (UATR-TWO™) ν max/cm−1: 3044, 3006 (Ar, C–

H), 1600-1665 (C=N, C=C), 1560 (N-O), 1472-1331 (C-C), 1289 (tert, C-N), 1161 (C-N), 1235, 

1072 (Si-O-C), 809 (O-Si-O), 723 – 782 (C-H). λmax (nm) (DMSO) (log ε) 675 (4.96), 612 (3.68) 

356 (4.35). 1H NMR (400 MHz, DMSO-d6) δ 9.64 (d, J = 27.8 Hz, 4H), 8.47 (d, J = 40.0 Hz, 6H), 

7.45 – 7.29 (m, 12H), 7.23 (dd, J = 8.6, 2.1 Hz, 6H). Anal. Calc. for (C52H28N10O4Si): C, 70.58; 

H, 3.19; N, 15.83. Found: C, 69.52, H, 2.74, N, 15.06. MALDI-TOF-MS m/z: Calculated: 884.95; 

Found: [M-NO]+ = 854.90. 

2.3.3 Synthesis of complex 3 (Scheme 3.2) 

A mixture of 4-(4-(benzo[d]thiazol-2-yl) phenoxy) phthalonitrile (a) (0.6 g, 1.70 mmol), 4-(4-

carboxyphenoxy)-phthalonitrile (b) (0.11 g, 0.42 mmol), zinc acetate (0.4 g, 2.19 mmol) dissolved 

in dry 1-pentanol (3 mL) was refluxed at 180 °C with constant stirring, in the presence of 1,8-

diazobicylo[5.4.0]undec-7-ene (DBU, 2 drops) for 24 h under nitrogen atmosphere. Methanol was 

employed to precipitate the product which was collected through centrifugation. The product was 

purified using a silica packed column. A solvent mixture of methanol:tetrahydrofuran (3:97), and 

then DMF was used as eluents to give a blue powder as pure product. The purified product was 

dried in an enclosed fume hood, 24 % yield. FT-IR (ATR): ν (cm−1): 3280 (OH), 3073 (Ar-CH), 

2920 (CH), 1719 (CO), 1467 (Ar-CN). λmax (nm) (DMSO) (log Ɛ): 680 (5.17), 614 (4.28), 340 

(4.68). 1H NMR (600 MHz, DMSO-d6) δ 10.36 (s, 1H, COOH proton), 9.18 – 8.78 (m, 11H, Ar-
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H), 8.42 – 8.08 (m, 13H, Ar-H), 7.64 – 7.46 (m, 16H, Ar-H). Anal. Calc. for (C78H41N11O6S3Zn): 

C, 67.41; H, 2.97; N, 11.09; S, 6.92. Found: C, 66.54; H, 3.52; N, 10.76; S, 5.90. MALDI-TOF 

MS (m/z): calcd 1389.81: found 1390.21 [M + H]+. 

2.3.4 Synthesis of complex 5 (Scheme 3.3) 

Zinc acetate (Zn(OAc))2 (50.1 mg, 0.300 mmol),  4-(4-heptanoylphenoxy) phthalonitrile  (c) (200 

mg, 0.602 mmol), and DBU (0.2 mL) were mixed in 1-pentanol (5 mL) and the mixture was heated 

under reflux at 160 °C for 8 h. The product was cooled to room temperature, precipitated in with 

methanol to obtain pure product. FT-IR (ATR): ν (cm−1): 3077 (Ar-H), 2929-2860 (Aliph. C-H), 

1670-1587 (C=O), 1471 (C=C), 1226 (Ar-O-Ar). λmax (nm) (DMSO) (log ε): 678 (4.76), 612 

(4.28), 351 (4.41). 1H NMR (400 MHz, DMSO-d6) δ 8.27 – 7.70 (m, 16H), 7.48 – 7.19 (m, 12H), 

1.63 (t, J = 7.1 Hz, 8H), 1.53 – 1.47 (m, 8H), 0.93 – 0.86 (m, 24H), 0.77 (t, 12H). Anal. Calc. for 

(C84H80N8O8Zn): C, 72.32; H, 5.78; N, 8.03. Found: C, 71.74; H, 5.05; N, 7.64. MALDI-TOF MS 

(m/z): calcd 1394.68: found 1398.14 [M + 3H]+.  

2.3.5 Synthesis of 3-(4-heptanoylphenoxy) phthalonitrile (d) and complex 6 (Scheme 3.3) 

The 3-(4-heptanoylphenoxy) phthalonitrile (d) was obtained using 3-nitrophthalonitrile (503 mg, 

2.91 mmol) and 1-(4-hydroxyphenyl)heptan-1-one (600 mg, 2.91 mmol), K2CO3 (668 mg, 4.84 

mmol) in DMF (60 mL) under nitrogen atmosphere with stirring for 24 h at 60 °C. The product 

was isolated in ice-water, filtered and allowed to dry in the fume hood. Thereafter, the resultant 

solid was washed with hot methanol, and purified with ethanol to obtain compound d. Yield: 

624.21 mg. 1H-NMR (80 MHz, DMSO-d6), (δ:ppm): 8.29 – 7.66 (m, 4H), 7.62 – 6.84 (m, 3H), 

3.08 – 2.75 (m, 2H), 1.91 – 1.06 (m, 8H), 0.98 – 0.66 (m, 3H). 
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Zinc acetate (Zn(OAc))2 (68.8 mg, 0.376 mmol),  (3-(4-heptanoylphenoxy) phthalonitrile (d) (250 

mg, 0.752 mmol), and DBU (0.2 mL) were mixed in 1-pentanol (5 mL) and the mixture was heated 

under reflux for 8 h. The product was cooled to room temperature, precipitated in with methanol 

to obtain pure product. FT-IR (ATR): ν (cm−1): 3063 (Ar-H), 2919-2854 (Aliph. C-H), 1671-1577 

(C=O), 1471 (C=C), 1235 (Ar-O-Ar). λmax (nm) (DMSO) (log ε): 694 (5.13), 621 (4.08), 342 

(4.13). 1H NMR (400 MHz, DMSO-d6) δ 8.30 – 7.72 (m, 16H), 7.55 – 7.13 (m, 12H), 3.02 (t, J = 

6.8 Hz, 8H), 1.35 – 1.27 (m, 32H), 0.90 (t, J = 2.3 Hz, 12H). Anal. Calc. for (C84H80N8O8Zn): C, 

72.32; H, 5.78; N, 8.03. Found: C, 71.52; H, 5.21; N, 7.61.MALDI-TOF MS (m/z): calcd 1394.68: 

found 1396.28 [M + H]+.  
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2.3.6 Nanomaterials and Pc-nanomaterials conjugates 

Amine-functionalised GQDs employed in this work were synthesized using pyrolysis or the 

hydrothermal method according to literature specifications [188, 189]. 

2.3.6.1 Graphene oxide nanosheets (GONS) 

The graphene oxide nanosheets (GONS) employed in this work were synthesised using the 

modified Hummer’s method according to details from literature using graphite flakes [190]. 

Briefly, graphite flakes (1.5 g) were irradiated in a microwave oven at 700 W for 60 s to produce 

exfoliated graphite flakes (EG). Concentrated H2SO4 (98 %, 100 mL) was added to a mixture of 

EG (2.0 g) and NaNO3 (2.0 g) and stirred in an ice bath for 30 min. KMnO4 (3.5 g) was added, 

and the solution was slowly stirred for 4 h. The temperature of the reaction mixture was raised to 

90 °C and left for 6 h. The reaction mixture was cooled to room temperature. Then, 100 mL of ice-

cold water and 100 mL of H2O2 (30 %) were added followed by stirring for 2 h. The reaction 

mixture was centrifuged to obtain the graphene oxide nanosheets (GONS). The GONS were 

washed three times with 100 mL of HCl (1.0 M) to remove metal impurities and repeatedly washed 

with 100 mL of deionized H2O until the pH became neutral (pH 7.0). The GONS were dried at 50 

°C for 24 h. 

2.3.6.2 Conjugation of complexes (3 and 4) to GQDs (Scheme 3.4) 

The mixture of complex 3 (30 mg, 0.022 mmol), or complex 4 (30 mg, 0.032 mmol), DCC 

(0.025 g, 0.12 mmol) and NHS (15 mg, 0.130 mmol) in DMF (3 mL) was gently stirred at room 

temperature for 48 h to activate the carboxylic groups of the phthalocyanine complexes. Following 

this, amine-functionalised GQDs (15 mg) in 1:3 (v:v) water: DMF (1.5 mL) were added. The 

reaction mixture was subjected to further stirring for 72 h at room temperature. The product was 
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then collected and successively washed with deionized water, ethyl acetate, and then with ethanol 

by centrifugation and then dried in the fume hood to obtain 3@GQDs and 4@GQDs as products. 

2.3.6.3 In-situ synthesis of 3@GQDs-MnO2, 3@GQDs-MnO2-AgNPs, and 3@GQDs-MnO2-

AuNPs (Scheme 3.5) 

The syntheses of 3@GQDs-MnO2-AuNPs and 3@GQDs-MnO2-AuNPs involved the addition of 

gold (III) chloride (1 mg, 3.2 mmol) or Ag nitrate (1 mg, 5.88 mmol)) and KMnO4 solutions to a 

solution of 3@GQDs, followed by dropwise addition of NaBH4 (0.05M) solutions. The resulting 

solutions were stirred vigorously for 2 min. The formed precipitates were then repeatedly washed 

with water, centrifuged and dried in a fume hood to obtain the respective conjugates. Similarly, 

the in-situ synthesis of MnO2 on 3@GQDs nanoplatforms was as follows: 3@GQDs (10 mg) and 

KMnO4 (2 mg, 0.0315 mmol) in 3 mL DMF:water (2:1), were sonicated together followed by 

dropwise addition of NaBH4 (0.05M) solutions. The solution gradually changed from purple to 

brown. The resulting conjugate (3@GQDs-MnO2) began to precipitate out of solution. The GQDs 

served as support layer to stabilize the as-formed NPs.  

2.3.6.4 Synthesis of PtNPs, MnO2 and MnO2@PtNPs 

MnO2@PtNPs were synthesized by growing MnO2 from KMnO4 on the surface of pre-formed 

PtNPs under sonication.  The small sized PtNPs (2 nm, from TEM) were synthesised using a 

solution of hexachloroplatinic acid as follows: aqueous solutions of H2PtCl6 (1 mL, 5 mM) and 

trisodium citrate (1 mL, 15 mM) were mixed in 20 mL water and stirred for 30 min at room 

temperature. Subsequently, NaBH4 (200 µL, 50 mM) was added dropwise into the mixture which 

was separated by centrifugation and washed several times with water to remove excess salts. The 

formed PtNPs were then resuspended in water following which an aqueous KMnO4 solution (1 

mL, 0.03 M) and an aqueous 2-(N-morpholino) ethanesulfonic acid (MES)) solution (1 mL, 0.1 
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M, pH 6.0) were mixed with the PtNPs solution. The resulting mixture was subjected to sonication 

for 30 min until a brown precipitate was formed. The reaction mixture was centrifuged for 30 min, 

centrifuged, and then washed with water to remove any excess salts. MnO2 alone was formed from 

KMnO4 solution (1 mL, 0.03 M) and an aqueous 2-(N-morpholino) ethanesulfonic acid (MES)) 

solution (1 mL, 0.1 M, pH 6.0). The product was collected by centrifugation in water.  

2.3.6.5 Synthesis of 4@GQDs-MnO2@PtNPs (Scheme 3.6) 

4@GQDs (5 mg) was solubilized in 2 mL DMSO. To this solution, MnO2@PtNPs (5 mg) were 

added, and the mixture was sonicated for 12 h and then allowed to stir for further 48 h to allow for 

the immobilisation of the MnO2@PtNPs onto the 4@GQDs through the affinity of the 

MnO2@PtNPs to the nitrogen of 4@GQDs. The conjugate was precipitated out of solution using 

1:1 (v:v) chloroform: ethanol mixture and dried using an in-house fume hood to obtain 4-GQDs-

MnO2@PtNPs as product. 
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2.4 Liposomal loading 

2.4.1 Non-targeted liposomes (Scheme 4.1) 

For liposomal loading, a general procedure was followed using a conventional thin-film hydration 

method [191]. Generally (3 mg) of either MPc complex or conjugates with DOPC alone (0.127 

mmol) or DOPC (0.127 mmol) and DSPE-PEG-NH2 moiety (1mg/mL) were dissolved THF or in 

2:1 (v:v) chloroform: ethanol (5 mL) depending on solubility. The resulting mixtures were then 

subjected to rotary evaporation at 40 °C to form a uniform lipid thin film, and an in-house vacuum 

was used overnight to remove the residual solvent. The different mixtures were then hydrated with 

PBS and sonicated to reduce the size of liposomes. This was followed by centrifuging to remove 

the unloaded components. The filtrate was freeze-dried to obtain its solid forms. 

2.4.2 FA-functionalized liposomes (Scheme 4.1) 

FA-functionalised liposomes were synthesised via EDC/NHS amide coupling reaction. The 

carboxylate group of folic acid (FA) was activated by NHS and EDC as follows; FA (0.4 mg, 0.9 

mmol) was dissolved in PBS (pH 6.5, 0.5 mL). To the solution, non-targeted liposomes containing 

the DOPC (0.127 mmol) and DSPE-PEG-NH2 moiety were added (1mg/mL) and the mixture was 

subjected to a shaker in the dark for 24 h. The resultant mixture was dialyzed against deionized 

waster three times using a dialysis membrane (MWCO 1000 DA) and fried dried. The product was 

stored at 4 °C. 

 

 

 



66 | P a g e  
 

The encapsulation efficiency (%EE) of PS agents encapsulated in the liposomes was determined 

using Equation 2.1: 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦  (𝐸𝐸) =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡 − 𝐹𝑖𝑛𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑑𝑟𝑢𝑔 𝑎𝑚𝑜𝑢𝑛𝑡
 × 100       2.1 

In each case, the final drug amount was determined by subtracting the unencapsulated drug weight 

from the initial drug weight. The unencapsulated drug was determined from the dried filtrate.  The 

apparent hydrodynamic size and stability of the liposome formulations during storage was 

determined after a three-week storage period at 4 °C in a darkened room and undiluted. 
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2.5 Photodynamic therapy studies 

2.5.1 Cell cultures 

Michigan Cancer Foundation (MCF-7), Henrietta Lacks (HeLa), and Mouse Epithelial fibroblasts 

(MEF) were cultured using Dulbecco’s modified Eagle’s medium (DMEM) containing 4.5 g/L 

glucose with L-glutamine and phenol red. The medium was supplemented with 100 unit/mL 

penicillin-100 µg/ml streptomycin-amphotericin B and 10% (v/v) heat-inactivated fetal bovine 

serum (FBS) to obtain the cultured medium (supplemented DMEM). All experiments were 

conducted in triplicates. The cells were grown in T25 cm2 vented flasks (Porvair®) and incubated 

at 37 °C and 5% CO2. The cells were seeded into 96-well tissue culture plates (Porvair®) 

(1 × 104 cells per well) in cultured/supplemented DMEM containing phenol red.   

2.5.2 In-vitro cellular uptake and imaging 

The in-vitro cellular uptake of the employed MPcs complexes or conjugates (at 100 µg/mL each) 

was carried out in 96 well plates (5 × 103 cells per well). Following 24 h incubation, the cells were 

washed with phosphate-buffered saline (PBS) three times. After incubation at 12 h intervals at 

37 °C, the cells were rinsed with PBS three times. Afterward, the cells were subjected to a Synergy 

2 multi-mode microplate reader (BioTek®), and the fluorescence intensities for each sample were 

determined following excitation at 680 nm (owing to the presence of the Pc component). Cells 

with no drug treatment were used as appropriate negative controls. 

A similar procedure was followed for visualizing the intracellular drug localization using HeLa 

cells (as an example of cancer cells) and mouse epithelial fibroblasts (MEF) in 6-well plates. To 

achieve this, the cells were also stained using DAPI, further incubated for 20 min, and then 

visualized using an Evos fluorescence microscope. 
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2.5.3 Measurement of intracellular NO release by DAF-FM DA 

Released NO in cells was observed using the fluorescent probe DAF-FM DA (λex/ λem = 495 

nm/515 nm). Typically, the employed cells were seeded in 96-well plates at a density of 

5×103 cells per well and incubated for 24 h. After that, the medium was replaced by fresh DMEM 

medium containing PBS, Cl2SiPc-liposomes or 2-liposomes (100 μg/mL) and cells were incubated 

for another 12 h. After this incubation, the cells were stained with DAF-FM DA (10 µM) for 20 

min. After the removal of residual DAF-FM DA by washing, the cells were resuspended in PBS. 

The DAF fluorescence was then determined at 515 nm using a microplate reader following 

excitation at 495 nm. Cells treated with DAF-FM DA alone were used as negative control. 

2.5.4 Measurement of intracellular ROS by DCFH-DA 

The in-vitro reactive oxygen species (ROS) generation by the MPc complexes was assessed using 

2′,7′-dichlorofluorescein diacetate (DCFH-DA) as follows. Cells were seeded in 96-well plates 

were incubated overnight at 37 °C and allowed to adhere overnight. The cells were then loaded 

with the respective samples (100 µg/mL). After that, the medium was replaced with a fresh 

medium containing DCFH-DA (2 μM) and incubated at 37 °C for 20 min before treating with laser 

irradiation (0.28 W.cm−2). DCF fluorescence was measured in a multi-plate reader at excitation 

and emission wavelengths of 485 and 535 nm, respectively, on a Synergy 2 multi-mode microplate 

reader (BioTek®). Cells treated with DCFH-DA alone were used as a negative control, and those 

treated with H2O2 were used as a positive control.  

2.5.5 Cytotoxicity 

The dark cytotoxicity and PDT effects of the employed MPcs and conjugates (in DMEM) on MCF-

7 cells were further verified by WST-assay. MCF-7 cells (1 × 104 cells) were seeded in 96-well 

plates and incubated overnight at 37 °C in a humidified 5% CO2 atmosphere. The cells were then 
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washed twice with PBS, followed by drug administration. The drug formulations comprised 100 

µL supplemented DMEM containing the as-synthesized Pcs or Pc-nanoparticle composites at a 

range of different concentrations and exposed to laser treatment for 10 min. The cells were then 

washed with PBS and re-incubated in fresh culture media for a further 24 h. Blank control wells 

containing the same volume of culture medium were included in each assay. Post-treatment cell 

viability was measured using the cell proliferation WST-1 assay on a Synergy 2 multi-mode 

microplate reader (BioTek®) at a wavelength of 450 nm, Scheme 2.1. WST-1 assay is based on 

measuring the overall activity of mitochondrial dehydrogenases in the sample where an expansion 

in the number of viable cells results in increases in the amount of formazan from cleaved 

tetrazolium by cellular enzymes, Scheme 2.1. 

 

Scheme 2.1: Schematic diagram complete WST-1 cytotoxicity assay. 
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The percentage cell viability was determined as a function of absorbance of the sample, using 

Equation 2.2: 

% 𝐶𝑒𝑙𝑙 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑎𝑚𝑝𝑙𝑒 𝑎𝑡 450 𝑛𝑚

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑎𝑡 450 𝑛𝑚
 × 100     2.2 

Morphological changes were examined in all controls (without irradiation) and at 24 h post-

irradiation. A Zeiss® Axiovert. A1 Fluorescence LED (FL-LED) inverted microscope was used 

to view the cells under phase contrast. 

2.6 Photoelectrocatalysis and degradation experiments 

The photoelectrochemical measurements were carried out using an in-house assembled 

photoelectrochemical setup consisting of a 300 W Halogen lamp (OSRAM) as the light source and 

an AUTOLAB Potentiostat / Galvanostat PGSTAT302 N electrochemical workstation equipped 

with NOVA 1.10 software and FRA32 M for impedance measurement and analysis. The 

photocurrent measurement and degradation experiments were performed using the 

ITO/TiO2@GONS@4 as the working electrode, silver wire (Ag|AgCl) as the pseudo reference 

electrode, and a platinum wire as the counter electrode. The persulfate assisted degradation 

experiments were performed using aqueous solution of orange G (30 mL, 30 μM) and different 

concentrations of potassium persulfate. Sodium sulfate (0.5 M) was used as the supporting 

electrolyte. The degradation experiment was performed at an applied potential of 1.5 V vs. 

Ag|AgCl since this produced the highest photocurrent response (discussed later). An aliquot 

(10 mL) of the orange G solution was withdrawn every 10 min, and the change in Orange G 

concentration was determined by measurement of the absorption spectra. The degradation 

efficiency of the Orange G was calculated using Equation 2.3. 
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% 𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =  
(𝐴0 − 𝐴𝑡)

𝐴0 ⁄ × 100        2.3 

where A0 and At are the absorbance values at time t = 0 and t = t, respectively. For comparison, 

photocatalysis (PC) and electrocatalysis (EC) degradation experiments were performed under the 

same conditions as PEC. The effect of the experimental conditions was optimized using the same 

procedure. 
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Results and Discussion 

Chapter III: Synthesis and Characterization of Pcs, NPs, and conjugates  

Chapter IV: Fabrication and Characterization of fabricated Liposomes 

Chapter V: Modulation/Response to the Hypoxic Microenvironment 

Chapter VI: Photophysical and photochemical parameters  

Chapter VII: Photodynamic therapy  

Chapter VIII: Photoelectrocatalytic degradation of orange G pollutant 
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This chapter describes the synthesis and characterizations of novel phthalocyanines, nanoparticles 

and the covalent linkage of MPcs to the different nanoparticles employed. 

3 Synthesis and characterization 

3.1 Metallophthalocyanines 

The syntheses of complex 4 [89] and the parent dichloro silicon Pc (Cl2SiPc) used in the synthesis 

of complexes 1 and 2 have been previously reported [13], and as such their syntheses and 

characterizations will not be discussed. Discussions on the syntheses and characterization of the 

new complexes (1, 2, 3, 5, and 6) are elaborated below. 

Complexes 1 and 2 originate from the parent dichloro silicon Pc (Cl2SiPc). As a result, discussions 

on their syntheses and characterizations are combined herein for comparative reasons.  

Complexes 5 and 6 only differ based on the position of the substituent groups (whether the alpha 

or beta positions), hence their characterization is also combined for comparative studies. 

3.1.1 1,4 Naphthoquinone (lawsone) silicon (IV) phthalocyanine (1) and 1-

nitrosonathoquinone silicon (IV) phthalocyanine (2), Scheme 3.1. 

Both complexes 1 and 2 (Scheme 3.1) were synthesized by a base-catalyzed displacement reaction 

between the two chloride substituents from the parent Cl2SiPc with either 2-hydroxy-1,4-

naphthoquinone or 1-nitroso-2-naphthol in dried DMF in the presence of K2CO3 at room 

temperature. Various spectroscopic techniques were used to characterize and confirm the 

successful synthesis of the respective novel Pcs (complexes 1 and 2). 
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Scheme 3.1: Schematic illustration of the preparation of complexes 1 and 2 (i: DMF, K2CO3). 

The FT-IR spectrum of complexes 1 (as an example) is shown in Figure 3.1, together with that of 

the parent Cl2SiPc. The most striking features in the FT-IR spectrum of 1 are highlighted in black 

and green and include the disappearance of the Si-Cl vibration band (centered at 528 cm−1) and 

the subsequent appearance of the characteristic Si-O-C vibrations (ca. 1233 and 978 cm−1). For 

complex 1 the carbonyl stretching vibration (C=O) stemming from the naphthoquinone ring was 

observed at 1650 cm-1. A similar spectrum was observed for complex 2, with the asymmetric N-O 

stretching vibration observed at 1560 cm-1. The disappearance of the Si-Cl vibration and the 

appearance of characteristic carbonyl and N-O stretching vibrations were decisive in confirming 

the successful introduction of the naphthoquinone or nitroso moieties and hence the successful 

synthesis of the desired complexes 1 and 2.  
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Figure 3.1: FT-IR spectra of Cl2SiPc (blue) and complex 1 (red).  

The mass spectrum for complex 1 gave an m/z peak at 730.29 which corresponds to [M-lawsone, 

+H2O] +, while that of complex 2 gave an m/z peak at 854.90 corresponding to the [M − NO] + 

molecular ionic peak (complex 2 used as an example, Figure S1). The elemental analysis values 

obtained corresponded with the expected values which suggested compound purities. 

The 1H NMR spectrum of complex 1 and 2 (complex 1 used as example, Figure S2) shows signals 

that integrate to give the expected number of protons in the expected regions. Only aromatic 

protons were observed. The phthalocyanine ring 1H resonances appear as two downfield-shifted 

multiplets integrating each as 8 H at around 9.71 – 9.44 and 8.54 – 8.30 ppm, for the α and β 

protons, respectively for complex 1. The singlet at 5.84 was ascribed the proton of the axial 

naphthoquinone, shifted compared to lawsone alone at 6.2 ppm in DMSO [192]. The singlet 1H 

resonance of the axial substituent was observed strongly shifted upfield since it experiences a large 
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diamagnetic ring-current shielding effect induced by the macrocyclic ring. Peak integration gave 

the anticipated total number of protons, confirming the successful synthesis of 1. Only aromatic 

protons were observed in the 1H NMR spectrum of 2 with peaks located between 9.64 and 7.23 

ppm. Peak integration gave the anticipated total number of protons, confirming the successful 

synthesis of 2. 

The elemental composition of the as-synthesized complexes 1 and 2 were confirmed using X-ray 

photoelectron spectroscopy (XPS) as an effective surface analysis technique (complex 2 shown as 

an example). Figure 3.2 shows the survey scan of 2 and Cl2SiPc for comparison. The XPS survey 

scan spectrum of 2 shows peaks at 102.1, 153.1, 283.8, 397.6, and 530.2 eV corresponding to the 

electronic states of Si 2p, Si 1s, C 1s, N 1s, and O 1s, respectively. The XPS survey spectrum of 

Cl2SiPc shows the presence of various elements at their respective binding energies attributed to 

silicon (Si 2s and Si 2p), carbon (C 1s), oxygen (O 1s), nitrogen (N 1s) and chlorine (Cl 2p) 

chemical components. The disappearance of the Cl 2p peak in the spectrum of the complex 2 

implies the successful axial ligand exchange and hence the successful synthesis of the desired 

complex 2. 
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Figure 3.2: XPS survey spectra of complex 2 and Cl2SiPc. 

The deconvoluted high-resolution core level C 1s, N 1s, O 1s, and Si 2p XPS spectra of 2 are 

shown in Figure 3.3. The O 1s core-level spectrum was deconvoluted, and three chemically 

distinct peaks resulted. The resultant peaks at 532.4 eV, 535.7 eV, and 536.2 eV were attributed 

to the O–Si, O–C, and O=N, respectively. The presence of the O-Si peak signifies the successful 

attachment of the nitroso moiety to the Pc-core structure and hence successful synthesis of the 

desired complex 2. The three peaks of the deconvoluted high-resolution N1s core-level spectrum 

were assigned to the N–Si (401.6 eV), N–C (404.5 eV), and the N=C or nitroso N=O (407.4 eV) 

[193]. The C 1s core-level spectrum could be fitted into three chemically distinct components 

centered at 286.4 eV, 288.6 eV, and 290 eV, which were attributed to C=C, C–O/C–N, and C=N 

[194]. The high-resolution Si 2p spectrum was deconvoluted to two peaks assigned to Si–N (103.8 

eV) and Si–O–C (105.2 eV).  



82 | P a g e  
 

 

 

Figure 3.3: High-resolution O 1s, N 1s, C 1s, and Si 2p spectra of the as-synthesized complex 2. 
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Figure S3 shows the C 1s core-level spectrum for 1, which could be deconvoluted into four 

chemically distinct components centered at 283.5, 284.1, 285.7, and 292.8 eV. The components at 

283.5 eV and 292.8 eV were attributed to the phenyl aromatic sp2 carbon of the Pc-core as well as 

the axial naphthoquinone moiety (C=C) and the core isoindole units (C=N), respectively [195]. 

The components at 284.1 and 285.7 eV were attributed to the axial C-O and C=O bonds stemming 

from the naphthoquinone axial ligand, respectively. The core-level O 1s spectrum was 

deconvoluted into three distinct chemical environments at 530.6, 532.2, and 537.5 eV 

corresponding to O-Si, O-C, and O=C, respectively [196]. The presence of the O-Si peak signifies 

successful ligand exchange and hence synthesis of complex 1. The component at high binding 

energy (537.5 eV) results from the carbonyl (O=C) of the axial naphthoquinone moiety. The two 

peaks of the deconvoluted core-level N 1s spectrum were assigned to the N-Si and N=C chemical 

environments at 397.8 and 399.7 eV, respectively. Likewise, the Si 2p core-level spectrum was 

deconvoluted into two chemically distinct components at 100.7 and 101.6 eV and assigned to Si-

N and Si-O, respectively. The Si-N can be explained from the structure of complex 1 since the 

silicon metal core is bound to the phthalocyanine core by coordinate bonds to nitrogen. 

For both complex 1 and 2, the observations from XPS corroborate with FT-IR results with the 

presence of the C=O, C-O, N=O and Si-O groups. Taken together, these observations imply 

successful ligand exchange and hence successful synthesis of the desired complexes, 1 and 2. 
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3.1.2 Synthesis of zinc (II) tris [(4-benzo[d]thiazol-2-ylphenoxy)-2-carboxyphenoxy 

phthalocyanine (3), Scheme 3.2 

Mass spectral data agreed with the proposed structure for complex 3 (Figure S4). The mass 

spectrum of 3 gave an m/z peak at 1390.2, which corresponds to the [M+1] + molecular ionic peak. 

1H NMR spectrum for complex 3 gave aromatic protons between 9.18 - 7.46 ppm (figure not 

shown). The aliphatic proton attributable to the carboxyl group was observed at 10.36 ppm. Peak 

integration gave the expected total number of protons, confirming the relative purity of complex 3. 

Elemental analysis values corresponded with expected values and suggest purity of the synthesized 

complex.  
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Scheme 3.2: Schematic illustration of the synthesis of complexes 3. 
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3.1.3 3-(4-heptanoylphenoxy) phthalonitrile (d), tetra (4-heptanoylphenoxy) 

phthalocyanato zinc (II) (5) and Tetra (3-heptanoylphenoxy) phthalocyanato zinc (II) 

(6), Scheme 3.3. 

The 3-(4-heptanoylphenoxy) phthalonitrile (d) was obtained by nucleophilic substitution reaction 

between 3-nitrophthalonitrile and 1-(4-hydroxyphenyl) heptan-1-one with K2CO3 as base. 1H 

NMR peak integration gave the expected total number of protons, confirming the relative purity 

of 3-(4-heptanoylphenoxy) phthalonitrile (d). Mass spectral data agreed with their proposed 

structures (only 5 shown in Figure S5). The mass spectrum of 5 and 6 gave an m/z peak at 1398.14 

and 1396.28, which corresponds to the [M+3H] + and [M+H] + molecular ionic peaks respectively. 

Both 5 and 6 were adequately confirmed using elemental analysis. 1H NMR peak integration gave 

the expected total number of protons, confirming the relative purity of complexes 5 and 6. 
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Scheme 3.3: Schematic illustration of the preparation of complexes 5 and 6 (i: n-pentanol, DBU, 

anhydrous zinc acetate [(Zn(CH3COO)2,]). 
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3.1.4 UV-Vis Spectra 

The UV-Vis spectra of 1, 2, 3, 5 and 6 were recorded in DMSO and the Q band maxima are listed 

in Table 3.1, together with the known complex 4. The electronic absorption spectra of the as 

synthesised phthalocyanines show the characteristic Q band and B band absorbances. The UV-Vis 

spectra of 1 and 2 are shown in Figure 3.4. The Q band absorption peak of 1 was observed at 672 

nm, Table 3.1. The Q band absorption maximum of 2 was observed at 675 nm, with a 3 nm 

bathochromic shift compared to that in the electronic absorption spectrum of the parent Cl2SiPc. 

The shift in the Q band absorbance of 2 compared to that of the parent Cl2SiPc (at 672 nm) to 

higher wavelengths is attributed to strong electronic interaction between nitroso-naphthalene 

moiety and SiPc derivative. Changes in Q band absorbances owing to axial ligand contributions 

have also been reported for other MPc complexes [197]. For both 1 and 2, the introductions of the 

naphthalene-type axial ligands were accompanied by an enhanced B band absorption intensity (< 

400 nm) and was attributed to the presence of naphthalene-ring-associated electronic transitions. 
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Figure 3.4: UV-Vis electronic absorption spectra of Cl2SiPc (black), complex 1 (blue) and 

complex 2 (red), in DMSO. 

The UV-Vis of complex 3 in DMSO shows a narrow Q band absorbance at 680 nm (Table 3.1). 

The Q band maxima of complex 3 is red-shifted compared to complexes 1 and 2 due to the presence 

sulfur which results in red-shifting in phthalocyanines [198]. 

 

The ground state absorption spectra for complexes 5 and 6 (Figure 3.5) showed monomeric 

behaviour of the complexes as evidenced by a single narrow Q band at 678 nm and 694 nm 

respectively (Table 3.1), as is typically observed for metalated phthalocyanines with degenerate 

D4h symmetry [199]. The non-peripherally tetra-substituted zinc phthalocyanine (complex 6) was 

red shifted by 16 nm compared to the peripherally substituted counterpart (complex 5). The red 

spectral shift observed in the absorption spectrum of 6 results from greater linear combination of 
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the atomic orbitals coefficients at the non-peripheral positions of the highest molecular orbital 

(HOMO) as opposed to those at the peripheral positions [200]. 

 

 

Figure 3.5: Ground state UV-vis spectra of complexes 5 (blue) and 6 (red) in DMSO. 
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Table 3.1: TEM sizes as well as Q band absorbance values of the Pc complexes employed in this 

work and their conjugates in DMSO. 

Photosensitizer TEM sizes (nm) Q band absorbance (nm)ab 

Complex 1  672 

Complex 2  675 

Complex 3  680 

3@GQDS 5 680 (360) 

3@GQDs-MnO2 12 680 

3@GQDs-MnO2-AgNPs 15 680 

3@GQDs-MnO2-AuNPs 18 680 

Complex 4  674 

4@GQDs 4 675 (360) 

4@GQDs-MnO2@PtNPs 8 675 (326) 

4@GONS@TiO2 46 674 (385) 

Complex 5  678 

Complex 6  694 

aValues in brackets are for nanoparticles alone. bThe UV-vis spectra of GQDs were measured in 

water. 

 

 

3.2 Nanoparticles and their MPc conjugates 

This section outlines the synthesis and characterisation of the nanoparticles (NPs) and their MPc 

conjugates used in this work. Various NPs were synthesized and conjugated to MPcs complexes 
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to enhance the photophysical and photochemical properties of the latter. The various conjugates 

were characterized using spectroscopic and microscopic techniques and are outlined below. The 

lists of MPcs and MPc-NPs conjugates reported in this work are listed in Table 3.1. Commercial 

TiO2 was used as obtained from manufacturers. The characterization of GONS will be presented 

in chapter 8.  

3.2.1 MnO2@PtNPs 

MnO2@PtNPs were synthesized by growing MnO2 from KMnO4 on the surface of pre-formed 

PtNPs under sonication. The synthesis of MnO2@PtNPs was confirmed by X-ray photoelectron 

spectroscopy (XPS).  Figure 3.6 shows the XPS survey spectra of the MnO2@PtNPs, as well as 

the high-resolution Mn 2p and Pt 4f core-level spectra of the MnO2 and PtNPs within the bimetallic 

MnO2@PtNPs. The survey spectrum of MnO2@PtNPs shows elements present in the sample at 

72 eV (Pt 4f), 283 eV (C 1s), 530 eV (O 1s), and 650 eV (Mn 2p). The appearance of the C 1s peak 

is mainly from residual citrate used as a capping agent in the synthesis of the PtNPs. The high-

resolution core-level XPS spectra of Mn 2p of MnO2@PtNPs, as well as the Pt 4f of PtNPs (for 

the latter both alone and in the MnO2@PtNPs), were analysed to determine the oxidation state of 

Mn and Pt within the bimetallic MnO2@PtNPs. In the high-resolution spectrum of the Mn 2p core-

level region (Figure 3.6), peaks associated with Mn 2p3/2 and Mn 2p1/2 were observed at 641.8 and 

653.4 eV, respectively, with a spin-orbit coupling of 11.6 eV, which is characteristic of MnO2 in 

the Mn4+ oxidation state [201]. A satellite peak beside the Mn 2p3/2 peak was also observed. This 

peak was attributed to the presence of Mn2+ in the form of MnO [201,202]. The Pt 4f spectrum of 

the bimetallic MnO2@PtNPs contains two main peaks at 74.17 and 70.88 eV with a difference of 

3.3 eV, which are characteristic peaks of 4f5/2 and 4f7/2, respectively (Figure 3.6), implying the 

zero-valent nature of Pt. Meanwhile, the Pt 4f5/2 and Pt 4f7/2 peaks in the PtNPs prior to forming a 
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composite with MnO2 were observed at 74.72 and 71.10 eV, respectively, (Figure 3.6). The Pt 

4f5/2 and Pt 4f7/2 of the PtNPs without MnO2 were found to be centered at higher binding energies 

than those in the MnO2@PtNPs. The introduction of MnO2 therefore led to significant shifts to 

lower binding energies. A peak at 71.86 eV was also observed in the core-level Pt 4f of PtNPs 

without MnO2 and was assigned to the Pt2+ oxidation state. However, this peak was not observed 

in the core-level Pt 4f of MnO2@PtNPs. The disappearance of the Pt2+ peak as well as shifts to 

lower binding energies suggest that there is a strong electronic interaction between Pt and MnO2 

in the MnO2@PtNPs [202-205]. Moreover, such shifts have also been associated with synergistic 

effects, which are associated with enhanced catalytic activity [204]. Further, it is noted that the 

introduction of the MnO2 layer significantly attenuated the intensity of the PtNPs within the 

bimetallic MnO2@PtNPs. 
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Figure 3.6: XPS survey spectra of (a) MnO2@PtNPs. High-resolution core-level Pt 4f spectra of 

(b) PtNPs. High-resolution core-level Mn 2p spectra of (c) MnO2@PtNPs, and the core level Pt 4f 

spectra of (d) MnO2@PtNPs. 
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Time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis of MnO2@PtNPs gave an 

RGB (red, green, and blue) plot (Figure 3.7). TOF-SIMS allows the determination of isotopic, 

elemental and molecular information from the surface of solid samples. The RGB plot of the TOF-

SIMS image of MnO2@PtNPs shows the mass locations of Pt in red colour, MnO2 in green, and 

Mn in blue. As can be seen in Figure 3.7, the TOF-SIMS shows the Mn and Pt species within the 

MnO2@PtNPs and imply a hybrid-type bimetallic structure. Taken together, TOF-SIMS, and XPS 

results suggest the successful synthesis of MnO2@PtNPs. 

 

Figure 3.7: TOF-SIMS positive ion mode images of MnO2@PtNPs. RGB = red, green, and blue. 
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3.2.2 Conjugates of complex 3 and complex 4 with NPs 

NH2-functionalised GQDs were conjugated to complex 3 and 4 (asymmetric MPcs) which allow for 

site specific binding or coordination. This was achieved via amide bond formation between the 

primary amine groups on the GQDs and the carboxylic acid group on either complex 3 or 4 (details 

are provided in chapter II). The synthesis of 3@GQDs and 4@GQDs was achieved using DCC 

and NHS assisted amide coupling of 3 or 4 to GQDs. It is important to note that π-π stacking is 

also possible between the complexes and GQDs. A general representation for the synthesis of 

4@GQDs (as an example) is shown in Scheme 3.4. 3@GQDs-MnO2-AgNPs and 3@GQDs-

MnO2-AuNPs were formed by the simultaneous growth of AgNPs/AuNPs and MnO2 NPs on 

3@GQDs (Scheme 3.5). Likewise, taking advantage of the abundance of amino groups on the 

GQDs (in 4@GQDs), the as-synthesized MnO2@PtNPs were adsorbed onto GQDs in 4@GQDs 

(Scheme 3.6). Complex 4, was used in this work particularly due to its simple structure. The list 

of conjugates is listed in Table 3.1.  
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Scheme 3.4: Synthetic route for 3@GQDs or 4@GQDs. 
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Scheme 3.5: Schematic for the preparation of 3@GQDs-MnO2-AuNPs (as an example) with an 

illustration of covalent interaction of GQDs and complex 3, and the assembly of MnO2 and AuNPs 

onto the Pcs/GQDs surface. 
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Scheme 3.6: Schematic for the preparation of 4@GQDs-MnO2@PtNPs with an illustration of 

covalent interaction of GQDs and complex 4, and the assembly of MnO2@PtNPs onto the 

Pcs/GQDs surface. 
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3.2.2.1 FT-IR 

The successful amide conjugation of GQDs to 3 or 4 was confirmed using Fourier Transform 

Infrared spectroscopy. As can be observed in Figure 3.8 (using 3@GQDs as an example), two 

“fangs” attributable to the primary amines (NH2) on the GQDs were observed at 3342 and 3246 

cm-1. The FT-IR spectrum of the 3@GQDs (Figure 3.8) on the other hand, shows the presence of 

a single amide peak around 3325 cm−1. The disappearance of the two peaks (N−H) and subsequent 

emergence of a new single peak at 3325 cm−1 confirms the successful conjugation and hence 

formation of the resultant 3@GQDs. The presence of tracer peaks at 1526 and 1487 cm-1 owing to 

the presence of C=N vibrations in the FT-IR spectra of complex 3 in the 3@GQDs conjugates 

confirms the presence of the MPc as an integration in the GQDs. Similar FT-IR spectra were 

observed for 4 and conjugates with GQDs. 
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Figure 3.8: FT-IR spectra for GQDs, complex 3, 3@GQDs. 

 

 

 

 

 



102 | P a g e  
 

3.2.2.2 TEM 

The relative morphologies and average diameters of the synthesised nanocomposites were 

confirmed by electron microscopy imaging.  Amine-functionalised GQDs are presented as quasi-

spherical nanoparticles with a uniform size of ≈ 4 nm (Figure 3.9). The particle sizes remained 

unchanged for 4@GQDs or increased only slightly for 3@GQDs to complex 3 (Table 3.1). A size 

increase was observed following attachments of MnO2 alone, or MnO2-AuNPs, or MnO2-AgNPs 

in accordance with level of modification of 3@GQDs, with sizes of 12, 15 and 18 nm 

for 3@GQDs-MnO2, 3@GQDs-MnO2-AgNPs and 3@GQDs-MnO2-AuNPs, respectively (Table 

3.1) (3@GQDs-MnO2-AuNPs and 3@GQDs-MnO2-AgNPs are used as examples, Figure 3.10). 

Scanning electron and X-ray energy dispersive spectroscopies (SEM-EDS) were utilized for the 

qualitative elemental mapping of the resultant nanocomposites of 3. Figure 3.10 presents the SEM 

image and the corresponding element mapping of 3@GQDs-MnO2-AgNPs and 3@GQDs-MnO2-

AuNPs. As shown in Figure 3.10, the coexistence of Mn and Ag or Mn and Au elements 

(distributed within the composites) suggest the successful fabrication of 3@GQDs-MnO2-AgNPs 

and 3@GQDs-MnO2-AuNPs, respectively. 

Figure 3.9 shows monodispersed spherical PtNPs with an average size of 2 nm. Upon compositing 

of the MnO2 and PtNPs to the subsequent MnO2@PtNPs, evidence of aggregation and hence size 

increases were observed. The MnO2@PtNPs had a size average of 4 nm, which was greater than 

the size of the core PtNPs (2 nm). The spherical morphology of the MnO2@PtNPs may be 

indicative of MnO2 adhering to the surface of the PtNPs, maintaining a 3-dimensional morphology. 

In the TEM image of 4@GQDs-MnO2@PtNPs, the presence of individual GQDs, or PtNPs could 

not be distinguished, however, an increase in the size of the 4@GQDs-MnO2@PtNPs was 

observed (Table 3.1). 
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Figure 3.9: Transmission electron images of GQDs, MnO2@PtNPs, PtNPs, and 4@GQDs-

MnO2@PtNPs. 
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Figure 3.10: TEM images of (A) 3@GQDs-MnO2-AgNPs, and (B) 3@GQDs-MnO2-AuNPs and 

their respective SEM-EDS elemental mappings. 
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3.2.2.3 UV-Vis spectra 

The UV-Vis spectrum of the GQDs showed an absorption maximum at 360 which is associated 

with the n–π* transition of C=O groups (Figure 3.11A) [189]. Upon conjugation of either 3 or 4 

to the GQDs, no significant shifts in the Q band were observed (Table 3.1 and Figure 3.11A). 

However, a consequence of the presence of GQDs was the enhancement in the Soret band region 

of the spectrum. 

The UV-Vis spectrum of MnO2@PtNPs showed no distinct peaks (Figure 3.11A). The Q band 

absorption due to the presence of 4 was evident in 4@GQDs-MnO2@PtNPs. There were no shifts 

in the Q band absorbance of 4@GQDs-MnO2@PtNPs compared to 4@GQDs. However, 

4@GQDs-MnO2@PtNPs showed enhanced absorbance below 500 nm, attributable to the presence 

of MnO2@PtNPs within the composite, strongly suggesting the successful synthesis of 4@GQDs-

MnO2@PtNPs and some aggregation. 

Figure 3.11B shows the UV-Vis spectra of the conjugates of complex 3. The surface plasmon 

resonance (SPR) bands attributable to the presence of Ag and Au in the conjugates were not clearly 

defined in the spectra of 3@GQDs-MnO2-AgNPs and 3@GQDs-MnO2-AuNPs (not shown), but 

there was broadening between 400 and 600 nm signaling the presence of these nanoparticles and 

some aggregation. 
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Figure 3.11: (A) Ground state absorption spectra of GQDs (i), MnO2@PtNPs (ii), 4 alone (iii), 

4@GQDs (iv), and 4@GQDs-MnO2@PtNPs (v). (B) Ground state absorption spectra of complex 

3 (i), 3@GQDs (ii), 3@GQDs-MnO2(iii), 3@GQDs-MnO2-AuNPs (iv), and 3@GQDs-MnO2-

AgNPs (v). All measurements were taken in DMSO. 
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3.2.2.4 Raman/EPR 

GQDs display two characteristic Raman peaks termed the G-band (sp2) (tangential mode) and the 

D-disorder band (breathing mode, sp3). The Raman spectrum of the as-synthesised showed 

characteristic G and D bands centred at 1593 and 1301 cm−1, respectively (Figure 3.12A).  Shifts 

in the D-band position were observed post conjugation of complex 3 to the GQDs surface from 

1301 cm−1 to 1418 cm−1 (Figure 3.12A). Likewise, the G-band was affected, with slight shifts 

from 1593 cm−1 for GQDs and 3@GQDs to 1651 cm−1 for 3@GQDs-MnO2 and 3@GQDs-MnO2-

AgNPs (the G band is very weak for the latter). Shifts in the Raman frequencies are often indicative 

of strong π-electron interactions in hybrid materials. The presence of defects on GQDs is quantified 

by the ratio of the intensity of the D over G band (D/G). The ID/IG (integrated intensity) ratios of 

D to G bands for the GQDs alone, 3@GQDs, 3@GQDs-MnO2 and 3@GQDs-MnO2-

AgNPs/3@GQDs-MnO2-AuNPs were calculated to be 0.12, 0.20, 4.88 and 13.1, respectively. 

For all conjugates, the observed increases in the ID/IG is associated with the introduction of defects 

to the basal planes and the edges of carbon structures [206], and signify increases in the structural 

disorder of the GQDs post-modification and hence, the successful synthesis of the respective Pc-

nanoparticle hybrids. Besides, Raman spectroscopy also allows for the identification of metal 

oxide NPs (owing to their electron-phonon coupling). Raman spectrum of 3@GQDs-MnO2-

AuNPs (used as an example) (Figure 3.12B) shows a peak at 605 cm−1 which may be attributed 

to the deformation modes of the Mn–O–Mn chain of MnO2, and adjacent peaks at 496 cm−1 and 

677 cm−1 are attributable to the Mn–O stretching modes [207]. The appearance of a new peak at 

308 cm−1 (which is absent in GQDs alone) was attributed to the S−Au bond [208], and further 

confirms the successful assembly of MnO2-AuNPs on the 3@GQDs platform to form 3@GQDs-

MnO2-AuNPs. For 4@GQDs-MnO2@PtNPs, peaks at 494 cm-1 and 677 cm-1, were attributed to 
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the Mn-O stretching modes, characteristics peaks of MnO2 [209], and further supports its 

successful synthesis.  

The as-prepared composites were further characterised by electron paramagnetic resonance (EPR) 

spectroscopy at 298 K to confirm the presence of MnO2 (with Mn in the +4-oxidation state) in the 

composites. Figure 3.13 (3@GQDs-MnO2-AuNPs is used as an example) shows the EPR 

spectrum 3@GQDs-MnO2-AuNPs. The spectrum shows the presence of six well-resolved 

hyperfine splitting characteristic of manganese [210]. Mn+4 ions possess paramagnetic nature at 

either low or high spin. Therefore, EPR experiments further substantiate the presence of MnO2 in 

the composites and hence their successful synthesis. 
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Figure 3.12: (A) Raman spectra of GQDs (i), 3@GQDs (ii), 3@GQDs-MnO2 (iii), and 3@GQDs-

MnO2-AgNPs (iv), showing the corresponding Raman intensity changes of the GQDs upon 

modification of the graphitic core structure. (B) Raman spectral analysis of (i) GQDs and (ii) 

3@GQDs-MnO2-AuNPs showing peaks attributable to S-Au and MnO2 signifying successful 

synthesis and chemisorption of the MnO2 and AuNPs on the Pc/GQDs surface. 

 

Figure 3.13: EPR Spectrum of 3@GQDs-MnO2-AuNPs showing six-line hyperfine splitting 

spectral features characteristic of manganese, registered at T = 298 K. 
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3.2.2.5 X-Ray Diffraction 

The crystal structures of the obtained MPc composites were determined by X-ray diffraction 

(XRD) to show the various effects on the Bragg’s reflections. This is represented using the 

conjugates of complex 3 as an example (Figure 3.14). The broad XRD pattern for 3 (Figure 3.14 

(i)) is typical of MPcs and suggests an amorphous form [211]. The GQDs feature a broad (002) 

peak around 25° (Figure S6), which is broad due to the small size of GQDs [212]. This broad 

amorphous XRD pattern is maintained post conjugation to complex 3 to the nanoparticles (Figure 

3.14 (ii and iii)). No clear diffraction peaks resulting from MnO2 were observed. However, there 

were small sharp peaks present in the Ag and Au containing conjugates (3@GQDs-MnO2-AgNPs 

used as an example) (Figure 3.14 (iv)). Such peaks embedded in a broad XRD pattern suggests an 

increase in size after conjugation [213]. The five diffraction patterns observed in the diffractogram 

of the Ag-containing conjugate (used as an example) (Figure 3.14 (iv)) correspond to the 

crystalline plane of the face-centred cubic structure of metallic silver with plain of 111, 200, 220, 

311 and 222 (JCPDS file No. 00–004-0783) [213]. 
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Figure 3.14: XRD patterns for complex 3 alone (i), 3@GQDs (ii), 3@GQDs-MnO2 (iii), and 

3@GQDs-MnO2-AgNPs (iv). 
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3.2.2.6 X-ray photoelectron spectroscopy 

The successful assembly of the as-synthesized MnO2@PtNPs onto 4@GQDs was verified using 

XPS. Figure 3.15 shows the XPS survey spectra of the 4@GQDs-MnO2@PtNPs, as well as the 

high-resolution N 1s core-level spectra of 4@GQDs and 4@GQDs-MnO2@PtNPs. The XPS 

survey spectrum of the 4@GQDs-MnO2@PtNPs reveals the presence of Pt, C, O, N, Mn, and Zn 

(Figure 3.15). In Figure 3.15, the N 1s spectrum of 4@GQDs was deconvoluted into three peaks 

at 396.0 eV (N-C), 397.4 eV (N-H), and 400.0 eV (N-C=O). The N-C and N-H peaks are attributed 

to the presence of GQDs (in 4@GQDs) which contain nitrogen functional groups [214,215]. The 

peak at 400 eV confirms the presence of the amide bond and hence, successful anchoring of 4 to 

GQDs [216]. Following the adsorption of MnO2@PtNPs onto 4@GQDs to form 4@GQDs-

MnO2@PtNPs, in Figure 3.15, the N 1s high resolution core level spectrum was deconvoluted, 

and four peaks were obtained at 396.3 eV (N-C), 397.6 eV (N − Pt), 397.9 eV (N-H), and 400.1 eV 

(N-C=O). Interestingly, N-coordinated metal peak was observed and was assigned to the presence 

of N-Pt in 4@GQDs-MnO2@PtNPs, implying exposed Pt sites in the MnO2@PtNPs. It was noted 

that the position of the amine nitrogen (N-H) was found to be slightly shifted to higher binding 

energies (397.7 eV) in the 4@GQDs-MnO2@PtNPs compared to 4@GQDs (397.4 eV). A large 

decrease in the intensity of the amine nitrogen (N-H) was also observed in 4@GQDs-

MnO2@PtNPs. Both observations imply involvement of amine nitrogen in the interaction with Pt. 

Shifts to higher binding energies in the nitrogen species can be attributed to the presence of 

multiple valence electrons in the GQDs which act as electron donors facilitating metal-nitrogen 

binding interactions [217,218]. 
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Figure 3.15: XPS survey spectra of 4@GQDs-MnO2@PtNPs (a). High-resolution core-level N 1s 

spectra of 4@GQDs (b) and 4@GQDs-MnO2@PtNPs (c). High-resolution Pt 4f (d) and Mn 2p (e) 

core-level spectra of 4@GQDs-MnO2@PtNPs. 
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Moreover, the high-resolution Pt 4f and Mn 2p core-level spectra of the 4@GQDs-MnO2@PtNPs, 

are shown in Figure 3.15 (d and e). The core-level Pt 4f deconvoluted spectrum of the 4@GQDs-

MnO2@PtNPs contained two main peaks at 72.4 and 69.3 eV, characteristic peaks of 4f5/2 and 

4f7/2, respectively (Figure 3.15). As discussed above, the Pt 4f5/2 and Pt 4f7/2 of the MnO2@PtNPs 

before adsorption onto the 4@GQDs were found at 74.17 eV and 70.88 eV, respectively. Shifts to 

lower binding energies in 4@GQDs-MnO2@PtNPs suggest a strong electronic interaction between 

MnO2@PtNPs and 4@GQDs. The core-level Mn 2p deconvoluted spectrum of 4@GQDs-

MnO2@PtNPs also revealed two peaks at 639.75 eV and 652.5 eV, attributed to the 2p3/2 and 2p1/2 

peaks, respectively (Figure 3.15). The Mn2+ satellite peak that was observed in the Mn 2p 

deconvoluted spectrum of MnO2@PtNPs (Figure 3.6) was absent in 4@GQDs-MnO2@PtNPs. 

The disappearance of this Mn2+ suggested strong electron interaction between the MnO2@PtNPs 

and 4@GQDs. Taken together, indicate the successful synthesis of 4@GQDs-MnO2@PtNPs. 

 

3.2.2.7 AFM 

Atomic force microscopic (AFM) imaging revealed that the GQDs had an average topographic 

height of about 2nm (figure not shown), can be estimated to contain about three-four graphene 

layers [206]. With a surface roughness of about 2.5 nm, they can be assumed as relatively flat. 

However, there is a marked increase in surface roughness following modification with NPs to 68.8 

nm, 164.8 nm, and 338.7 nm for 3@GQDs-MnO2, 3@GQDs-MnO2-AgNPs and 3@GQDs-

MnO2-AuNPs, respectively (used as examples). Such increases in topographical height serve as 

evidence for the successful assembly of the respective NPs onto the GQDs surface. Moreover, 

distinct changes in 3D surface morphologies were noted for the hybrids compared to that of GQDs 
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alone with the presence of uneven surfaces with wrinkles and voids which are absent in GQDs 

alone (Figure 3.16). 

 

Figure 3.16: 2D and 3D AFM images of 3@GQDs (a) and 3@GQDs-MnO2 (b) 3@GQDs-MnO2-

AgNPs (c), 3@GQDs-MnO2-AuNPs (d) with respective height profiles.  
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3.2.2.8 TGA Analysis 

The thermal stability of the MPcs and their respective NPs conjugates was assessed using a 

thermogravimetric analyser at a temperature range of 50-800 °C at a heating rate of 20 °C min−1, 

under a steady N2 gas flow rate of 20 mL min−1. The conjugates of complex 3 are used as examples, 

Figure 3.17. 3@GQDs-MnO2-AgNPs (used as an example) is more stable than 3, 3@GQDs, 

3@GQDs-MnO2 or GQDs alone. The GQDs start to degrade at ∼ 200 °C until they are completed 

degraded near 800 °C. 3@GQDs shows a degradation pattern like GQDs alone. The greater 

thermal stability of 3@GQDs-MnO2-AgNPs, 3@GQDs-MnO2 over GQDs or 3@GQD implies the 

successful integration of metal nanoparticles on the GQDs/Pc surface. 

 

Figure 3.17: Thermogravimetric decomposition curves of GQDs alone (a), 3 (b), 3@GQDs (c), 

3@GQDs-MnO2(d), 3@GQDs-MnO2-AgNPs (e). 
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3.3 Summary of chapter 

Novel symmetrical and asymmetrical MPcs were successfully synthesized and characterized by 

various microscopic and spectroscopic techniques. All the studied complexes 1-6 showed 

monomeric Q band in DMSO. The as-synthesised MPcs were conjugated to various metallic and 

non-metallic nanoparticles. The conjugates were characterized using a combination of 

spectroscopic techniques: FT-IR, TEM, SEM-EDS, XRD, UV-Vis, AFM, TGA, Raman and XPS 

spectroscopy which confirmed their successful fabrication. 
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The limited water solubility of the as-synthesized MPc complexes and MPc-nanoparticle 

conjugates necessitated their liposomal encapsulation. An essential premise for liposomal PS 

delivery is to increase the size of the pharmacological entity such that the PS passage through 

endothelial gaps is limited hence preferentially accumulating in tumour tissues through the 

enhanced permeability and retention (EPR) effect. This chapter details the synthesis and 

characterization of liposome formulations of MPcs, and MPc-nanoparticles reported in this work.  

For all composites, liposomal formulations were obtained via thin-layer hydration using 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC). The list of MPc-liposomes employed in this work 

are listed in Table 4.1. Details on fabrication are provided in Chapter II.  

 

Folic acid functionalised liposomes of conjugates of complex 4 (4@GQDs-MnO2@PtNPs) were 

used to evaluate the possibility of folate receptor targeting.  4@GQDs-MnO2@PtNPs-FA-

liposomes were prepared using a lipid mixture of DOPC/DSPE-PEG-NH2 and 4@GQDs-

MnO2@PtNPs. Following this, the formed liposomes were functionalized with folic acid (FA) via 

EDC/NHS amide coupling reaction (Scheme 4.1). The conjugation of FA was possible due to the 

presence of amine groups on the PEG-unit as well as COOH groups on FA. Encapsulation 

efficiencies are listed in Table 4.1. The highest percentage encapsulation efficiencies were 

obtained for 4 and its conjugates, which may have resulted from the simpler structure which allow 

better packing within the liposomal bilayer.  
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Scheme 4.1: Schematic illustration of the fabrication of the multifunctional folate-modified 

liposomes (4@GQDs-MnO2@PtNPs-FA-liposomes) by encapsulating 4@GQDs-MnO2@PtNPs.  

4.1 TEM/EDS 

For all liposomal formulations, transmission electron microscopy (TEM) images demonstrated 

their successful synthesis, with liposomes appearing as spherical and monodisperse lipid vesicles 

(Figure 4.1) (complex 1-liposomes, 2-liposomes and 4@GQDs-MnO2@PtNPs-FA-liposomes 

used as example). Owing to the hydrophobic nature of the employed PS agents, they are 

preferentially incorporated into the hydrophobic bilayer of the as-prepared liposomes, better 

demonstrated using 4@GQDs-MnO2@PtNPs-FA-liposomes (Figure 4.1C). 

The qualitative elemental mapping of the resultant liposomal nanocomposites was determined 

using scanning electron and X-ray energy dispersive spectroscopies (SEM-EDS). Figure 4.2 

shows the SEM image and the corresponding element mapping of 4@GQDs-MnO2@PtNPs-

liposomes (as an example). The elements: O, C, Zn, Mn, and Pt stem from 4@GQDs-

MnO2@PtNPs, while P originates from the DOPC lipid used in the fabrication of the liposomes. 
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The coexistence of these elements (distributed within the composites) implies successful liposomal 

incorporation of 4@GQDs-MnO2@PtNPs. Additionally, the results obtained were consistent with 

the expected elemental composition for the 4@GQDs-MnO2@PtNPs-liposomes (confirmed by 

EDS spectral analysis), Figure 4.2. 

 

Figure 4.2: Transmission Electron Microscope (TEM) images 2-liposomes (A), 4@GQDs-

MnO2@PtNPs-liposomes (B) and 4@GQDs-MnO2@PtNPs-FA-liposomes (C). 
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Figure 4.2: SEM images of 4@GQDs-MnO2@PtNPs-liposomes with corresponding SEM-EDS 

mapping images showing the presence of C, O, P, Pt, Mn, and Zn. The SEM image for 4@GQDs-

MnO2@PtNPs-liposomes is also represented along with its EDS spectrum. 
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Table 4.1: Liposome characteristics. 

Liposomes EE (%)a Particle size (nm) 
DLS 

PDIb ζ (ev) 

1-liposomes 25 100 0.24 -13.1 

2-liposomes 23 126 0.28 -11.2 

Cl2SiPc-liposomes 28 106 0.22 -9.4 

3-liposomes 30 91 0.48 -50.1 

3@GQDs-liposomes 25 142 0.44 -69.1 

3@GQDs-MnO2-

liposomes 

24 164 0.23 -72.7 

3@GQDs-MnO2-

AuNPs-liposomes 

20 190 0.28 -74.8 

3@GQDs-MnO2-

AgNPs-liposomes 

21 220 0.35 -73.2 

4-liposomes 40 110 0.26 -18.2 

4@GQDs-

MnO2@PtNPs-

liposomes 

33 277 0.47 -12.6 

4@GQDs-

MnO2@PtNPs-FA-

liposomes 

62 112 0.31 -15.4 

5-liposomes 24 150 0.46 -6.4 

6-liposomes 28 130 0.33 -8.7 

aEE = encapsulation efficiency. bPDI = Polydispersity indices. 



124 | P a g e  
 

4.2 UV-Vis 

The UV-Vis spectra of the encapsulated Pc and Pc-NPs conjugates were retained in their respective 

liposomal formulations in PBS 7.4 with a prominent Q band (using 2-liposomes and 4@GQDs-

MnO2@PtNPs-FA-liposomes as examples) (Figure 4.3). The hydrophobic Pcs and Pc-NPs 

conjugates are effectively and preferentially incorporated into the bilayer of liposomes. The 

presence of a prominent Q band attests to the successful synthesis of the as-reported liposomes. 

The as-synthesized liposomes also presented the typical fluorescence features of the parent Pc or 

Pc-NPs, albeit with reduced fluorescence intensity (figure not shown). The weaker fluorescence 

of the liposomes is a testament to the successful encapsulation of Pc or Pc-NPs within the 

liposomal lipid bilayers.  

 

 

Figure 4.3: UV-Vis spectra of 2-liposomes (A) and 4@GQDs-MnO2@PtNPs-FA-liposomes (B). 
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4.3 DLS/Zeta potential 

Dynamic light scattering (DLS) measurement confirmed the nanoscale sizes for all the liposomal 

formulations. The obtained DLS sizes are summarized in Table 4.1. For the fabricated liposomes, 

small polydispersity index (PDI) values were obtained confirming a narrow size distribution 

(Table 4.1). The as-fabricated liposomes were nanoscale-sized and, as such, are a favourable size 

for PDT application. Physicochemical properties, such as size and surface charge, are critical in 

developing nanosized drug delivery systems. Large particles are typically subject to hepatic 

clearance, while particles less than 10 nm are susceptible to renal clearance [219]. Typically, 

nanomedicines of sizes less than 500 nm are preferred since they more readily extravasate and 

accumulate in tumour parenchyma via the enhanced permeability and retention (EPR) effect [220]. 

Larger DLS sizes were generally obtained in the presence of multiple nanoparticles.  

Zeta potential (ζ) measurements were also carried out to determine the surface charges on the as-

fabricated liposomes. A negative zeta ζ value was obtained for all the liposomes (Table 4.1). The 

negative surface charges may be attributed to the presence of exposed phosphate groups compared 

to choline groups on the outer surface of the liposomes, as is often the case for zwitterionic 

liposomes [221]. The phospholipid's charge significantly affects liposome's pharmacodynamics 

and pharmacokinetic properties. Negatively charged liposomal formulations are usually preferred 

since excessive positive charges are more susceptible to electrostatic interactions with serum 

proteins, affecting biodistribution [222]. More importantly, such nanocarriers more readily elicit 

an immune response and, as such, are associated with higher toxicity [223].  

Larger zeta potentials were observed for 3 and its conjugates suggesting less aggregation. 

However, it is not understood why this is the case. The high zeta potential values of the loaded 
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liposomes point to higher dispersibility, signifying higher colloidal stability. The high colloidal 

stabilities obtained for the composites make them favourable for biological applications. 

Burst release of drug cargo is often unfavourable and can result in non-specific bio-distribution of 

loaded drugs. An ideal drug-delivery system should only release its drug cargo in the target tissues. 

The tumour microenvironment, and hence extracellular tumour pH, is acidic owing to the increased 

production and secretion of lactate and H+ to the extracellular space [224]. As such, this work also 

investigated the liposomal release mechanism for the encapsulated drug. Figure 4.4B presents the 

average hydrodynamic size of the employed liposomes using 4@GQDs-MnO2@PtNPs-FA-

liposomes (as an example) at three different pH values (7.4, 6.5, 5.5). As illustrated in Figure 

4.4B, the rupture/bilayer disruption of liposomes is negligible at pH 7.4 and 6.5, as indicated by 

the negligible differences in DLS sizes. In effect, membrane destabilization and permeabilization 

was not observed at these pH values (pH 7.4 and 6.5) no detectable and the liposome membrane 

integrity is retained. The intra-micellar hydrophobic interactions maintain the liposome integrity; 

hence, only a negligible increase in liposomal size is observed. A slight increase in the size of the 

4@GQDs-MnO2@PtNPs-FA-liposomes is observed as the pH is further lowered to pH 5.5. The 

slight increase in size is attributed to the liposome bilayer disruption due to constituent lipid’s 

protonation which leads to membrane fusion [30]. This observation agrees with the observed 

decrease in ζ from -15.4 mV at pH 7.4 to +3.48 mV at pH 5.5 (Figure 4.4A).  

The possibility of NIR triggered release was further illustrated by measuring the fluorescence 

before and after NIR irradiation (using 4@GQDs-MnO2@PtNPs-liposomes, as an example). A 

reduction in the fluorescence of a diluted sample of 4@GQDs-MnO2@PtNPs-liposomes was 

observed following irradiation (Figure 4.4C). The reduction in fluorescence intensity is attributed 

to loss of liposome integrity, and subsequent rupture. The encapsulated hydrophobic 4@GQDs-
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MnO2@PtNPs are no longer perfectly maintained within the bilayer, experience enhanced 

aggregation which explains the observed reduction in observed fluorescence. The final solution 

was analyzed by transmission electron microscopy and showed the presence of lysed liposomes 

(Figure 4.4C (ii)) when compared to before irradiation, Figure 4.4C (i). Therefore, NIR 

irradiation could, in effect, trigger the release of liposome cargo and, as such, achieve a 

photodynamic response. The NIR-triggered release of the employed liposomes is represented in 

Scheme 4.2. 
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Figure 4.4: Characterizations of 4@GQDs-MnO2@PtNPs-FA-liposomes. Zeta potential of 

changes of liposomes at different pH treatments (A). Hydrodynamic sizes of liposomes in different 

pH treatments and following irradiation with NIR light for 2 min (B). Change in 

photoluminescence intensity with light irradiation (in PBS) (C). TEM images before (i) and (ii) 

after NIR irradiation Light triggered drug release of liposomes. 
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Scheme 4.2: Schematic illustration of light triggered drug release of DOPC liposomes. 
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4.4 XPS 

X-ray photoelectron spectroscopy (XPS) was used to confirm the amide bond formation between 

the carboxylic acid bearing folic acid and 4@GQDs-MnO2@PtNPs-liposomes with amine bearing 

PEG units (PEG-NH2). The XPS survey spectra of 4@GQDs-MnO2@PtNPs-FA-liposomes show 

the presence of various elements at their respective binding energies attributed to carbon (C 1s), 

platinum (Pt 4f), oxygen (O 1s), nitrogen (N 1s), manganese (Mn 2p), phosphorus (P 2p) and Zn 

(Zn 2p) (Figure 4.5). The deconvoluted high-resolution N1s spectra of 4@GQDs-MnO2@PtNPs-

liposomes and 4@GQDs-MnO2@PtNPs-FA-liposomes are shown in Figure 4.5. The N 1s core-

level spectra for 4@GQDs-MnO2@PtNPs-liposomes could be fitted into two chemically distinct 

components with binding energies 398.7 eV and 401.3 eV, which are attributed to the N-C and 

NH2, respectively. The N 1s core-level spectra for 4@GQDs-MnO2@PtNPs-FA-liposomes were 

deconvoluted, and four chemically distinct peaks resulted. Following modification of the 

liposome, besides the N-C and N-H peaks at 393.0 eV and 399.4 eV, two new peaks in the peak 

positions 399.4 eV and 402.3 eV, attributed to the presence of the pteridine-N, and CONH, 

respectively. The presence of the pteridine-N (stemming from folic acid) and amide N confirms 

the successful attachment of folic acid and hence the synthesis of 4@GQDs-MnO2@PtNPs-FA-

liposomes. 
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Figure 4.5: XPS survey spectra of (a) 4@GQDs-MnO2@PtNPs-FA-liposomes. High-resolution 

core-level N1 s spectra of 4@GQDs-MnO2@PtNPs-liposomes and 4@GQDs-MnO2@PtNPs-FA-

liposomes. 
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4.5 Summary of chapter 

Various Pc and Pc-NPs conjugates were successfully encapsulated into liposomes. The various 

drug cargos are preferentially loaded into the bi-layer of the as-synthesized liposomes owing to 

their hydrophobicity. The formed liposomes presented as predominantly spherical nanoscale 

structures with sizes between 90 and 280 nm with negative zeta potentials. The negative surface 

charges and favourable size ranges could benefit PDT applications. The as-synthesized liposomes 

displayed light responsiveness where near-infrared irradiation could effectively trigger the release 

of encapsulated drug cargo (Pc and Pc-NPs conjugates). This NIR response may be attributed to 

the oxidization of the unsaturated phospholipids upon light irradiation, owing to ROS generation 

by the encapsulated drug cargo. 
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This chapter outlines the various mechanisms explored within this work employed in response to 

or modulating the hypoxic microenvironment using MPcs or MPc-NPs conjugates. 

5. Hypoxic Response 

The various methods employed are grouped into (i) Type I PDT (complex 1), (ii) PDT coupled 

with oxygen -independent therapy (complex 2) and (iii) in-situ oxygen generation (complexes 3 

and 4) which serves to supplement in-vitro oxygen concentrations. 

5.1 Type I PDT 

To assess hypoxic responsiveness, the redox properties and hence prodrug character of the as-

synthesized complex 1 was assessed by cyclic voltammetry (CV) together with those of the 

Cl2SiPc and the 2-hydroxy-1,4-naphthoquinone ligand for comparative reasons (Figure 5.1 and 

5.2) in the aprotic solvent dimethylformamide (DMF) with tetrabutylammonium 

hexafluorophosphate (TBAPF6) as supporting electrolyte. CV experimental details are provided in 

Chapter II. DMF as an aprotic solvent, mimics the nonpolar membrane environment more 

appropriately since the electrogenerated radicals and ion species are unstable in water and other 

protic solvents [225]. 
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Figure 5.1: Cyclic voltammetry of 2-hydroxy-1,4-naphthoquinone (lawsone) in DMF and 0.1M 

tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte on glassy carbon 

working and platinum counter electrodes. Reference: Ag/AgCl. Scan rate: 50 mVs−1. 

The CV spectrum of 2-hydroxy-1,4-naphthoquinone (lawsone) is shown in Figure 5.1. The 

irreversible reduction peak at −0.46 V vs Ag|AgCl for the axial 2-hydroxy-1,4-naphthoquinone 

(Figure 5.1) corresponds to the one-electron reduction of the quinone into a radical anion, in good 

agreement with literature values [226]. Figure 5.2A shows the cyclic voltammogram of the 

Cl2SiPc (black) and 1 (red) in DMF solution. The electrochemical properties of both Cl2SiPc and 

1 are similar to those reported previously for other SiPcs [197]. The CV of Cl2SiPc shows the 

presence of one quasi-reversible couple at −0.94 (I) and an irreversible reduction peak at −1.95 V 

(II) (Figure 5.2A), Table 5.1. The cyclic voltammogram of 1 shows the presence of three 

reduction peaks, one quasi-reversible reduction at −0.84 V (II) and two irreversible reduction peaks 

at −1.48 and − 1.89 V (II and III, respectively) (Figure 5.2A, Table 5.1). For Cl2SiPc and 1, DFT 

calculations point to first reduction peaks resulting from the frontier -a and -s molecular orbitals 

(MOs) associated with the Pc π-system (Figure 5.2B). For both complexes, the first reduction can 
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be assigned to reduction within the macrocycle. The anodic shift (by 100 mV) in the first reduction 

potential of complex 1 compared to that of the parent Cl2SiPc, can be attributed to the electron-

withdrawing effect of the axial naphthoquinone groups on complex 1 (Table 5.1). Similar trends 

have been observed in other SiPc complexes [197]. Electron-withdrawing substituents decrease 

the electron density, making it easier to reduce and harder to oxidize MPc complexes. Figure 5.2A 

shows that complex 1 is easier to reduce than Cl2SiPc. The changes in reduction potentials may be 

attributed to differences in electron withdrawing behaviour of the axial ligands with 

naphthoquinone containing three oxygen atoms being more electron withdrawing, hence easier to 

reduce. The peak near 0.1 V observed for lawsone alone in Figure 5.1, overlaps with the peak for 

the SiPc in Figure 5.2A. 
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Figure 5.2: (A) Cyclic voltammograms for reductions of complex 1 (red) and Cl2SiPc (black) in 

degassed dimethylformamide (DMF), Scan rate: 50 mVs−1. (B) The MO energies of Cl2SiPc and 

1 at the CAM-B3LYP/6-31G(d) level of theory. Red lines highlight the a, s, −a, and -s MOs of 

Michl's perimeter model [227]. Small blue squares are used to highlight occupied MOs. Green 

lines denote MOs localized primarily on the axial ligands of complex 1. HOMO–LUMO gap 

values are highlighted with red diamonds and are plotted against the secondary axis. Top: The 

angular nodal patterns of the orbitals of complex 1 that are responsible for the primary reduction 

potentials on the cyclic voltammogram of complex 1 at an iso surface of 0.02 a.u. with respective 

band energies. 
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Table 5.1. Redox data of the parent Cl2SiPc and complex 1. 

Compound Reductiona 

E1/2(I) E1/2(II) E1/2(III) 

Cl2SiPc −0.94 – −1.95 

Complex 1 −0.84 −1.48 −1.89 

aPotentials are in volts (V) vs Ag|AgCl in dimethylformamide containing 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6) as supporting electrolyte, recorded at room 

temperature at a sweep rate of 50 mV/s using glassy carbon working and platinum counter 

electrodes. 
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For Cl2SiPc and complex 1, no reduction peaks associated with the central silicon metal were 

observed since the central Si (IV) metal is redox inactive [228]. Notably, a new reduction peak of 

−1.48 V was observed in the cyclic voltammogram of complex 1. This reduction peak is absent in 

the CV of Cl2SiPc (Figure 5.2B). TD-DFT calculations provide evidence that this new peak may 

have resulted from the presence of the LUMO+2 and LUMO+3, primarily localized on the axial 

naphthoquinone moieties (Figure 5.2B). The reduction peak at −1.48 V in the CV of complex 1 

may therefore be attributed to the reduction of the attached naphthoquinone axial ligand. The 

reduction of the axial naphthoquinone would result in the successful formation of the radical anion. 

The reduction of the naphthoquinone in complex 1 was observed at a more negative potential than 

the corresponding 2-hydroxy-1,4-naphthoquinone. This difference may be attributed to the 

introduction of the π-electron-rich phthalocyanine core. Nevertheless, CV experiments point to the 

successful reduction of the naphthoquinone moieties in complex 1 and suggest retention of its 

prodrug-like character. 

Electron spin resonance was employed to gain insight into the photochemistry of the as-

synthesized complex 1 to determine its ROS-producing ability (1O2, •OH, and O2•-) (Figure 5.3). 

2,2,6,6-Tetramethylpiperidine (TEMP) was used to probe the photogeneration of 1O2. TEMP is 

specifically oxidized by singlet oxygen to the paramagnetic 2,2,6,6-tetramethyl piperidinyl oxy 

(TEMPO), detected as three hyperfine splitting signals of equal intensities. 

A triplet TEMPO ESR signal was detected when a solution of the as-synthesized complex 1 was 

irradiated in the presence of TEMP (Figure 5.3). No distinct signals could be detected without 

irradiation. The TEMPO signal was only observed following irradiation, signifying the light-

induced singlet oxygen-generating ability of 1. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was 

used to probe the generation of either •OH or O2•- by 1. The ESR signal of the 1 and DMPO was 
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silent in the absence of light (Figure 5.3A). However, NIR irradiation led to the emergence of an 

ESR signal with four hyperfine splitting signals of intensities 1:2:2:1 characteristic of the DMPO-

•OH adduct, which suggested the photogeneration of hydroxyl radicals. The photochemical 

generation of hydroxyl radicals is known to proceed via a PS radical anion intermediate [229-231]. 

For comparison, the TEMP and DMPO ESR signals resulting from the photoirradiation of Cl2SiPc 

is shown in Figure 5.3B. Both singlet oxygen and hydroxyl radicals are generated following 

irradiation of the Cl2SiPc, though to a lesser degree compared to what was observed for complex 

2. 

 

Figure 5.3: (A) Electron spin resonance spectroscopy (ESR) signal of the mixture containing 

either DMPO (50 μM) or TEMP (25 μM) and complex 1 under NIR light irradiation. (B) Electron 

spin resonance spectroscopy (ESR) signal of the mixture containing either DMPO or TEMP and 

Cl2SiPc under NIR light irradiation. 
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While it is generally accepted that 1O2 is the major cytotoxic species responsible for photodynamic 

lethality, recent studies have demonstrated the increasingly crucial role that hydroxyl radicals, 

superoxide, and other Type I species play in PDT [231,232]. However, direct comparisons between 

contributions of Type I and Type II photo-mechanisms are difficult owing to the relative 

complexity of ROS generation [233]. For the rest of the complexes, only a triplet TEMPO ESR 

signal was detected following irradiation in the presence of TEMP implying light-induced singlet 

oxygen generation. No distinct signals could be detected without irradiation. No hydroxyls radicals 

were also detected. The formation of hydroxyl radicals by complex 1 may be attributed to the ease 

of formation of the PS radical anion intermediate owing to the electron withdrawing effect of the 

quinoid moiety. The rest of the molecules do not experience such large changes in reduction 

potentials.  
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5.2 PDT-coupled with oxygen-independent Therapy 

This work also explored the feasibility of PDT and nitric oxide release for effective tumour 

therapy. To achieve this, a nitroso substituted silicon phthalocyanine (complex 2) was evaluated 

on its potential to release nitric oxide as a possible mechanism to hypoxic tumour therapy.  

This work assessed and compared the spectral features of complex 2 against the parent Cl2SiPc. 

These were explained using trends observed in DFT and TD-DFT calculations (Figure 5.4, Table 

5.2) at the B3LYP/6-31G(d) and CAM-B3LYP/6-31G(d) levels of theory, respectively. The 

calculated TD-DFT spectrum of complex 2 is similar to what is observed experimentally. In the 

TD-DFT spectrum, the HOMO → LUMO and HOMO → LUMO+1 transitions provide the 

predominant contributions to the lower energy band, which can be assigned to the Q transition of 

Gouterman's 4-orbital manner [234] (Table 5.3). The band in the 300–400 nm region can similarly 

be readily assigned to the B transition.  
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Figure 5.4: (A) The angular nodal patterns and MO energies of the a, s, -a, and -s MOs of Michl’s 

perimeter model (corresponding to the 1a1u, 1a2u and 1eg* Mos, respectively, of Gouterman’s 4-

orbital model that are associated with the Q and B bands for complex 2 recorded at an isosurface 

of 0.02 a.u. (B) The calculated TD-DFT spectrum of the as-synthesised NO-SiPc complex at the 

CAM-B3LYP/6-31G(d) level of theory. The Q and B bands are highlighted with red diamonds. 

Green diamonds denote transitions involving occupied MOs localized on the axial ligands. These 

are associated with charge transfer transitions (CT1 and CT2) originating from the MOs localized 

on the axial ligands. A forbidden ligand to ligand band is predicted at 846 nm. (C) The MO energies 

of Cl2SiPc and complex 2 at the CAM-B3LYP/6-31G(d) level of theory. Red lines highlight the a, 

s, -a and -s MOs of Michl’s perimeter model. Small blue squares are used to highlight occupied 

MOs. Green lines denote MOs localized on the axial ligands of complex 2. Average HOMO–

LUMO gaps that take the a, s, -a and -s MOs into account are highlighted with red diamonds and 

are plotted against the secondary axis. 
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In nitroso-modified PS complexes, the photorelease of •NO is known to proceed via an electron 

transfer process [235]. The SiPc-core effectively acts as a photo-antennae. Therefore, it is feasible 

that in this case, the photorelease of •NO is initiated by photoinduced electron transfer (PET) from 

the nitrosonaphthalene moiety to the SiPc-core. In its excited singlet state, the nitroso moiety acts 

as an electron donor, facilitating electron transfer to the excited SiPc (which acts as an electron 

acceptor). The TD-DFT calculations reveal that the B and Q bands cannot be described as pure 

one-electron transitions between the main frontier π-MOs; hence, they may be affected by 

significant degrees of charge transfer associated with the introduction of the nitroso moieties. 

Evidently, the UV–Vis spectrum of complex 2 contains new, relatively weak, broad bands at ca. 

410 nm and 512 nm (CT1 and CT2, where CT = charge transfer) (Figure 5.4), which are absent in 

the spectrum of the parent Cl2SiPc. The TD-DFT calculations predict that the bands attributed to 

intramolecular charge transfer (ICT) primarily arise from electron transitions originating from 

molecular orbitals localized on the axial nitroso moieties. 

•NO release from other PS complexes where the nitroso moiety is appended on a PS antenna has 

been reported to proceed through a similar mechanism [235]. Photoinduced electron transfer 

between two species requires close spatial proximity between the donor and acceptor moieties. 

The B3LYP optimized structure (Scheme 5.1) shows an evident bent conformation. The occupied 

MOs associated with the CT1 and CT2 bands are localized almost exclusively on the nitroso-

containing axial ligand (Scheme 5.1A, Table 5.3). The B3LYP optimized geometry provides short 

distances between the nitroso moiety and the SiPc antenna moiety, which facilitates greater charge 

transfer efficiency [236]. Based on the above observations, an illustrative mechanism for the 

photogeneration of 1O2 and •NO from complex 2 is proposed in Scheme 5.3B. The predicted 

electronic transitions observed in the NO-SiPc spectrum are summarized in Table 5.3. 
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Table 5.3. TD-DFT spectra of the B3LYP optimized geometries for complex 2 calculated with the 

CAM-B3LYP functional and 6-31G(d,p) basis sets. 

Banda #b 
Calculatedc Experimentald Wavefunction=e Character 

λ/nm f λ/nm   

Q 
3 639 0.35 

676 
94 % H (a) →L (-a) 

Pc(π) to Pc(π*) 
4 623 0.40 94 % H (a) →L+1 (-s) 

ICT 

6 451 0.005 
512 

97 % H−2NO→L (-a) 

Axial (π) to Pc(π*) 

7 443 0.003 96 % H−1NO→L+1 (-s) 

11 393 0.0083 

410 

92 % H−3NO→L (-a) 

12 389 0.0008 60 % H−4NO→L (-a) 

13 387 0.0008 60 % H−3NO→L+1 (-s) 

B 
26 305 0.41 

352 
54 % H−7 (s) →L (-a) 

Pc(π) to Pc(π*) 
30 301 0.70 54 % H−7 (s) →L+1 (-s) 

aThe band assignment is described in the text. bThe number of states assigned in ascending energy within the TD-DFT 

calculation. cCalculated band energies (103 cm-1), wavelengths (nm), and oscillator strengths (c). dObserved energies 

(103 cm-1) and wavelengths (nm) in DMSO. eThe wave functions based on the eigenvectors predicted by TD-DFT. H 

and L denote the HOMO and LUMO and Michl’s [227] a, s, -a, -s notation is added in parentheses where appropriate. 

Only eigenvectors of 40 % or higher are reported. NO as a superscript denotes MOs largely localized on the 

nitrosonaphthalene axial ligand. 
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Scheme 5.1. (A) Ball and stick representation of the B3LYP optimized geometry of 2 in its ground 

state. (B) The HOMO−2 of complex 2 at an isosurface of 0.02 a.u. 
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5.3 In-situ oxygen generation 

In this work, complexes 3 and 4 were conjugated to various nanomaterials to integrate catalase-

like properties of nanomaterial hybrids with the singlet oxygen generating abilities of MPc 

complexes. The various nanomaterials were therefore assessed for their ability to catalyse H2O2 to 

O2, supplementing in-vitro oxygen concentrations necessary for PDT. Catalase-mimicking ability 

was assessed using a degassed (Ar saturated) H2O2 solution (5 × 10−3 M) in acetate buffer (pH 5). 

An oxygen probe (JPBJ-608 Portable Dissolved Oxygen Meter) was used to record the dissolved 

O2 in H2O2 solutions. Details are provided in chapter II. 

For the conjugates for complex 3 (3@GQDs-MnO2, 3@GQDs-MnO2-AgNPs, 3@GQDs-MnO2-

AuNPs), oxygen generation was fast (bubbles were observed due to oxygen being generated from 

the solution). However, there were no visible bubbles (or appreciable amounts of oxygen) when 

complex 3 or 3@GQDs were analysed alone. Although, 3@GQDs-MnO2 showed great promise 

for H2O2 catalysis, the conjugates integrating Au and AgNPs possessed higher catalase-mimicking 

properties (Figure 5.5A). The results demonstrate the advantages of incorporating the noble metals 

Ag and Au in increasing the oxygen generating ability of MnO2 in acidic media which meets the 

requirement for hypoxic cancer therapy. Moreover, because H2O2 is continuously produced by 

tumour cells, the O2 generation by 3@GQDs-MnO2-AgNPs and 3@GQDs-MnO2-AuNPs was 

examined with continuous addition of exogenous H2O2 (1 × 10−3 M) into the system every 15 min 

to simulate in vivo conditions, Figure 5.5B. It was found that a single dose of either 3@GQDs-

MnO2-AgNPs or 3@GQDs-MnO2-AuNPs continuously generated O2 for at least three cycles 

(Figure 5.5B) with a relatively stable production capability and a relative standard deviation 

(RSD) of ≈ 5. 
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Figure 5.5: Ex vivo O2 generation by complex 3 composites in the presence of H2O2. (A) The 

amount of oxygen produced in different systems (3, 3@GQDs, 3@GQDs-MnO2, 3@GQDs-

MnO2-AgNPs, 3@GQDs-MnO2-AuNPs) in the presence of H2O2 over time. (B) O2 generation by 

adding H2O2 (1 × 10−3 M) to the nanocomposite solutions at pH 5 monitored at different times 

following addition of H2O2. 

The MnO2, PtNPs were also accessed, compared to the hybrid superstructure MnO2@PtNPs. For 

the three samples probed, oxygen generation was also fast (bubbles were observed due to oxygen 

being generated from the solution as discussed for the conjugates). Notably, the amount of 

dissolved oxygen produced in the solution containing MnO2@PtNPs was significantly higher than 

that observed for either MnO2 or PtNPs, Figure 5.6. The breakdown of H2O2 using MnO2@PtNPs 

was also more rapid, seen from the slope signifying fast oxygen generation (Figure 5.6). Indeed, 

these results highlight the synergistic advantages realizable by compositing MnO2 with PtNPs as 

catalase mimics. In contrast, negligible responses were observed for control samples with only 

H2O2 over the same period. The as-prepared MnO2@PtNPs, therefore, showed superior catalytic 

behaviour towards the catalytic conversion of H2O2 to O2 which gave credence to its coupling to 

complex 4 for PDT experiments. 
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Figure 5.6: Ex vivo O2 generation abilities of MnO2@PtNPs (i), PtNPs (ii), MnO2 (iii), in the 

presence of H2O2. H2O2 alone is used as control (iv). 
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5.4 Summary of Chapter 

The feasibility for hypoxic response or modulation using complexes 1 and 2 as well as various 

NPs conjugates of complex 3 and 4 were explored in this chapter. The various mechanisms for 

hypoxic response included (i) Type I PDT (complex 1), (ii) PDT coupled with oxygen -

independent therapy (complex 2) and (iii) in-situ oxygen generation using catalase-mimicking 

nanoparticles (complexes 3 and 4) which serve to supplement in-vitro oxygen concentrations using 

MPcs or MPc-NPs conjugates were demonstrated either via computational chemistry or catalase 

mimicking experiments. This work shows the retention of prodrug-like character by complex 1, 

and NIR responsive nitric oxide release by complex 2. This work also highlights the synergistic 

advantages realizable by compositing MnO2 with various other catalase mimics resulting in 

various hybrids with superior catalytic behaviour towards the catalytic conversion of H2O2 to O2 

and lays credence to their conjugation to MPcs complexes to afford them catalase-like character. 

These results therefore motivate further analysis of the PDT properties of the resulting conjugates 

with MPcs.  
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This chapter gives details on the photophysical and photochemical behaviour; fluorescence 

quantum yields and lifetimes, triplet quantum yields and lifetimes, and singlet oxygen quantum 

yields of phthalocyanines when alone and when conjugated to nanoparticles. 

 

6.1 Fluorescence excitation and emission spectra 

The absorption, emission and excitation spectra of the employed Pcs and Pc-NP conjugates were 

analysed. Figure 6.1A shows an overlay of the absorption, excitation, and emission spectra of 

complex 1 in DMSO as representatives for other complexes and their conjugates. The fluorescence 

spectrum profile is a mirror image of the excitation and absorption spectra. The observed closeness 

in the position of the Q band absorption and the excitation maxima indicate that the geometry of 

the excited molecule does not differ from that in the ground state.  In essence, the nuclear 

configurations of the ground and excited states are similar and are not affected by excitation and 

precludes aggregation in solution in DMSO. Similar fluorescence behaviour was observed for all 

Pc complexes alone.  
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Figure 6.1: (A) Absorption, excitation, and emission spectra of complex 1 in DMSO. (B) 

Photostability of complex 1 in aerated DMSO solutions under irradiation at 680 nm for 10 mins 

using a Modulight® Medical Laser System (MLS) 7710–680 channel Turnkey laser system. 

6.2 Photostability  

The photostability of the as-synthesized complexes was evaluated herein and was assessed by 

observing the changes in its absorption features following irradiation. The ROS produced by the 

photosensitizers may inadvertently lead to photobleaching, severely affecting the photosensitizing 

ability and efficacy of PDT [237]. Figure 6.1B shows that the Q and B band spectra of complex 1 

(as an example) maintain their original shape and intensity over the irradiation period with near 

infrared (NIR, 680 nm) light at 2 min intervals. The lack of significant changes in absorption 

features of complex 1 following light irradiation implies its stability over the studied range. Similar 

photostable behaviour was observed for all Pc complexes employed.  

6.3 Fluorescence quantum yields (ΦF) and lifetimes (τF) 

In this work the fluorescence quantum yields (ΦF) were determined by a comparative method [16] 

and calculated according to Equation 1.1. Unsubstituted ZnPc in DMSO (ΦF = 0.2) [1]. Table 6.1 

shows the ΦF values of the complexes and their respective conjugates in DMSO.  
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Table 6.1: Fluorescence and triplet state parameters of the Pcs and their respective conjugates in 

DMSO. 

Complex aλabs bEm ΦF τF (ns) ΦT τT (µs) 

Complex 1 672 680 0.37 4.58 0.36 139 

Complex 2 675 682 0.23 3.95 0.37 126 

Cl2SiPc 672 682 0.41 5.06 0.38 155 

cComplex 3 680 690 0.10 2.90 0.67 368 

3@GQDs 680 691 0.10 2.88 0.88 249 

3@GQDs-MnO2 680 693 0.13 2.87 0.71 244 

3@GQDs-MnO2-AgNPs 680 689 0.08 2.76 0.79 224 

3@GQDs-MnO2-AuNPs 680 690 0.08 2.78 0.76 228 

dComplex 4 674 682 0.18 3.21 0.73 233 

4@GQDs 675 683 0.16 3.20 0.68 215 

4@GQDs-MnO2@PtNPs 675 682 0.12 3.52 NS NS 

Complex 5 678 689 0.21 2.80 0.62 138 

Complex 6 694 703 0.16 2.64 0.68 146 

NS = No signal, aabs = absorption, bEm = emission, cdata from Ref. [238], ddata from Ref. [89]. 
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The fluorescence quantum yield values of complexes 1 and 2 were 0.37 and 0.23, which were 

lower than that of the parent Cl2SiPc (0.41) [238] (Table 6.1). The lower fluorescence quantum 

yield and lifetime value of complex 1 (in comparison to Cl2SiPc) can be attributed to the electron-

withdrawing effect of the axial naphthoquinone moiety, which acts to deactivate the excited singlet 

state while encouraging intersystem crossing to the triplet state [239]. The marked decrease in the 

fluorescence quantum yield of complex 2 (ΦF = 0.23) may be attributed to the radical nature of 

nitric oxide which helps to deactivate the singlet state and may encourage intersystem crossing to 

the triplet state [240]. 

Following conjugation to NPs, an observed decrease in the ΦF of complexes 3 and 4 was observed 

(Table 6.1). The low ΦF of MPc-NPs conjugates can be attributed to spin orbit coupling [241]. 

NPs impose a heavy atom effect on the Pc, which encourages intersystem crossing to the triplet 

state thereby suppressing radiative relaxation of the excited photosensitisers to the ground state.  

Complex 5 showed higher fluorescence quantum yield than complex 6 (Table 6.1). The low 

fluorescence quantum yield of the non-peripherally substituted complex 6 suggests quenching of 

the singlet state or that the substituents at the α-position enhance the intersystem crossing. The 

former would result in high triplet quantum yields. 

The fluorescence lifetimes (τF) were obtained using the time correlated single photon counting 

(TCSPC) method. Table 6.1 shows the τF values of the complexes and their respective conjugates 

in DMSO. Complex 1 (used as a representative example, Figure 6.2) exhibited a mono-

exponential photoluminescence decay with a photoluminescence lifetime of 4.58 ns. The 

successful fitting of the fluorescence decay curve of complex 1 to a mono-exponential function 

ruled out aggregation effects. Mono-exponential photoluminescence decay curves were also 
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observed for the other MPcs or MPc-NPs conjugates. The fluorescence lifetime (τF) of the axially 

di-substituted complex 2 was determined to be 3.95 ns, Table 6.1, which is shortened compared 

to the parent Cl2SiPc, for the same reasons provided for fluorescence quantum yields. ΦF and τF 

values of complex 1 and complex 2 were comparable to other axially substituted SiPcs reported in 

the literature [242]. As expected, the reduction in the ΦF owing to the presence of the NPs also 

resulted in shortened fluorescence lifetimes, except for 3@GQDs-MnO2 (Table 6.1). The 

fluorescence lifetime of 6 (2.64 ns) was also lower than that of 5 (2.80 ns) (Table 6.1) due to 

quenching of excited singlet states of non-peripheral substitution. 

 

Figure 6.2: Fluorescence decay curve for complex 1 in DMSO. 
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6.4 Triplet Quantum yields (ΦT) and triplet lifetimes (τT) 

The triplet state quantum yield (ΦT) represents the fraction of molecules that undergo intersystem 

crossing to the excited triplet state. A high triplet state quantum yield suggests high efficiency of 

intersystem crossing, which is an attractive feature for MPcs intended for PDT as photosensitizers. 

As such, a high triplet quantum yield is of great importance since it may inform singlet oxygen 

production efficiencies. The triplet state lifetime (τT) represents the average time taken in the 

excited triplet state. 

In this work, the ΦT and τT values were measured by laser flash photolysis system in argon 

saturated solutions of the complexes or their conjugates in DMSO as described in Chapter II. The 

ΦT and τT values are summarized in Table 6.1. For 4@GQDs-MnO2@PtNPs, triplet state 

properties could not be determined owing to low instrumental signals. The transient differential 

spectrum for complex 3 (used as an example) in DMSO can be seen in Figure 6.3 showing a triplet 

absorption maximum at ca. 500 nm. Figure 6.3 (insert) shows the triplet decay curve for complex 

3. The triplet decay curve obeyed first-order kinetics which has been reported for MPcs-type 

complexes [243]. Table 6.1 shows that introduction of either Au or Ag NPs results in sharp 

increases in triplet quantum yields (Table 6.1). This is a result of the heavy atom effect of Ag and 

Au. There is also a large increase in the triplet quantum yield for 3 in the presence of GQDs 

(ΦT=0.88). This could be due to the electron donating ability of GQDs since electron donating 

groups are known to increase intersystem crossing in porphyrin-like complexes [244]. However, 

this was not observed for 4 and 4@GQDs with ΦT values of 0.73 and 0.68, respectively. In all 

cases, a shortening of triplet lifetime with an increase in triplet quantum yield was observed. 

Complex 6 had a higher triplet quantum yield and lifetime than complex 5, a feature that may be 

attributed to more favourable intersystem crossing in 6 than 5.  
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Figure 6.3. Transient differential spectrum of complex 3, excitation wavelength at 660 nm. 

Insert: corresponding triplet decay curve in DMSO. 
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6.5 Singlet oxygen quantum yields (ΦΔ) 

The ability of MPcs and their conjugates to generate singlet oxygen species was evaluated using a 

chemical method. Equation 1.4 was used to calculate the singlet oxygen quantum yield with 

unsubstituted ZnPc ΦΔ = 0.67 in DMSO [1] as reference standard. DPBF was used as the singlet 

oxygen scavenger and its rate of photodegradation was monitored by UV/Vis spectroscopy. Figure 

6.4 shows the degradation of DPBF by complex 2 for illustrative purposes. A time-dependent 

decrease in DBPF peak was observed at the applied time intervals, indicating singlet oxygen 

photogeneration by the 2 (Figure 6.4).  

 

 

Figure 6.4: Spectral changes observed for 1,3-diphenylisobenzofuran (DPBF) degradation in the 

presence of 2 (insert: the structure of DPBF and its degradation product). All spectra were 

measured in DMSO. 
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For all MPcs and MPc-NPs conjugates, the Q band absorption did not change, suggesting their 

relative photostability over the irradiation period. The singlet oxygen quantum yield of 1 was 

determined to be 0.22 (Table 6.2). This obtained ΦΔ was higher than that of the dichloro-

substituted Cl2SiPc (0.18). Likewise, an enhanced singlet oxygen-generating ability was observed 

for 2 over the parent Cl2SiPc which may be attributed to the intramolecular electron transfer effect 

of the axial naphthoquinone groups. A decrease in the singlet oxygen generation of complex 3 was 

observed for 3@GQDs and 3@GQDs-MnO2 in DMSO, yet there was a considerable increase in 

triplet quantum yield, from which singlet oxygen is generated. A decrease in ΦΔ with increase in 

ΦT may be due to the screening effects of the nanoparticles, which could have prevented the 

interaction of the excited triplet state of the Pc in the conjugates and the ground state molecular 

oxygen [245]. There were increases in ΦΔ values for the rest of the conjugates of complex 3 (Table 

6.2). The ΦΔ of 4@GQDs-MnO2@PtNPs (0.63) was higher than that of 4 (0.55) or 4@GQDs 

(0.52) in DMSO. The superior singlet oxygen quantum yield of 4@GQDs-MnO2@PtNPs (63%) 

compared to that of 4 (55%) or 4@GQDs (52%) may be credited to the increased spin-orbital 

coupling effect for metals in the nanoparticles, by the heavy atom effect. A higher singlet oxygen 

quantum yield was observed for complex 6 (0.34) compared to complex 5 (0.25), corresponding 

to trends in triplet quantum yield values obtained (Table 6.1).  
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Table 6.2: Singlet oxygen quantum yields of MPcs and conjugates in DMSO. 

Complex ΦΔ 

Complex 1 0.22 

Complex 2 0.31 

aCl2SiPc 0.18 

Complex 3 0.62 

3@GQDs 0.60 

3@GQDs-MnO2 0.51 

3@GQDs-MnO2-AgNPs 0.67 

3@GQDs-MnO2-AuNPs 0.65 

bComplex 4 0.55 

4@GQDs 0.52 

4@GQDs-MnO2@PtNPs 0.63 

Complex 5 0.25 

Complex 6 0.34 

   adata from Ref. [238], bdata from Ref. [89] 
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6.6 Summary of Chapter 

The photophysical and photochemical properties of MPcs and their NPs conjugates were 

performed in DMSO using a comparative method with unsubstituted ZnPc as a standard. 

Fluorescence quantum yield of the employed MPcs decreased when linked to NPs due to the heavy 

atom effect of metal nanoparticles. The lower fluorescence quantum yield values translated to 

higher triplet quantum yields owing to intersystem crossing of excited molecules to the triplet state. 

The axial ligand exchange in Cl2SiPc to form complexes 1 and 2 resulted in lower florescence 

quantum yields attributed to the electron withdrawing effects of the quinoid and nitroso 

substituents, respectively. Moreover, the peripherally substituted complex 5 was found to have a 

higher fluorescence quantum yield and lower triplet yields and triplet lifetimes than the non-

peripherally substituted 6. There are thus distinct intrinsic properties between the non-peripherally 

(6) and peripherally (5) substituted phthalocyanines. A higher singlet oxygen quantum yield was 

recorded for 6 than 5.  
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Cytotoxicity and photodynamic therapy 
activity 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



164 | P a g e  
 

This chapter discusses the in-vitro dark cytotoxicity and photodynamic therapy activities of the 

employed liposomal formulations of MPcs, or MPc-NPs conjugates, reported in this work. Owing 

to the limited water solubility and biocompatibility of the as-synthesised MPcs and MPc-NPs 

conjugates, their PDT activities were analysed only following liposomal loading against MCF-7 

and HeLa cell lines as in-vitro cancer cell models. 

7 Cell culture studies 

7.1 Production of Hypoxic models 

In this work, two hypoxic models were used, CoCl2 [92] and Oxyrase [93]. CoCl2 is a well-

documented hypoxia-mimicking molecule [246]. For all experiments, the cells under CoCl2 or 

Oxyrase-induced hypoxia did not show significant morphological differences from cells cultured 

in normoxia (Figure 7.1). 

 

Figure 7.1: Effects of normoxia or hypoxic preconditioning on cellular morphology.  
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7.2 Cellular drug uptake 

7.2.1 Non-FA functionalised liposomes 

The relatively low diffusion distances and short half-life of ROS and reactive oxygen and nitrogen 

species (RONS) necessitate the intracellular localisation of potential PS drug candidates. The time-

dependent uptake features of liposomal formulations of the employed Pc and Pc-NPs were 

determined by measuring the fluorescence intensities of the constituent Pc following excitation at 

675 nm and emission at 685 nm using a Synergy 2 multi-mode microplate reader (BioTek®). 

Details have been provided in chapter II. The fluorescence intensities of the employed Pcs and 

Pc/conjugates were measured at 100 µg/mL using HeLa cells (1-liposomes and 2-liposomes used 

as examples). Uptake features of the employed PS-liposomes were carried out at different 

incubation times (24 h and 48 h) to optimise the conditions. Before measuring the fluorescence, 

the cells were washed with phosphate-buffered saline (PBS) three times, and cells without drug 

treatment were used as appropriate negative controls. Figure 7.2 shows the cellular update features 

of 1-liposomes and 2-liposomes measured at 24 h and 48 h times intervals. As can be seen in 

Figure 7.2, the cellular uptake of both drug-liposomal formulations appears to peak at 24 h. Similar 

drug uptake features were observed for other drug formulations. Subsequent cytotoxicity 

experiments were determined following 24 h incubation. 
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Figure 7.2: Time-dependent cellular uptake of 1-liposomes (A) and 2-liposomes (B) by HeLa cells 

at 24 h and 48 h. Control cells were measured in PBS alone without either drug-liposomal 

formulations. 

7.2.2 FA-functionalised liposomes  

This work also assessed the cellular uptake features of the FA-functionalised 4@GQDs-

MnO2@PtNPs-FA-liposomes. Many cancer cell lines overexpress folate receptors, and as such, 

this work evaluated whether the as-synthesised 4@GQDs-MnO2@PtNPs-FA-liposomes could 

specifically recognise folate receptor (FR) overexpressed tumour cell lines. In this vein, the cellular 

uptake efficiencies of the employed 4@GQDs-MnO2@PtNPs-FA-liposomes were evaluated 

compared with 4@GQDs-MnO2@PtNPs-liposomes (HeLa cells were used as an example). Figure 

7.3A shows that folic acid functionalisation led to an almost 3-fold increase in drug uptake, as 

evidenced by the higher fluorescence intensity resulting from 4@GQDs-MnO2@PtNPs-FA-

liposomes than 4@GQDs-MnO2@PtNPs-liposomes, giving credence to folate receptor targeting. 

Both HeLa and MCF-7 cells overexpress the folate receptor (although to varying extents). As a 

result, this work also assessed whether variable uptake rates would be realised owing to differential 

FR expressions on HeLa and MCF-7 cell lines. Non-cancerous Mouse epithelial fibroblasts (MEF) 
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were used as negative controls since they do not overexpress FRs. As can be observed in Figure 

7.3B, a 2 to 3-fold higher cellular uptake was observed for the 4@GQDs-MnO2@PtNPs-FA-

liposomes in the cancer cell lines (HeLa and MCF-7 cells) than in the healthy MEF cell line. In all 

cases, control cells were measured in PBS. It is, therefore, feasible to conclude that the 4@GQDs-

MnO2@PtNPs-FA-liposomes exploit the overexpressed FRs on the surfaces and are favourably 

taken up by both HeLa and MCF-7 cells over MEF cells in the order HeLa cells >MCF-7 cells > 

MEF cells in the order of folate-receptor expression levels [247,248]. 

 

 

Figure 7.3. Cellular uptake. (A) Cellular uptake in HeLa cells at 24 h following incubation with 

Drug 1 (4@GQDs-MnO2@PtNPs-FA-liposomes) and Drug 2 (4@GQDs-MnO2@PtNPs-

liposomes). (B) Cellular uptake plots for 4@GQDs-MnO2@PtNPs-FA-liposomes in HeLa cells, 

MCF-7 cells, and MEF cells at 24 h incubation. In all cases, control cells were measured in PBS. 
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Following this, the selectivity and intracellular localisation of the employed 4@GQDs-

MnO2@PtNPs-FA-liposomes in cancer cells were also assessed using HeLa cells (owing to their 

high FR expression levels) and normal MEF cells. The internalisation of 4@GQDs-

MnO2@PtNPs-FA-liposomes was visualised by tracing the intracellular localisation of the 

employed 4@GQDs-MnO2@PtNPs-FA-liposomes in both HeLa cells and MEF cells 

by fluorescence microscopy. The in-vitro fluorescence of the constituent complex 4 was used to 

track the internalisation of 4@GQDs-MnO2@PtNPs-FA-liposomes. Drug uptake by normal MEF 

cells with ultra-low expressions of FR was also assessed for comparative reasons. After washing 

with PBS, the cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI) before 

observation. A blue fluorescence from DAPI signifies the live cells, and the constituent complex 

4 in 4@GQDs-MnO2@PtNPs-FA-liposomes gives red fluorescence.  

The fluorescence of the constituent complex 4 was sufficient to permit the intracellular 

visualisation of 4@GQDs-MnO2@PtNPs-FA-liposomes at two different time intervals, 30 min 

and 12 h. The increase in the fluorescence signal of complex 4 over time was observed, with 12 h 

incubation resulting in a higher fluorescence signal (Figure 7.4). At the 12 h mark, the 

fluorescence of the 4@GQDs-MnO2@PtNPs-FA-liposomes is much stronger in HeLa cells than 

in MEF cells. The weaker fluorescence of 4@GQDs-MnO2@PtNPs-FA-liposomes in MEF at the 

12 h mark may be attributed to the low or passive uptake of 4@GQDs-MnO2@PtNPs-FA-

liposomes over time in MEF. The presence of folic acid greatly facilitated the uptake of 4@GQDs-

MnO2@PtNPs-FA-liposomes, shifting the cell population toward relatively higher fluorescence 

intensities in HeLa cells which over-express FRs. Since DAPI stains live cell nuclei, the lack of 

fluorescence overlaps between the blue DAPI and the red 4@GQDs-MnO2@PtNPs-FA-liposomes 

implies a predominantly cytoplasmic localisation of the 4@GQDs-MnO2@PtNPs-FA-liposomes. 
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The above results suggest that the uptake of 4@GQDs-MnO2@PtNPs-FA-liposomes may be FR-

mediated. Such uptake features are favourable since receptor-mediated endocytosis can greatly 

reduce side effects associated with indiscriminate drug uptake and invariably facilitate better 

anticancer activities.  

 

Figure 7.4. Drug cellular uptake. The intracellular distribution of 4@GQDs-MnO2@PtNPs-FA-

liposomes (Drug, 100 µg/mL) in Hela and MEF cells. The cellular uptake in HeLa cells was 

imaged at different time points (30 min and 12 h) following incubation with 4@GQDs-

MnO2@PtNPs-FA-liposomes measured by fluorescence microscopy. For comparison, MEF cells 

were also incubated with 4@GQDs-MnO2@PtNPs-FA-liposomes and imaged after 12 h. Each 

series can be classified into bright field, complex 4 from 4@GQDs-MnO2@PtNPs-FA-liposomes, 

blue fluorescence from nuclei of the cells stained with DAPI, and merge. Scale bar: 100 µm. 
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7.3 Intracellular ROS generation 

Since the photocytotoxicities of the employed liposomal formulations of Pc and Pc-NPs are singlet 

oxygen-dependent, their capacities for light-activated intracellular ROS generation were assessed. 

The ROS probe 2,7-dichlorofluorescein diacetate (DCFH-DA) assay was used for semi-

quantitative analysis. DCFH-DA, a cell-permeable, non-fluorescent ROS probe, is readily oxidised 

by intracellular ROS to the fluorescent 2′,7′-dichlorofluorescein (DCF) following hydrolysis by 

cellular esterase [55].  As shown in Figure 7.5, the corresponding fluorescent intensity in cells 

treated with 4@GQDs-MnO2@PtNPs-FA-liposomes (as an example) following irradiation was 

much stronger than in control groups treated with DCFH-DA alone with irradiation. The enhanced 

production of ROS in the cells subjected to treatment with 4@GQDs-MnO2@PtNPs-FA-

liposomes + NIR irradiation could be ascribed to the continuous generation of singlet oxygen 

inside the cancer cells. The ROS-producing ability of the employed liposomes was further 

quantitatively analysed using a microplate analyser to measure DCF fluorescence with an 

excitation wavelength of 485 nm and emission of 535 nm on a Synergy 2 multi-mode microplate 

reader (BioTek®) using MCF-7 cells as an example. Following treatment with drug-liposomes 

(300 μg/mL), the cells were incubated with DCFH-DA before NIR laser irradiation (680 nm at 

0.28 W/cm2). The cells in PBS alone (negative control) showed no significant green fluorescence 

(Figure 7.6). 

On the other hand, the cells exposed to H2O2 (positive control) or 4-liposome and 4@GQDs-

MnO2@PtNPs-liposomes (used as examples) with light irradiation showed a notable increase in 

DCF fluorescence using MCF-7 cells as an example. The elevated DCF fluorescence in response 

to NIR irradiation highlights light-responsive ROS production of the internalised 4-liposomes and 
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4@GQDs-MnO2@PtNPs-liposomes (compared to the DCF alone) (Figure 7.6). An elevated DCF 

fluorescence signal was observed following NIR irradiation for all studied liposomal formulations. 

 

 

Figure 7.5. Reactive Oxygen Species (ROS) generation of light-activatable 4@GQDs-

MnO2@PtNPs-FA-Liposomes in HeLa cells measured by DCF fluorescence. NIR laser (680 nm, 

0.28 W cm-2). Images were taken on Evos fluorescence microscopy. Scale: 275 µm. 
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Figure 7.6: DCFH-DA fluorescence assay for the detection of ROS generation in MCF-7 cells by 

4-liposomes (b, c) and 4@GQDs-MnO2@PtNPs-liposomes (d, e) (100 μg/ml) after 4 h incubation 

in the dark (b, d) and upon irradiation for 10 min (c, e) (680 nm, 0.28 W cm-2) (red). Cells treated 

with DCFH-DA alone were used as negative control (a), and those treated with H2O2 were used 

as the positive control (f). Error bars represent the standard deviation (n = 3). 
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7.4 Intracellular RNS generation 

Since the photoactivity of the nitric oxide-releasing complex 2 is both reactive oxygen species 

(ROS) and reactive nitrogen species-dependent (RNS-dependent), the RNS-generating property of 

the liposomes loaded 2-liposomes was assessed using diaminofluorescein-FM diacetate (DAF-FM 

DA) as an in-vitro fluorescence probe. DAF-FM DA is a cell-permeable probe that passively 

diffuses across cellular membranes. Upon entering the cells, DAF-FM-DA is hydrolysed to DAF-

FM. DAF-FM is essentially non-fluorescent until it reacts with nitric oxide (•NO) to form a 

fluorescent benzotriazole. Figure 7.7 shows the intracellular fluorescence observed in HeLa and 

MCF-7 cells incubated with Cl2SiPc-liposomes or 2-liposomes. Control experiments were 

performed without drug treatment (DAF-FM DA only). The •NO producing ability of 2-liposomes 

was quantitatively analysed using a fluorescence microplate analyser with an excitation 

wavelength of 495 nm and an emission of 515 nm. As shown in Figure 7.7, higher fluorescent 

intensities were observed in cells treated with 2-liposomes following irradiation than those in the 

control group (treated with DAF-FM DA alone) or with Cl2SiPc-liposomes. The higher 

fluorescence in cells subjected to treatment with 2-liposomes implies the successful in-vitro 

photorelease of cytotoxic •NO. 
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Figure 7.7:  Intracellular RNS detection in MCF-7 (A) and HeLa cells (B). DAF fluorescence for 

the detection of •NO by 2-liposomes following irradiation (Drug 1 = Cl2SiPc-liposomes, Drug 2 

= 2-liposomes).  

7.5 In-vitro cytotoxicity measurements 

Given the promising cellular uptake features of the liposomal formulations of the employed Pc 

and Pc-NPs-liposomes, their feasibility to be employed as PDT agents following the drug 

internalization was assessed. In-vitro toxicities were assessed by evaluating their phototoxicities 

and dark cytotoxicity using in-vitro models with both MCF-7 cells and HeLa cells by typical 

colorimetric cell viability WST-1 assay with or without laser irradiation.  

7.5.1 Cytotoxicity under normoxia 

Prior to PDT evaluation, the intrinsic cytotoxicity of the employed encapsulated liposomes against 

both MCF-7 and HeLa cells as in-vitro models was assessed. Cytotoxicity studies were performed 

in the absence of light and are referred to as in-vitro dark toxicity. In-vitro dark toxicity is 

undesirable for photosensitizers aimed for use in PDT. Dark toxicity of the employed formulations 

was measured by quantifying the percentage cell survival rates using WST-1 viability assay 24 h 

after treatment in MCF-7 and HeLa cell lines with gradient concentration of each complex. The 

lower the cell viability, the higher the dark cytotoxicity. Cells in DMEM alone were used as 

appropriate negative controls. PDT activity of the employed formulations was measured by 

quantifying the percentage cell survival rates following NIR irradiation. Due to the enhanced 

aqueous solubility and biocompatibility afforded through liposomal loading, DMSO was not used 

to prepare drug concentrations. Cytotoxic features were assessed under relative normoxia, 

maintained in a 5% CO2 atmosphere at 37 °C. Details are outlined in chapter II.   



175 | P a g e  
 

Under normoxia, negligible toxicity was observed in MCF-7 cells and HeLa cells for all liposomal 

formulations without laser irradiation representing low dark cytotoxicity. All the liposomal 

formulations (PS-liposomes) possessed negligible dark toxicity even at the maximal concentration 

used, suggesting good cytocompatibility in-vitro (Figure 7.8, 7.9 and 7.10).  

The cell viability remained above 80 % for all PS-liposomes in the dark. Since singlet oxygen 

generation by the Pc and Pc-NPs-liposomes is light-activated, no singlet oxygen is expected in the 

dark, and hence observed low cytotoxicity. The low dark cytotoxicity of the liposomal 

formulations suggests good biocompatibility for applications in PDT. The low dark cytotoxicity 

may also be attributed to the improved biocompatibility afforded to all complexes/conjugates 

because of liposomal encapsulation. 

Before laser irradiation, the cells were washed with PBS to rule out the contribution from residual 

or uninternalized drug materials in media. A concentration-dependent decrease in cellular 

viabilities was observed when drug formulations were irradiated with NIR light complex (Figure 

7.8, Figure 7.9, and Figure 7.10). Following NIR laser irradiation, the cell viability decreased 

dramatically for both cell types. For both MCF-7 cells and HeLa cells, the group exposed to 

irradiation alone exhibited cell viability of about 80 %, indicating that NIR irradiation alone, and 

hence the associated heating effect of NIR irradiation, did not contribute to the cytotoxic effect of 

the system. Similar drug phototoxicities were noted for the other liposomal drug formulations, 

with IC50 values summarised in Table 7.1. Following NIR irradiation, a concentration-dependent 

decrease in cell viability was observed for 1-liposomes, 2-liposomes (Figure 7.8) and both 5-

liposomes and 6-liposomes (Figure 7.9).  
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The alpha-substituted, complex 5-liposomes showed higher phototoxicity with IC50 values of 

49.24 µg/mL and 56.38 µg/mL toward HeLa and MCF-7 cells, respectively. The beta-substituted 

complex 6 showed lower phototoxicity in both HeLa and MCF-7 cells with IC50 values of 60.39 

µg/mL and 65.48 µg/mL (Tables 7.1, and 7.2). 

For the FA bearing, 4@GQDs-MnO2@PtNPs-FA-liposomes, HeLa cells showed much lower 

survival rates than MCF-7 cells (Figure 7.10) (Tables 7.1 and 7.2). The higher cell death and 

lower IC50 values of 4@GQDs-MnO2@PtNPs-FA-liposomes (Table 7.1) in HeLa cells (3.93 

µg/mL) can be attributed to higher 4@GQDs-MnO2@PtNPs-FA-liposomes uptake by HeLa cells 

than MCF-7 cells (43.49 µg/mL) as demonstrated earlier owing to differential FR expression 

levels.  

 

Figure 7.8: In-vitro cytostatic effects of 1-liposomes (A) and 2-liposomes (B) under normoxia 

with irradiation (PDT) and without NIR irradiation (Dark) against MCF-7 and HeLa cells. Cell 
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viabilities were recorded following 24 h incubation period (n = 3). In all cases, the photoirradiation 

was performed using a NIR light source, 680 nm, 0.28 W cm-2. 

 

 

Figure 7.9. In-vitro dark and PDT-induced cytotoxic effects of 5-liposomes (blue) and 6-

liposomes (red) drug formulations under normoxia without and with NIR irradiation against HeLa 

cells following incubation for 24 h (n = 3). In all cases, the photoirradiation was performed using 

a NIR light source, 680 nm, 0.28 W cm-2. 
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Figure 7.10. In-vitro dark and PDT-induced cytostatic effects of 4@GQDs-MnO2@PtNPs-FA-

liposomes drug formulations under normoxia without and with NIR irradiation against HeLa cells 

(A) and MCF-7 cells (B) after incubation for 24 h (n = 3). In all cases, the photoirradiation was 

performed using a NIR light source, 680 nm, 0.28 W cm-2. Drug = 4@GQDs-MnO2@PtNPs-FA-

liposomes. 
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Table 7.1: IC50 values of the employed liposomes against MCF-7 cells following NIR irradiation. 

Drug formulation 
PDT IC50 (µg/mL) 

Normoxia Hypoxia 1 Hypoxia 2 

1-liposomes 111.3 93.46 39.18 

2-liposomes 50.76 99.02 73.85 

3-liposomes 36.7 >100 ND 

3@GQDs-liposomes 34.9 >100 ND 

3@GQDs-MnO2-liposomes 33.7 69.36 ND 

3@GQDs-MnO2-AuNPs-liposomes 31.6 58.15 ND 

3@GQDs-MnO2-AgNPs-liposomes 26.8 54.36 ND 

4-liposomes 65.42 >100 ND 

4@GQDs-MnO2@PtNPs-liposomes 56.28 73.5 ND 

4@GQDs-MnO2@PtNPs-FA-

liposomes 
43.49 133.1 46.54 

5-liposomes 56.38   

6-liposomes 65.48   

Hypoxia 1 = CoCl2-induced, Hypoxia 2 = Oxyrase-induced. ND = not determined 
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Table 7.2: IC50 values of the employed liposomes against HeLa cells following NIR irradiation. 

Drug formulation 
PDT IC50 (µg/mL) 

Normoxia Hypoxia 1 Hypoxia 2 

1-liposomes 52.62 55.56 52.81 

2-liposomes 56.59 90.45 86.85 

3-liposomes ND ND ND 

3@GQDs-liposomes ND ND ND 

3@GQDs-MnO2-liposomes ND ND ND 

3@GQDs-MnO2-AuNPs-liposomes ND ND ND 

3@GQDs-MnO2-AgNPs-liposomes ND ND ND 

4-liposomes 58.35 >100 ND 

4@GQDs-MnO2@PtNPs-liposomes 42.84 70.96 ND 

4@GQDs-MnO2@PtNPs-FA-liposomes 3.93 9.17 3.94 

5-liposomes 49.24   

6-liposomes 60.39   

Hypoxia 1 = CoCl2-induced, Hypoxia 2 = Oxyrase-induced. ND = not determined 
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7.5.2 Cytotoxicity under hypoxia 

WST cell viability assay assessed the cytotoxicity of the employed Pc-liposomes and Pc-NPs-

liposomes under hypoxia in breast and cervical (MCF-7 and HeLa) cancer cells. It is important to 

note that besides the hypoxic preconditioning employed herein, hypoxia is also potentiated by PDT 

treatment through NIR-actuated oxygen consumption by the various photosensitizers employed in 

this work 

7.5.2.1 Dark cytotoxicity 

The in-vitro dark cytotoxicity of all the liposomal formulations was evaluated at gradient 

concentrations under hypoxia using both MCF-7 and HeLa cell lines. In each case, Pc-liposomes 

and Pc-NPs-liposomes resulted in around 80% viable cells, even at the maximal concentrations 

used (Figure 7.11). No significant cytotoxicity was found in all cell groups without laser radiation, 

indicating low dark cytotoxicity and the outstanding biocompatibility of the liposome-loaded drug 

candidates.  

7.5.2.2 PDT-induced cytotoxicity 

This work further explored the PDT-induced cytotoxicity of the employed complexes following 

NIR irradiation under hypoxia. For simplicity, complexes with similar mechanisms are grouped. 

As such, three groups are discussed herein: (i) type I PDT (complex 1), (ii) PDT-coupled with 

oxygen-independent therapy (complex 2), and (iii) in-situ oxygen generation (conjugates of 

complexes 3 and 4). In each case, before laser irradiation, the cells were washed with PBS to rule 

out the contribution from residual or uninternalized drug materials in media. Cells incubated in 

cell media alone and subjected to laser irradiation served as appropriate negative controls. 

7.5.2.2.1 Type I PDT 
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This work studied the concentration-dependent phototoxicity of 1-liposomes as a hypoxia-

responsive PDT agent. For both MCF-7 and HeLa cells, comparable phototoxicities were observed 

under hypoxia. Under hypoxic conditions with photoirradiation, the cell viability of 1-liposomes-

treated cells decreased to about 55% for both cell types at 300 µg/mL. Phototoxicities under 

hypoxia may be attributed to the cooperative therapeutic effect of the Pc and the constituent 

quinoid moiety, Figure 7.11. 

This work also compared the PDT effect of the as-synthesized 1-liposomes and Cl2SiPc-liposomes 

using HeLa cells, Figure 7.12. Lawsone alone, Figure 7.12, did not show PDT activity as expected 

since it does not generate ROS to the same extent as SiPc with a singlet oxygen quantum yield of 

only 0.010 in aqueous media [249]. A notable decrease in cell viability was observed in the cell 

groups treated with Cl2SiPc-liposomes following NIR irradiation under normoxia. However, a 

reduced PDT effect was observed under hypoxic conditions for Cl2SiPc-liposomes (Figure 7.12). 

For 1-liposomes, there is a clearly improved PDT activity when using CoCl2 to induce hypoxia, 

Figure 7.12. It is believed that the photodynamic action of 1-liposomes consumed the intracellular 

oxygen in generating ROS. Although the efficacy of PDT is limited in hypoxia, the potential 

reduction and hence activation of complex 1 may have acted to induce a chemotherapeutic effect 

which ultimately compensated for the otherwise attenuation of PDT activity under hypoxia. The 

above results confirmed the anticancer efficacy of the employed 1-liposomes, and the presence of 

the naphthoquinone moiety, preferentially activated under hypoxic conditions, may have resulted 

in an amplified therapeutic effect in either normoxia or hypoxia. 
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Figure 7.11: In-vitro phototoxicities of the 1-liposomes: cytostatic effects of 1-liposomes under 

the employed hypoxia with NIR irradiation against MCF-7 cells and HeLa cells following 

incubation for 24 h (n = 3). CoCl2-induced hypoxia (Hypoxia 1), Oxyrase-induced hypoxia 

(Hypoxia 2). All measurements were obtained using WST-1 viability assays 24 h post-treatment. 

(In all cases, the photoirradiation was performed using a NIR light source, 680 nm at 0.28 W cm−2). 
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Figure 7.12: In-vitro cell cytotoxicity of lawsone (2-hydroxy,1,4-naphthoquinone) (black, 50 

µg/mL), Cl2SiPc-liposomes (blue, 300 µg/mL) and 1-liposomes (green, 300 µg/mL) against HeLa 

cells after incubation for 24 h under normoxia (A), and hypoxia (B and C – CoCl2 and Oxyrase, 

respectively) following NIR light irradiation (680 nm, 0.28 Wcm-2). 
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7.5.2.2.2 PDT-coupled with oxygen-independent Therapy 

The as-synthesized nitric oxide and singlet oxygen-generating 2-liposomes were also assessed 

under hypoxic models employed in this work using WST-1 cell viability assay and MCF-7 and 

HeLa cancer cells. Following laser irradiation, the 2-liposomes displayed PDT activity (Figure 

7.13). Compared to the observed phototoxicity under normoxia (Figure 7.8B), the milder 

phototoxicity of 2-liposomes under hypoxia may be attributed to insufficient O2 supply since both 

oxygen-dependent, and oxygen-independent mechanisms persist under normoxia. In contrast, 

under hypoxia, these mechanisms would be more subdued. Both MCF-7 and HeLa displayed 

similar sensitivity to the phototoxicity of 2-liposomes with about 50 % and 55% cell death, 

respectively, at the maximal concentration (300 μg/mL) (Figure 7.13). For both cell types, the 

PDT-induced lethality was observed to be lower in cells pre-treated with CoCl2 compared to 

Oxyrase-induced hypoxia. The reason for this trend is not understood. However, the difference in 

sensitivity may be associated with differential expression of redox regulatory transcription factors 

and cytoprotective proteins [250-252]. Although the PDT effect of the employed 2-liposomes was 

more favoured under normoxia than hypoxia, because of the dual effects of singlet oxygen and 

nitric oxide release, the photoactivity of 2-liposomes remained reasonable even under hypoxia 

where singlet oxygen generation is subdued. 
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Figure 7.13. In-vitro PDT efficacy of 2-liposomes. Relative cellular viabilities of the employed 

HeLa and MCF-7 cells under hypoxia; CoCl2-induced hypoxia (Hypoxia 1), Oxyrase-induced 

hypoxia (Hypoxia 2). All measurements were obtained using WST-1 viability assays 24 h post-

treatment.  
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7.5.2.2.3 In-situ oxygen generation 

IC50 values are summarized in Table 7.1. Higher PDT efficacies against MCF-7 cells were 

observed for MnO2-containing composites of 3 (3@GQDs-MnO2, 3@GQDs-MnO2-AgNPs and 

3@GQDs-MnO2-AuNPs) vs those lacking MnO2 (complex 3 and 3@GQDs). Similar 

phototoxicities were observed for conjugates for MnO2 and folic acid containing 4@GQDs-

MnO2@PtNPs-FA-liposomes (as an example) (Figure 7.14) (Tables 7.1, 7.2).  The photoinduced 

toxicities of these catalase-mimicking hybrids under hypoxia were not comparable to what was 

observed in normoxia (Table 7.1). The observed phototoxicities under hypoxia were attributed to 

their ability to supplement intracellular oxygen, a feature not shared by 3-liposomes or 4-

liposomes. 

The observed heightened PDT activities of catalase-mimicking hybrids imply the successful in-

situ decomposition of the endogenous hydrogen peroxide in hypoxic cancer cells to produce 

oxygen for PDT. PDT activity under hypoxia was highest for nanozyme (catalase-mimicking 

nanoparticle hybrids) containing PS hybrids. These results confirm that in view of oxygen-

generating ability, the phthalocyanine-based nano platforms loaded with MnO2 alone, MnO2-

AgNPs, and MnO2-AuNPs or MnO2@PtNPs can remarkably enhance the PDT efficacy in the 

hypoxic models presented here. 
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Figure 7.14: In-vitro PDT efficacy of 4@GQDs-MnO2@PtNPs-FA-liposomes. Relative cell 

viabilities of HeLa cells and MCF-7 cells under hypoxia; CoCl2-induced hypoxia (Hypoxia 1), 

Oxyrase-induced hypoxia (Hypoxia 2) and All measurements were obtained using WST viability 

assays at 24 h post-treatment. 

 

 

 

 

 



189 | P a g e  
 

7.5.3 Live/Dead cell staining and cell morphology 

The cellular morphology changes of the PS-liposomes incubated HeLa cells were also noted 

following NIR (680 nm) irradiation. Apoptotic cell-death characteristics, including cell shrinkage 

and plasma membrane blebbing (typical apoptotic features), were observed in cells subjected to 

drug treatment with subsequent irradiation (Figure 7.15) and corroborated well with the observed 

WST-1 in-vitro PDT assay results. No significant morphological changes were observed for 

control cells (without drug treatment). 

Live/Dead cell staining assay verified the PDT effect of PS-liposomes under hypoxia (Figure 

7.16) (2-liposomes are used here as an example). The low and sparse green fluorescence of control 

group cells reveal minimal cytotoxicity in the absence of irradiation, Figure 7.16. In contrast, NIR 

laser irradiation (680 nm, 0.28 W cm−2) of the cells treated with 2-liposomes triggered significantly 

high cytotoxicity. The sustained PDT activity (high number of dead cells as revealed by the green 

fluorescence) of 2-liposomes even under hypoxia may be attributed to the contribution of hypoxic 

response, which supplements its anticancer activity even under low oxygen partial pressures. 

These results indicate that greater anticancer synergy can be achieved by coupling singlet oxygen 

and nitric oxide photogeneration (in this case), which are especially important under hypoxia. 

Similar results were observed for the other liposomal hybrids employed. 
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Figure 7.15: (A) In-vitro cell cytotoxicity of Cl2SiPc-liposomes (Drug 1) and 2-liposomes (Drug 

2) against HeLa cells after incubation for 24 h under normoxia and Hypoxia 1 and Hypoxia 2 

(Hypoxia 1 - CoCl2-induced), Hypoxia 2 – Oxyrase-induced) following NIR light irradiation (0.28 

Wcm-2). (B) Changes in the morphology of HeLa cells treated with 300 µg/mL of 2-liposomes 

following NIR irradiation.  
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Figure 7.16. In-vitro live/dead staining of HeLa and MCF-7 cells incubated with 2-liposomes (300 

μg/mL) with NIR irradiation. Two hypoxic models are used: CoCl2 pre-conditioning (Hypoxia 1) 

and incubation with Oxyrase enzyme (Hypoxia 2). Control cells were only subjected to NIR 

irradiation without drug treatment. Scale: 275 μm. 
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To access the long-term phototoxicity of the employed PS-liposomes, HeLa and MCF-7 cells were 

subjected to treatment with PS-liposomal formulations. 2-liposomes (500 μg/mL, used as an 

example) were accessed over 72 h. The results obtained with the WST-1 cell viability assays in 

both cell lines were determined together with resultant changes in cell morphologies following 

irradiation. Figure 7.17 shows the viability of HeLa and MCF-7 cells over 72 h at 24 h intervals 

with and without irradiation. There was minimal dark toxicity as cell viabilities remained above 

75 % in the dark. For both cell types, treated cells (with drug and irradiation) resulted in about 

90% cell death. There was no further growth of cells post-PDT treatment implying that both cancer 

cell types could not recover from the PDT-induced damage effects 48 or 72 h after treatment. 

 

 

 



193 | P a g e  
 

 

Figure 7.17: In-vitro phototoxicity effects of 2-liposomes. Relative cellular viabilities of the 

employed HeLa (A) and MCF-7 (B) cells assessed at 24 h, 48 h and 72 h. Growth inhibitory effects 

of 2-liposomes (500 µg/mL) resulted in a time-dependent decrease in cell viability. Control cells 

were only subjected to NIR irradiation without drug treatment. Cell morphologies of HeLa and 

MCF-7 cells treated with 2-liposomes and subjected to NIR irradiation recorded at 24 h, 48 h and 

72 h post PDT treatment (C). Scale: 275 μm. 
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7.6 Summary of Chapter 

The in-vitro dark cytotoxicity test and photodynamic therapy activities of some Pc-liposomes and 

Pc/NPs-liposomes on either HeLa cells or MCF-7 breast cancer cells are presented herein. This 

work showed that liposome-loaded Pc or Pc/NPs could effectively undergo passive up-take by the 

employed cell lines. Moreover, this work showed that folic acid functionalization of liposomes 

could be exploited for active drug delivery and herein led to an almost 3-fold increase in drug 

uptake vs non-FA functionalised liposomes in accordance with FR expression levels between 

HeLa and MCF-7 cells, giving credence to folate receptor targeting. 

Low in-vitro cytocidal effects were observed for all liposomal formulations with maximal 

concentrations resulting in less than 20 % cell death under both normoxia and hypoxia in the dark. 

The low cytocidal effects imply that the employed formulations were non-toxic to both cell lines 

when incubated in the dark. However, high PDT activities were observed following NIR laser 

irradiation. This work related the phototoxicities to NIR-responsive ROS generation. For 5-

liposomes and 6-liposomes, the reported phototoxicity results were consistent with their singlet 

oxygen quantum yields.  

For all formulations applied under hypoxia, milder phototoxicity was observed than under 

normoxia and may be attributed to insufficient O2 supply since both oxygen-dependent, and 

oxygen-independent mechanisms persist under normoxia, whereas under hypoxia, these 

mechanisms would be more subdued. For 1-liposomes, although the efficacy of PDT is limited in 

hypoxia, the potential reduction and hence activation of the quinoid may have acted to induce a 

chemotherapeutic effect which ultimately compensated for the otherwise attenuation of PDT 

activity under hypoxia. The above results confirmed the anticancer efficacy of the employed 1-

liposomes, and the presence of the naphthoquinone moiety, preferentially activated under hypoxic 
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conditions, may have resulted in an amplified therapeutic effect in either normoxia or hypoxia. 

Following laser irradiation, 2-liposomes also displayed enhanced PDT activity. Both MCF-7 and 

HeLa displayed similar sensitivity to the phototoxicity of 2-liposomes. Although the PDT effect 

of the employed 2-liposomes was more favoured under normoxia than hypoxia because of the dual 

effects of oxygen-dependent singlet oxygen and nitric oxide release, the photoactivity of 2-

liposomes remained reasonable even under hypoxia where singlet oxygen generation is subdued. 

The results indicate that the Pc/NPs-liposomes incorporating catalase-mimicking NPs exhibited 

lethality post-laser irradiation in both normoxia and hypoxia. Their sustained phototoxicity under 

hypoxia was attributed to their ability to supplement oxygen in-vitro through the breakdown of 

endogenous hydrogen peroxide. For all formulations, the high PDT lethality under normoxia lays 

credence to the remarkable synergistic and concentration-dependent phototoxic effects of the 

employed liposomes, which may be attributed to photoinduced ROS generation. 
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This chapter outlines the fabrication of a visible light-responsive TiO2-graphene oxide nanosheets 

– complex 4 (TiO2@GONS@4) ternary structure for the photoelectrochemical degradation of 

Orange G azo dye as a side application. The contribution and effects of various parameters such 

as pH, persulfate concentration, as well as applied potential bias on degradation, are herein 

assessed. 

8.1 Synthesis and characterization of TiO2@GONS@4 

The synthesis of the TiO2@GONS@4 photocatalyst is represented in Scheme 8.1A and it involved 

the adsorption of TiO2 onto GONS followed by subsequent adsorption of complex 4. Full details 

are outlined in chapter II. 

 

Scheme 8.1: Schematic representation of the synthesis of the TiO2@GONS@4 photocatalyst (A) 

and the fabrication of the ITO/TiO2@GONS@4 photoelectrode (B). 

 



198 | P a g e  
 

Transmission electron microscopy (TEM) was used to assess the morphologies of the respective 

composites. Figure 8.1 shows the TEM micrograph of (a) GONS, (b) TiO2, (c) TiO2@GONS and 

(d) TiO2@GONS@4. The TEM micrograph of the as-synthesized GONS shows the nanosheets-

like morphology with folds along the surface, which is often attributed to defect sites within the 

structure [253,254]. The TEM image of TiO2 in Figure 8.1 (b) shows the largely spherical 

morphology of the TiO2 with an average size of about 20 nm. The TEM image of TiO2@GONS 

in Figure 8.1 (c) shows that TiO2 is adsorbed onto the surface of GONS to form the TiO2@GONS 

nanocomposite. There were no observable changes in either the sizes or morphology of the TiO2 

post assembly onto the GONS surface. The large surface area of GONS allows for the introduction 

of complex 4 onto the TiO2@GONS. There were no observable differences between TiO2@GONS 

and TiO2@GONS@4 (Figure 8.1 (d). 
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Figure 8.1: Transmission electron micrographs of (a) GONS, (b) TiO2, (c) TiO2@GONS, and (d) 

TiO2@GONS@4. 
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The Raman spectrum for TiO2 in Figure 8.2A(i) exhibited peaks at 395 cm-1, 519 cm-1, and 

638 cm-1, which are characteristic of the B1g(1), A1g + B1g(2), and Eg(2) modes of anatase phase of 

TiO2, respectively [255]. Graphene-based materials such as GONS like GQDS are known to 

display characteristic Raman peaks termed the G-band (sp2) tangential mode and the D-disorder 

band (breathing mode, sp3). The D and G bands are observed at 1283 cm-1 and 1601 cm-1, 

respectively, for GONS alone (not shown). The Raman spectra of the TiO2@GONS and 

TiO2@GONS@4 nanocomposites showed Raman bands attributable to the presence of TiO2 and 

the GONS. The Raman peaks were observed at 1292 cm-1 (D band) and 1591 cm-1 (G band) for 

TiO2@GONS and 1264 cm-1 (D band) and 1596 cm-1 (G band) for TiO2@GONS@4, shifted 

compared to GONS alone. Moreover, the changes in the ID/IG from 0.88 for GONS alone to 1.05 

for (TiO2@GONS) and 1.15 for the (TiO2@GONS@4) is indicative of increase in defects and the 

successful fabrication of the TiO2@GONS@4 composite. 

 

Figure 8.2: (A) Raman spectra of TiO2 (i), TiO2@GONS (ii) and TiO2@GONS@4 (iii). FT-IR 

spectra of GONS (a), TiO2 (b), TiO2@GONS (c), and TiO2@GONS@4 (d). 
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The FT-IR spectra of GONS, TiO2, TiO2@GONS, and TiO2@GONS@4 are shown in Figure 8.2. 

The FT-IR spectrum of GONS shows a broad absorption peak around at 3338 cm-1, attributable to 

the stretching vibration of O-H, while the carbonyl C=O stretching vibration was observed at about 

1717 cm-1, Figure 8.2 (a). The peaks at around 1401 cm-1 are credited to the skeletal C=C vibration 

and C–H bending vibration [256]. The broad peak in Figure 8.2 (b) at 683 cm-1 was attributable 

to the Ti-O-Ti in TiO2. The Ti-O-Ti was observed at 668 cm-1 in the TiO2@GONS. Both the 

presence and shifts in this peak in the TiO2@GONS composite confirm their successful formation. 

For the TiO2@GONS@4 conjugate, both the C=O stretching vibration and the Ti-O-Ti vibration 

were observed. However, in TiO2@GONS@4, the Ti-O-Ti peak was observed at 662 cm-1. The 

alkyl C–H stretch vibration emanating from complex 4 was also observed in TiO2@GONS@4. 

Figure 8.3 shows (a) the XPS survey spectra of TiO2@GONS@4 nanocomposite, and the high-

resolution core level Ti 2p spectra of (b) TiO2, (c) TiO2@GONS, and (d) TiO2@GONS@4 

nanocomposite and the high-resolution core level O 1s spectra of (e) TiO2, (f) TiO2@GONS, and 

(g) TiO2@GONS@4. The XPS survey spectrum shows typical C 1s, Ti 2p, O 1s, and Zn 2p of the 

TiO2@GONS@4, indicating the presence of the individual components. The high-resolution XPS 

analysis was used to study the chemical states of the prepared samples, using the deconvoluted Ti 

2p peaks of TiO2, TiO2@GONS, and TiO2@GONS@4. For all the samples, the Ti 2p peak was 

deconvoluted into two peaks, which can be ascribed to the Ti 2p½ and Ti 2p3/2 of TiO2. The Ti 2p½ 

and Ti 2p3/2 peak positions for TiO2 were observed at 459.5 eV and 465.3 eV, respectively, Figure 

8.3 (b). The Ti 2p½ and Ti 2p3/2 peak positions were observed at 459.3 eV and 465.1 eV for 

TiO2@GONS, and 457.5 eV and 453.0 eV for TiO2@GONS@4, respectively. The lowered 

binding energy of Ti 2p in the TiO2@GONS and TiO2@GONS@4 composite demonstrates 

electron transfer from the GONS to the TiO2 and represents an interaction between the constituent 
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assemblies. Moreover, such shifts in the binding energy of the Ti 2p peak have been attributed to 

the formation of oxygen vacancies in composites of TiO2 and carbon nanomaterials [257]. Oxygen 

vacancies are known to act as electron traps and inhibit electron-hole recombination processes 

[258]. The core level O1 s XPS spectra of TiO2 were resolved into two peaks (Figure 8.3 (e)). 

These peaks were located at 530.6 eV (Ti-O-Ti, lattice oxygen) and 533.7 eV (surface oxygen, Ti-

OH) [259] for TiO2. The O1 s XPS spectra of TiO2@GONS and TiO2@GONS@4 were both 

deconvoluted into four peaks (Figure 8.3 (f and g). For TiO2@GONS, these peaks were located 

at 529.9 eV, 530.8 eV, 532.1 eV, and 533.8 eV and were assigned to the Ti-O-Ti bonding of the 

semiconductor lattice, Ti-O-C, Ti−OH, and O-C, respectively [260]. For TiO2@GONS@4, these 

same peaks were located at 529.6 eV, 529.9 eV, 531.1 eV, and 531.7 eV, respectively. For 

TiO2@GONS and TiO2@GONS@4, the existence of the peaks assigned to the Ti-O-C serves as 

evidence for the incorporation of TiO2 and shows the existence of the interaction between the 

oxygen atoms present in the functional groups in the graphene sheet and 4 with TiO2, hence 

confirms the successful synthesis of TiO2@GONS and TiO2@GONS@4 composites. 
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Figure 8.3: (a) XPS survey spectra of TiO2@GONS@4 composite. High resolution core level Ti 

2p spectra of (b) TiO2, (c) TiO2@GONS, and (d) TiO2@GONS@4 composite. High resolution 

core level O 1s spectra of TiO2 (e), TiO2@GONS (f), and TiO2@GONS@4 composite (g). 
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Figure 8.4 shows the UV-Vis spectra of (a) TiO2, (b) GONS, (c) TiO2@GONS, (d) 

TiO2@GONS@4. The UV-Vis of TiO2 presents the characteristic broad absorption below 400 nm. 

The UV-Vis of TiO2@GONS also shows a broad absorption band below 400 nm (Figure 8.4 (b)). 

There were no observable shifts observed in the UV-Vis spectrum of TiO2@GONS, implying that 

the compositing of GONS and TiO2 did not significantly affect the absorption spectrum of TiO2. 

The absorption spectra of the TiO2@GONS@4 retained the characteristics monomeric Q-band 

attributable to the presence of 4. Moreover, a consequence of the conjugation of TiO2@GONS and 

4 was the enhancement in the B-band region, as highlighted in Figure 8.4 (d). Such a broad band 

below 500 nm has been attributed to strong electronic interactions between TiO2 and 4. The 

bandgap energies were obtained from the ground state absorption spectra using the Tauc equation 

8.1 [130]. 

ℎ𝜈𝛼1 𝑛⁄ =  𝐴(ℎ𝜈 − 𝐸𝑔)        (8.1) 

where α is the absorption coefficient, h is the Planck's constant, ν light frequency, A is a 

proportionality constant for the disorder of the material, and Eg is the bandgap energy. The value 

of n is governed by the nature of transition in the semiconductor. The value of n is determined 

from the optical transition characteristics. For direct transitions, n = ½ and n = 2 for indirect 

transitions. Firstly, to establish the type of band-to-band transition in the employed TiO2, the 

absorption data were fitted to equations for both indirect and direct bandgap transitions. The band 

gaps were extrapolated from the x-axis of the Tauc plots (ℎ𝜈𝛼)1 𝑛⁄  𝑣𝑠. ℎ𝜈). TiO2 was more 

accurately fitted using a direct transition and the extrapolation yields an Eg value of 3.2 eV which 

agrees with the known bandgap of commercial titania [261] and an n value of ½ was retained.  
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Figure 8.4: UV–vis absorption of TiO2 alone (A), TiO2@GONS (B), complex 4 (C), and 

TiO2@GONS@4 composites (D). Inserts: Corresponding Tauc plots. All measurements were 

taken in DMF. Bandgaps (Eg) are obtained by extrapolation to α = 0. 
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Figure 8.4 show the respective Tauc plot of the (i) TiO2, (ii) TiO2@GONS, (iii) 4, and (iv) 

TiO2@GONS@4, as inserts. From the Tauc plot, the bandgap of TiO2 and TiO2@GONS were 

estimated as 3.2 eV, which implies that the introduction of GONS did not alter the bandgap of 

TiO2. Such negligible bandgap differences between TiO2 and carbon materials have been reported 

in their composites [262,263]. A significant reduction in the bandgap of TiO2@GONS to 3.0 eV 

was obtained for the TiO2@GONS@4 composite (Figure 8.4 (D) insert). There were no 

differences in the bandgap value of the 4 (1.8 eV) following the introduction of the TiO2@GONS 

in terms of Q band absorbance. Despite this fact, what is most welcome in the TiO2@GONS@4 

composite (in addition to the reduced bandgap value of 3.0 eV) is the presence of a Q-band 

absorbance stemming from the 4. Indeed, owing to the presence of several absorption maxima as 

well as reduced bandgap, one can infer that such a ternary composite would more adequately 

absorb light, well into the visible light spectrum. 

 

Charge transfer rates and electron-hole recombination rates were assessed by studying the 

photoluminescence (PL) quenching effect. Low PL intensity is often indicative of enhanced 

separation of photoinduced electrons and holes [264,265]. To this effect, the PL quenching was 

used to determine the effect of GONS and 4 on the separation of photogenerated electrons. Figure 

8.5 shows the photoluminescence spectra of TiO2, TiO2@GONS and TiO2@GONS@4, which 

indicate the excited states of the respective materials. As shown in Figure 8.5, a broad 

luminescence peak could be observed in the region of 350-400 nm for all samples. The peak at 

around 380 nm, could be attributed to the band-band PL phenomenon with the energy of light 

approximately equal to the band-gap energy of TiO2. The PL intensity of TiO2 decreased following 

its deposition on the GONS surface. A similar effect was observed upon addition of complex 4. 



207 | P a g e  
 

Therefore, both GONS and the 4 act as electron carriers for TiO2 to hinder charge recombination. 

This enhanced charge separation efficiency in the TiO2@GONS@4 could serve to improve the 

overall efficiency in a photoelectrocatalytic process. 

 

Figure 8.5: Photoluminescence spectra of (i) TiO2, (ii) TiO2@GONS and (iii) TiO2@GONS@4 

showing reduction in luminescence intensity with modification of TiO2 with excitation at 350 nm 

in DMF. 
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The time-resolved fluorescence decays were also obtained to determine photoluminescence 

lifetimes of charge carriers of the respective samples. The photoluminescence lifetimes of TiO2, 

TiO2@GONS and TiO2@GONS@4 were determined to be 0.15 ns, 0.18 ns, and 0.41 ns, 

respectively. The prolonged lifetimes upon introduction of both GONS and 4 further illustrates 

that resultant photogenerated charge carriers have prolonged lifetime. Increased lifetimes of charge 

carriers are associated with slower recombination processes [266,267]. Therefore, the 

recombination of electrons is more greatly inhibited following introduction of the GONS and 4 to 

the TiO2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



209 | P a g e  
 

8.2 ITO/TiO2@GONS@4 photoelectrode 

The TiO2@GONS@4 photoelectrodes were prepared by drop-casting method, as illustrated in 

Scheme 8.1B. The fabricated ITO/TiO2@GONS@4 photoelectrode surface was analysed by 

atomic force microscopy (AFM) to study film surface topography. Figure 8.6 shows the 2D AFM 

images of (a) unmodified ITO glass and (b) ITO/TiO2@GONS@4 surfaces. Their corresponding 

3D AFM profiles are also shown. The unmodified ITO had a much smoother surface than the 

ITO/TiO2@GONS@4. A marked change in surface morphology was noted for 

ITO/TiO2@GONS@4 with evidence of a more uneven surface with wrinkles and voids, compared 

to that of ITO alone, as can be seen in the 3D AFM plots. Such changes in surface morphology 

and roughness signify successful modification of the ITO surface. The higher surface area in the 

ITO/TiO2@GONS@4 could result in better pollutant adsorption and therefore may result in 

improved surface kinetics for degradation. Unmodified ITO surface alone showed a mean square 

roughness (RMS) value of 6.0 nm. The modified ITO/TiO2@GONS@4 photoelectrode in Figure 

8.6 (b) had an RMS of 37.2 nm. 
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Figure 8.6: AFM images of (a) ITO glass and (b) ITO/TiO2@GONS@4. Top = 2D and 

bottom = 3D images. 

The conductivity characteristics of the heterojunction-structured TiO2@GONS@4 composite were 

elucidated by the Mott–Schottky electrochemical analysis and interpreted through the 

mathematical model described by Equation 8.2 [268], results shown in Figure 8.7. 

1

𝐶2 =  
2

𝑒𝜀𝜀0𝐴2𝑁𝐷
 (𝑉 −  𝑉𝑓𝑏 −  

𝑘𝐵𝑇

𝑒
)        (8.2) 

where 𝐶, 𝐴, 𝑁𝐷, 𝑉, 𝑉𝑓𝑏, 𝑘𝐵, 𝑇, 𝜀, 𝜀0 and 𝑒 are the space charge capacitance, area of the electrode, 

donor density, the applied voltage, flat band potential, Boltzmann’s constant, the absolute 

temperature, the dielectric constant of the semiconductor in use, the vacuum permittivity 

(8.85 × 10-12 C2/Nm2) and elementary charge (1.6 × 10-19 C), respectively. 
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Figure 8.7: Mott-Schottky (MS) plots of ITO/TiO2 nanospheres (A) and ITO/TiO2@GONS@4 

composites (B). 

As can be seen in Figure 8.7 (A and B), both TiO2 alone and TiO2@GONS@4 composite show 

n-type semiconductor behaviours, as highlighted by the positive slope [269], measured at a bias 

frequency of 1000 Hz. The respective values of Vfb (flat band potential) were estimated to be -1.3 

and -1.4 for TiO2 and TiO2@GONS@4, respectively. This negative shift in the flat band potential 

of TiO2@GONS@4 compared to TiO2 alone is attributed to the inhibition of recombination of the 

photogenerated electron-hole pairs and reflects improved electron transport in TiO2@GONS@4 

composite [270]. 

Following this, the ITO/TiO2@GONS@4 photocurrent response was evaluated using 

chronoamperometry and electrochemical impedance spectroscopy (EIS) in the absence and 

presence of light irradiation. The photocurrent response tests were carried out under visible light 

irradiation. Figure 8.8A shows the transient photocurrent responses and Figure 8.8B the Nyquist 

plot of the ITO/TiO2@GONS@4 photoelectrode at the different applied potentials in the dark and 

under visible light illumination. TiO2@GONS@4 catalyst is responsive to ON-and OFF light 
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illumination with an observed current response the light source is turned on. ITO/TiO2@GONS@4 

photoelectrode exhibits an efficient, and reasonably stable visible light photoelectric response for 

0 – 1.5 V, thereafter the current was not stable for 2.0 eV. Thus, 1.5 eV was selected to conduct 

the photochemical and degradation studies. The tailing current response at 1.5 eV resulted from 

slightly higher background noise observed at this bias potential. It could be inferred that the visible 

light illumination and an applied potential induced an electric field between the photoanode and 

the Pt counter electrode [271]. The electric field results in accelerated charge separation and 

reduction in electron-hole/pair recombination, which is detected directly as a photocurrent 

response. Figure 8.8A clearly shows that the applied potential has a significant effect on the 

photocurrent response. The low photocurrent response at lower potentials is attributed to a low 

rate of charge separation (high rate of recombination) coupled with high transfer resistance. As the 

applied potential increased, faster rates of electron transfer result. Also, such high potentials reduce 

the back flow of electrons such that turning on the light results in higher photocurrent responses 

[272]. The high-charge mobility and electroconductivity of GONS and the visible light 

responsiveness of complex 4 are fully utilized in the ITO/TiO2@GONS@4 photoelectrode to 

promote the separation of electron-hole pairs and improve the photocurrent response. 

 



213 | P a g e  
 

 

Figure 8.8: (A) Amperometric photocurrent responses of ITO/TiO2@GONS@4 at 0, 0.5, 1, and 

1.5 V. (B) The influence of photo-irradiation and bias potential on the EIS spectra of 

TiO2@GONS@4. All measurements were made in 0.5 M Na2SO4. 

 

The above conclusions were further confirmed by electrochemical impedance spectroscopy (EIS) 

analysis under the dc bias range of 0 V to +1.5 V, in steps of 0.5 V at room temperature. Figure 

8.8B shows the Nyquist plots of EIS data for the fabricated ITO/TiO2@GONS@4. The impedance 

data (Nyquist plot) were fitted with a Randles equivalent circuit shown in Figure 8.8B (insert). 

The impedance spectra were best interpreted by the equivalent circuit consisting of two parallel 

RC circuits connected in series. The data from the fitted circuit parameters are summarized in 

Table 8.1. At higher frequency regions, a semicircle was observed, indicative of an electron 

transfer limiting processes (Figure 8.8B). In each case, the diameter of the semicircles decreased 

with an increase in the applied positive potential bias which implies potential bias-dependence. 

Subsequently, two interfaces, i) ITO/photoanode and ii) photoanode/electrolyte interface, were 

considered. The two interfaces were fitted by the Randles-Sevcik equivalent circuit with series 

resistance Rs, charge transfer resistance at the ITO/photoanode (Rct1) and charge transfer resistance 
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at the photoanode/electrolyte interface (Rct2). For the potential bias range studied, the Rs values 

were relatively unchanged. However, both Rct1 and Rct2 values change with variations in applied 

potential bias (Table 8.1). For all potential readings, Rct2 gave a higher value than Rct1. Moreover, 

Rct2 was more responsive to increasing applied bias potential than Rct1. Such observations imply 

the presence of a Schottky junction in the photoanode/electrolyte interface (Rct2) [273]. Schottky 

junctions are usually associated with semiconductor/electrolyte interfaces (in this case 

photoanode/electrolyte interface). Schottky junctions influence the electron hole separation 

kinetics. They form when a semiconductor material is in contact with a secondary phase with a 

different Fermi level or redox potential (in this case redox potential since an electrolyte solution is 

involved) and result in band-bending (the change in the electrochemical potential) of the 

semiconductor to reach an equilibrium at the interface [274]. As can be seen in Table 8.1, the 

greater responsiveness in Rct2 in response to potential changes illustrate the effect of applied bias 

potential on band-bending within a semiconductor. In essence, the increase in applied bias 

potential improves charge transfer characteristics within the TiO2@GONS@4 catalyst. This is 

reflected by the improved current responses with increasing bias potential observed in Figure 

8.8A. Taken together, these results highlight the interfacial charge transfer and the separation of 

photoexcited carriers achievable with the TiO2@GONS@4 composite. 
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Table 8.1: Nyquist fitted parameter values for the fabricated ITO/TiO2@GONS@ZnPc. 

Potential Bias/V Rs/Ω Rct1/kΩ Rct2/kΩ 

0 58.2 1.07 57.5 

0.5 49.9 1.33 43.2 

1.0 50.9 0.66 21.2 

1.5 48.9 0.24 1.58 
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8.2.1 Evaluation of the photocatalytic, electrocatalytic, and photoelectrochemical 

performance 

The degradation of orange G using the as-fabricated ITO/TiO2@GONS@4 was investigated under 

different conditions including light irradiation in the presence of the photoelectrode solely 

(photocatalysis, PC), applied electrochemical potential to the photoelectrode solely 

(electrocatalysis, EC), and light-irradiation with an applied potential to the photoelectrode 

(photoelectrocatalytic, PEC). Details on the experimental setup and procedure are outlined in 

chapter II. For all experiments, the ITO/TiO2@GONS@4 photoelectrode was equilibrated in the 

orange G solution for 30 min under stirring before initial measurements were taken to compensate 

for the effect of physical adsorption. 

The catalytic performance of the ITO/TiO2@GONS@4 photoelectrode for the degradation of azo 

dyes was investigated using the degradation of Orange G dye. The degradation experiments were 

monitored using a UV-Vis spectrophotometer. Four characteristics absorbance peaks are observed 

at 475 nm (π* systems of the -N = N-), 420 nm (π -π* transition of -N = N- linked naphthalene), 

330 nm (π- π* transition of the naphthalene ring), and 254 nm (π- π* transition of the benzoic ring) 

[275, 276]. Figure 8.9 shows the UV-Vis absorption spectra of orange G degradation for PEC and 

PEC + persulfate system. The characteristic absorption peak at 475 nm, 420 nm, and 330 nm 

decreased with time. In the PEC system alone, an increase in the absorbance of the peak at 254 nm 

attributed to the π- π* transition of the benzoic ring increases with time. This increase suggests the 

possible formation of benzoic intermediate products [151]. Moreover, a new peak was observed 

at around 290 nm. The intensity of this new peak was observed to increase with treatment time, 

which suggests the formation of a phenolic by-product of aniline-type. Indeed, aniline and 

naphthol amine are common degradation intermediates in the degradation of Orange G [277]. The 
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characteristic absorption of the azo group of the orange G at 475 nm was monitored by taking 

aliquots at 10 min intervals, Figure 8.9. 
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Figure 8.9: Changes in the absorbance with time in the PEC system and PEC + persulfate system. 

Aliquots were taken every 10 min for the PEC system and at 2 min intervals for the 

PEC + persulfate system. Insert: Structure of Orange G. 
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The degradation of orange G under different conditions (PC, EC, and PEC) were tested in 30 μM 

Orange G solution containing 0.5 M Na2SO4 supporting electrolyte (Figure 8.10). The values of 

kobs were obtained from the slope of the plot of ln (C0/Ct) vs. time. Figure 8.10A shows the changes 

in the Orange G concentrations with time and Figure 8.10B shows the pseudo first-order kinetic 

plots of the (i) PC, (ii) EC and (iii) PEC systems. The PC and EC experiments had 5 and 13 % 

degradation efficiencies, respectively, while the PEC experiment had 55 % degradation efficiency 

over a period of 100 min. The linearity of the plots ln (C0/Ct) vs. time indicated that the degradation 

of orange G followed pseudo-first-order kinetics [278] for all the methods, Figure 8.10B. The 

apparent rate constants (kobs) for the degradation of orange G using the PC system were 

0.5 × 10−3 min-1, which is lower than 1.4 × 10−3 min-1 for the EC systems, Table 8.2. However, the 

PEC-system exhibited the highest rate constant (2.5 × 10−3 min-1) in unbuffered solution and a 

correlation coefficient of 0.97, demonstrating a high efficiency of the TiO2@GONS@4-based PEC 

system for the degradation of the Orange G. The results demonstrate the synergistic advantage of 

combined PC and EC in PEC on the catalytic degradation efficiency, where the efficiency of PEC 

is greater than the sum of the PC and EC systems alone. 
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Figure 8.10: Comparison of PC (i), EC (ii), and PEC (iii) activity of the ITO/TiO2@GONS@4 

electrode for the decomposition of OG (A) and the corresponding degradation kinetic plots (B). 

Experimental conditions: pH = unadjusted, and 0.1 M Na2SO4 electrolyte solution. 

 



221 | P a g e  
 

Table 8.2: Orange G (30 μM) degradation kinetics for TiO2@GONS@4. pH 3 was 

employed unless otherwise stated. 

 
Parameter kobs (× 

10−3) 

The correlation 

coefficient (R2) 

Initial rate (× 

10−7 mol L-

1 min-1) 

PC* 0.5 0.98 0.27 

EC* 1.4 0.99 0.45 

PEC Unbuffered* 2.5 0.97 1.17 

pH 3 5.3 0.99 3.46 

pH 5 2.4 0.99 1.14 

pH 8 1.1 0.97 0. 72 

pH 11 0.3 0.74 0.19 

Persulfate 

concentration 

1 mM 53.1 0.95 4.21 

5 mM 90.8 0.99 30.56 

10 mM 139.4 0.89 70.85 

*pH unadjusted. 
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The effect of pH on the PEC degradation of orange G was assessed. pH is known to affect the 

degradation of azo dyes since pH not only affects how easily the dye is oxidized, but also 

influences the surface interactions at the catalyst-pollutant interface [276]. For this, all other 

parameters, such as solution concentration, were kept constant. Four pH values (3, 5, 8, and 11) 

were evaluated and shown in Table 8.2. The observed initial rates of degradation of Orange G 

were 3.46, 1.14, 0.72, and 0.19 (× 10−7 mol L-1 min-1) for pH values of 3, 5, 8, and 11, respectively. 

The initial rates of degradation increased with decreasing pH from basic to mildly acidic conditions 

possibly due to more favourable surface dynamics that helped to encourage pollutant interaction 

with the catalyst at lower pH values. This is ascribed to the strong electrostatic interaction between 

TiO2@GONS@4 and protonated groups in orange G molecules. For further experiments, pH 3 

was employed in this work. 
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8.2.2 Persulfate assisted photoelectrocatalytic degradation 

To achieve superior degradation efficiencies and complete mineralization of pollutants, this work 

explored combining PEC and activated persulfate chemistry. Indeed, few accounts exist in 

literature where a visible light-responsive catalyst is combined with an electro-assisted persulfate 

activation system [279].  

Unlike for PEC alone, in the PEC + persulfate system, no new peaks attributable to the formation 

of by products were observed. Furthermore, the PEC + persulfate systems achieved the complete 

degradation of orange G in less than 10 min, while the PEC system (without persulfate) could only 

achieve about 12 % degradation within the same time limit. 

8.2.2.1 Effect of persulfate concentration 

The effect of persulfate concentration on the degradation performance was evaluated. Figure 

8.11A shows changes in the absorbance with time and (B) pseudo-first-order kinetic plot of orange 

G at 475 nm for persulfate concentrations for (i) 1 mM, (ii) 5 mM, and (iii) 10 mM, Figure 8.11B. 

The rate of orange G degradation was found to increase with increasing concentrations of 

persulfate with initial rates of 4.21, 30.56, and 70.85 (× 10−7 mol L-1 min-1), Table 8.2, for 

persulfate concentrations of 1 mM, 5 mM, and 10 mM, respectively. An almost 60-fold increase 

in the initial rate and kobs of Orange G degradation is realized with a persulfate concentration of 

10 mM when compared to what was achievable without persulfate addition (unbuffered solution). 

Indeed, the presence of the persulfate led to the greater oxidative degradation of orange G. 
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Figure 8.11: Effect of persulfate concentration on the degradation of OG (A). The pseudo-first-

order reaction kinetics for Orange G in the presence of different persulfate concentrations (B). In 

both instances (A) and (B), three different persulfate concentrations were used: 1 mM (i), 5 mM 

(ii), and 10 mM (iii). 
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8.2.2.2 Effect of applied bias potential 

The effect of the applied bias potential to ITO/TiO2@GONS@4 on the photoelectrocatalytic 

degradation of Orange G was also investigated. Three potential biases of 1.0 V, 1.5 V, and 2 V vs. 

Ag|AgCl were applied for the degradation of 30 μM of Orange G with the addition of 5 mM of 

persulfate. Figure 8.12A shows that the degradation efficiencies were 30 %, 48 %, and 50 %, for 

1.0 V, 1.5 V and 2.0 V vs. Ag|AgCl, respectively. This indicated that an increase in the applied 

potential lead to an increase in the rate of persulfate activation and hence enhanced degradation. 

The long-term stability and consequent reusability of the ITO/TiO2@GONS@4 electrodes was 

also evaluated. The ITO/TiO2@GONS@4 showed good stability and reusability as can be 

observed from the cycling experiments (Figure 8.12B). In each case, the ITO/TiO2@GONS@4 

electrode was purged with deionized water and air dried at room temperature after each cycle run. 

At the third application cycle, the percentage degradation of OG was approximately 76 % 

suggesting minimal fluctuations in the performance of the employed ITO/TiO2@GONS@4 

electrode even after the three cycles. 
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Figure 8.12: (A) Effect of bias potential on the degradation of Orange G (30 µM). (B) Cycle 

experiments for the degradation of Orange G on the ITO/TiO2@GONS@4 electrode. All with 5 

mM persulfate. 
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8.2.3 Catalytic mechanism 

The catalytic mechanism for the degradation of orange G by the ITO/TiO2@GONS@4 was 

investigated. It has been generally recognized that the photocatalytic and photoelectrocatalytic 

degradation proceed via the generation of reactive oxygen species (ROS) including, hydroxyl 

radical (·OH), superoxide (O2
·-), singlet oxygen (1O2), and sulfate radical (·SO4−) (the latter, if 

persulfate is present). Electron spin resonance (ESR) spectroscopy was employed to identify the 

possible ROS generated during the ITO/TiO2@GONS@4 mediated PEC and PEC + persulfate 

systems. 5,5-Dimethyl-1-pyrroline N-oxide (DMPO) was used to probe the existence of hydroxyl 

radicals, superoxide radicals, or persulfate radicals (in the case of persulfate addition), and 2,2,6,6-

tetramethylpiperidine (TEMP) was used to probe the generation of singlet oxygen (1O2). Figure 

8.13 (A) shows the DMPO/·OH/·SO4
− electron spin resonance spectra of (ii) ITO/TiO2, (iii) 

ITO/TiO2@GONS, and (iv) ITO/TiO2@GONS@4. Figure 8.13 (A)(ii) shows the mixed signal of 

DMPO−·OH and DMPO-·SO4
− adduct produced in the ITO/TiO2 system. An additional single 

symmetrical signal, which is attributed to the carbon-centered radical generated at the edges of the 

π electron systems [280], was observed at 3482 G in the ITO/TiO2@GONS systems (Figure 8.13 

(A)(iii)). 
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Figure 8.13: (A) DMPO and (B) TEMP ESR spectra of (i) DMPO/TEMP alone, or with (ii) TiO2, 

(iii) TiO2@GONS, and (iv) TiO2@GONS@4. Experiments were performed in the presence of 

persulfate (10 mM). [“♦” represents the presence of DMPO-OH adducts, “#” represents the 

presence of DMPO-SO4 adducts, and “*” represents the presence of carbon-centered radicals]. 
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There were no distinguishable signal peaks attributable to either DMPO−·OH or DMPO-·SO4
− 

radical adduct in the ESR spectrum of the ITO/TiO2@GONS@4 system (Figure 8.13 (A) (iv). 

Instead, the spectrum was dominated by the presence of the carbon-centered radical signal of π 

electron systems which suggested that the presence of the highly conjugated π system of GONS 

and 4 in the ITO/TiO2@GONS@4 system may have modulated the catalytic mechanism to a 

charge transfer mediated persulfate activation. Furthermore, the singlet oxygen driven catalytic 

mechanism was investigated. The ESR result in Figure 8.13 (B) did not show the typical three-

line ESR spectrum with equal intensities attributable to the TEMPO for ITO/TiO2, 

ITO/TiO2@GONS and ITO/TiO2@GONS@4. This suggests that the TiO2@GONS@4 did not 

produce singlet oxygen, and hence singlet oxygen was not responsible for the degradation of 

Orange G in the PS system. 

Although scarce, reports of non-radical activation of persulfates have been reported [281]. This is 

believed to proceed through an electron transfer mechanism from an organic material that serves 

as an electron donor to persulfate (electron acceptor) [282]. This usually involves the use of a 

conductive catalyst that serves to mediate the charge transfer mechanism. In this case, complex 4 

and GONS adequately modulate this process, as demonstrated earlier by the Mott-Schottky 

analysis. A proposed mechanism of Orange G degradation following persulfate (PS) activation via 

a non-radical route using the as-reported system is as follows: (i) firstly, PS and Orange G azo dye 

within the electrolyte solution transfer from the electrolyte to the surface of the 

ITO/TiO2@GONS@4 photoanode, (ii) PS molecules adsorbed on the surface of the photoanode 

are subsequently activated, (iii) oxidation of Orange G molecules occurs on the surface of the 

photoanode through electron transfer to the PS, facilitated by the carbon framework of the 

TiO2@GONS@4 catalyst (Scheme 8.2). 
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Scheme 8.2: Proposed pathways for the carbocatalytic non-radical activation of persulfate in the 

TiO2@GONS@4 system. OP and OPox stand for organic pollutants and oxidation products, 

respectively. 

This works serves as the first report of persulfate activation by such MPc complexes where radical 

intermediates such as sulfate radical anion and hydroxyl radical are not responsible for this 

persulfate-driven oxidation of an organic pollutant. This is important because non-radical 

pathways are highly selective systems. Their substrate-dependent oxidizing capacity allows for 

better targeting of the priority pollutants present at trace levels in the complicated water matrices. 

Non-selective radicals (such as sulfate and hydroxyl radicals) would be fruitlessly consumed 

through the reactions with background organic and inorganic substrates [283,284].  
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8.3 Summary of chapter 

The excellent visible-light harvesting properties of MPcs were exploited in the fabrication of MPc-

NPs ternary structure using complex 4 (TiO2@GONS@4). The compositing of such a hybrid 

heterojunction promotes charge separation and electron migration, significantly improving the 

degradation efficiency with an applied potential. The degradation kinetics were found to follow 

pseudo first order kinetics. Electron spin resonance analyses suggested that neither hydroxyl 

radicals nor sulfate radicals were produced for TiO2@GONS@4, and therefore were not 

responsible for the persulfate-driven oxidation of the OG dye. These findings suggest that MPcs 

can play a critical role in mediating the eventual charge transfer mediated PS activation.  
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Chapter IX 

General conclusions and recommendations 
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This chapter summarizes the results obtained from the studies conducted and reported in this thesis. 

It also gives recommendations on future work that could be conducted to enhance the reported 

studies. 

9.1 General conclusions 

This study reported on the successful synthesis of novel asymmetric and symmetrical zinc 

phthalocyanine complexes as well as silicon metal-based phthalocyanine complexes. The 

structures of MPcs were confirmed by various techniques, including, FT-IR, NMR, MALDI-TOF 

mass spectrometry and elemental analysis. 

The MPcs were further conjugated to various NPs and techniques such as FT-IR and X–ray 

photoelectron spectroscopy was used to confirm the successful compositing of the individual 

components. Generally, the presence of nanoparticles resulted in enhanced triplet and singlet 

oxygen quantum yields of Pcs and this was attributed to the heavy atom effect of the nanoparticles. 

The employed MPcs and MPc-NPs conjugates were successfully encapsulated into unmodified as 

well as FA-functionalized liposomes to improve biocompatibility and aqueous solubility. The 

formed liposomes presented as predominantly spherical nanoscale structures with sizes between 

90 and 280 nm with negative zeta potentials. 

The liposome-loaded MPcs and MPc-NPs were successfully applied in PDT using MCF-7 and 

HeLa cells as in-vitro cancer models.  This work showed that liposome-loaded Pc or Pc/NPs could 

effectively undergo passive up-take by the employed cell lines. Folic acid functionalization of 

liposomes could be exploited for active drug delivery and herein led to an almost 3-fold increase 

in drug uptake vs non-FA functionalized liposomes in accordance with FR expression levels 

between HeLa and MCF-7 cells, giving credence to folate receptor targeting. The employed 

liposomal formulations displayed low cytotoxicity in the dark. However, high PDT activities were 
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observed following NIR laser irradiation. This work related the phototoxicities to NIR-responsive 

ROS generation.  

For 1-liposomes, although the efficacy of PDT is limited in hypoxia, the potential reduction and 

hence activation of the quinoid may have acted to induce a chemotherapeutic effect which 

ultimately compensated for the otherwise attenuation of PDT activity under hypoxia. The PDT 

effect of the employed 2-liposomes under hypoxia benefited from dual effects of oxygen-

dependent singlet oxygen and nitric oxide release. This work also demonstrated that incorporating 

catalase-mimicking NPs with MPcs afforded the MPcs with the ability to supplement oxygen in-

vitro through the breakdown of endogenous hydrogen peroxide which ultimately translated into 

sustained phototoxicity under hypoxia.  

A simplified lab-scale fabrication and photoelectrocatalytic evaluation of a TiO2-GONS-MPcs 

heterojunction resulted in an NIR-responsive photocatalyst which cooperative properties for the 

degradation of Orange G as a sample industrial pollutant. The resultant composite exhibited great 

potential for advanced water treatment technology.  

9.2 Future recommendations 

For future work and direction, it would be interesting to evaluate newer classes of MPcs with more 

tunable hypoxia-activated response. Computational chemistry would play a huge role in this case 

isolating compounds of favourable reduction potentials to the applied in hypoxic PDT. Also, in 

line with this, the possibility of carbon monoxide (CO) releasing MPcs complexes would pose an 

interesting addition to the host MPcs that can be applied in hypoxic PDT.  
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Based on the promising activities of the photoelectrocatalytic composite reported herein, future 

work could entail applying them for other water related problems such as the photoreduction of 

heavy metals and desulfurization of crude oils as well as a host of other toxic aqueous pollutants.  
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Supporting Information 

 

 

Figure S1: MALDI-TOF mass spectrum of the as-synthesized complex 2. 
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Figure S2:  1H NMR spectrum of complex 1 in DMSO-d6 
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Figure S3:  XPS wide-scan survey and high-resolution C 1s, O 1s, C 1s, and Si 2p spectra of 1. 
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Figure S4: Maldi-TOF spectra of complex 3. Insert = simulated isotopic mass distribution for 

complex 3. 

Figure S5: Maldi-TOF mass spectrum of 5. 
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Figure S6: XRD diffraction patterns of GQDs alone 

 

 

 


