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ABSTRACT  

This study focuses on the development of the sono-photodynamic combination 

therapy (SPDT) activity of phthalocyanines (Pcs) on the cervical and breast cancer 

cell lines in vitro. The SPDT technique utilizes ultrasound in combination with light to 

elicit cytotoxic effects for cancer eradication. 

In this work, a selection of tetra-peripherally substituted Zn(II) cationic and zwitterionic 

Pcs were prepared. The photophysical parameters of the Pcs were determined 

including their fluorescence behaviours and efficiency of the triplet excited state 

population. The effects of the ultrasonic parameters (frequencies (MHz) and power 

(W.cm-2)) on the stability of the Pcs were evaluated. Four parameters were evaluated: 

Par I (1 MHz: 1 W.cm-2), Par II (1 MHz: 2 W.cm-2), Par III (3 MHz: 1 W.cm-2) and Par 

IV (3 MHz: 2 W.cm-2). The stability of the Pcs reduced with the increase in the 

ultrasonic power (for Par II and Par IV). The Par I showed the least degradation 

compared to the other parameters and was therefore used for the SPDT treatments. 

The sonodynamic (SDT), photodynamic (PDT) therapy activities of the Pcs were 

studied and compared to their SPDT efficacies. The Pcs showed reactive oxygen 

species generation during the SDT, PDT and SPDT treatments. For the SDT and 

SPDT, singlet oxygen (1O2) and hydroxyl radicals (•OH) were detected. For PDT, only 

the 1O2 were detected. The cell cytotoxicity studies for the Pcs showed relatively higher 

therapeutic efficacies for the SDT treatments compared to the PDT treatments, where 

the SPDT showed higher therapeutic efficacies compared to both the SDT and PDT 

monotreatments on both the cell lines in vitro. Overall, the combination treatments 

were better compared to the monotreatments.  

The activities of the Pcs were compared by their differences in structures, including 

the type of R-group, type of quaternizing agent and type of nanoparticle conjugates.  
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Preface 

This work explores the sono-photodynamic combinatorial activity of a selection of 

differently substituted phthalocyanines on breast and cervical cancer cell lines in vitro. 

The effects of several factors, including the structural compositions of the Pcs, the 

presence of nanoparticles, and the ultrasonic parameters on the activities of the 

phthalocyanines were studied, Fig. 1.1. These studies were conducted on a quest to 

determine factors that may maximise the harnessing of ultrasonic energy for the 

development of non-invasive and efficacious cancer treatment techniques. 

 

Figure 1.1. Factors affecting the activity of phthalocyanines as sensitizers in the 
sonodynamic and photodynamic therapy for eradication of cancer in vitro. 



 

  

 

CHAPTER ONE 
1. Introduction 

 



CHAPTER ONE  Introduction 

 2 

1.1. Problem statement. 

Breast and cervical cancer are two of the most prevalent cancer types affecting women 

in South Africa, as reported by the Cancer Association of South Africa (CANSA), 2021 

[1]. Both breast and cervical cancers can metastasize through the body, affecting deep 

seated organs and tissue [2,3]. These cancer types have been identified as a national 

priority due to the increasing occurrence of incidences, nationally and even globally. 

The search for more efficacious cancer treatment techniques continues as most of the 

known conventional treatments have limitations including invasiveness, toxic side- 

effects, and the development of resistance, to mention a few. These include surgery, 

radiation and the most common, chemotherapy [4-6].  

Photodynamic therapy (PDT) is a minimally invasive and controllable technique 

developed as an alternative to conventional techniques. PDT involves the use of a 

non-toxic sensitizer which may be activated by light to elicit cytotoxic effects [7]. 

Although PDT has shown impressive results for cancer treatment, the light used in the 

activation of the sensitizers has limited penetrability and may traverse tissue up to 10 

mm past the epidermis [8,9]. Therefore, PDT is only effectively used for the eradication 

of superficial cancers and not deep-seated soft tissue cancers. Efforts including the 

use of multimode-fibers for direct light delivery to tissue have been reported [10]. This 

technique is, however, invasive, as the fibres physically pierce through tissue. 

Ultrasound (US) mediated therapy, known as sonodynamic therapy (SDT), is currently 

studied as an alternative to PDT. SDT involves the synergistic activity of  and the 

sensitizer to elicit anticancer effects [11,12]. This technique addresses the limitation 

of light penetrability in PDT since US can penetrate deeper into tissue and may reach 

deep-tissue seated tumours [13].  Several sensitizers have been studied and reported 

for SDT including porphyrins, chlorins and phthalocyanines, [14-31] Table 1.1.
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Table 1.1. A summary of a selection of sensitizers reported for sonodynamic therapy.  
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This work focuses on the study of cationic Zn(II) phthalocyanines as potential 

sensitizers for SDT and SDT-supplemented PDT, for the development of an 

efficacious treatment technique for the eradication of deep-tissue cancers.  

1.2. Phthalocyanines 

1.2.1. General structures and synthesis. 

Phthalocyanines (Pcs) are macrocyclic compounds that appear blue or green and 

sometimes brown in colour. The general structures of Pcs are shown in Fig. 1.2. 

 

Figure 1.2. General structure of A) metal-free (H2Pc), B) metallated (MPcs) Pc 
showing the non-peripheral (alpha) and peripheral (beta) positions, and C) metallated 
Pc with axial substituent linked to the central metal. M: metal. 

The precursors used in the synthesis of Pcs are shown in Scheme 1.1. 

 
Scheme 1.1. Summary of the phthalocyanine-precursors and the synthetic routes for 
the preparation of metal-free (H2Pc) and metallated (MPcs) phthalocyanines. 
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The Pcs are tetrapyrrolic macrocycles with a central cavity to which a metal atom may 

be chelated. The Pcs with no central metal are referred to as H2Pcs, owing to the non-

chelating -NH groups at the centre of the core, Fig. 1.2 A.  The central metals or 

metalloids for Pcs may include alkali, alkali earth, transition, post-transition groups and 

sometimes lanthanides. The structures of Pcs may also be expanded by means of 

attaching R-groups. The R-groups on the Pcs may be attached at the non-peripheral 

(alpha, α) positions and/ or the peripheral (beta, β) positions, Fig. 1.2 B. Further 

modification may be done by adding an axial ligand which is linked to the central metal 

directly, Fig. 1.2 C, when using metals with oxidation states ≥3 such as Al(III), In(III), 

Sn(IV), etc. Various reaction processes may be applied for the preparation of Pcs with 

varying structural compositions. The Pcs are synthesized through the cyclization of 

any of the precursors shown in Scheme 1.1.  

For H2Pcs, the precursors may be reacted alone to form the macrocycle with a central 

cavity. An alternative method may include the reaction of the precursors in the 

presence of a metal salt (MX) to facilitate the cyclization of the precursors to form 

metallated Pcs (MPcs) [32]. The removal of the metal centre would be achieved by 

using an acid to yield the H2Pcs [33]. For the preparation of MPcs, H2Pcs may be 

metallated using a MX to form a MPcs. In this work, the phthalonitrile precursors were 

used for the preparation of the Pcs. For Pcs with R-group extensions, the Pcs’ 

precursors which are already bearing the desired R-groups are commonly used. For 

example, n-nitro-phthalonitriles, which are commercially available, may be modified 

by substituting the nitro- group using an electron withdrawing group such as alcohols 

(R-OH) or thiol (R-SH) in the presence of a base catalyst such as potassium carbonate 

or sodium carbonate to introduce an R-group extension.  
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The routes for preparation of substituted Pcs are shown in Scheme 1.2.  

 

Scheme 1.2. Preparation of substituted phthalocyanines with R-groups. 
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region (NIR) denoted as the Q-band and a second blue shifted absorption peak 

denoted as the B-band [37], Fig 1.3 A. This observation is explained by the 

Gauterman’s four-orbital model using the highest occupied molecular orbital (HOMO) 

and Lowest unoccupied molecular orbital (LUMO) transitions, [37,38], Fig. 1.3 B. 

 

Figure 1.3. A) A typical ground state UV-vis absorption of MPCs and B) the electronic 
transitions showing the origins of the Q- and B-Bands. 

The Q-band appears as a result of the transition occurring between the ground state 

a1u of the of the HOMO to the eg of the LUMO, Fig. 1.3 B. The B-band appears 

relatively broader than the Q-band. The B-band broadness is due to the 

superimposition of two bands, the B1 band (a2u of the HOMO and eg LUMO transition) 

and the B2 band (b2u of the HOMO and eg LUMO transition) [38].  

1.3. Phthalocyanines in cancer therapy development. 

The interest in Pcs as sensitizers for PDT is due to their impressive therapeutic 

efficacies upon exposure to light and their low toxicity in the absence of light [39] 

among other reasons. Pcs are recognized as the second and promising generation of 

sensitizers for PDT [40]. 
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1.3.1. Phthalocyanines in photodynamic therapy. 

There are various factors to be considered when preparing Pcs for PDT. The Pcs 

should be able to efficiently absorb light upon irradiation and generate the cytotoxic 

reactive oxygen species (ROS). Ideally, Pcs should absorb light of wavelength in the 

NIR within the phototherapeutic window (between 650 nm to 850 nm) [41]. For 

biological applications such as cancer treatment, this is important since the 

competition for the photon-energy will be minimized as most absorbing biological 

matter and tissue are generally transparent at this range [42,43]. Furthermore, the Pcs 

should maintain stability under physiological conditions and under light irradiations to 

maintain high efficacies. Solubility also plays an important role in the general 

therapeutic efficacies of Pcs as it influences biodistribution and delivery of the 

therapeutics within a biological system [44,45]. Thus, soluble Pcs are ideal as 

sensitizers for PDT. The Pcs tend to form aggregates due to the lipophilic, planar, and 

conjugated core. The formation of aggregates has been reported to reduce the Pcs 

therapeutic performance during PDT by quenching photoactivities [46].  

The mechanism of action for Pcs in PDT has been well defined in the literature using 

the well-known Jablonski diagram, Fig. 1.4.  

 

Figure 1.4. The Jablonski diagram showing photoactivation of phthalocyanines and 
energy pathways to yield reactive oxygen species. 
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The Jablonski diagram summarizes the energy pathways involved from the light-

mediated activation of sensitisers to the generation of the ROS [47,48]. Briefly, the Pc 

sensitizer in the ground state (S0) absorb photons from light to occupy higher energy 

singlet excited state (S1) and become activated (Pc*), Fig. 1.4. The Pc* may thereafter 

relax back to S0 by emitting light through fluorescence [49,50]. Alternatively, the Pc* 

may undergo intersystem crossing to occupy the triplet state (T1). The Pc* in the T1 

may generate ROS through the type I or type II routes [51,52], Fig. 1.4. The type I 

involves the interaction of the activated sensitizer with biomolecules through electron 

transfer to form ROS such as the superoxide- (O2•-) and hydroxyl radicals (•OH), and 

hydrogen peroxide (H2O2). For the type II route, the sensitizers form 1O2 through 

energy transfer from the Pc* to nearby molecular oxygen (3O2) in the T1. These 

processes promote cellular oxidative stress which leads to cell death [53]. 

For Pcs, the formation of ROS during PDT is reported to be predominantly via the type 

II route. A series of cytotoxic biochemical processes such as lipid peroxidation, protein, 

and DNA oxidation etc. which ultimately lead to cytocidal effects are induced during 

treatment [53,54]. Although PDT involves various other cytotoxic biochemical 

processes in addition to oxidative stress, the ROS efficiency of Pcs is important in 

predicting its efficiency and potential as a sensitizer for PDT. 

1.3.2. Phthalocyanines in sonodynamic therapy.  

The Pcs have recently been rapidly gaining interest as potential sensitizers in SDT 

and SDT-supplemented PDT, known as sono-photodynamic combinatorial therapy 

(SPDT) [19,55,56]. Fewer Pcs have been studied and reported for SDT and SPDT 

compared to PDT, [18-20, 24, 30, 57-64], Table 1.2. The Pcs have shown activity 

against various cancer cell types in SDT and SPDT, Table 1.2.
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Table 1.2. A summary of phthalocyanines reported for sonodynamic- and sono-photodynamic combination therapy for cancer. 

US: ultrasound, AlS4: aluminium(III) chloride tetra-sulfonate; AlS2Pc: aluminium(III) chloride di-sulfonate; Zn-α-3-COOH-phenoxy: 
zinc (II) tetra-α-(3-carboxyphenoxy). M (cinnamyloxy) Pc: (M = indium (III) and gallium (III)).

 Pcs US parameters Cancer cell lines Model Ref 
So

no
dy

na
m

ic
 th

er
ap

y 

AlS2Pcs 3.0 MHz; 3.0 W.cm-2 Colon tumour carcinoma (CT26) cells In vitro, in vivo [19] 

Zn-α-3-COOH- Pcs 1.0 MHz; 2.0 W.cm-2 Hepatocellular carcinoma (HepG2) cells In vivo [20] 

AlS4Pcs 1,92 MHz; 3.0 W.cm-2 Colon tumour carcinoma (CT26) cells In vivo [24] 

AlS4Pcs 1.93 MHz; 6.0 W.cm-2 Human leukocyte (HL60) cells In vitro [57] 

ZnPcs 20 kHz, 10 W.cm-2 Murine melanoma (B16F10) cells In vitro [58] 

FePcs 30 kHz HUVECs and breast carcinoma (4T1) cells In vitro, in vivo [59] 

H2, M (cinnamyloxy)4 Pc 1 MHz,0.5 mW.cm-2 Gastric (MKN-28) cells In vitro [60] 

So
no

-p
ho

to
dy

na
m

ic
 th

er
ap

y ZnPcs 1.1 MHz; 1.0 W.cm-2 Colon tumour carcinoma (CT26) cells In vivo [18] 

AlS4Pcs - Prostate (PC3, LNCaP) cells In vitro [30] 

AlS2Pcs 1.0 MHz; 2.0 W.cm-2 Human Melanoma (G361) cells In vitro [55] 

AlS2Pcs 1.0 MHz; 2.0 W.cm-2 Mouse melanoma (B16FO) and 
fibroblast (NIH3T3) cells In vivo [61] 

AlS2Pcs 1.0 MHz; 2.0 W.cm-2 Human breast adenocarcinoma (MCF-7) cells In vitro [62] 

SiPcs 0.5 W Prostate (PC3) cells In vitro [63] 

Pc-Artesunate 1 MHz,1.5 W.cm-2 Hepatocellular carcinoma (HepG2) cells In vivo [64] 
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The Pcs reported for SDT and SPDT as shown in Table 1.2, are generally neutral or 

anionic. Atmaca, et al. reported on the SiPcs bearing cationic axial groups [63] for 

SPDT. Cationic Pcs are of interests due to their affinity to the anionic cellular 

membrane of cancer cells [65]. Thus, this work expands on cationic Pcs as sensitizers 

for SDT and SPDT. Furthermore, structural modifications have been reported to a 

lesser extent for Pcs in SDT including conjugation to nanoparticles. Only liposomes 

have so far been reported in combination with Pcs for SPDT [18]. Nanoparticles have 

been widely used in combination with Pcs for PDT therapeutics due to their ability to 

target cancer sites [66]. The guide on the Pcs’ structural requirements for PDT is 

relatively clearer compared to SDT as it is not yet known what functional groups would 

constitute sono-active Pcs. It is therefore important to explore further the factors that 

may affect the Pcs’ applicability for SDT and SPDT. It is, however, necessary that the 

Pcs should be able to absorb energy from the US to induce cytotoxicity.  

1.3.2.1. Mechanism of action in Sonodynamic therapy.  

The mechanism of action of Pcs in SDT is not yet well understood and has been 

defined so far using a phenomenon known as acoustic cavitation [67, 68], Fig. 1.5. 

 

Figure 1.5. Acoustic cavitation in sonodynamic therapy. 
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The phenomenon of acoustic cavitation involves the nucleation, growth, and implosion 

of gas-filled bubbles when the ultrasonic mechanical waves are exerted in an aqueous 

medium [69,70]. Two main processes may occur during acoustic cavitation, namely: 

sonoluminescence and pyrolysis, Fig. 1.5. 

Sonoluminescence is the light emitted from the imploding bubbles [68,71], Fig. 1.5. 

Several studies have been conducted to characterize the sonoluminescence. In a 

study looking at the SDT-activity of porphyrins, Giuntini et al. measured the emission 

profile of the sonoluminescence which showed a broad emission within the wavelength 

ranges between ~300 nm - 700 nm. The maximum emission intensity for this light was 

observed at 500 nm recorded in an aqueous medium using US-irradiation settings of 

1.86 MHz and 1.5 W cm-2 [21]. In another study, sonoluminescence signals were 

observed at wavelengths 350 nm - 450 nm, 450 nm - 550 nm and 550 nm - 650 nm in 

gel phantoms, used as tissue simulators, where the US-irradiation settings were 1.1 

MHz and 2 W cm-2 [72]. Hence, it is believed that the mechanism of sensitizer 

activation through sonoluminescence is like the light-mediated activation in PDT as 

described previously.  

For pyrolysis, the bursting bubbles may also release high pressures (>81 MPa) and 

energy of (~10000 K) causing high raise in temperature of the surrounding 

environment [73,74]. This localised increase in temperature causes the sensitizer in 

that vicinity to fracture, forming free sensitizer-derived radicals such as carbon radicals 

(•C) in the case of organic sensitizers, including Pcs; or may lead to the formation of 

non-radical sensitizer fragments [75], Fig. 1.5. The •C may thereafter interact directly 

with endogenous substrate or the O2, forming cytotoxic ROS such as peroxyls or 

alkoxyls derived from the sensitizer monomers [75,76]. There has been no study that 

confirms the lysing of Pcs induced by sono-irradiation reported yet.  
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1.3.2.2. The role of ultrasonic frequency and power. 

The rate and efficiency of bubble-formation during acoustic cavitation play a vital role 

in the efficacy of SDT as they affect the amount of available energy for Pcs activation 

and ROS yields. Various factors may be considered to manipulate the efficiency of 

acoustic cavitation. These may include varying the US frequency (MHz) and power 

(W.cm-2). An increase in the ultrasonic frequency results in an increase in the rate of 

bubble formation per unit time [77,78]. An increase in the ultrasonic power may 

enhance the sizes of bubbles formed [77,78]. Increasing both the frequency and power 

may result in the formation of larger bubbles rapidly and therefore yielding more 

energy for ROS generation through acoustic cavitation.  

For Pcs, the specific combinations of US frequency and power may be optimized to 

improve ROS yields and the general therapeutic efficacy of SDT. For SDT in cancer 

therapy, US of frequencies between 1 MHz – 3 MHz and power between 1 W.cm-2 – 

6 W.cm-2 have been reported Table 1.2. Lower US frequencies at kHz ranges have 

also been reported for SDT using Pcs [59,60]. These parameters have demonstrated 

non-destructive effects on cells in the absence of a sensitizer molecule [79]. 

Furthermore, low US frequency has an inverse relationship to wave attenuation and 

therefore its penetrability into tissue is higher compared to light in PDT [73]. Therefore, 

combining this therapeutic ability of Pcs in SDT with their ability to absorb light of 

wavelengths in the NIR makes Pcs potentially good candidates for SPDT for treatment 

of less accessible deep-tissue tumours.  

1.3.3. Design of phthalocyanines for photo- and sonodynamic therapy. 

While designing sono-active Pcs for SDT, it is important to consider the requirements 

for efficient sensitizer in PDT, since SPDT is a combination of both PDT and SDT 
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monotherapies. Various methods may be used to improve the Pcs’ photo- and possibly 

sono-chemical properties and their specificity to cancer. Careful consideration of the 

functional groups constituting the Pcs is important in designing efficacious compounds 

for therapy. 

1.3.3.1. Effect of central metal. 

It is reported that metallated Pcs perform better compared to their non-metallated 

counterparts in PDT [80]. The central metals are known to enhance the T1 population 

of the Pc* and consequently, the 1O2 yields. This effect is known as the heavy-atom 

effect and is reported to increase with an increase in central metal size [81]. 

Additionally, the use of heavy metal Pcs is desirable for PDT since it improves the red-

shifting of the Pcs’ Q-bands. For SDT, metals including Al, Zn, Fe, Ga, In and Si have 

been studied [19,20,59,60,63]. Güzel et al. reported on H2, Ga and In tetra-

cinnamyloxy-substituted Pcs, where the sono-photophysical properties of the Pcs 

increased with the increase in the central metal molecular weight [60]. In another 

study, the metallated Pcs have shown improved activity compared to the H2Pc 

counterparts in SDT [82]. Therefore, central metals may have played an important role 

in the overall SDT-activity of the sensitizers. Although this may be the case, it is still 

not yet clear what the role of the type and size of the central metal is in the SDT-activity 

of Pcs. Additionally, corrole-based sensitizers have demonstrated improved sono-

activity upon metallation [23]. Thus, metalated Pcs may be ideal when designing 

sensitizers for PDT, SDT and SPDT. 
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1.3.3.2. Effect of R-groups.  

Other methods of improving the therapeutic performance of Pcs may include varying 

the R-group type and position on the Pcs structures. The planar and generally 

lipophilic Pcs’ core with a rich conjugated system as mentioned earlier, causes the 

Pcs to stack on top of each other leading to aggregation in aqueous media [83]. The 

aggregation of Pcs in solution have been reported to enhance the rate of non-radiative 

relaxation, known as internal conversion, which results in the reduction of the T1 

population upon irradiation [84]. This effect causes the ROS yield of aggregated Pcs 

to be reduced. The use of bulky R-groups to reduce aggregation is one of the common 

methods for addressing the issue of aggregation [85].  

The position of the R-groups (the α and β positions) have been demonstrated to affect 

the solubility and overall photo-activity of Pcs [86]. Although both the α- and β-

substituted Pcs have been studied in SDT, Table 1.2, the effect of R-group position 

has not yet been defined for this type of treatment.  Axially substituted Pcs are also 

known to have reduced aggregation, and have also been reported for SPDT [63]. 

Other methods of improving the solubility of Pcs in aqueous media include the 

introduction of ionic groups such as the -COO-, -SO3- anions on the R-groups. The R-

groups bearing 1°, 2°, or 3° amines can be quaternized to yield water-soluble cationic 

Pcs [87]. Ionic Pcs improve the solubility in aqueous media. 

1.3.3.3. Improving specificity to cancer and organelle targeting. 

The R-groups of Pcs may be designed or modified to target cancer cells from healthy 

somatic cells. Cancer cells are different from healthy cells in that they have an overall 

anionic membrane potential due to the expression of anionic membrane lipids and 

glycoproteins, and the high concentrations of intracellular lactic acids [88-90]. The 



CHAPTER ONE  Introduction 

16 
 

cationic Pcs may therefore target and accumulate at the tumour sites through 

electrostatic interactions. It has been reported that cationic Pcs demonstrate improved 

performance in PDT compared to their neutral counterparts [91]. Other methods for 

targeting include the labelling of the Pcs using bioligands such as folic acids, glucose, 

biotin to mention a few [92-94].  

Some of the commonly used methods for cellular uptake in cancer therapy are 

summarized in Fig 1.6. 

 

Figure 1.6. Summary of the cancer cell targeting methods for phthalocyanines. 

Cancer cells, unlike healthy cells, tend to overexpress membrane receptor proteins for 

the ligands discussed above, therefore, Pcs labelled in this way may be easily 

facilitated into the cells through receptor mediated transport [95,96]. The cationic 

therapeutics have also been reported to enhance intracellular targeting [96], where the 

therapeutics accumulate at the anionic mitochondria membrane and therefore 
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internalising within the organelle [97,98]. Organelle-targeting allows for more precise 

therapy and has been shown to improve the therapeutic efficacy of anticancer drugs 

[99]. The mitochondria are known as the powerhouse-organelles of the cell and may 

account for over 80% of the total cellular O2. For techniques such as SPDT, which 

depend on the availability of O2 for therapy, mitochondrial-targeting for sensitizers may 

be beneficial. Furthermore, the distraction of these organelles may implicate a series 

of crucial biochemical processes which may lead to cell distraction. In this work, the 

triphenylphosphine (TPP) moiety was employed to modify Pcs for mitochondria 

targeting. The TPP-labelled Pcs are reported for the first time for SDT and SPDT in 

this work. Additionally, the membranes of cancerous cells are known to be leaky and 

will generally allow the permeation of larger molecules compared to the more stringent 

membrane of healthy cells. The use of nanoparticles (NPs) of diameter between 1 nm 

– 100 nm for drug delivery in cancer therapy utilizes this method of passive delivery. 

This phenomenon is known as enhanced permeation retention [100,101]. Pcs have 

been conjugated to various NPs types including organic and inorganic NPs for 

improving delivery to cancers for therapy, including PDT [66,102,103]. For SDT, Pcs 

conjugated to NPs have been reported to a lesser extent [18,59,64]. 
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1.4. A summary of the phthalocyanines used in this work. 

In this work, a series of ionic Pcs were prepared and studied for PDT, SDT and SPDT 

activity against breast and cervical cancer cell lines in vitro. The effects of the structural 

variations on the Pcs were studied for the first time for SDT and SPDT in this work. A 

summary of all the ionic Pc studied in this work is given in Table 1.3.  

The Pc 1 – Pc 5 are reported in the literature [104 – 108], and the Pc 6 – Pc 11 are 

new. 

All the Pcs bear 4° amine groups on their substituents in the peripheral positions. The 

following structural variations were studied and compared for the Pcs: 

• Methylated N-group on meta vs para position on pyridine R-group: Pc 2 

versus Pc 3. 

• Methylated N-group in aliphatic and aromatic: Pc 1, Pc 4, Pc 5 versus Pcv 2, 

Pc 3, Pc 8. 

• R-group extension on morpholine Pcs: Pc 4, Pc 5 versus Pc 6, Pc 7, 

respectively. 

• Methyl- and ethyl- quaternizing agent: Pc 8 versus Pc 9. 

• Methyl- and propanesultone- (cationic vs zwitterionic): Pc 4, Pc 5 versus Pc 

6, Pc 7, respectively. 

• Methyl- and TPP (number of cations): Pc 3, Pc 4 versus Pc 10, Pc 11, 

respectively. 

The Pc 8 and Pc 9 were also conjugated to NPs and would be compared to the non-

conjugates Pcs. 
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Table 1.3. Summary of the phthalocyanines used in this work. 

Structure and name No. Ref NPs 
conjugated 

 
2,9,16,23-tetrakis-(N-methyl-diethylamino) Zn(II) Pc 

 

1 [104] None 

 
2,9,16,23-tetrakis-(4-methyl-2-pyridyloxy) Zn(II) Pc 

 

2 [105] None 

 
2,9,16,23-tetrakis-(N-methylpyridyloxy-) Zn(II) Pc 

 

3 [106] None 

 
2,9,16,23-tetrakis-(N-methylmorpholino) Zn(II) Pc 

 

4 [107] None 
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2,9,16,23-tetrakis-(2,5-dimethyl-4-(N-
methylmorpholine)-phenoxy) Zn(II) Pc 

 

5 [108] None 

 
2,9,16,23-tetrakis-(N-propanesultone-morpholino) 

Zn(II) Pc  

6 New None 

 
2,9,16,23-tetrakis-(2,5-dimethyl-4-(N-
propanesultone-morpholino)) -phenoxy Zn(II) Pc 

7 New None 

 

8 New 

NGQDs, 
NSQDs 

 
AuGSH, 
AgGSH 

NNN

N

N N N

N S

S

S

S
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2,9,16,23-tetrakis-(methyl-2-mercapto-4-methyl-5-
thiazoleaceticacid) Zn(II) Pc 

 

 
2,9,16,23-tetrakis-(ethyl-2-mercapto-4-methyl-5-
thiazoleaceticacid) Zn(II) Pc 

 

9 New 

NGQDs, 
NSQDs 

 
AuGSH, 
AgGSH 

 
2,9,16,23-tetrakis(N-(N-butyl-4-triphenyl-
phosphonium)- pyridine-4-yloxy) Zn(II) Pc 

 

10 New None 

 
2,9,16,23-tetrakis-(N-(N-butyl-4-triphenyl-
phosphonium)-morpholino) Zn(II) Pc  

 

11 New None 
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1.5. Nanoparticles in photo- and sonodynamic therapy. 

There is a plethora of NPs reported for the development of cancer therapeutics. The 

NPs differ by sizes, shapes, and overall chemical compositions. The NPs used can be 

grouped into two major groups, viz. organic NPs including liposomes and the graphitic 

fullerenes, nanotubes and sheets; and the inorganic NPs including metallic NPs. Some 

of the NPs reported for PDT and SDT are shown in Fig. 1.7. 

 

Figure 1.7. Structures of some of the nanoparticles reported in photo- and 
sonodynamic therapy.  

For PDT, the use of NPs has been reported extensively where both organic and 

inorganic NPs, as shown in the Fig. 1.7, have been applied. In SDT however, fewer 

NPs have been studied and include liposomes [18,109], micelles [110], mesoporous 

silica [111], and gold NPs [112]. Some NPs reported in SDT studies in the literature 

include TiO2 NPs, which have demonstrated impressive therapeutic efficacies upon 

sono-irradiation [113,114]. In some cases, the NPs were conjugated to the 

sonosensitizers as delivery vectors and for enhancing efficiency in SDT [115-119]. The 

ability of NPs to demonstrate tumoricidal effects when irradiated with US is not yet 

clear. However, it is reported that solid particles improve the efficiency of acoustic 
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cavitation by increasing the surface area for bubble-nucleation sites [118]. This results 

in an increase in the rate of bubble formation, and therefore increasing the yield of 

ROS during SDT [119-122]. Fewer Pc-NPs conjugates have been studied for SDT on 

cancer cells. Bakhshizadeh et al. reported on the improvement of Zn Pcs’ SPDT 

performance on colon melanoma CT26 cell line upon encapsulation within liposomes 

[18]. In another study, using protoporphyrin, Sarzgarnia et al. reported on the 

protoporphyrin-gold NPs conjugates with improved SDT efficacies on the CT26 cell 

line in vivo [123].  

The use of Pcs conjugated to metallic and graphitic NPs for SDT and SPDT treatments 

are reported for the first time in this work. A summary of the NPs used in this work is 

given in the Table 1.4, [124-127]. 

Table 1.4. A summary of the nanoparticles used in this work. 
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In this work two classes of NPs were conjugated to Pcs, including inorganic (metallic) 

and organic (graphitic) NPs, and employed for the PDT, SDT, and SPDT treatments 

of cancer cells in vivo. The design and synthesis of NPs for cancer treatment requires 

careful consideration to yield specific structural properties including size, shape, 

stability, surface properties as well as their toxicity profiles [128].  

The metallic NPs can be prepared in different sizes and shapes such as spheres, 

prisms, and rods to mention a few. In this work, glutathione (GSH) functionalized 

spherical gold (AuGSH) and silver (AgGSH) NPs were employed. The GSH has been 

widely used as a capping agent for metallic NPs to regulate their sizes and minimize 

their oxidation to metallic ions. The Ag NPs, for example, are known to oxidise at 

ambient temperature to yield cytotoxic Ag2+ ions [129]. The GSH was also used as a 

linker for Pc conjugation to the AuGSH and AgGSH NPs through covalent linkages. 

Metallic NPs such as Au and Ag NPs have been extensively studied for PDT and have 

shown enhancement of the photo-physicochemical properties for Pcs. For SDT, the 

Au NPs have shown anticancer activity when directly used as a sensitizer [130,131].  

The graphitic NPs may be prepared as fullerenes, tubes or sheets as shown in Fig. 

1.7. In this work, the graphene quantum dots (GQDs) were used. The GQDs are highly 

fluorescent graphene sheets with a π-conjugates system. The GQDs are 

biocompatible NPs that have been widely studied in the development of therapeutics 

[132,133]. The GQDs have also been studied in combination with Pcs for PDT where 

they have demonstrated the ability to enhance the ROS yields and therapeutic 

efficacies of Pcs [134]. Graphitic NPs have not yet been reported in SDT or SPDT in 

the literature. In this work, the nitrogen doped (NGQDs) and the nitrogen-sulfur co-

doped (NSGQDs) GQDs were conjugated to Pcs for the PDT, SDT and SPDT studies.  
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1.6. Aims and objectives. 

The aim of this work was to prepare a series of ionic Zn(II) Pcs varying the type of 

substituents, type of quaternizing agents, type of charge and number of charges, as 

well as conjugation to NPs. And thereafter, determine the photo-sonodynamic therapy 

activities of the different Pcs on breast and cervical cancer cell lines in vitro. 

 Objectives: 

1 Synthesis and structural characterization of differently substituted  

3 
Photophysical and photochemical characterization 

Determine the photophysical and photochemical parameters of the Pcs  

4 
Sono-stability studies 

Determine stability of Pcs under different US parameters to determine best 

parameters for treatments. 

5 
ROS generation studies 

Determine the ROS generation under light and US irradiations (Optimize US 

parameters). 

6 
In vitro toxicity studies 

Perform the PDT, SDT and SPDT treatments in vitro. 

7 
Effect of nanoparticles 

Determine the effects of different types of NPs on the ROS generations and 

SPDT activities of the Pcs in vitro. 
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1.7. Summary of novelty. 

This thesis reports on the SDT and SPDT activity of peripherally ionic Zn(II) Pcs.  

• Herein the effects of the ultrasonic parameters on the stability, ROS yields and 

in vitro cytotoxicity of cationic and zwitterionic Pcs on MCF-7 and HeLa cell 

lines are reported for the first time.  

(The effects of ultrasonic frequencies (MHz) and power (W.cm-2) are 

discussed). 

• The SDT and SPDT activity of Zn(II) Pcs bearing cationic and zwitterionic R-

groups at the peripheral positions are reported for the first time including their 

ROS yields and in vitro cytotoxicity studies on MCF-7 and HeLa cell lines. 

(The effects of the type of substituents, the type of quaternizing agents 

and type of charges on the Pcs are discussed).  

• Triphenyl phosphine (TPP) is a well-known extensively studied mitochondria 

targeting moiety used in the development of anticancer therapeutics. The 

synthesis of TPP-labelled Pcs derivatives is reported. The SDT and SPDT 

activities of including the ROS yields and in vitro cytotoxicity studies on MCF-7 

and HeLa cell lines are also reported for the TPP-labelled Pcs for the first time 

in this work. 

• The effects of metallic and graphitic NPs on the SDT and SPDT activity cationic 

Pcs are reported. Herein, the AuGSH, AgGSH, NGQDs, and NSGQDs in 

conjugation with Pcs are reported for the first time including the ROS yields and 

in vitro cytotoxicity studies on MCF-7 and HeLa cell lines. 

(The effects of the metallic and graphitic NPs on the anticancer activities 

are discussed and compared). 
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2.1. Instruments 

• The Fourier Transform Infrared (FTIR) spectra were recorded on the Bruker 

Alpha IR spectrophotometer. 

• The 1H nuclear magnetic resonance (NMR) spectra were recorded using the 

Bruker Advance II+ 400 MHz NMR spectrometer. 

• The mass spectra were recorded on the Bruker Auto FLEX III Smart-beam 

MALDI-TOF mass spectrometer using α-cyano-4-hydrocinnamic acid as the 

matrix. 

• The elemental analyses (CHN) were performed using the Vario-Elementar 

Microcube ELIII. 

• The energy dispersive X-ray spectroscopy (EDS) analyses were performed 

using the INCA PENTA FET coupled to the VAGA TESCAM operated at 20 kV 

accelerating voltage. 

• The X-ray photoelectron spectroscopy (XPS) analyses were performed using 

the AXIS Ultra DLD (supplied by Kratos Analytical) using Al (monochromatic) 

anode equipped with a charge neutralizer. 

• The Raman spectra were collected using the Bruker Vertex 70-Ram II Raman 

spectrometer (equipped with a 1064 nm Nd: YAG laser and liquid nitrogen 

cooled germanium detector) was used to collect Raman spectral data.   

• The nanoparticle size estimations were recorded using the dynamic light 

scattering (DLS) experiments were performed using a Malvern Zetasizer 

nanoseries Nano-ZS90. 
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• The transmission electron microscope (TEM) images were captured using the 

ZEISS LIBRA® model 120 operated at 90 kV. 

• The UV-vis spectra were collected using the Thermo Scientific EVOLUTION 

350 UV-vis spectrophotometer connected to the INSIGHT 2 software program 

for data collection in the range of 300-800 nm. 

• The fluorescence emission and excitation spectra were recorded using the 

Varian Eclipse spectrofluorometer using a 360 nm – 1100 nm filter. 

• The fluorescence lifetimes (tF) were recorded using the time correlated single 

photon counting (TCSPC), (FluoTime 300, Picoquant GmbH). A diode laser 

(LDH-P-670 driven by PDL 800-B, 670 nm 20 MHz repetition rate, Picoquant 

GmbH) was employed where Pc absorbs, and LDH-P-387 with 10 MHz 

repetition rate, 88 ps pulse width where GQDs absorb.  

A diagram of the TCSPC set-up is shown in Fig. 2.1. 

• A laser flash photolysis system, consisting of a LP980 spectrometer with a 

PMT-LP detector and an ICCD camera (Andor DH320T-25F03) detector was 

used to determine triplet quantum yields (Φτ). The signal from the 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 nm –2300 nm 

(NT-342B, Ekspla).  

A diagram of the laser flash photolysis set-up is shown in Fig.  2.2. 
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Figure 2.1. A diagram of the time correlated single photon counting set-up.  

 

Figure 2.2. A diagram of the laser flash photolysis set-up.  

• The photo-treatments were performed using a generic electric quartz line 

projector lamp (300 W). A 600 nm glass cut off filter (Schott) and a water filter 
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were used to filter off ultraviolet and infrared radiations, respectively. An 

interference filter (Intor, 670 nm with a bandwidth of 40 nm) was additionally 

placed in the light path before the sample. Light intensities were measured with 

a POWER MAX5100 (Molelectron detector incorporated) power meter to 2.97 

× 1016 photons-1 cm-2.  

The quartz line projector set-up used in this work is shown in Fig. 2.3. 

• The Modulight® Medical Laser System with a 680 nm laser source and 

irradiation doses of 170 J.cm-2 was used for photo-treatments during the PDT 

treatments of cell cultures in vitro. Specifications: 7710–680 channel Turnkey 

laser system coupled with a 2.3 W channel. The system was connected to 

cylindrical out-put channels, an integrated calibration module, a foot/hand 

switch pedal, sub-miniature version-A connectors, and safety interlocks. The 

illumination kit for in vitro PDT studies can hold 127.76 x 85.48 mm 96 well 

tissue culture plates.  

The Modulight® set up used in this work is shown in Fig. 2.4.  An image of the 

Modulight® is shown in the Supplementary Information, Fig. S1. 

• The ENRAF NONIUS Sonopuls 490B ultrasound medical was used for the 

sono-treatments. Specifications: (ref no.: 1630.905, FREQUS – 1/3 MHz, INTUS 

– 0-2 W cm-2 continuous, ERAUS-Applicator – 5 cm2, POWER – 15W, IPX7). A bath 

of water purged with nitrogen as connected to the ultrasound applicator 

(transducer) fixed at the bottom and connected to a water pump for a 

continuous flow of water to maintain temperature. For the treatments, the 

sample holder was secured on the waterbed at 20 mm above the transducer in 

an opaque water-bath chamber as shown in Fig. 2.5. 



CHAPTER TWO  Experimental 

 32 

The ultrasound set-up used in this work is shown in Fig. 2.5. An image of the 

ultrasound system is shown in the Supplementary Information, Fig. S2. 

 

Figure 2.3. The quartz line projector set-up. 

 

Figure 2.4. The Modulight® Medical laser system set-up. 

 

Figure 2.5. The ENRAF NONIUS Sonopuls 490B ultrasound set-up. 
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• The electron paramagnetic resonance (EPR) spectroscopy measurements 

were carried out using the Bruker EMX Plus EPR spectrometer, specifications: 

model number: EMP-9.5/12B/P, fitted with a liquid sample resonator (ST1010); 

set at 0.632 mW for the microwave power, frequency 9.714 GHz, resolution 

2048 points, at a centre field of 3500 G with 200 G for the sweep width and time 

constant of 5.12. The EPR spectra were recorded using the WinEPR 

Acquisition Program, version 4.40 Rev11.  

The Fig. 2.6 shows the EPR spectroscopy used in this work. An image of the 

EPR spectrometer is shown in the Supplementary Information, Fig. S3 

 

Figure 2.6. The electron paramagnetic resonance spectrometer set-up. 

• All the materials and instruments used for cell culture studies were sterilized 

using the JEIO TECH Lab Companion autoclave containing ultrapure water at 

121 °C for 20 min (specifications: Code No. AAHL1015K, Model ST-50G). 
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• The Heat-Force® incubator set at 37 ⁰C, and an ~5% CO2 humidified 

atmosphere was used for cell culture. 

• The cellular images were obtained using the Zeiss® microscope using the 

Zeiss® A-Plan 10× magnifying lenses and captured using the Zeiss® camera. 

• The number of live cells were measured on the SpectraMax® M3, molecular 

Devices multi-well-plate reader from Separations and recorded using the 

SoftMax® Pro6.4 software. 

2.2. Materials 

All the reagents and solvents used were of reagent grade and were purchased from 

commercial suppliers. The materials were used without further purification. 

2.2.1. Solvents 

The anhydrous dimethylformamide (DMF), dimethylsulfoxide (DMSO), toluene, 

ethanol (EtOH), acetonitrile, diethyl ether, chloroform, acetone, hydrochloric acid, ethyl 

acetate (EtOAc) and tetrahydrofuran (THF) were purchased from Sigma Aldrich®, 

United States of America. The Ultra-pure water was obtained from ELGA, Veolia water 

PURELAB, flex system, Marlow, United Kingdom. The deuterated dimethylsulfoxide 

(DMSO-D6) was purchased from Magni-Solv®, United States of America. 

2.2.2. Reagents for synthesis 

The iodomethane, iodoethane, 1,3-propanesultone, triphenylphosphine (Ph3P), N,N’-

dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS)  were all 

purchased from Sigma Aldrich®, United States of America. The 4-brombutyl-triphenyl-

phosphonium bromide was synthesized as reported in the literature [135]. 
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2.2.3. Standards, quenchers, and proteins. 

The 1,3-diphenylisobenzofuran (DPBF), anthracene-9,10-diyl-bis-methylmalonate 

(ADMA), 2,2,6,6-tetra-methylpiperidone (TEMP), 5,5-dimethyl-1-pyrroline-N-oxide 

(DMPO) and phenyl-N-tert-butylnitrone (PBN), quinine sulphate (QS), unsubstituted 

zinc Pc (ZnPc) standard and bovine serum albumin protein (BSA) were all purchased 

from Sigma Aldrich®, United States of America. The aluminium Smix Pc (AlSmix Pcs; 

composed of a mixture of dissimilarly sulfonated Pcs) were synthesized as previously 

reported in the literature [136]. 

2.2.4. Materials for cell studies 

The cervical cancer Henrietta Lacks (HeLa) cell lines were purchased from from 

ATCC®, United States of America. The human breast adenocarcinoma Michigan 

Cancer Foundation-7 (MCF-7) cell line were purchased from Cellonex®, South Africa. 

The Dulbecco's Phosphate Buffered Saline (DPBS), Dulbecco’s modified eagle’s 

medium (DMEM, with 4500 mg/ mL glucose, L-glutamine, sodium pyruvate and 

sodium bicarbonate), Dulbecco’s modified eagle’s medium (clear DMEM, with 4500 

mg/ mL glucose, without L-glutamine, sodium pyruvate and no phenol red), the 

Dulbecco’s Phosphate Buffered Saline (DPBS, modified, without calcium chloride and 

magnesium chloride), the trypsin-EDTA solution 1×, and the Greiner CELLSTAR® 96-

well cell culture plates (sterile, flat bottom, with lid), were all purchased from Sigma®, 

United States of America. The heat-inactivated fetal bovine serum (FBS), the antibiotic 

antimycotic solution with 100 μg/ mL-penicillin:100 unit/ mL-streptomycin-

amphotericin-B-mixture (PSA), and neutral red cell proliferation reagent (4-[3-(4-

iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate, WST-1) were 

all purchased from Biowest®, France.  The cell counting trypan blue dye (0.4% 

solution in 0.85% sodium chloride) was purchased from Lonza®, Switzerland. The 



CHAPTER TWO  Experimental 

 36 

tissue culture flask 75 (T75, sterile, with vented screw caps) were purchased from 

Corning®, United States of America. 

2.2.5. Previously synthesized Nanoparticles 

The NGQDs [124] and NSGQDs [125] , AuGSH NPs [126] and AgGSH NPs[127] 

nanoparticles were synthesizes as described in the literature. 

2.3. Synthesis. 

The synthesis of the cationic Pc 1 – Pc 5 have been reported in the literature [104-

108]. The synthesis of the zwitterionic Pc 6 and Pc 7, and the cationic Pc 8 – Pc 11 

are reported in this work. 

2.3.1. Synthesis of new ionic phthalocyanines. 

The reported neutral Pc used in this work include the 2,9,16,23-tetrakis-(N-

morpholino) Zn(II) Pc I [107] for the synthesis of the new Pc 6 and Pc 11; the 2,9,16,23-

tetrakis-(2,5-dimethyl-4-morpholino) Zn(II) Pc II [108] for the synthesis of the new Pc 

7; the ,9,16,23-tetrakis-(2-mercapto-4-methyl-5-thiazoleaceticacid) Zn(II) Pc III [137] 

for the synthesis of the new Pc 8 and Pc 9; and the 2,9,16,23-tetrakis-(4-pyridyloxy) 

Zn(II) Pc IV [106] for the synthesis of the new Pc 10. The neutral Pcs were thereafter 

quaternized to yield the new ionic Pcs reported in this work, Pc 5 – Pc 11. A summary 

of the structures of all the new ionic Pcs reported in this work is shown in the Fig. 3.1. 

The different quaternizing reagents used to yield the ionic Pcs 5 – Pc 11 include: 

iodomethane, iodoethane, 1,3-propanesultone and 4-brombutyl-triphenyl-

phosphonium bromide.  
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2.3.1.1. Synthesis of 2,9,16,23-tetrakis-(N-propanesultone-morpholino) Zn(II) Pc 

6, Scheme 3.1. 

A solution of the neutral Pc I (50 mg, 0.05 mmol) in 4 mL of anhydrous DMF was 

prepared and stirred at 70 °C for 10 min. The 1,3-propanesultone (48 mg, 0.4 mmol) 

was added and the mixture was left to reflux for 48 h. The product was precipitated 

using acetonitrile, collected under filtration, and washed with THF, acetone, EtOAc, 

chloroform and diethyl ether and dried in vacuo in an enclosed fume hood. Pc 6: Yield: 

55.3 mg (78%); 1H NMR (400 MHz, DMSO-D6), (δ: ppm): 8.32 (s, 2H, Ar-H), 7.85 (s, 

5H, Ar-H), 7.75 (s, 1H, Ar-H), 7.56 (s, 2H, Ar-H), 7.27 (s, 2H, Ar-H), 3.40 (s, 20H, CH2-

H), 3.02 (t, J= 5.9 Hz, 5H, CH2-H), 2.16 (t, J= 5.3 Hz, 14H, CH2-H), 2.11 (s, 12H, CH2-

H), 1.41-1.25 (m, 5H, CH2-H); FTIR (KBr): vmax/cm-1: 2947 (Ar C-H), 2829 (CH2), 1162 

(S=O), 1029 (C-O-C), 1005 (Ar C=N). Calc. (%) for C60H68N12O16S4Zn: C, 51.22; H, 

4.87; N, 11.95. Found C, 51.61; H, 5.05; N, 11.88%. MALDI-TOF, m/z: Calc.: 1404.31; 

Found: 1422.72 [M+H2O]+. UV/vis Absmax nm DMSO (log e): 687 (4.79), 608 (4.20), 

358 (4.61). 

2.3.1.2. Synthesis of 2,9,16,23-tetrakis-(2,5-dimethyl-4-(N-propanesultone-

morpholino)) -phenoxy Zn(II) Pc 7, Scheme 3.1. 

A solution of the neutral Pc II (50 mg,0.03 mmol) in 4 mL of anhydrous DMF was 

prepared and stirred at 70 °C for 10 min. The 1,3-propanesultone (48 mg, 0.4 mmol) 

was added and the mixture was left to reflux for 36 h. The product was purified as 

described for the Pc 6. Pc 7: Yield: 45.6 mg (78%); 1H NMR (400 MHz, DMSO-D6), (δ: 

ppm): 8.95-8.77 (m, 2H, Ar-H), 8.70 (d, J = 1.4 Hz, 2H, Ar-H), 8.58 (d, J = 5.1 Hz, 2H, 

Ar-H), 8.37 (s, 2H, Ar-H), 8.21 (s, 3H, Ar-H), 8.11 (s, 1H, Ar-H), 7.97 (s, 1H, Ar-H), 

7.76 (s, 1H, Ar-H), 7.71 (s, 2H, Ar-H), 7.58 (s, 2H, Ar-H), 7.45 (s, 2H, Ar-H), 3.99 (s, 

37H, CH2-H), 3.77 (s, 10H, CH2-H), 3.42 (s, 3H, CH2-H), 3.15 (s, 5H, CH2-H), 2.98 (t, 
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J = 5.4 Hz, 6H, CH2-H), 2.93 (s, 13H, CH3-H), 2.88 (s, 3H, CH2-H), 2.38 (s, 3H, CH3-

H), 2.16 (s, 8H, CH3-H). FTIR (KBr): vmax/cm-1: 2959 (Ar C-H), 2873 (CH2), 1164 (S=O), 

1025 (C-O-C), 1007 (Ar C=N). Calc. for C96H107N12O20S4Zn: C, 59.36; H, 5.55; N, 

8.65%; Found: C, 59.76; H, 5.62; N, 8.02%.  MALDI-TOF, m/z: Calc.: 1940.59; Found: 

1941.72 [M+H]+. UV/vis Absmax nm DMSO (log e): 677 (4.76), 610 (4.05), 355 (4.41). 

2.3.1.3. Synthesis of 2,9,16,23-tetrakis-(methyl-2-mercapto-4-methyl-5-

thiazoleaceticacid) Zn(II) Pc 8, Scheme 3.2. 

A solution of the neutral Pc III (250 mg, 0.188 mmol) was prepared in 4 mL of 

anhydrous DMF and stirred under inert atmosphere for 48 h at 50 °C in the presence 

of CH3I in excess to yield Pc 8. The product was precipitated using diethyl ether, 

collected under filtration, washed with acetonitrile, THF, EtOAc and acetone, and dried 

in vacuo in an enclosed fume hood. Pc 8: Yield: 180 mg (67%); NMR: 1H NMR (400 

MHz, DMSO-D6), (δ: ppm), 8.64 (s, 4H, Ar-H), 8.11 (s, 2H, Ar-H), 7.88 (s, 6H, Ar-H), 

2.83 (s, 8H, CH2-H), 2.67 (s, 6H, CH3-H), 2.44 (dt, J = 3.4, 1.7 Hz, 18H, CH3-H). FTIR 

(KBr): vmax/cm-1; 3410 (-OH), 3008 (-C-H), 1654 (-C=C), 1482 (-C=O), 1598 (-C=N), 

750 (-C-S); Found: C, 51.59; H, 3.28; N, 12.08%; molecular formula C60H48N12O8S8Zn 

requires C, 51.96; H, 3.49; N, 12.12%, MALDI-MS m/z: Calc. 347.020; Found: 348.309 

[M+H]4+. UV/vis Absmax nm DMSO (log e): 685 (4.59), 617 (4.30), 355 (4.21).  

2.3.1.4. Synthesis of 2,9,16,23-tetrakis-(ethyl-2-mercapto-4-methyl-5-

thiazoleaceticacid) Zn(II) Pc 9, Scheme 3.2. 

The Pc 9 was synthesized following a similar method described for the synthesis of 

the Pc 8, however, CH3CH2I in excess was used instead of CH3I to yield Pc 9. Pc 9: 

Yield: 150 mg (55%); NMR: 1H NMR (400 MHz, DMSO-D6), (δ: ppm): 7.92 (s, 7H, Ar-

H), 7.66 (s, 5H, Ar-H), 2.60 (s, 12H, CH3-H), 2.44 (s, 12H, CH3-H), 2.27 (s, 11H, CH2-



CHAPTER TWO  Experimental 

 39 

H), 1.80 (s, 5H, CH2-H). FTIR (KBr): vmax/cm-1; 3410 (-OH), 2997 (-C-H), 1654 (-C=C), 

1482 (-C=O), 1598 (-C=N), 750 (-C-S); Found: C, 53.18; H, 3.56%, N,11.19%; 

molecular formula C64H56N12O8S8Zn requires C, 53.27; H, 3.91; N, 11.65%. MALDI-

MS m/z: Calc. 357.530; Found: 357.447 [M]4+. UV/vis Abs max nm DMSO (log e): 684 

(4.71), 614 (4.21), 354 (4.57). 

2.3.1.5. Synthesis of 2,9,16,23-tetrakis-(N-(N-butyl-4-triphenyl-phosphonium)- 

pyridine-4-yloxy) Zn(II) Pc 10, Scheme 3.3. 

A solution of the neutral Pc IV (100 mg, 0.12 mmol) in toluene was prepared. To this 

solution, 4-brombutyl-triphenyl-phosphonium bromide (310 mg, 0.8 mmol) was added. 

The solution was left to reflux for 24 h. The product precipitates out of solution once it 

was quaternized and was collected under filtration. The product was thereafter washed 

with toluene, THF, chloroform, acetonitrile, and EtOAc. The solid was dried in vacuo 

in an enclosed fume hood. Pc 3: Yield: 230 mg (87%); NMR: 1H NMR (400 MHz, 

DMSO-D6), (δ: ppm): 8.50 (s, 12H, Ar-H), 7.91 (m, 16H, Ar-H), 7.77-7.84 (m, 60H, Ar-

H), 3.60-3.63 (m, 8H, CH2-H), 3.37 (m, 8H, CH2-H), 1.07-1.10 (m, 16H, CH2-H); Calc. 

for [C140H118N12]4+: C, 66.11; H, 4.76; N, 6.61%; Found: C, 65.87; H, 4.47; N, 6.33%. 

FT-IR: vmax/cm-1; 2886 (C-H), 1635 (C=C), 1191 (C-O-C), 1430, 1107, 689 (C-P); 

MALDI-TOF, m/z: Calc.: 507.37; Found: 506.799. [M+H] 4+. UV/vis Absmax nm DMSO 

(log e): 680 (4.99), 614 (4.51), 367 (4.24).  

2.3.1.6. Synthesis of 2,9,16,23-tetrakis-(N-(N-butyl-4-triphenyl-phosphonium)-

morpholino) Zn(II) Pc 11, Scheme 3.3. 

A solution of the neutral Pc I (100 mg, 0.13 mmol) was prepared in a 1:2 (v/v) DMF: 

toluene solvent mixture. To the solution, the 4-brombutyl-triphenyl-phosphonium 

bromide (310 mg, 0.8 mmol) was added and the reaction mixture was left to reflux for 
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36 h. The product was washed following previously mentioned steps in the preparation 

of the Pc 10, and thereafter dried in vacuo. Pc 11 Yield: 190 mg (67%); NMR: 1H NMR 

(400 MHz, DMSO-D6), (δ:ppm): 8.93-8.92 (d, 5H, Ar-H), 8.40-8.36 (t, 3H, Ar-H), 7.95-

7.91 (t, 6H, Ar-H), 7.68-7.66 (d, 10H, Ar-H), 7.62-7.55 (d, 48H, Ar-H), 4.50-4.47 (t, 5H, 

CH2-H), 3.71 (s, 2H, CH2-H), 3.53-3.49 (d, 10H, CH2-H), 3.16 (s, 30H, CH2-H), 2.28 

(s, 7H, CH2-H), 1.93 (s, 5H, CH2-H), 1.32 (s, 5H, CH2-H); Calc. for [C136H135N12]4+: C, 

64.93; H, 5.61; N, 6.68%; Found: C, 64.34; H, 5.55; N, 6.59%. FT-IR: vmax/cm-1; 2940 

(C-H), 1607 (C=C), 1231 (C-O-C), 1437, 1109, 687 (C-P); MALDI-TOF, m/z: Calc.: 

502.14; Found: 503.126. [M+H] 4+. UV/vis Absmax nm DMSO (log e): 710 (4.84), 639 

(4.56), 357 (4.23).  

2.3.2. Conjugation of Pc 8 and Pc 9 to graphene quantum dots. 

The Pcs were π-π stacked on the NGQDs and NSGQDs non-covalently using 

methods described in the literature [138,139] with minor modifications.  

2.3.2.1. Preparation of 8-NGQDs and 9-NGQDs conjugates, Scheme 3.4. 

To prepare the 8-NGQDs and 9-NGQDs conjugates, two solutions containing the 

NGQDs (5 mg) in 2 mL of 1:5 v/v water: DMF were prepared. The GQDs solutions 

were sonicated for 30 min. Separate solutions of Pc 8 (10 mg, 0.0075 mmol) and Pc 

9 (10 mg, 0.0072 mmol) in 2 mL anhydrous DMF were prepared and mixed well. The 

NGQDs solutions were thereafter added to each of the Pc solutions. The mixtures 

were sonicated for a further 2 h and left to stir for 48 h at room temperature. The 8-

NGQDs and 9-NGQDs were thereafter precipitated using EtOH. The conjugates were 

collected by centrifugation at 3500 rpm for 5 min and dried in vacuo.  
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2.3.2.2. Preparation of 8-NSGQDs and 9-NSGQDs conjugates, Scheme 3.4. 

The 8-NSGQDs and 9-NSGQDs conjugates were prepared similarly to the preparation 

of the NGQDs conjugates as previously defined, with minor modifications. Two 

solutions of the NSGQDs (5 mg) in 1 mL of anhydrous DMF were prepared and 

sonicated for 2 h. Separate solutions of Pc 8 (10 mg, 0.0075 mmol) and Pc 9 (10 mg, 

0.0072 mmol) in 2 mL anhydrous DMF were prepared. The NSGQDs solutions were 

thereafter added to each of the Pc solution. The mixtures were sonicated for a further 

2 h and left to stir for 48 h at room temperature. The conjugates were precipitated and 

washed using a mixture of 3:1 EtOH and acetonitrile. The 8-NSGQDs and 9-NSGQDs 

conjugates were thereafter collected by centrifugation at 3500 rpm for 5 min dried in 

vacuo.  

2.3.3. Conjugation of Pc 8 and Pc 9 to gold and silver NPs, Scheme 3.5. 

The Pc 8 and Pc 9 were conjugated to AuGSH and AgGSH NPs through covalent 

amide bonds using methods reported in the literature [140] with modifications.  The 

Pcs also bear S-groups which may also bond to the NPs through S-metal affinity 

bonds. This type off conjugation has been reported in the literature [141].  

To prepare Pc 8 and Pc 9 conjugates with the AuGSH and AgGSH NPs, separate 

solutions containing 10 mg of the Pc 8 (0.0075 mmol) and 9 (0.0072 mmol) in 2 mL 

DMF were prepared. To each of the solutions, DCC (5.9 mg, 0.029 mmol) was added 

and left to stir for 12 h. Thereafter, NHS (3.3 mg, 0.029 mmol) was added, and the 

mixtures were left to stir for a further 12 h. Separate solutions of the AuNPs and 

AgGSH (0.01 g) in 2 mL anhydrous DMF were prepared and sonicated for 5 min. The 

AuGSH/ AgGSH solutions were added to the Pc reaction mixtures and left to stir for 

24 h.  The Pc-AuNPs and Pc-AgGSH were precipitated using EtOH and collected by 
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centrifugation at 3500 rpm for 5 min. The solids were washed with EtOH, acetone, 

diethyl ether and then dried in vacuo. 

2.4. Sono-Photophysicochemical studies. 

The calculations for the determination of the photophysical properties for the Pcs and 

NPs-conjugates were performed using a comparative method as defined in the 

literature [142,143]. The photophysical parameters determine the efficiency of photon-

energy harvesting by a sensitizer during the photo-treatments. The reported 

photophysical parameters in this work include the fluorescence and triplet quantum 

yields and lifetimes.  

2.4.1. Fluorescence quantum yield (ΦF) and lifetime (tF). 

The fluorescence quantum yields (ΦF) measure the proportion of photons emitted from 

the total absorbed. The fluorescence lifetime (tF) quantifies the average time a 

molecule in the excited S1 transitions back to the S0.   

The ΦF calculations for the Pcs were done using the unsubstituted ZnPc as a standard 

(with ΦF of 0.20 in DMSO [143]).  The Pc solutions were prepared such that the 

absorption intensities of the Pcs’ vibronic bands were ~0.05 a.u. in DMSO. The 

excitation wavelength for the Pcs used were at the crossover wavelengths between 

the Q-bands of the test Pc samples and the ZnPc standard’s Q-band absorption. The 

ΦF calculations for GQDs were done using quinine sulphate (QS) as the standard (with 

ΦF of 0.60 in 0.05 M H2SO4 solution [144]). The solutions were prepared such that the 

absorption intensities of the GQDs and the quinine sulphate were ~0.5 a.u. The 

excitation wavelengths were obtained from the crossover of the GQDs test samples 

and QS absorption peaks. The ΦF values were calculated using equation 2.1. 
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Φ! = Φ!(#$%).
'.)!"#.*$

'!"#.).*
$							
(!"#)

……………………..…….……..… equation 2.1 

From equation 2.1, the ΦF(std) is the fluorescence quantum yield of the standard. The 

areas under the fluorescence emission curves for the sample and the standard are 

denoted as the F and F(std), respectively. The absorbance of the sample and standard 

at the excitation wavelengths are denoted as the A and A(std), respectively. The n and 

n(std) are for the solvent refractive indices for the sample and standard, respectively. 

For the tF calculations, samples solutions were prepared similarly to those for ΦF. The 

tF were recorded on the TCSPC using a 670 nm laser light source for irradiations at 

wavelengths where the Pcs absorb. For the GQDs, the 380 nm laser source was used. 

2.4.2. Triplet quantum yield (ΦT) and lifetime (tT). 

The triplet quantum yields (ΦT) measures the proportion of Pc in the excited states 

that undergo intersystem crossing to populate the T1 from the S1. The triplet lifetime 

(tT) measures the average time an excited Pc molecule remains in the T1. 

The ΦT calculations for the Pcs were done using the unsubstituted ZnPc as a standard 

(with ΦT of 0.65 in DMSO [145]). The Pc solutions were prepared such that the 

absorbance intensity of the Q-band was ~1 a.u. in DMSO. The excitation wavelengths 

were obtained from the crossover of the Pc test samples and ZnPc standard’s Q-band 

absorption. The ΦT calculations were done using equation 2.2. 

Φ+ = Φ+(#$%).
,-(.e((!"#)
,-((!"#).e(

……………………………..…...…. equation 2.2. 

From equation 2.2, the ΦT(sdt) is the triplet quantum yield of the standard. The changes 

in the T1 state absorption is denoted as ΔAT and the ΔAT(std) for the sample and the 

standard, respectively. The molar extinction coefficients in the T1 are denoted as eT 
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and eT(sdt) for the sample and the standard, respectively. The eT and eT(sdt) are 

calculated using the equations 2.2.1 and 2.2.2 below, respectively. 

e+ = e#.
,-(
,-)

 …………………………..……….……………. equation 2.2.1 

e+(#$%) = e#(#$%).
-((!"#)
-)(!"#)

 …………………………………...…. equation 2.2.2 

From the equations 2.2.1 and 2.2.2, the es and es(std) are molar extinction coefficients 

in the ground states for the sample and standard, respectively. Where the ΔAs and the 

ΔAs(std) are the changes in the absorbance in the ground states for the sample and 

standard, respectively. The tT calculations for the Pcs were determined by the 

exponential fitting of the kinetic curves using the ORIGIN® 8 Professional software. 

2.4.3. Reactive oxygen species generation. 

The singlet oxygen quantum yields (ΦΔ) quantify the amount of 1O2 that are 

generated per quantum of light photons absorbed. The ΦΔ values for the Pcs were 

calculated using comparative photochemical method as described in the literature 

involving a colorimetric assay monitored by UV-vis spectroscopy [143].  

Additionally, the ROS generation under the photo-, sono-, or the combination 

treatments were determined using electron paramagnetic spectroscopy (EPR) in 

water only. 

2.4.3.1. UV-vis spectroscopic method. 

The 1O2 generation under the photo-treatments were determined by monitoring the 

UV-vis absorption spectra of the 1O2 quenchers; DPBF (in DMSO) and of ADMA (in 

water). 
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Solutions of the Pcs samples were prepared such that the Q-band absorption 

intensities were ~1.5 a.u. in DMSO and ~1.0 a.u. in water. The quencher solutions 

were also prepared, with their maximum absorbances also adjusted to 1.5 a.u. The 

test samples (Pcs and conjugates) were mixed with the quencher solutions at 1:1 v/v 

ratios to a maximum of 3 mL.  

The solutions were photo-irradiated at increasing time intervals to a total time of 60 s 

for samples in DMSO, and 30 min for samples in water. The photo-irradiations were 

performed using the projector lamp at 670 nm ± 40 nm, 300 W, generating 2.97 × 1016 

photons-1 cm-2. The unsubstituted ZnPc was used as the standard for ΦΔ calculation 

in DMSO (with ΦΔ of 0.67 in DMSO [146]) and the AlSmix Pc was used as a standard 

for ΦΔ calculation in water (with ΦΔ of 0.34 in water [147]). The ΦΔ for the Pcs were 

calculated using the equation 2.3.1. 

Φ, = Φ,(#$%).
../(!"#)
.(!"#)./

……………………………….…….…... equation 2.3.1 

From the equation 2.3.1, the ΦΔ(std) is the ΦΔ of the standard. Where the R and R(std) 

are the 1O2 quenchers photodegradation rates by the sample and the standard, 

respectively. The the rate of the light absorption by the sample and the standard are 

denoted as the I and I(std), respectively.  

The I can be determined using equation 2.3.2: 

𝐼)0#	
 =  

2.)./		

3*	
	  ………………….………………………..………... equation 2.3.2 

Where α is 1-10-A(λ), and A(λ) is the absorbance of the Pcs at the irradiation 

wavelength, A is the irradiated area (2.5 cm2). The I is the intensity of the light used 

(photons/ cm2) and NA is the Avogadro’s constant.  
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2.4.3.2. EPR spectroscopy method. 

The EPR spectroscopy was used to determine the generation of 1O2 and •OH. Two 

spin trapping reagents were used, viz. TEMP (for 1O2 trapping) and DMPO (for •OH 

trapping). The spin trapping reagents alone do not show an EPR signal.  In the 

presence of the respective ROS, the spin traps form adducts (TEMPO and DMPO-

OH).  

The adducts are characterized by EPR signals as shown in the Fig. 2.7. 

 

Figure 2.7. Determination of 1O2 and •OH radicals using EPR spectroscopy. 

The EPR signals are unique for the different ROS studied as shown in the Fig. 2.7. In 

the presence of the 1O2, TEMP shows three peaks while in the presence of the •OH 

DMPO show four peaks on the EPR spectra. 

Sample preparation: 

Solutions containing the Pcs in water were prepared, and their Q-band absorption 

intensities were adjusted to 1.5 a.u. Separately, solutions of the EPR spin trapping 

reagents, TEMP and DMPO, were prepared in water to final concentrations of 100 

mM. To prepare the test samples, mixtures containing solutions of Pcs or conjugates 
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and each of the quenchers were prepared separately a 1:1 v/v to a final volume of 3 

mL, (reducing the quencher concentration to final 50 mM) for study. 

Photo-irradiations: 

For the photo-irradiations, the samples were exposed to light using a generic quartz 

lamp (670 nm ± 40 nm, 300 W, generating 2.97 × 1016 photons-1 cm-2) for 10 min. 

Sono-irradiations: 

For the sono-irradiations, the ENRAF NONIUS Sonopuls 490B ultrasound medical 

was used. The four ultrasonic parameters were studied first to determine the best 

sono- conditions to use for SPDT. The sono frequency (MHz) and power (W. cm-2) 

combinations that were studied included: Par I (1 MHz: 1 W. cm-2); Par II (1 MHz: 2 

W. cm-2); Par III (3 MHz: 1 W. cm-2) and Par IV (3 MHz: 2 W. cm-2). The test solutions 

were irradiated at 100% duty cycles for 10 min.  

Sono- and photo- irradiations: 

For the combination treatment studies, the samples were exposed to the photo-

irradiation first, as defined previously. And thereafter exposed to the sono-irradiation 

using the Par I for 10 min.  

The control samples for the ROS generation under the photo- and/ sono-irradiations 

using EPR spectroscopy were also prepared. These included the separate solutions 

of the Pcs, Pc-NPs conjugates test samples, the spin trapping reagents and water with 

and without the photo- and/ or sono-irradiations.  And the Pcs and spin trapping 

reagents mixtures in water before treatments (without the photo and/ or sono-

irradiations). All the ROS studies were performed in the dark.  
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The EPR spectra of the TEMP and DMPO for ROS generation determination were 

recorded at magnetic fields between 3400 G- and 3600 G for the treatments.   

2.4.4. Phthalocyanine stability under the sono-irradiations.  

The stability of the Pcs upon sono-irradiations at the different parameters (Par I – Par 

IV) were also studied to determine the best parameters for SPDT treatments using 

UV-vis absorption spectroscopy and EPR spectroscopy. 

2.4.4.1. UV-vis absorption spectroscopy. 

The Pcs solutions in water were exposed to the sono-irradiation at the different 

parameters (Par I – Par IV) for 30 min at 10 min intervals. The UV-vis spectra of the 

Pcs prior and post the sono-irradiations were obtained. The UV-vis absorption spectral 

intensities at the Q-bands of the Pcs were monitored and recorded. The plots of the 

Q-band intensities against time were obtained and the slope of the trendline were 

calculated. 

2.4.4.2. EPR spectroscopy. 

Since the degradation of the Pcs under the sono-irradiations may lead to the formation 

of Pc-derived •C, the determination of the generation of the •C generation was of 

interest and was performed using EPR spectroscopy. The spin trapping reagent PBN 

(50 mM) was used for detection of •C. The samples were prepared similarly to those 

for ROS generation. The solutions were exposed to the sono-irradiations at the four 

studied parameters (Par I – Par IV) for 10 min. The EPR spectra were recorded at 

magnetic fields between of 3400 G- and 3600 G. 
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The spin trapping reagents PBN alone does not show an EPR signal.  In the presence 

of the respective ROS, the spin traps form adducts (PBN-C). The adducts are 

characterized by EPR signals as shown in the Fig. 2.8. 

 

Figure 2.8: Determination of the •C using EPR spectroscopy. 

The PBN in the presence of the •C show three-pair peaks on the EPR spectra, Fig. 

2.8. The control samples for the •C generation by the sono-irradiations using EPR 

spectroscopy were also prepared. These included the separate solutions of the Pcs, 

the PBN and water with and without photo- and/ or sono-irradiations.  And the Pcs and 

PBN mixtures in water before irradiations (without the sono-irradiations). 

2.5. The in vitro cell studies. 

All proceedings for cell culture and cell studies were handled under antiseptic 

conditions to minimize contamination. Material and instruments were disinfected using 

70 % alcohol and autoclaved. Sample preparation and cell handling was performed 

under a fume hood with reduced pressure. 

2.5.1. HeLa and MCF-7 cell culture. 

For cell studies, two cell lines were used, the Henrietta Lacks (HeLa) cervical cancer 

and human adenocarcinoma Michigan Cancer Foundation-7 (MCF-7) breast cancer 

cell lines. The cancer cell lines (HeLa and MCF-7) were cultured in T75 culture flasks 
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in cell culture media (DMEM with 4.5 g/ L glucose with L-glutamine and phenol red, 

supplemented with 10% FBS and 1% PSA) in an incubator (at 37 ⁰C, with ~5% CO2 

humidified atmosphere) for 48 h to ~80% confluency. The cells were washed with PBS 

and lifted using trypsin-EDTA solution 1× in DPBS for ~15 min. The cells were 

neutralized using culture media and collected using centrifugation at 1500 rpm for 5 

min. The cell cultures pellets were resuspended in culture media. The viable cells were 

quantified using the trypan blue dye and hemocytometer method as defined in the 

literature [148]. The resuspended cells were seeded into 96-well plates to ~10,000 

cells/ well and incubated for 24 h (at 37 ⁰C, with ~5% CO2 humidified atmosphere) 

prior exposure to Pcs for treatments. Separate sets of plates were prepared for PDT, 

SDT and SPDT treatments for the Pcs. Separate cell culture plates for the control tests 

included plates for photo-, sono-, sono-photo combination irradiations only without the 

Pcs, plates for cells exposed to Pcs only (for chemotoxicity studies), and plates for 

untreated control cells (no Pc and no photo- and/ sono irradiations).  

2.5.2. Sono-/ photodynamic therapy cytotoxicity studies 

The cell handling for drug inoculation was done in the dark, to prevent Pc activation 

prior treatments. The cells in the multi-well plates were exposed to the Pcs complexes 

at increasing concentrations ranging from 0 μM – 100 μM in cell culture media. For the 

Pc-NPs conjugates, mass concentrations were used ranging from 0 μg/ mL – 50 μg/ 

mL in cell culture media. The cells were thereafter incubated for 24 h at 37 ⁰C, with 

~5% CO2 humidified atmosphere. The cells were then washed with DPBS to remove 

unabsorbed residual Pcs/ conjugates. A volume of 100 μL of the clear DMEM (without 

phenyl red) was added to each well to prepare for PDT, SDT and SPDT treatments.  

 



CHAPTER TWO  Experimental 

 51 

The cells were exposed to photo- and/ or sono-irradiations for 10 min. The photo-

irradiations in the PDT treatments were performed using the Modulight® Medical Laser 

system, and the sono-irradiations for the SDT treatments were performed using the 

ENRAF NONIUS Sonopuls 490B ultrasound medical as described in the section 2.1. 

After PDT, SDT and SPDT treatments, the clear DMEM in all the wells was gently 

removed. A volume of 100 μL of the cell culture media was added to each well and 

the cells were re-incubated at 37 ⁰C, with ~5% CO2 humidified atmosphere for 24 h.  

The cytotoxicity efficacies of the treatments were determined by calculating the cell 

survival percentages.  The WST-1 cell proliferation assay was used to quantify the cell 

survival 24 h post treatments following a protocol defined in the literature [149], with 

minor modifications. In each well, 5 μL of the WST-1 reagent was added. The cells 

were left in the incubator for ~5 h to allow for the metabolism of the WST-1 reagent to 

form the orange formazan. Live cells can perform the reduction of WST-1 reagent to 

formazan. Therefore, the intensity of the formazan at 450 nm will be increased for 

viable cells compared to dead non-viable cells. Thus, the intensities of the formazan 

product in each of the treatment samples were determined and compared to the 

untreated control cell samples. The percentage cellular survival post treatments were 

thereafter calculated using equation 2.4. 

Percentage	cell	survival = -45+,-./
-45+,-./(01.2314)

	 ∗ 	100	%………equation 2.4 

Where Abs450nm and Abs450nm(sample) are the absorbance intensities of the treatment 

cell samples and the untreated control cell samples at 450 nm, respectively. The plots 

of the cell survival percentages against the concentrations were obtained for the Pcs 

and the Pc-NPs at the different treatments.  
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The IC50 values for the Pcs complexes for each treatment type were determined by 

extrapolation from the plots of cell survival percentage against concentrations to 

determine the concentrations of each of the Pcs or Pc-NPs conjugates required to 

eradicate ~50% of the cells under the different treatments. 

2.5.3. Cell morphology studies. 

The effects of the PDT, SDT and SPDT treatments on the morphology of the cells 

were also studied. The cells were cultured, inoculated with Pcs/ Pc-NPs conjugates. 

The cells were thereafter exposed to the photo and sono-irradiations described earlier.  

The cells were incubated for 24 h at 37 ⁰C, with ~5% CO2 humidified atmosphere after 

the treatments. The cells were then washed with DPBS and 100 μL of clear DMEM 

solution was added to each well. The treated and control cells were visualised using 

the Zeiss® microscope and magnified using the Zeiss® A-Plan 10× magnifying lenses. 

The cellular images were then captured using the Zeiss® camera.  

2.5.4. Cell sensitizer uptake in vitro.  

The uptake of the Pcs and Pc-NPs conjugates were determined for the cells in vitro. 

The cells were cultured, inoculated with Pcs/ Pc-NPs conjugates at the different test 

concentrations and incubated 24 h at 37 ⁰C, with ~5% CO2 humidified atmosphere, 

as described earlier. The cells were then washed with DPBS to remove the 

unabsorbed Pcs or Pc-NPs conjugates. A volume of 100 µL of DMSO was added 

to each well and left to sit for ~30 min to dissolve the Pcs in the cell cultures. The 

intensities of the Pcs (at wavelengths where the Pcs absorb) were thereafter 

recorded for each sample. 
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2.6. Bovine serum albumin protein binding studies. 

The BSA-binding properties of the Pcs were determined as described in the literature 

[150,151]. A stock solution of the BSA (60 μM) in water was prepared. Separately, 

stock solutions of the Pcs (100 μM) in water were prepared. For the studies, a mixture 

of the BSA (to a total of 30 μM) solution and Pcs solution (at the different test 

concentrations) were prepared. The excitation wavelength for the BSA used was 280 

nm and the fluorescence emission spectra were recorded from 300 nm – 500 nm. The 

fluorescence spectrum of the BSA in the absence of the Pcs was recorded. The 

fluorescence spectra of the BSA in the presence of the Pcs were thereafter collected 

at increasing Pcs concentrations and compared to the spectra in the absence of Pcs. 

The maximum emission intensities for the samples were collected and used to 

determine the binding behaviour of the Pcs to the BSA protein using methods defined 

in the literature [151,152].  

The binding constants and number of binding sites for the Pcs-complexes on the BSA 

proteins were calculated using equations 2.5 and 2.6.1-2.6.3. 

Log 9 ('-6')
('6'5)

: = 	𝐾0 + 𝑛log[𝑃𝑐𝑠]………………………….……. equation 2.5 

Where F0 is the fluorescence intensity of the BSA prior to exposure to the Pcs and the 

F are the fluorescence intensities of BSA when exposed to the Pcs at the varied test 

concentrations ([Pcs]). The F¥ is the fluorescence intensity of BSA saturated with the 

Pcs. The Kb is the binding constant and n is the number of binding sites on the BSA 

molecules.  The n is the slope, and the Kb is the intercept of the plots of 𝐿𝑜𝑔	 ('-6')
('6'5)

  

against Log [Pcs].  
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The changes in BSA fluorescence intensity were related to the Pcs at the varied 

concentrations by the Stern-Volmer relationship (equation 2.6.1 and 2.6.2). 

'-
'
= (1 + 	𝐾𝑠𝑣[𝑃𝑐𝑠]) ………………………………………… equation 2.6.1 

The two mechanisms of drug interactions with the BSA proteins, shown by the 

quenching of the BSA protein fluorescence yields, include dynamic and static 

quenching. To account for the coexistence of the dynamic and static quenching, a 

modified Stern-Volmer equation was used equation 2.5.2.   

'-
'
= (1 +	𝐾#7[𝑃𝑐𝑠])	(1 +	𝐾8[𝑃𝑐𝑠]) …………………….…. equation 2.6.2 

The KSV values are obtained from the plots of F0/F versus [Pcs], which accounts for 

the dynamic quenching. The second term on the modified Stern-Volmer equation 

accounts for the static quenching, Ka values. The Ka values are obtained from the plots 

of F0/F(1+KSV [Pcs]) versus the [Pcs]. 

The the bimolecular quenching constant (kq) values are calculated from the KSV using 

equation 2.6.3. 

𝐾#7 = 𝑘9 	τ': …………………………………………………equation 2.6.3 

Where the KSV is the Stern-Volmer quenching constant; the kq is the bimolecular 

quenching constant; and the τF0 is the fluorescence lifetime of BSA which is reported 

to be 10 ns [151].  
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This chapter reports on the synthesis of the new peripherally substituted ionic Zn(II) 

Pc 6 – Pc 11.  The Pcs were structurally characterized using various techniques, 

including FT-IR, 1H NMR spectroscopy, elemental analysis, and mass 

spectrometry. The structures of the Pcs used in this work are shown in Fig. 3.1. 

The preparation of the conjugates of the Pc 8 and Pc 9 with the AuGSH, AgGSH, 

NGQDs and NSGQDs NPs, and the structural characterizations are also reported 

in this chapter. The structural characterization studies of the nanostructures were 

performed using the FT-IR spectroscopy, EDS, DLS and TEM imaging. The XPS 

studies were performed for the conjugates with AuGSH and AgGSH NPs. While the 

Raman spectroscopy studies were performed for the conjugates with the NGQDs 

and NSGQDs. 

Furthermore, the studies of the electronic absorption properties of the Pcs and Pc-

NPs conjugates in the organic and aqueous solvents using UV-vs spectroscopy are 

reported herein.  
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Figure 3.1. Structures of the ionic Pcs used in this work.  

This chapter reports on the structural characterization of the new ionic Pc 6 – Pc 11. 

The synthesis and characterization of Pc 1 – Pc 5 are reported [104-108].  
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3.1. Structural characterization of phthalocyanines.  

3.1.1. 2,9,16,23-tetrakis-(N-propanesultone-morpholino) Zn(II) Pc 6 and 2,9,16,23-

tetrakis-(2,5-dimethyl-4-(N-propanesultone-morpholinomethyl))-phenoxy Zn(II) 

Pc 7. 

The synthetic route for the preparation of the zwitterionic Pc 6 and Pc 7 is shown on 

the Scheme 3.1. 

 
Scheme 3.1. Synthesis of the zwitterionic Pc 6 and Pc 7. 
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The tertiary N-groups of the morpholine-moieties on the Pc I [107] and Pc II [108] were 

quaternized using propanesultone to form quaternary N-groups bearing cations, 

Scheme 3.1. The terminal sulphonium group bears anions, thus, yielding the 

zwitterionic Pc 6 and Pc 7. 

The FT-IR spectra for the Pc 6 and Pc 7 are shown in the Fig. 3.2.  

 

Figure 3.2. The FT-IR spectra of the Pc 6 and Pc 7. 

From the FT-IR spectra, Fig 3.2, peaks confirming the presence of the propanesultone 

(S=O) extension on the Pcs are seen at the wavenumbers 1164 cm-1 and 1162 cm-1, 

for the Pc 6 and Pc 7, respectively. The peaks for the CH2 bonds were seen at 2820 

cm-1 and 2873 cm-1, for the Pc 6 and Pc 7, respectively. The C-O-C peaks are seen at 

wavenumbers 1029 cm-1 and 1025 cm-1 and the Ar C-H peaks at wavenumbers 2947 

cm-1 and 2959 cm-1, where the Ar C=N peaks at 1005 cm-1 and 1007 cm-1, for the Pc 

6 and Pc 7, respectively. 
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The 1H NMR spectra for the Pc 6 and Pc 7 were obtained to confirm the structures of 

the synthesized Pcs. For the Pc 6, 12 aromatic 1H were confirmed for the Pc core; 56 

aliphatic 1H were confirmed for the CH2-groups on the R-groups of the Pcs.  For the 

Pc 7, there were 20 aromatic 1H confirmed. From which, 12 1H were from the Pc 

aromatic ring, and the remaining 8 1H are from the phenyl-ring extensions on the Pcs 

R-groups. An additional 88 aliphatic1H were confirmed for the Pc 7 from the CH3- and 

CH2- chains on the R-groups. The total number of protons confirmed for the Pcs 

confirmed the quaternization of the morpholine moieties on the Pc structures with the 

1,3-propanesultone. The 1H NMR in DMSO-D6 for the Pc 6 and Pc 7 are shown in the 

Fig. S4, in the Supplementary Information. The elemental analyses for the Pc 6 and 

Pc 7 gave the expected values. 

The mass spectra for the Pcs were also obtained to determine the mass (m/z) of the 

zwitterionic Pcs. The expected mass for the Pc 6 was 1404.31 m/z and the 

experimental mass obtained was 1422.72 m/z. The obtained value is higher than the 

expected, the difference in the masses obtained from the expected may be accounted 

for by a water molecule. For the Pc 7, the expected mass was 1940.59 m/z, and the 

experimental mass obtained was 1941.72 m/z. The higher value obtained for the mass 

of the Pc 7 is attributed to an H atom. 
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3.1.2. 2,9,16,23-tetrakis-(methyl-2-mercapto-4-methyl-5-thiazoleaceticacid) Zn(II) Pc 

8 and 2,9,16,23-tetrakis-(ethyl-2-mercapto-4-methyl-5-thiazoleaceticacid) 

Zn(II) Pc 9. 

The synthetic route for the preparation of the cationic Pc 8 and Pc 9 is shown in the 

Scheme 3.2. 

 

Scheme 3.2. Synthesis of the Pc 8 and Pc 9. 
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The tertiary N-groups on the thiazole moiety of the Pc III [137] quaternized using 

methyl- and ethyl groups to yield the cationic 8 and 9, Scheme 3.2. 

The FT-IR spectra of Pc 8 and Pc 9 are shown in Fig. 3.3. 

 

Figure 3.3. The FT-IR spectra of the Pc 8 and Pc 9. 

From the FT-IR spectra, Fig 3.3, shows peaks confirming the functional groups 

constituting the Pc 8 and Pc 9. For the Pc 8, the substituents’ carbonyl groups O-H 

and C=O stretches were seen at 3410 cm-1 and 1654 cm-1 respectively. The C-H and 

C-S at 3008 cm-1 and 744 cm-1 respectively, the core C=C stretch is seen at 1654 cm-

1. For the Pc 9, the FT-IR spectra was slightly different. Peaks were seen at 3410 cm-

1 and 1658 cm-1 for the O-H and the C=O of the carbonyl groups. For the C-H and C-

S groups, stretches were seen at 3004 cm-1 and 746 cm-1, respectively. And the C=C 

stretches were seen at 1685 cm-1. 

The 1H NMR spectra for the Pc 8 and Pc 9 were obtained to confirm the structures of 

the Pcs. The NMR spectrum of the Pc 8 confirms the presence of 12 aromatic 1H from 
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the Pc core and 32 aliphatic 1H from the CH2 and CH3 groups in the R-groups of the 

Pc. The NMR spectrum of the Pc 9 also showed the presence of 12 aromatic 1H from 

the structure core and additional 40 aliphatic protons of the CH2 and CH3 groups in 

the R-groups. The total protons from the 1H NMR spectra of the Pcs are as calculated 

theoretically and therefore confirm the structures of the Pcs. The protons of the OH-

groups of the carboxylic acids on the R-groups could not be visualized. The 1H NMR 

in DMSO-D6 for the Pc 8 and Pc 9 are shown in the Fig. S5, in the Supplementary 

Information. The elemental analyses for the Pc 8 and Pc 9 gave the expected values. 

The mass spectra for the for the Pc 8 and Pc 9 were obtained to determine the masses 

(m/z). For the Pc 8, the expected mass was 347.020 [M]4+ m/z and the experimentally 

obtained mass was 348.309 [M+H]4+ m/z. For the Pc 9, the expected mass was 

357.530 [M]4+ m/z and the experimentally obtained mass was 357.447 [M]4+ m/z. 

The Pc 8 and Pc 9 were selected for the study of NPs on the SPDT activities of Pcs. 

The -COOH groups on the R-groups of the Pcs were used for the formation of the 

covalent amide bonds for the synthesis of the Pcs to the NPs, bearing -NH2 groups.  
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3.1.3. 2,9,16,23-tetrakis-(N-(N-butyl-4-triphenyl-phosphonium)-pyridine-4-yloxy) 

Zn(II) Pc 10 and 2,9,16,23-tetrakis-(N-(N-butyl-4-triphenyl-phosphonium)-

morpholino) Zn(II) Pc 11. 

The synthetic route for the preparation of the cationic TPP-labelled Pc 10 and Pc 11 

is shown in Scheme 3.3. 

 

Scheme 3.3. Synthesis of the Pc 10 and Pc 11. 
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The tertiary N on the pyridine (Pc IV [106]) and morpholine (Pc I [107]) moieties were 

quaternized using the butyl-TPP groups to yield the cationic Pc 10 and Pc 11, Scheme 

3.3. 

The FT-IR spectra of Pc 10 and Pc 11 are shown in Fig. 3.4. 

 

Figure 3.4. The FT-IR spectra of the Pc 10 and Pc 11. 

From the FT-IR spectra, Fig. 3.4, peaks confirming the incorporation of the TPP moiety 

on the Pcs to yield the Pc 10 and Pc 11 were obtained. The FT-IR spectrum for Pc 10 

shows peaks at wavenumbers 3373 cm-1 for the aromatic C-H stretch, at 2886 cm-1 

for the aliphatic C-H bonds, at 1635 cm-1 for the C=C stretch, at 1191 cm-1 for the C-

O-C bonds, and the C-P stretches are seen at wavenumbers 1430 cm-1, 1107 cm-1 

and 689 cm-1. The FT-IR spectrum for the Pc 11 shows peaks at wavenumbers 3401 

cm-1 for the aromatic C-H stretch, at 2940 cm-1 for the aliphatic C-H bonds, at 1607 

cm-1 for the C=C stretch and at 1231 cm-1 for the C-O-C bonds, and the C-P stretches 
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are seen at 1437 cm-1, 1109 cm-1 and 687 cm-1. The FT-IR spectra peaks for the Pc 

10 and Pc 11 represented bonds for the functional groups in the Pcs. 

The NMR spectra for the for the Pc 10 and Pc 11 were also obtained to further confirm 

the structures. For the Pc 10, there were 88 aromatic 1H were obtained, where 12 are 

1H of the aromatic Pc core and 76 are from the TPP groups. The 32 aliphatic 1H were 

also confirmed for the aliphatic CH2-groups butyl-chain in the R-group for the Pc 10. 

From the NMR spectrum of the Pc 11, there were 72 aromatic 1H confirmed, where 12 

are atttributed to the Pc core ring and the 60 are  from the TPP groups. Additional 64 

were for the aliphatic CH2-groups on the morpholine ring and butyl-chain of the R-

groups in the Pc 11. The total number of 1H obtained from the NMR spectra confirmed 

the TPP-labelling of the Pcs to yield the Pc 10 and Pc 11. The 1H NMR in DMSO-D6 

for the Pc 10 and Pc 11 are shown in the Fig. S6, in the Supplementary Information. 

The elemental analyses of the Pc 10 and Pc 11 gave the expected values. 

The mass spectra for the for the Pc 10 and 11 were obtained to determine the masses 

(m/z). For the Pc 10, the expected mass was 507.37 [M]4+ m/z and the experimentally 

obtained mass was 506.799 [M]4+ m/z. For the Pc 11, the expected mass was 502.14 

[M]4+ m/z and the experimentally obtained mass was 503.126 [M+H]4+ m/z. 

 

3.2. Structural characterization of nanoparticles and conjugates. 

3.2.1. Characterization of the Pc 8 and Pc 9 conjugates with NGQDs and NSGQDs. 

The synthetic route for the preparation of the Pcs conjugates with the NGQDs and 

NSGQDs is shown in the Scheme 3.4. 
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Scheme 3.4. Preparation of Pc 8 and Pc 9 conjugates with the NGQDs and NSGQDs.  

The Pc-GQDs conjugates were prepared through the formation of π-π bonds between 

the Pcs and the GQDs, Scheme 3.4. 
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3.2.1.1. Fourier transform infrared and Raman spectroscopy. 

The FT-IR spectra of the Pc 9, the NGQDs, NSGQDs and the Pc 9 conjugates are 

shown in the Fig. 3.5 as an example.  

 

Figure 3.5. The FT-IR spectra of the Pc 8 and Pc 9, and the NGQDs conjugates. 

The FT-IR spectra show -OH stretches at 3490 cm-1 and 3301 cm-1, the C=O stretches 

at 1745 cm-1 and 1701 cm-1, and the N-H at 1694 cm-1 and 1557 cm-1 for the NGQDs 

and NSGQDs, respectively, Fig. 3.5. For the NGQDs, the C-N groups stretches are 

seen at 3199 cm-1 as a result of doping. For the NSGQDs, the stretches for the C-N 

and C-S groups are seen at 3183 cm-1 and 752 cm-1, respectively as a result of co-
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doping. Shifts in the FT-IR peaks for the conjugates were seen compared to those 

obtained for the Pc 9 and GQDs alone. A combination of the stretches for the functional 

groups in the Pc and the GQDs are observed in the spectra of the conjugates, Fig. 

3.5.  

The Raman spectra for the GQDs and the Pc-GQDs conjugates were also determined 

and are shown in the Fig. 3.6. 

 

Figure 3.6. The Raman spectra of the GQDs and Pc-GQDs conjugates. 
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show an intense G-band, and a relatively smaller D-band for both the GQDs, Fig. 3.6. 

The G-bands represent the sp2-hybridized carbons, where the D-bands represent the 

sp3-hybridized carbons on the surfaces of the complexes.  The ratio of the D to G 

bands (ID:IG) were calculated and are shown in Table 3.1. The ID:IG values are used 

to assess the quality of the GQDs surfaces, where lower ID:IG values indicate less 

defects on the surface, and an increase in the ID:IG values represent surface 

roughness due to the presence of out-of-plane sp3-hybridized groups. The ID:IG values 

for the NGQDs and the NSGQDs were smaller compared to the conjugates. The 

conjugation of the Pcs to the GQDs enhances the intensities of the D-band, Fig. 3.6. 

This observation is due to the introduction of the sp3-hybridized groups from the Pcs 

such as the bulkier carboxylic and thiazole groups on to the sp2 carbon sheets [153]. 

The changes in the D- and G-bands for Pc-GQDs conjugates have been reported in 

the literature before [154]. The Pc 9 conjugates showed higher ID:IG values. This 

observation may be attributed to the bulkier ethyl-extension compared to the 

methylated Pc 8. Overall the NSGQDs showed higher D-band intensities and therefore 

higher ID:IG values for the GQDs alone and in the conjugates compared to the NGQDs, 

Table 3.1. The combination of N- and S- groups in the NSGQDs may cause the 

reduction of smoothness on the sp2 carbon sheets. Furthermore, the Raman shifting 

of the D- and G-bands in the Pc-GQDs conjugates represent multi-layered 

nanostructures [155].   

3.2.1.2. Energy dispersive X-ray spectroscopy. 

The elemental analysis for the Pcs and GQDs were performed using the EDX 

spectroscopy. The EDX spectra for the Pc 8, the NGQDs, NSGQDs and the respective 

conjugates are shown in the Fig. 3.7 as examples.  
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Figure 3.7. The EDX spectra of 8, NGQDs, 8-NGQDs, NSGQDs and 8-NSGQDs. 
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The elements on the Pc are seen at 0.3 keV, 0.4 keV, 0.5 keV and 2.2 keV for the C, 

N, O, and S atoms, respectively for the Pc 8, Fig. 3.7. The peaks for the Zn atoms on 

the Pc 8 are seen at 1.0 keV, 8.6 keV. For the NGQDs, the C, N, O are also seen at 

0.3 keV, 0.4 keV, 0.5 keV. The conjugates showed peaks of the atoms observed for 

the Pc 8, NGQDs and NSGQDs, including the C, N, O, S and Zn atoms.  

3.2.1.3. Transmission electron microscopy. 

The morphology of the NPs and conjugates were determined using TEM. The TEM 

images of the NGQDs, 8-NGQDs and 9-NGQDs are shown in Fig. 3.8, as examples.  

 

Figure 3.8. The TEM images of the NGQDs, NSGQDs and conjugates. 
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The GQDs appear as dots and are relatively more dispersed compared to the 

conjugates, Fig. 3.8. Upon conjugation, the dot-morphology is maintained. The size 

estimations for the NGQDs, NSGQDs and their conjugates with the Pc 8 and Pc 9 

were determined and are summarizes in Table 3.1.  The TEM sizes for the GQDs 

alone were ~8.0 nm and ~6.5 nm for NGQDs and NSGQs, respectively. Upon 

conjugation, the sizes increased compared to the non-conjugated GQDs.  For the Pc 

8 conjugates, the sizes were found to be 15.8 nm and 15.0 nm for 8-NGQDs and 8-

NSGQDs, respectively. For the Pc 9 conjugates the sizes were 15.2 nm and 13.9 nm 

for the 9-NGQDs and 9-NSGQDs respectively, Table 3.1. Increase in the sizes is due 

to the agglomeration of the Pc-NPs systems. 

3.2.1.4. Dynamic light scattering. 

The size estimations for the GQDs and conjugates were also determined using DLS 

spectroscopy as shown in the Fig. 3.9.  

From the DLS plots, the size estimations of the conjugates were generally larger than 

those of the NPs alone, Fig. 3.9. The size estimations for the NPs and conjugates are 

summarized in Table 3.1. The DLS size estimations for the 8-NGQDs and 8-NSGQDs 

were ~19.0 nm and ~18.6 nm, respectively, and for 9-NGQDs and 9-NSGQDs sizes 

were estimated at ~18.1 nm and ~17.3 nm, respectively. The DLS size estimations for 

the NGQDs and NSGQDs are 8.5 nm and 7.5 nm, respectively. The values obtained 

from DLS were relatively larger compared to those obtained from TEM, Table 3.1.  

The DLS technique generally leans towards larger particles and dispersant 

interference in DLS results in differences in particle sizes when compared to TEM 

[156]. 
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 Figure 3.9. the DLS plots for the GQDs and Pc-GQDs conjugates in water. 
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NSGQDs, Table 3.1. This observation corresponds with the high size estimated from 

the TEM and DLS results.  

Table 3.1. Summary of average sizes of NPs and conjugates. 

 TEM 
(nm) 

DLS 
(nm) 

Loading 

(mmolPc/ mgconj) 
Raman 
(ID/IG) 

NGQDs 8.0 8.5 - 0.19 

NSGQDs 6.5 7.5 - 0.43 

8-NGQDs 15.8 19.0 1.11 0.63 

8-NSGQDs 15.0 18.6 1.04 0.76 

9-NGQDs 15.2 18.1 1.06 0.65 

9-NSGQDs 13.9 17.3 0.97 0.91 

AuGSH 7.5 9.0 - - 

AgGSH 6.9 7.7 - - 

8-AuGSH 13.5 18.2 1.45 - 

8-AgGSH 11.0 15.7 1.25 - 

9-AuGSH 10.0 14.2 1.26 - 

9-AgGSH 10.0 12.4 1.01 - 

 

3.2.2. Characterization of the Pc 8 and Pc 9 conjugates with AuGSH and AgGSH. 

The synthetic route for the preparation of the AuGSH and AgGSH Pc-conjugates is 

shown in Scheme 3.5. 

The covalent amide linkages were formed between the carboxyl terminals of the Pcs 

and the amine terminals of the GSH groups on the AuGSH and AgGSH, Scheme 3.5. 
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Furthermore, since the Pcs bear S-groups on the peripheral R-groups, the S-metal 

bonds with NPs may also form, Scheme 3.5.  

 

Scheme 3.5. Preparation of the Pc 8 and Pc 9 AuGSH and AgGSH conjugates.  
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The conjugation of the Pc 8 and Pc 9 to the AuGSH and the AgGSH NPs and the 

structural characterization were confirmed using various analytical techniques. 

3.2.2.1. Fourier transform infrared spectroscopy. 

The FT-IR spectra of the Pc 8, AuGSH, AgGSH and conjugates were obtained and 

are shown in the Fig. 3.10 as examples. 

 
Figure 3.10. The FT-IR spectra of the Pc 8, and the AuGSH and AgGSH conjugates. 
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The Pcs were linked to the NPs via covalent bonds through the formation of amide 

bonds. For the AuGSH and AgGSH NPs, the functional groups of the GSH showed 

peaks for the amide N-H, C-H and C=O at 3340 cm-1, 2906 cm-1, 1585 cm-1, 

respectively, and the -NH2 stretches at 1384 cm-1, Fig. 3.10. For the conjugates, a 

combination of the stretches for the functional groups seen for the Pcs and NPs was 

observed. 

3.2.2.2. Energy dispersive X-ray spectroscopy. 

The EDX spectra were obtained to confirm the elemental composition of the Pcs, NPs 

and the Pc-NPs conjugates. The EDX spectra for the Pc 9 and the respective NPs 

conjugates are shown in the Fig. 3.11, as examples.  

From the EDX spectrum of the Pc 9, the C, N, and O atoms show peaks between 0.2 

keV – 0.5 keV; where S shows peaks at 2.4 and Zn at 1, 8.8 keV and 9.8 keV, Fig. 

3.11. The C, N, O, S atoms are also seen in the NPs and conjugates at similar 

energies. For the AuNPs, the Au atoms are seen at 2.2 keV and 8.6 keV – 13.8 keV 

on the EDX spectrum of the AuGSH; and the peaks for the Ag atoms are seen at 3.2 

keV on the EDX spectrum of the AgGSH. On the spectra of the Pc-NPs conjugates, 

the peaks of the C, N, O, S atoms are also present, occurring at similar keV values as 

in the non-conjugated Pcs and NPs. The Au and Ag peaks also occur at similar keV 

values as in conjugates as in the pristine NPSs. Since the NPs and the Pcs both have 

the C, N, O, S atoms, the presence of both the Zn atoms and Au and Ag in the 

conjugates were used to further confirm the presence of Pcs and NPs. 
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Figure 3.11. The EDX spectra of the Pc 9, and the AuGSH and AgGSH conjugates. 
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3.2.2.3. X-ray photoelectron spectroscopy. 

The XPS wide scan and N1S spectra of the Pc 8, the AgGSH and 8-AgGSH conjugates 

are shown in Fig. 3.12 as examples.  

 

Figure 3.12. The XPS spectra showing A) the wide scans and B) the N1S scans for 
the Pc 8, AgGSH and 8-AgGSH conjugate.  
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The S2p XPS scans for the Pc 8 , AgGSH and 8-AgGSH is shown in Fig. 3.13 as 

examples. 

 

Figure 3.13. The S2p XPS scans for the Pc 8, AgGSH and 8-AgGSH conjugate. 
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From the wide scan spectra, the presence of the C1s, N1s, and O1s peaks at binding 

energies of 299 eV, 400 eV and 545 eV, respectively, are evident for Pc 8, Fig. 3.12 

A. The Znauger and Znloss peaks are observed at binding energies 150 eV and 495 eV, 

and the S2p3, S2p and S2s at binding energies of 161 eV, 185 eV and at 226 eV, 

respectively, for Pc 8 alone. From the wide scan plots of the AgGSH NPs, peaks of 

the Ag2s and Ag3d were also seen at 312.5 eV and 325 eV respectively. Upon 

conjugation of the Pc and NPs to form the 8-AgGSH, evidence of the Zn and S2S 

peaks, in addition to the C1s, N1s and O1s on the 8-AgGSH wide scan spectrum is 

observed. The N1S high resolution XPS scan of Pc 8 shows the -N-C bonds from the 

Pc’s aromatic core with peaks occurring at binding energies of 396.25 eV and 397.0 

eV, as shown in Fig. 3.12 B. Another peak at a binding energy of 399.38 eV is also 

seen for N groups from the -N=C on the Pc 8 substituents.  For the AgGSH NPs, the 

free NH2 stretch occurs at binding energy of 396.25 eV. Upon conjugation, the amide 

N (NH) peak occurring at a binding energy of 397.5 eV is enhanced, as seen with peak 

intensity increase from 3.75 ×103 cps in the pristine AgGSH to an intensity of 5.0 ×103 

cps for the conjugate.  

The NPs have been capped with GSH through S-metal affinity linkage. The Au and Ag 

metals are known to have strong affinity to S groups with lone electron pairs available 

[158]. The Pcs also comprise S-groups on the thiazole-moiety on the R-groups. 

Therefore, the Pcs may have also bonded to the NPs through these affinity bonds. 

The S2P high resolution XPS spectra for the Pc 8, AgGSH alone and the 8-AgGSH are 

shown in the Fig. 3.13. From the S2P XPS spectra of the AgGSH alone, the S-Ag peaks 

occur at intensities of ~0.45 and 0.46 ×103 cps, upon conjugation to the Pcs, the S-Ag 

peak intensities are increased to ~1.5 and 1.8 ×103 cps. The enhancement in the peak 
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intensities suggest the formation of additional S-Ag bonds on the surfaces of the NPs 

from the Pcs. 

3.2.2.4. Transmission electron microscopy. 

The TEM images for the AuGSH, AgGS and conjugates are shown in  Fig. 3.14. 

 

Figure 3.14. TEM images of the AuGSH, AgGSH and Pc conjugates. 

The pristine AuGSH and AgGSH NPs appear spherical in shape and are 

monodispersed prior conjugation, Fig. 3.14. Upon conjugation to Pc 8 and Pc 9, the 

NPs appear partially dispersed. The NPs in the conjugates maintain the spherical 

shape, however appear slightly larger than the pristine NPs.  This is due to partial 
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stacking and increase in size is an expected observation for the Pcs-NPs conjugates 

compared to the pristine NPs. The Pcs are known to tend to stack on each other and 

may cause the conjugates to cluster as seen with the TEM images [141]. The 

approximated diameter sizes for these complexes were obtained from TEM and are 

summarised in Table 3.1. The diameter sizes of the AuGSH and AgGSH from the 

TEM estimations were found to be 7.5 nm and 6.9 nm, respectively. Upon conjugation 

to the Pcs,  the sizes increased. The sizes for the 8-AuGSH and 8-AgGSH conjugates 

were found to be  ~13.5 nm and ~11 nm, respectively. For the 9-AuGSH and 9-

AgGSH, the TEM diameter size estimations obtained were 10 nm.  

3.2.2.5. Dynamic light scattering spectroscopy.  

The sizes of the NPs and conjugates were further analysed using DLS spctroscopy. 

The DLS spectra for the AuGSH, AgGSH and their respective conjugate to the Pc 8 

and Pc 9 are shown in Fig. 3.15.  

The DLS size estimations for the AuGSH and AgGSH in the conjugates are increased 

compared to the NPs alone, Fig. 3.15. This observation correlated with the size 

estimations obtained with the TEM results. The DLS size estimations for the AuGSH 

and AgGSH NPs and conjugates are summarised in Table 3.1. Generally, the sizes 

obtained from the DLS spectra are larger compared to those from TEM, as observed 

for the GQDs. The sizes of the AuGSH and AgGSH were found to be 9.0 nm  and 7.7 

nm, respctively. Upon conjugation, the AuGSH sizes increase to 18.2 nm and 14.2 for 

the Pc 8 and 9 conjugates, respectively. For the AgGSH, the sizes increase to 15.7 

nm and 12 nm for conjugates with the Pc 8 and 9, respectively. The larger sizes for 

the AuGSH and AgGSH conjugates compared to those of the GQDs may be due to 

the increase surface area for conjugation and arrangements of the Pcs on the 3D 

sperical NPs compared to the 2D graphene sheets.  
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Figure 3.15. The DLS plots for the NPs and the Pc 8-conjugates in water. 

 

The loading values for the Pcs on the AuGSH and AgGSH were calculated using the 

Beer Lamberts Law as reported before in the literature [157,159]. The loading on the 
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Pc 9, respectively. Where the loading on the AgGSH was 1.25 mmolPc/ mgconj and 1.01 

mmolPc/ mgconj for the Pc 8 and Pc 9, respectively. The loading was lower for Pc 9 
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loading on AgGSH compared to AuGSH may be attributed to the surface area of the 

NPs, where the AuGSH were relatively larger than the AgGSH as seen in Table 3.1.  

Although the sizes of the NGQDs and NSGQDs conjugates were larger compared to 

those of the AuGSH and AgGSH, the Pcs showed generally higher loading on the 

metallic AuGSH and AgGSH compared to the graphitic NGQDs and NSGQDs Table 

3.1. The increase in the sizes of the GQDs may be attributed to the formation of GQDs-

GQDs multilayers. 

3.3. Electronic absorption spectroscopy. 

The UV-vis absorption spectra of the Pcs and conjugates were determined to evaluate 

their absorption and solubility profiles in organic and aqueous solvents. The UV-vis 

spectra may be used to determine the ease of disassociation of the Pcs in the specific 

solvent [143].  

The broadening or splitting of the Q-bands is indicative of aggregation [160], with the 

high energy band (blue-shifted band) due to the formation of H-aggregates formed 

when the Pcs stack together face-on [161]. The lower energy band is due to the 

monomer. The UV-vis absorption spectra were obtained in DMSO and in water for the 

new Pc 6 – Pc 11 and the conjugates of the Pc 8 and Pc 9 with the AuGSH, AgGSH 

and GQDs NPs.  

3.3.1. Absorption spectroscopy for phthalocyanines alone. 

The UV-vis spectra of the zwitterionic Pc 6 and Pc 7 are shown in the Fig. 3.16. 
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Figure 3.16. The UV-vis spectra of the Pc 6 and Pc 7 in water and in DMSO. 

From the Fig. 3.16, the characteristic Q-band and B-band are seen for Pc 6 and Pc 7. 

For the Pc 6, the Q-band occurs at 687 nm (Table 3.2) with the B-band at 390 nm in 

DMSO. For the Pc 7, the Q-band was observed at 680 nm and the B-band at 360 nm 

in DMSO. Both the Pc 6 and Pc 7 showed a broader Q-band in water. In water, the Pc 

6 shows aggregation peak at 669 nm (Table 3.2) and the monomer peak at 718 nm. 

For the Pc 7 in water, the aggregation peak is seen at 642 nm and the monomer peak 

at 692 nm.  

The log ɛ for the Pc 6 and Pc 7 (687 nm and 680 nm) in DMSO were calculated to be 

4.76 and 4.74. 
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The UV-vis absorption spectra of the thiazole- Pc 8 and Pc 9 are shown in Fig. 3.17. 

 

Figure 3.17. UV-vis spectra of the Pc 8 and Pc 9 in water and in DMSO. 

From the Fig. 3.17, the UV-vis spectra in DMSO, shows the charcteristic  Q-band and 

B-bands at 685 nm and 358 nm for Pc 8 respectively, and at 684 nm and 362 nm for 

the Pc 9, respectively (Table 3.2). In water, for the Pc 8, the aggregation peak appears 

at 644 nm and the monomer peak at 703 nm. For the Pc 9, the aggregation peak 

appears at 643 nm and the and the monomer peak at 700 nm, in water (Table 3.2).   

The log ɛ for the Pc 8 and Pc 9 (at 685 and 684 nm) were found to be 4.47 and 4.69 

in DMSO, respectively.  
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The UV-vis absorption spectra for the Pc 10 and Pc 11 are shown in the Fig. 3.18. 

 

Figure 3.18. UV-vis spectra of the Pc 10 and Pc 11 in water and in DMSO. 

From the Fig. 3.18, the characteristic Q-band and B-band in DMSO for the Pc 10, 

occur at 680 nm and 364 nm, respectively. For the Pc 11, the Q- and B-bands in DMSO 

were seen at 682 nm and 360 nm, respectively. In water, the aggregation peak 

appears at 633 nm and the monomer peak at 680 nm for the Pc 10, Table 3.2. For Pc 

11 in water, the aggregation peak appears at 648 nm and the monomer peak at 704 

nm, Table 3.2. Additionally, a charge-transfer band was observed for the Pc 11 

spectra in DMSO and in water at 445 nm and 439 nm, respectively, Fig. 3.18. Charge 

transfer bands have also been reported for the corresponding Pc 4 [107].  
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The log ɛ for the Pc 10 and Pc 11 (at 680 and 682 nm) in DMSO were calculated to 

be 4.99 and 4.84, respectively.  

All the Pcs show maximum absorption at wavelengths within the therapeutic window 

of tissue (600 nm – 900 nm) [162]. Overall, the Pc 6 showed the most red-shifting, 

Table 3.2, followed by the Pc 8 and Pc 9. This is due to the presence of the sulfur/ 

nitrogen groups linking the R-groups to the Pc core which are known to cause the red-

shifting of the Q-bands [163].  

Overall, the absorption of the Pcs in the NIR is important since the ideal sensitizer 

absorption should be within the NIR as previously mentioned. 

3.3.2. Absorption spectroscopy for nanoparticles and conjugates. 

The UV-vis absorption spectra for the Pcs-conjugates with the NGQDs and NSGQDs 

were also obtained. The UV-vis spectra for the Pc 9 conjugates with the NGQDs, 

NSGQDs are shown in the Fig. 3.19 as examples. 

The UV-vis spectra for the NGQDs and NSGQDs alone show maximum absorbance 

within the blue region at 345 nm and 340 nm for the NGQDs and NSGQD, respectively, 

Fig. 3.19.  Upon conjugation to the Pc 9, the enhancement of the absorption intensities 

at this region for the conjugates is observed, indicating the presence of both the Pc 

and GQDs in the sample. The absorption of the Pcs in the conjugated are also 

broadened, indicating increased aggregation of the Pcs. A similar trend was observed 

for the absorption of the 8-NGQDs and the 8-NSGQDs in water. 
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Figure 3.19. The UV-vis spectra of A) Pc 9, 9-NGQDs and 9-NSGQDs and B) Pc 9, 
9-NGQDs and 9-NSGQDs in water. 

The UV-vis absorption spectra for the Pcs-conjugates with the AuGSH and AgGSH 

were obtained. The UV-vis absorption spectra for the Pc 8 conjugates with the AuGSH 

and AgGSH are shown in the Fig. 3.20 as examples. 

From the Fig. 3.20, the UV-vis spectra of the NPs alone show the maximum 

absorbance at 540 nm and 420 nm for the AuGSH and AgGSH, respectively. This UV-

vis spectroscopy properties of these NPs is due to a phenomenon known as surface 

plasmon resonance [164]. Upon conjugation of the Pcs to the NPs, the absoprbance 

intensity in the blue-region at wavelength between 300 nm – 500 nm increases. The 
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increased absorbance intensities the UV-vis spcetra of the conjugates is indicative of 

the presence of the AuGSH and AgGSH NPs. 

 

Figure 3.20. UV-vis spectra of Pc 8, the AuGSH, AgGSH and respective conjugates 
in water. 

Table 3.2 shows that there is a slight blue-shifting (and no shifting in some cases) in 

the Q-band wavelengths for Pc 8 and Pc 9 linked to NPs, compared to the non-

conjugated Pcs as seen with the GQDs and the metallic-NPs conjugates.  
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Table 3.2. Summary of the UV-vis absorption behavior of the Pcs in DMSO and water. 

 λmax (nm) log e (M-1cm-1) Ref 

1 676 (649) 5.20 [104] 

2 670 (634) 4.88* [105] 

3 683 (630) 4.86* [165] 

4 674 (-) 5.33 [107] 

5 682 (647) 4.87 [108] 

6 687 (669) 4.76 - 

7 680 (642) 4.74 - 

8 685 (644) 4.47 - 

9 684 (643) 4.69 - 

10 680 (633) 4.99 - 

11 682 (648) 4.84 - 

 With nanoparticles 

NGQDs (345) - - 

NSGQDs (340) - - 

8-NGQDs 682 (658) - - 

8-NSGQDs 684 (659) - - 

9-NGQDs 683 (658) - - 

9-NSGQDs 683 (658) - - 

AuGSH (540) - - 

AgGSH (420) - - 

8-AuGSH 683 (639) - - 

8-AgGSH 684 (644) - - 

9-AuGSH 684 (639) - - 

9-AgGSH 684 (640) - - 

*Values determined in this thesis not reported in the reference; values in brackets are 
in water (for Pcs, only the aggregate peaks are given in water). 



CHAPTER THREE   Structural Characterization 

 96 

3.4. Summary of chapter. 

New ionic Pcs were prepared and structural characterized using various analytical 

techniques to confirm their structures. The results from the structural characterizations 

were satisfactory results and agreed with predicted/ theoretical characterizations.  

The thiazole Pc 8 and Pc 9 were conjugated to the NGQDs and NSGQDs through 

non-covalent π-π interactions to form Pc-GQD nano-systems. The NGQDs showed 

higher Pc loading compared to the NSGQDs for both Pcs. Pc 8 and Pc 9 were also 

conjugated to the metallic NPs, AuGSH and AgGSH through covalent amide bonds. 

The affinity S-metal bonds between the Pcs and NPs were confirmed by XPS. The 

loading of the Pcs was higher on the AuGSH compared to the AgGSH. The NPs and 

Pc-NPs conjugates were characterized using various techniques. The TEM and DLS 

size estimations showed a general increase in the sizes of the NPs upon conjugation 

to the Pcs.  

The electronic absorption studies of the Pcs were obtained. The Q-bands of the Pcs 

were red-shifted and occurred within the NIR at λmax > 670 nm. Blue-shifting of the λmax 

was observed in water for the Pcs to ~630 nm. The UV-vis spectra of the conjugates 

were slightly different from the Pcs alone. An increase in the absorption intensities in 

the blue region, indicating the presence of the NPs. 

  



 

  

 

CHAPTER FOUR 
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This chapter reports on the sono-photophysical characterization of the Pcs. The 

photophysical parameters including the fluorescence and triplet population of the Pcs 

and the Pc-NPs conjugates were determined. Furthermore, the stabilities of the Pcs 

upon sono-irradiations using varying ultrasonic parameters for the Pcs are reported. 

The effects of the Pcs R-groups and the type of NPs on the photo- and sono-activities 

of the Pcs are compared. 
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Outline of phthalocyanine structural differences and comparisons 

The following structural features were compared between the Pcs. 

 
• N-group in aliphatic vs aromatic moiety: Pcs 1, 4, 5 vs Pc 3, Pc 8. 

 
• group on meta vs para position on pyridine substituted Pcs: Pc 2 vs Pc 3. 

 
• R-group extension on morpholine Pcs: Pc 4, Pc 6 vs Pc 5, Pc 7.  

 
• Methyl- vs ethyl-: Pc 8 vs Pc 9. 

 
• Methyl- vs propanesultone- (cationic vs zwitterionic): Pc 4, Pc 5 vs Pc 6, Pc 7. 

 
• Methyl- vs TPP (number of cations): Pc 3, 4 vs Pc 10, Pc 11. 
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4.1. Photophysical characterization. 

The photophysical parameters, including the fluorescence (ΦF and tF) and triplet (ΦT 

and tT) parameters, were calculated for the Pcs and Pc-NPs conjugates using 

comparative methods as defined previously in section 2.4.1 and 2.4.2.  

4.1.1. Fluorescence quantum yields and fluorescence lifetime. 

The fluorescence behaviour of the Pcs upon exposure to light where studied. The 

absorption, emission, and excitation spectra for the Pc 10 in DMSO are shown in the 

Fig. 4.1 as examples. 

 

Figure 4.1. The absorption, emission, and excitation spectra for Pc 10.  

The emission spectra of the Pcs were mirror images to their respective excitation 

spectra. The excitation spectra were similar to the absorption spectra for the Pcs as 

shown in the Fig. 4.1 for the Pc 10. This suggests that the molecules absorbing photon 

energy from the light to which they are exposed are the same molecules that are 

emitting during fluorescence [42]. This observation also suggests that the nuclear 

configurations of the Pcs in the ground state are similar as in the excited states upon 

light exposure [166,167].  
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The TCSPC fluorescence decay curve was used to determine the time the excited Pcs 

remain at the excited states before returning to the ground state through fluorescence. 

This time is represented as the tF. The tF values for the Pc 1 – Pc 11 were determined 

using TCSPC. 

A typical fluorescence decay curve for Pcs 10 is shown in Fig. 4.2, as an example.  

 

Figure 4.2. The TCSPC fluorescence decay curve for Pc 10 in DMSO. 

The fluorescence decay for Pcs is within the ns time range, Fig. 4.2. The fluorescence 

properties of Pcs are affected by the nature of the substituents around the Pcs core. 

The differently substituted Pcs used in this work showed varying fluorescence profiles. 

The ФF and tF values were calculated for the Pcs in DMSO. 

A summary of the calculated ΦF and tF values of the Pcs and the Pc-NPs conjugates 

is given in the Table 4.1, together with the reported values [104,105,107,108,165]  
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Table 4.1. Summary of the ΦF and tF values for the Pcs, NPs, and Pc-NPs conjugates 
in DMSO. 

 ΦF± 
0.01 

tF (ns) 
± 0.01 

Ref 

1 0.12 1.72b [104] 

2 0.17 2.10b [105] 

3 0.17 2.70 [165] 

4 0.24 2.84 [107] 

5 0.20 2.83 [108] 

6 0.12 2.68 - 

7 0.18 3.03 - 

8 0.06 1.06 - 

9 0.06 1.01 - 

10 0.10 1.58 - 

11 0.08 1.21 - 

 With Nanoparticles  

NGQDs (0.70)a (2.70)a - 

NSGQDs (0.80)a (5.40)a - 

8-NGQDs 0.04 0.93 - 

8-NSGQDs 0.05 1.02 - 

9-NGQDs 0.03 0.07 - 

9-NSGQDs 0.04 0.08 - 

AuGSH n.d. n.d. - 

AgGSH n.d. n.d. - 

8-AuGSH n.d. n.d. - 

8-AgGSH 0.07 1.15 - 

9-AuGSH n.d. n.d. - 

9-AgGSH 0.09 1.01 - 

aValues for excitation where GQDs absorb, values in brackets are in water, bvalues 
determined in this work and not reported in the references. n.d.: not detected. 
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4.1.1.1. Effect of R-groups. 

The ФF values differed for the Pcs with differing R-groups, Table 4.1. For the Pc 1 – 

Pc 5 the ФF values have been reported in the literature. The ΦF values for all the Pcs 

(Pc 1 – Pc 11) were <0.25. Lower ΦF values are ideal for PDT as they may suggest 

increase intersystem crossing to the T1 instead. The pyridine Pc 2 and Pc 3 had the 

same ΦF values of 0.17. The ΦF values for the zwitterionic Pc 6 and Pc 7 were 

calculated to be 0.12 and 0.18 in DMSO, respectively. These values were lower 

compared to the cationic counterparts, Pc 4 and Pc 5. The reduction of the ΦF values 

for zwitterionic Pcs compared to their neutral or cationic Pcs counterparts has been 

reported for some Pcs in the literature [168,169]. The ΦF values for the thiazole Pc 8 

and Pc 9 were calculated to be 0.06 for both Pcs in DMSO. Low ΦF values have been 

reported for Pcs bearing thiazole R-groups [136,170,171]. For the Pc 10 and Pc 11, 

the ΦF values were calculated to be 0.10 and 0.08 in DMSO, respectively. The larger 

TPP-labelled Pcs 10 and 11 had reduced ΦF values compared to their corresponding 

methylated Pc 3 and Pc 4 counterparts, respectively. Low ΦF values (<1) have been 

reported for TPP-substituted Pcs in the literature [172].  

The tF values varied for the different Pcs, Table 4.1. For the Pc 3 – Pc 5, the tF values 

have been reported in the literature. The tF values for the Pcs zwitterionic Pc 6 and Pc 

7 were determined to be 2.68 ns and 3.03 ns in DMSO, respectively. For the Pc 6, the 

tF value was lower compared to the corresponding Pc 4. For the Pc 7, instead, the tF 

value was higher compared to the counterpart, Pc 5. For the Pc 8 and Pc 9, the tF 

values were calculated to be 1.06 ns and 1.01 ns, respectively. The tF values for the 

thiazole Pc 8 and Pc 9 are lower compared to the other Pcs, corresponding to their 
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low ФF. For Pc 10 and Pc 11, the tF values were calculated to be 1.58 ns and 1.21 ns, 

respectively. The values were lower than the corresponding Pc 3 and Pc 4.  

4.1.1.2. Effect of nanoparticles. 

The ΦF and tF values for the Pcs were obtained using the excitation wavelengths 

where Pcs absorb. For the Pc 8 and Pc 9 conjugated to the NGQDs and NSGQDs, 

the ΦF and tF values were relatively lower (or remained the same in some cases) 

compared to those calculated for the Pcs, Table 4.1. The decrease in the ФF for the 

Pcs in the conjugates may be attributed to the photoinduced electron transfer between 

the excited singlet state of the Pc and the graphitic NPs in the conjugates [173,174]. 

The tF values followed similar trends as the ΦF. The ΦF and tF values for the GQDs 

alone were obtained at excitation where the GQDs absorb (at 355 nm).  For the Pc 8 

and Pc 9 conjugated to the AuGSH and AgGSH, the ΦF and tF values were also 

reduced compared to those calculated for the non-conjugated Pc 8 and Pc 9 alone, 

Table 4.1. No fluorescence was observed for the conjugates of the Pc 8 and Pc 9 with 

the AuGSH, therefore, the ΦF values for the conjugates could not be calculated. For 

the AgGSH conjugates, the calculated ΦF values were 0.07 and 0.09 for the 8-AgGSH 

and 9-AgGSH, respectively, when exciting where the Pcs absorb. The tF values for 

the 8-AgGSH and 9-AgGSH found were 1.15 and 1.01 ns, respectively, when exciting 

where the Pcs absorb. The reduction in the ΦF values in the conjugates compared to 

the Pcs alone was expected for the metallic NPs since they promote intersystem 

crossing through the heavy atom effect, thus lower ΦF values, if any, in the conjugates 

were expected.  
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4.1.2. Triplet quantum yield and triplet lifetime. 

The laser flash photolysis technique involves the introduction of an intense pulse of 

light to a Pc sample. This results in the generation of time-evolved electronic 

absorption within the excited triplet states. The ΦT and tT values for the Pc 1 – Pc 11, 

and the conjugates of the Pc 8 and Pc 9 with the AuGSH, AgGSH, NGQDs and 

NSGQDs were determined in DMSO. The triplet decay curves represent the time 

taken by the Pcs in the excited triple states to relax pack to the ground state. The triplet 

decay curves for the Pcs were obtained in DMSO. The decay curve for the Pc 7 is 

shown in the Fig 4.3, as an example.  

 

Figure 4.3. The triplet decay curve for the Pc 7 in DMSO. 

The decay curve obeyed the second order kinetics, Fig 4.3. This type of decay is 

typical for Pcs and is attributed to the triplet-triplet recombination [175-177]. 

The triplet transient curves were also obtained for the Pcs. The triplet transient curve 

is shown in Fig. 4.4 for the Pc 7 as an example. 
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Figure 4.4. The triplet transient curve for the Pc 7 in DMSO. 

A typical triplet transient curve for Pcs is shown in the Fig. 4.4 for the Pc 7 in DMSO, 

as an example. The transient curve is characterized by a broad band which occurs at 

the wavelength range between 400 nm – 600 nm, Fig. 4.4. This observation is due to 

the triplet-triplet excited absorption [50]. Furthermore, the spectrum is generally similar 

to an inverted ground state UV-vis absorption spectrum. The negative peaks as seen 

in the transient curve at wavelengths ~680 nm and 359 nm occur due to the depletion 

of the ground state population of the Pc molecules upon exposure to light.  

A summary of the ΦT and tT values is given in the Table 4.2.  
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Table 4.2. Summary of the ΦT and tT parameters for the Pcs complexes in DMSO.  

 ΦT tT (µs) Ref 

1 0.79 323 - 

2 0.78 300  [105] 

3 0.73 326  [165] 

4 0.66  292  [107] 

5 0.64 269  [108] 

6 0.62 279 - 

7 0.58 261 - 

8 0.59 257 - 

9 0.61 283 - 

10 0.69 318 - 

11 0.67 297 - 

 With Nanoparticles  

NGQDs - - - 

NSGQDs - - - 

8-NGQDs 0.64 272 - 

8-NSGQDs 0.60 291 - 

9-NGQDs 0.70 298 - 

9-NSGQDs 0.57 239 - 

AuGSH - - - 

AgGSH - - - 

8-AuGSH 0.62 323 - 

8-AgGSH 0.62 228 - 

9-AuGSH 0.69 309 - 

9-AgGSH 0.71 299 - 
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4.1.2.1. Effect of R-groups. 

The ΦT and tT values for the Pc 2 – Pc 5 are reported in the literature.  The ΦT values 

differed for the differently substituted Pcs. However, the values were ≥ 0.58, Table 4.2. 

The ΦT values for the zwitterionic Pc 6 and Pc 7 found were 0.62 and 0.58, 

respectively. These values were relatively lower than their cationic counterparts, the 

ΦT values for Pc 4 and Pc 5, which have been reported to be 0.66 and 0.64 In DMSO, 

respectively. Although the ΦF of the zwitterionic Pcs were reduced compared to their 

cationic counterparts, the ΦT were not improved for both the Pcs. Similarly, to the ΦT, 

the tT values for the Pc 6 and Pc 7 were 279 µs and 261 µs, respectively, and were 

lower compared to their corresponding Pc 4 and Pc 5 with tT values of 292 µs and 269 

µs, respectively. Substantial ΦT yield were also observed for the thiazole Pc 8 and Pc 

9 which were calculated to be 0.59 and 0.61 in DMSO, for the Pcs respectively. The 

tT values for the Pcs were found to be 257 µs and 283 µs for the Pc 8 and Pc 9, 

respectively. The ethylated Pc 9 showed improved triplet state profile compared to the 

methylated Pc 8. The TPP-labelled Pc 10 and Pc 11 also showed high ΦT and tT 

values, with the Pc 1 – Pc 3 showing high ΦT values. The calculated ΦT values for the 

Pc 10 and Pc 11 were 0.69 and 0.67. The tT values obtained were 318 µs and 297 µs. 

An improvement was observed in terms of the ΦF and tT parameters for the TPP-

labelled Pc 10 and Pc 11, compared to their corresponding methylated counterparts, 

the Pc 3 and Pc 4, respectively. 

The ΦT values is an important parameter for the activity of the Pcs in PDT, this is 

because the excited Pcs that populate the triplet state can potentially generate ROS 

through energy/ electron transfer to nearby 1O2. Low ΦF may sometimes correspond 

with high ΦT values making the two parameters inversely proportional. However, this 
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is not always the case as the excited Pcs may undergo other pathways in addition to 

fluorescence and intersystem crossing. 

4.1.2.2. Effect of nanoparticles. 

The ΦT values and tT values for the Pc 8 and Pc 9 when conjugated to the graphitic 

NGQDs and NSGQDs and the metallic AuGSH and AgGSH NPs, were determined in 

DMSO. 

An increase in the ΦT values was observed for the Pc 8 and Pc 9 conjugates with the 

NGQDs and NSGQDs, except for the 9-NSGQDs which showed a decrease compared 

to the Pc 9 alone instead, Table 4.2. The decrease may be due the intermolecular π-

π interactions between the Pcs and GQDs in the nano-systems which may promote 

the rate of the non-radiative relaxation through internal conversion and consequently 

reducing the triplet population [178]. Increase in the ΦT values for Pc-GQDs 

conjugates have been reported in the literature [134]. An increase in the ΦT values 

observed for the Pcs in the presence of the AuGSH and AgGSH corresponds to the 

lower ΦF values observed for the conjugates compared to the Pcs alone. This 

observation is a result of the heavy atom effect. The heavy atom effect, as previously 

stated, improves the efficiency of the intersystem crossing of the excited Pcs to 

populate the triplet state. An increase in the ΦT values for Pcs upon conjugation to 

metallic NPs has been reported in the literature [179,180]. Overall, the NPs improve 

the triplet state properties of the Pcs. 

4.2. Stability of phthalocyanine under the sono-irradiations. 

The stability of the Pcs under the sono-irradiations at different parameter combinations 

were studied varying the frequency (MHz) and power (W.cm-2) to determine the best 
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conditions for SPDT. The four parameters studied were: Par I (1 MHz: 1 W.cm-2); Par 

II (1 MHz: 2 W.cm-2); Par III (3 MHz: 1 W.cm-2) and Par IV (3 MHz: 2 W.cm-2). Two 

methods were used, the UV-vis method, to determine the Pc degradation; and EPR 

spectroscopy, to measure the generation of Pc-derived •C in water. 

4.2.1. Degradation studies (UV-vis spectroscopy). 

The effects of the sono-parameters on the stability of the Pcs were monitored using 

UV-vis spectroscopy. The UV-vis spectra of the Pc 4 before and after sono-irradiations 

at the Par I - Par IV, at increasing time intervals are shown in the Fig. 4.5 as examples.  

A decrease in the Q-band intensities was seen for the Pc 4 after the sono-irradiations 

at the different parameters, Fig. 4.5. For the Par II and Par IV, a relatively more 

significant decrease was observed in the absorbance intensities of the Pc compared 

to that observed for the Par I and Par III.  For both the Par II and Par IV, the power is 

increased to 2 W.cm-2. This may suggest that the power (W.cm-2) of the US used in 

the sono-irradiations is more likely to affect the structure of the Pc-based sono-

sensitizers compared to the frequency of the ultrasonic mechanical waves. The Par II 

showed the highest decrease of the Q-band intensities compared to all the other three 

tested parameter combinations. The absorbance intensities at the Q-bands for the Pcs 

were recorded for each time interval. Plots of the change in the Q-band absorption 

intensities against time are shown in the inserts for the four sono-parameters, Fig. 4.5.  

The slopes of the linear equations from the plots of the Q-band intensities against time 

were recorded and compared for the Pcs for the sono-irradiations at the different 

parameters in water. The slopes (m-values) from the curves of the Q-band intensities 

against time Pcs post sono-irradiations at the Par I – Par IV are summarized in the 

Table 4.3. 
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Figure 4.5. UV-vis spectra of Pc 4 (10 µM) after sono-irradiations at Par I - Par IV for 
30 min at 10 min intervals in water. Insert: Absorbance intensities at Q-bands. Par I (1 
MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par III (3 MHz, 1 W. cm-2), and Par IV (3 
MHz, 2 W. cm-2). 
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Table 4.3. Summary of the m-values and the EPR PBN intensities after sono-
irradiations of the Pcs at the different sono-parameters in water. 

 UV-vis (m) ×10-3 PBN intensity (a.u.) 10-3 

 Par I Par II Par III Par IV Par I Par II Par III Par IV 

1 4.1 31.1 5.3 11.1 n.d. 22.0 n.d. 11.0 

2 n.d. 4.3 n.d. 2.2 n.d. n.d. n.d. n.d. 

3 n.d. 6.5 n.d. n.d. n.d. 17.2 n.d. n.d. 

4 4.0 38.3 4.0 13.2 n.d. 28.6 n.d. 10.0 

5 3.5 31.8 3.9 3.7 n.d. 25.3 n.d. n.d. 

6 7.2 42.1 13.2 15.7 <8.0 30.0 n.d. 13.1 

7 9.1 39.1 11.9 17.1 <8.0 21.4 n.d. 11.5 

8 1.4 6.9 3.1 3.6 n.d. 17.5 n.d. n.d. 

9 4.2 7.8 3.7 4.7 n.d. 18.3 n.d. n.d. 

10 10.1 41.5 15.9 19.1 11.1 30.4 8.0 13.6 

11 15.2 45.9 18.7 22.2 12.3 31.3 8.0 16.7 

(-) no degradation observed. Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par 
III (3 MHz, 1 W. cm-2), and Par IV (3 MHz, 2 W. cm-2). n.d.: not detected. 

When comparing the methylated cationic Pc 1 – Pc 5 and Pc 8, the Pcs with the 

tertiary-N on the aliphatic moieties (Pc 1, Pc 4, and Pc 5) showed relatively more 

susceptibility to the US under the sono-irradiations compared to those with the tertiary-

N on the aromatic moieties (Pc 2, Pc 3, Pc 8), as seen with the higher slope values 

from the degradation of the Q-band, Table 4.3. When comparing the Pc 2 and Pc 3, 

the para-pyridine Pc 3 showed higher m values compared to the ortho-pyridine Pc 2 

for Par II. Both Pc 2 and Pc 3 were stable at Par I and Par III. The zwitterionic Pc 6 

and Pc 7 also showed relatively more susceptibility to degradation compared to their 

cationic counterpart, Pc 4 and Pc 5, respectively. The propanesultone on the 

zwitterionic Pcs may be easily fractured compared to the methyl-groups on the cationic 
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Pcs. For the thiazole substituted Pc 8 and Pc 9 the ethylated Pc 9 was more 

susceptible to the US compared to the methylated Pc 8 under all the parameters. The 

triphenyl-phosphine (TPP)-labelled Pc 10 and Pc 11 showed less stability compared 

to their methylated counterparts, Pc 3 and Pc 4, respectively. The bigger TPP-moiety 

compared to the methyl quaternizing agent may be easily affected by the ultrasonic 

mechanical waves in the aqueous media.  The increase in the molecular weight of the 

quaternizing agent showed a decrease in stability for the Pcs. The order of decreasing 

stability observed for the different quaternizing agents used was methyl- < ethyl- < 

propanesultone- < triphenylphosphine. 

4.2.2. Generation of carbon radicals. 

The decrease in the UV-vis absorption intensities for some of the Pcs under the 

different sono-parameters, as shown by the m-values in the Table 4.3, may suggest 

the fragmentation of the carbon bonds on the Pcs structure upon exposure to the US 

in the aqueous media. Thus, there is a possibility of the formation of carbon radicals 

(•C). This effect has not yet been reported for Pcs. However, the fragmentations of 

sensitizers though pyrolysis have been reported in the literature [75,181]. 

Bakhshizadeh et al. reported on the effect of the order of irradiations in SPDT 

treatments using liposomal Pc sensitizers, where the activity of the Pcs reduced when 

sono-irradiations were performed first [18]. This observation was speculated to be due 

to the fragmentation of the Pcs during the sono-irradiations. To evaluate the formation 

of the •C from the Pcs under sono-irradiations, the EPR spectroscopy was used. The 

PBN spin trapping reagent was used to detect the •C. The EPR spectra for the Pc 4 

and Pc 6 post the sono-irradiations at the Par I – Par IV are shown in the Fig. 4.6 as 

examples.  
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Figure 4.6. The EPR spectra showing the generation of •C using PBN (50 mM) in the 
presence of the Pc 4 and Pc 6 water after 10 min exposure to the sono-irradiations at 
Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par III (3 MHz, 1 W. cm-2), and 
Par IV (3 MHz, 2 W. cm-2), at 100% duty cycles. 

In the presence of •C, the PBN will form an adduct which will show a three-pair-peak 

signal at magnetic fields between 3450 G – 3520 G. In this work, the EPR signal 

intensities for the different sono-irradiations systems were recorded and compared for 

the Pcs under the different sono-irradiations. The EPR signal peak intensities are 

directly proportional to the concentration of analyte of study, in this case •C. Thus, an 

increase in the signal intensity indicates an increase in the quantity of the •C 

generated. From the Fig. 4.6, different intensities of the PBN signals are observed for 

the four parameters for the Pc 4. Thus, suggesting that the different parameters affect 

the Pcs differently. As seen with the Pc degradation in section 4.2.1, previously. The 
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EPR signal intensities for the PBN signal intensities were recorded for all the Pcs at 

the under the different sono-parameters and are summarized in the Table 4.3. The 

average intensities for the first peak-pair are recorded for the Pcs Table 4.3. 

From the Table 4.3, the Par II and Par IV showed relatively higher PBN signal 

intensities compared to the Par I and Par III, with the Par II showing the highest 

intensities. These observations are synonymous with those seen for the Pcs 

degradation studies. Where higher m values obtained for the Pcs corresponded with 

higher PBN intensities. The R-groups also influence the degree of the effects of the 

sono-parameters as varying results were seen for the different structures, Table 4.3. 

From the series of the Pcs when comparing only the cationic, Pcs with methyl- 

quaternizing groups, the Par II showed relatively more severe effect on the Pcs 

bearing aliphatic N-bearing R-groups such as the ethyl- for Pc 1 and morpholino- for 

Pc 4 and Pc 5, compared to those with aromatic N-bearing groups such as the Pcs 2, 

3, and Pc 8. The zwitterionic Pc 6 and Pc 7 showed higher PBN intensities at the Par 

I and Par IV compared their cationic counterparts, Pc 4 and Pc 5. At the Par II, Pc 5 

showed higher PBN intensity compared to the corresponding Pc 7. The zwitterionic 

Pcs comprise a propyl-chain with a sulphonyl-terminal. The ultrasonic mechanical 

waves may be affecting the Pcs structures at these non-covalent extension points. 

Furthermore, the degradation of the Pc 5 and Pc 7 (Pcs with alkyl extensions), is 

reduced compared to the Pcs from Pc 4 and Pc 6. This effect is not yet clear. However, 

the direct linkage of the morpholine group to the Pc core, as seen on the structures of 

the Pc 4 and Pc 6 may be causing the Pcs to be susceptible to the degradation unlike 

the linkage of the morpholine linked to an aliphatic chain as in the Pc 6.  Furthermore, 

when comparing Pcs with the different quaternizing agents, the larger quaternizing 

agents, ethyl (Pc 1), 1,3-propanesultone (Pc 6 and Pc 7) and the TPP (Pc 10 and Pc 



CHAPTER FOUR  Sono-Photophysical Properties 

116 
 

11) showed more susceptibility to the US compared to the related Pcs with methyl as 

the quaternizing agent.  

Overall, the observation with the effects of the sono-parameters were interesting. The 

Par II and Par IV both have a power of 2 W.cm-2, and therefore, generate bubbles of 

bigger radii compared to those generated with the lower power of 1 W.cm-2 for the Par 

I and Par III. The energy released from the jetting of these larger bubbles therefore 

result in the pyrolysis of the Pcs. Hypothetically, the Par IV would be expected to 

degrade the Pcs more significantly since larger bubble are formed rapidly as a result 

of increasing both the frequency and power. The increase in both the frequency and 

power (Par III, 3 MHz: 2 W.cm-2), however, showed a lesser extent of Pc degradation 

compared to the increase in the power only (Par II, 1 MHz: 2 W.cm-2). Although this 

observation is not yet clear, it is however, suspected that the increase in the frequency 

may cause the bubble to burst rapidly and therefore do not grow to larger radii as it 

would be expected with the lower frequency. Therefore, the lower frequency in the Par 

II may allow for the formation of larger bubbles which lead to the yield of higher 

energies during acoustic cavitation. Hence, the degradation of Pcs occurs more 

significantly at the Par II compared to Par IV. 

4.2.3. Stability of the phthalocyanines in cell culture media under the sono-

irradiations. 

The stabilities of the Pcs at the Par I were relatively better compared to the Par II – 

Par IV as seen with the reduced degradation, Table 4.3.  Therefore, the Par I was 

selected as the sono-parameters to use for the SPDT treatments. Since the Pcs will 

be applied in the SPDT treatments of cell lines in vitro, the stabilities of the Pcs under 

sono-irradiations at the Par I, including the UV-vis degradation and •C generations 
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studies, were therefore performed in the cell culture DMEM and compared to those in 

water. The UV-vis spectra for the Pcs 1, 3 and 4 are shown in the Fig. 4.7 as examples.   

 

Figure 4.7. UV-vis spectra of the Pc 1, Pc 3 and Pc 4 (~10 µM) in water and in 
DMEM. 

The UV-vis Q-bands for the Pcs remained relatively unchanged in DMEM compared 

to water for the Pc 1 and Pc 4. For the Pcs 3, the Q-band was slightly broadened, Fig. 

4.7. The UV-vis λmax in DMEM were recorded for the Pcs and are given in Table 4.4.  
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No significant changes were observed in the λmax in DMEM compared to water for the 

Pc 1, Pc 4 – Pc 11, Table 4.4. For the Pc 2 and Pc 3, the λmax in DMEM were relatively 

more blue-shifted compared to those obtained in water.  

The UV-vis spectra for the Pc 1, Pc 3 and Pc 4 post sono-irradiations at the Par I in 

DMEM are shown in the Fig. 4.8 as examples.   

 

Figure 4.8. Degradation of the Pc 1, Pc 3 and Pc 4 (10 µM) after the sono-
irradiations at Par I (1 MHz: 1 W.cm-2, 100% duty cycles) for 30 min in DMEM. 
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From the Fig. 4.8, no significant differences in the stability of the Pc 4 in DMEM was 

observed compared to those in water for the Par I irradiations as judged by the 

changes in the Q-band intensities. The degradation observed for the Pc 1 Q-band 

intensities was higher compared to the Pc 3 in DMEM, Fig. 4.8. The Pc 3 showed 

relatively more stability in DMEM. 

The UV-vis spectroscopy degradation m-values for all the Pcs in DMEM were 

calculated and are summarized in the Table 4.4. 

Table 4.4. Summary of the m-values and the EPR PBN intensities after sono-
irradiations of the Pcs at Par I in DMEM. 

 λmax UV-vis (m) ×10-3 PBN intensity (a.u.) ×103 

1 650 (649) 4.2 8.2 

2 642 (634) 1.1 n.d. 

3 643 (630) n.d. n.d. 

4 674 (674) 3.7 8.5 

5 647(669) 3.4 n.d. 

6 669 (647) 7.9 10.0 

7 642 (642) 9.0 9.0 

8 645 (644) 1.3 n.d. 

9 645 (643) 4.7 n.d. 

10 634 (633) 9.8 12.1 

11 650 (648) 14.3 13.5 

Values in bracket are in water. n.d.: not detected. 

The m-values in the DMEM were similar to those obtained in water, with the Pc 6, Pc 

7, Pc 10 and Pc 11 showing increase m-values relative to the other Pcs, Table 4.4. 
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For the Pc 3, no degradation was observed in DMEM. This suggests a similar 

behaviour or the Pcs in DMEM as observed in water.  

The EPR PBN specrtra for the Pc 1 – Pc 11 after the sono-irradiations at the Par I 

in DMEM are shown in the Fig. 4.9.  

 

Figure 4.9. The EPR spectra showing the generation of •C using PBN (50 mM) in the 
presence of the Pc 1 – Pc 11 after 10 min exposure to the sono-irradiations at Par I (1 
MHz: 1 W.cm-2), at 100% duty cycles in DMEM. 
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A a summary of the PBN signal intensities in DMEM is also given in the Table 4.4.  

For the Pc 1 at Par I, PBN signals were seen in DMEM, Table 4.2, however, no signals 

were seen for in water, Table 4.3.  For the Pc 4, Pc 6, Pc 7, Pc 10 and Pc 11, PBN 

signals were observed in DMEM at the Par, Table 4.4, corresponding to the results 

obtained for the Pcs in water at the Par I, Table 4.3.  

The results obtained from the EPR studies in DMEM were similar to those obtain in 

water and corresponded to the UV-vis degradation. Therefore, no significant changes 

in the structures of the Pcs are expected for the sono-irradiations under the Par I.  
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4.3. Summary of chapter. 

The photophysical parameters differed for the different Pcs and the Pc-NPs 

conjugates. The Pcs and conjugates generally showed ΦF values lower than 0.25 and 

ΦT values greater than 0.58. For the NPs conjugates, the ΦT values increased 

compared to the Pcs alone. This suggests that the NPs promote intersystem crossing 

and therefore increase the T1 populations of the Pcs under the photo-irradiations. This 

observation is important as it may suggest the improvement of 1O2 yields for the Pcs 

in the presence of the NPs. The stability studies for the Pcs under the sono-irradiations 

also showed parameter-dependent results. Generally, lower power (1 W.cm-2) 

maintained the Pcs’ stability in water as seen with the UV-vis spectra after irradiations 

at the Par I and Par III. The increase in the power (2 W.cm-2) showed an increase in 

the degradation of the Pcs as seen with the Par II and Par IV. The generation of •C 

were also seen for some of the Pcs at the some of the studied parameters. The Par II 

showed the highest •C yields for the Pcs.  

The Pcs were relatively stable at the Par I compared to the other sono-parameters in 

water. In DMEM, the Pcs after irradiations with the Par I maintained similar behaviours 
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This chapter reports on the study of the ROS generation of the ionic Pcs under the photo- 

and/ or sono-irradiations. Two methods were used to determine ROS generation; using 

the colorimetric method by UV-vis spectroscopy; and the spin trapping method using 

electron paramagnetic spectroscopy. The effects of the sono-parameters (frequency and 

power) on the ROS yields by the Pcs are presented. The ROS yields for the Pcs under 

photo-, sono- and sono-photo combination irradiations are also presented. For these 

studies, the effects of the Pcs’ R-groups and the conjugation of the graphitic and metallic 

NPs on the ROS yields of the different Pcs are reported.  
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5.1. Photoinduced reactive oxygen species generation.  

The photoinduced generation of 1O2 by the Pcs and the Pcs-NPs conjugates were 

determined using DPBF and ADMA as the 1O2 quenchers in DMSO and water, 

respectively. The calculations for the ΦΔ were done using methods as defined in the 

section 2.4.3.1.  

The UV-vis spectra showing a decrease in the DPBF absorption intensities under 

photo- irradiations are shown in Fig. 5.1 for Pc 9 and Pc 10 in DMSO as examples.  

 

Figure 5.1. The generation of 1O2 by the Pc 9 and Pc 10 under the photo-irradiations 
(at 670 nm ± 40 nm, 300 W, generating 2.97 × 1016 photons-1 cm-2) at varied time 
intervals monitored using DPBF in DMSO. 
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The UV-vis spectra showing the decrease in ADMA absorption intensities during 

photo- irradiations are shown in the Fig. 5.2 for Pc 9 and Pc 10 in water as examples. 

 

Figure 5.2. The generation of 1O2 by the Pc 9 and Pc 10 under the photo- irradiations 
(at 670 nm ± 40 nm, 300 W, generating 2.97 × 1016 photons-1 cm-2) at varied time 
intervals monitored using ADMA in water. 

A decrease in the UV-vis absorption intensities for both the quenchers (between 320 

nm – 480 nm) was observed post photo- irradiations of Pc 9 and Pc 10, Fig. 5.1 and 

Fig. 5.2. This suggests that there is a photoinduced generation of 1O2 by the Pcs. The 

ΦΔ values for the Pcs were thereafter calculated in DMSO and in water. A summary of 

the ΦΔ values for the Pcs is given in the Table 5.1.  
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Table 5.1. Summary of the ΦΔ under photo-irradiations in DMSO and in water. 

 ΦΔ (DMSO) ΦΔ (water) Ref 

1 0.58 0.19 - 

2 0.60 0.22* [105] 

3 0.41 0.13* [165] 

4 0.51 0.21 [107] 

5 0.50 0.14 [108] 

6 0.50 0.18 - 

7 0.43 0.10 - 

8 0.31 0.05 - 

9 0.35 0.05 - 

10 0.56 0.12 - 

11 0.53 0.10 - 

 With nanoparticles 

NGQDs n.d. n.d. - 

NSGQDs n.d. n.d. - 

8-NGQDs 0.49 0.09 - 

8-NSGQDs 0.43 0.08 - 

9-NGQDs 0.51 0.10 - 

9-NSGQDs 0.48 0.08 - 

AuGSH n.d. n.d. - 

AgGSH n.d. n.d. - 

8-AuGSH 0.46 0.10 - 

8-AgGSH 0.44 0.07 - 

9-AuGSH 0.49 0.09 - 

9-AgGSH 0.46 0.09 - 

n.d.: not detected. 
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The rates of 1O2 generation differed for the Pcs and therefore, different ΦΔ values were 

obtained. A decrease in the ΦΔ values for the Pcs in water was observed. This is a 

common observation for ΦΔ in water compared to the ΦΔ in organic solvents such as 

DMSO. Water is known to also quench the 1O2, hence the relatively low ΦΔ values 

[143].  Reduced ΦΔ values in water compared to ΦΔ values in organic solvents have 

been reported in the literature for Pcs [182-184].  

5.1.1. Effect of type R-group. 

The Pc 1 – Pc 11 showed evidence of ROS generation under the photo-irradiations. 

Thus, the Pcs are considerable as sensitizers for PDT. The Pc 1, Pc 2, Pc 4 – Pc 6, 

Pc 10 and Pc 11 showed ΦΔ values ≥ 0.50, whereas Pc 7 - Pc 9 had ΦΔ values <0.50, 

Table 5.1. When comparing the ortho pyridyl Pc 2 and the para pyridyl Pc 3, higher 

ΦΔ values were obtained for the Pc 2. The cationic morpholine Pc 5 showed higher ΦΔ 

values compared to the zwitterionic Pc 7. The ΦΔ values were similar for the Pc 4 and 

Pc 6. Increased ΦΔ values have been reported for some cationic Pcs compared to the 

zwitterionic Pc counterparts in the literature before [91,168,182]. The thiazole Pc 8 

and Pc 9 showed the least ΦΔ values compared to the other Pcs. For the TPP Pcs, 

the pyridine Pc 10 showed higher ΦΔ values compared to the morpholine Pc 11. This 

observation corresponds to the high ΦT values obtained for the Pc 10 and Pc 11, Table 

4.2. When comparing the Pc 10 and Pc 11 to the methylated corresponding Pc 3 and 

Pc 4, respectively, higher ΦΔ values were obtained for the TPP-labelled Pcs. The 

increase in the ΦΔ values for TPP-Pcs has been reported in the literature [172]. 
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5.1.2. Effect of nanoparticles 

The Pcs conjugated to the NPs also showed ROS generation under photo- irradiations 

in DMSO and in water Table 5.1. An increase in the ΦΔ values was observed for all 

the conjugates compared to the Pc 8 and Pc 9 alone, in both water and DMSO. 

The GQDs have generally been shown to improve the photoactivity of Pcs including 

the increase in their 1O2 generation [134]. The conjugates of the Pc 9, (9-NGQD and 

9-NSGQDs) showed relatively higher ΦΔ values compared to the conjugates of the Pc 

8 (8-NGQD and 8-NSGQDs). This observation was expected, since the ΦΔ value of 

the non-conjugated Pc 9 was higher compared to Pc 8. The increase in the ΦΔ 

observed for the Pcs upon conjugation with the GQDs has been reported to be due to 

a phenomenon known as Förster resonance energy transfer (FRET) or the non-

radiative dipole–dipole coupling [185,186]. FRET involves the quenching of the 

photoluminescence of the GQDs by nearby Pc molecules, causing an energy transfer 

from the GQDs to the Pcs. This type of interaction between the Pcs and the GQDs 

results in the increase in the T1 population of the Pcs and thus higher ΦΔ. Moreover, 

higher ΦΔ values were seen for the NGQDs conjugates (the 8-NGQDs and 9-NGQDs) 

compared to the NSGQDs conjugates (the 8-NSGQDs and 9-NSGQDs), Table 5.1. 

This may be attributed to the higher loading of the Pcs on the NGQDs compared to 

the NSGQDs. 

Metallic NPs are known to improve the intersystem-crossing pathways for Pcs 

resulting in increased T1 population through enhance spin-orbital coupling caused by 

the heavy metal effect as previously stated in the Chapter One [187,188]. An increase 

in the T1 populations may result in an increase in the of the ΦΔ Pcs. Improvements in 

the ΦΔ values has been reported for the conjugates of the Pcs with Au and Ag NPs in 
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the literature [49,127,141]. Higher ΦΔ values were generally observed for the Pc 

conjugated to the AuGSH (the 8-AuGSH and 9-AuGSH) compared to those obtained 

for the conjugates with the AgGSH (the 8-AgGSH and 9-AgGSH), Table 5.1. 

5.2. Reactive oxygen species generation: Effect of ultrasound parameters. 

The ROS generation of the Pcs under the sono-irradiations at the varied parameter 

combinations were determined using the EPR spectroscopy. The parameter 

combinations for the sono-irradiations were Par I (1MHz, 1W.cm-2), Par II (1MHz, 

2W.cm-2), Par III (3MHz, 1W.cm-2) and Par IV (3MHz, 2W.cm-2). Two EPR spin 

trapping reagents were used, including TEMP (for 1O2) and DMPO for (•OH) for ROS 

detection. The EPR spectra were first collected for the control samples including water 

alone, Pc solutions alone, the spin trapping reagent solutions alone, all before and 

after exposure to the sono-irradiations at the different parameters. All the control 

samples showed no EPR signals. Thus, no ROS generation was observed.  

The EPR spectra for the study of the effect of the ultrasonic parameters on the ROS 

generation are shown in the Fig. 5.3 for the Pc 5 and Pc 7 as examples.  

Both the 1O2 and •OH generation was observed for the Pcs at the different sono-

irradiations. This is seen with the EPR TEMP and DMPO signals for the Pc 5 and Pc 

7, used as examples, in Fig 5.3.  

The different EPR signal intensities suggests that the changes in the frequency and 

power affects the efficiencies of ROS yields by the Pcs during the sono-irradiations.  
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Figure 5.3. The EPR spectra showing the generation of 1O2 using TEMP (50 mM) and 
•OH using DMPO (50 mM) in the presence of Pc 5 and Pc 7 after sono-irradiations at 
the Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par III (3 MHz, 1 W. cm-2), and 
Par IV (3 MHz, 2 W. cm-2), at 100% duty cycles, for 10 min in water. 
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The TEMP and DMPO EPR signal intensities were recorded for the Pcs and 

compared. The signal intensities of the first peaks from the TEMP, and the signal 

intensities of the second peaks from the DMPO signals were recorded for the Pcs as 

shown in Fig. 5.3. 

The EPR TEMP and DMPO signal intensities for the Pcs under the sono-irradiations 

were obtained and are summarized in Table 5.2. 

Table 5.2. Summary of the EPR TEMP and DMPO signal intensities for the sono-
irradiations of the Pcs at the different parameters. 

 Signal Intensity (a.u.) x103 

 TEMP (1O2) DMPO (•OH) 

 Par I Par II Par III Par IV Par I Par II Par III Par IV 

1 8.7 8.9 8.4 14.2 4.0 0.0 0.0 0.0 

2 16.9 9.6 12.9 13.8 27.0 29.2 0.0 20.0 

3 25.3 19.8 18.5 23.7 13.5 57.0 0.0 31.1 

4 24.7 14.7 11.0 20.0 30.5 74.3 17.5 42.5 

5 27.0 21.6 18.9 22.1 33.8 57.8 23.5 38.0 

6 19.8 10.1 9.9 11.7 15.3 17.2 10.1 17.0 

7 20.1 17.2 13.9 17.7 28.8 31.7 13.7 19.8 

8 18.3 11.4 9.0 15.8 11.3 14.4 0.0 8.0 

9 18.9 12.9 9.7 17.9 13.9 14.7 0.0 8.0 

10 43.3 29.9 25.9 33.2 63.0 78.2 32.3 72.2 

11 37.0 26.0 18.8 25.3 42.0 65.5 28.9 43.9 

Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par III (3 MHz, 1 W. cm-2), and 
Par IV (3 MHz, 2 W. cm-2). 
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The Par I showed higher 1O2 generation compared to all the parameters for the Pc 2 

– Pc 11, Table 5.2. For the Pc 1, the Par IV showed higher 1O2 generation. This 

observation is not well understood.  The para-pyridyl Pc 3 generally performed better 

at the different parameters (for both 1O2 and •OH), compared to the ortho-pyridyl Pc 

2. The zwitterionic Pcs 6 and 7 showed lower 1O2 and •OH generations under the 

different parameters compared to their cationic counterparts, Pc 4 and Pc 5, 

respectively. The Pcs with an alkyl extension to their morpholine groups Pc 5 and Pc 

7 performed better under all the treatments when compared to the Pc 4 and Pc 6 

respectively. The ethylated Pc 9 generally showed slightly higher ROS yields for both 

1O2 and •OH compared to those observed for the methylated Pc 8 under the different 

parameters. The TPP-labelled Pc 10 and Pc 11 showed the highest ROS generation 

of 1O2 and •OH compared to all Pcs at the respective parameters. For the TPP Pcs, 

the pyridine Pc 10 had higher ROS yields compared to the morpholine Pc 11.  

Although this effect has not been reported for Pcs, the efficiency of acoustic cavitation 

is reported in the literature to improve for larger molecules such as NPs [119,189]. 

Therefore, the use of bulkier Pcs (Pc 10 and Pc 11) may result in increased nucleation 

sites for bubble formation during acoustic cavitation and therefore improved ROS 

generation under the sono-irradiations, on condition that the Pcs are sono-active in 

the specific irradiation conditions. 

Overall, the Par I showed higher 1O2 generation compared to the other parameters, 

followed by the Par IV, Table 5.2. The Par II and Par III generally showed the lowest 

1O2 generation. For the •OH generation, the Par II was generally higher compared to 

the other parameters, followed by the Par IV. The increase in the US power to 2 W. 

cm-2 (Par II and Par IV) generally resulted in an increase in the •OH yields for the ionic 
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Pcs. This was, however, not observed for the Pc 1. For the Pc 1, •OH was only 

detected at Par I. Increasing the frequency without increasing the power of the US, 3 

MHz, 1 W.cm-2 (Par III), did not show improvement in the 1O2 and •OH yields when 

comparing Par III to Par I, Table 5.2. Increasing the power without increasing the 

frequency of the US, 1 MHz, 2 W.cm-2 (Par II), showed improved •OH yields for the Pc 

2 – Pc 11, comparing the Par II to Par I. Increasing both the frequency and power of 

the US, 3 MHz, 2 W.cm-2 (Par IV), generally resulted in reduced 1O2 yields when 

comparing the Par IV to the Par I. The trends for •OH yields were not clear for the Pcs 

at Par IV compared to Par I.  

Overall, the ultrasonic power, which results in the formation of larger bubbles during 

acoustic cavitation, may cause the pyrolysis of some Pcs to yield fragments with 

reduced ROS generation. Otherwise, the increase power may be used to potentially 

improve the •OH yields of Pcs in water instead. The frequency of the US, which results 

in the rapid formation of bubbles during acoustic cavitation, did not improve the 1O2 

yields, and did not show a clear trend in terms of •OH yields. Therefore, the lower 

frequency maintained higher 1O2 yields for the Pcs. 

All the control samples showed no EPR signals. The detected 1O2 and •OH under the 

treatments are dependent on the synergistic activities of both the Pcs and the sono- 

irradiations at the different parameters in water. The Par I (1 MHz: 1 W.cm-2) was 

selected as the sono- parameters for the combination irradiations. The Par I was 

selected on the basis of high 1O2 generation, and the low degradation of the Pcs 

observed from the UV-vis and EPR spectroscopy as seen previously. The high 

degradation in the Pcs during treatments, as seen in the Par II, for example, may not 
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be ideal for the biological applications since the structural identities and the cytotoxic 

activities of the fragments from the Pcs are not yet known.  

5.3. Photo-sono induced reactive oxygen generation. 

The EPR spectra for the 1O2 and •OH generation of the Pcs under the photo-, sono- 

and sono-photo irradiations were obtained. The TEMP and DMPO EPR spectra for 

the Pc 10 and Pc 11 under the photo- and/ or sono-irradiations are shown in the Fig. 

5.4 as example.  

The 1O2 and •OH generation in the combination irradiations was evident for the Pcs 

as seen with the TEMP and DMPO signals, Fig. 5.4. Generally, the signal intensities 

for the both the 1O2 and •OH increased for the combination irradiations compared to 

those observed from the photo- and sono- mono-irradiations, Fig. 5.4. This 

observation was expected as the Pcs are excited using both stimuli in the combination 

irradiations. An increase in the ROS generation has been reported for Pcs under 

combination irradiations compared to the mono-irradiations in the literature 

[55,190,191]. 

The EPR signal intensities of the TEMP and DMPO for the Pcs under the photo-, sono- 

and sono-photo irradiations in water are summarized in the Table 5.3. The results for 

the Pcs-NPs are also given in the Table 5.3. 
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Figure 5.4. The EPR spectra showing the generation of 1O2 using TEMP (50 mM) and 
•OH using DMPO (50 mM) as the quencher in the presence of the Pc 10 and Pc 11 in 
water after photo- (at 670 nm ± 40 nm, 300 W, generating 2.97 × 1016 photons-1 cm-2) 
or sono- (at 1 MHz, 1 W. cm-2, 100% duty cycles) or the combination of both photo- 
and sono-irradiations. 
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Table 5.3. Summary of the EPR TEMP and DMPO signal intensities for photo-, sono- 
and sono-photo irradiations of the Pcs and Pc-NPs conjugates in water. 

n.d.: not detected. 

 Signal Intensity (a.u.) x103 

 TEMP (1O2) DMPO (•OH) 

 Photo Sono Sono-photo Photo Sono Sono-photo 

1 26.7 8.7 29.3 n.d. 4.0 6.3 

2 29.9 16.9 33.7 n.d. 27.0 33.6 

3 33.2 25.3 39.1 n.d. 13.5 30.3 

4 36.4 24.4 40.2 n.d. 30.5 35.3 

5 26.5 27.0 42.7 n.d. 33.8 49.4 

6 34.2 19.8 20.4 n.d. 15.3 33.1 

7 14.2 20.1 25.5 n.d. 28.8 44.7 

8 16.2 18.3 21.8 n.d. 11.3 12.6 

9 17.9 18.9 27.2 n.d. 13.3 13.9 

10 37.0 43.3 50.0 n.d. 63.0 83.0 

11 35.7 37.0 41.4 n.d. 42.0 51.2 

 With nanoparticles 

NGQDs n.d. 29.2 30.6 n.d. 40.6 63.2 

NSGQDs n.d. 27.2 29.6 n.d. 10.4 19.3 

8-NGQDs 36.2 39.5 53.2 n.d. 50.1 67.1 

8-NSGQDs 29.9 35.8 50.0 n.d. 25.0 38.5 

9-NGQDs 38.2 43.2 58.4 n.d. 55.0 70.0 

9-NSGQDs 31.2 37.8 51.3 n.d. 33.0 40.0 

AuGSH n.d. 9.9 16.1 n.d. <8.0 8.4 

AgGSH n.d. 9.2 14.7 n.d. <8.0 <8 

8-AuGSH 28.6 21.6 33.8 n.d. 16.5 18.6 

8-AgGSH 25.5 20.0 32.8 n.d. 20.3 23.4 

9-AuGSH 41.4 28.3 50.3 n.d. 26.3 28.7 

9-AgGSH 34.6 23.2 48.6 n.d. 21.5 23.8 
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5.3.1. Effect of type of R-group. 

The Pc 1 – Pc 4 and Pc 6 showed higher 1O2 generation under the photo-irradiations 

compared to sono-irradiations in water, Table 5.3. Whereas the Pc 5, Pc 7, Pc 10 and 

Pc 11 showed higher 1O2 generation under the sono-irradiations compared to the 

photo-irradiations. The •OH were evident for the sono-irradiations in the mono-

irradiations and the combination irradiations. For the photo-irradiations, none of the 

Pcs were able to generate the •OH. For the Pcs, the 1O2 has been reported to be the 

predominant ROS generated in PDT [192].  

The combination treatments showed higher ROS generation compared to the photo 

and sono- mono-irradiations for all the Pcs except for the Pcs 6, showing lower 1O2 for 

the combination irradiations compared to photo-irradiations, Table 5.3. This 

observation was not expected. The ortho-pyridine Pc 2 generally showed lower 1O2 

compared to the para-pyridine Pc 3 for photo-, sono-, and combination irradiations.  

However, the Pc 2 performed better in the •OH generation compared to the Pc 3 for 

the photo- and/ sono- irradiations. The cationic Pc 4 and Pc 5 showed higher ROS 

generation compared to their corresponding zwitterionic counterparts, Pc 6 and Pc 7, 

respectively. Where the Pc 5 and 7 with an alkyl extension to the morpholine showed 

better 1O2 and •OH yields under the sono- and combination irradiations compared to 

the Pc 4 and Pc 6, respectively. The ethylated Pc 9 generally showed high 1O2 and 

•OH yields compared to the methylated Pc 8 for the photo- and/ sono- irradiations. 

The TPP-labelled Pc 10 and Pc 11 generally showed higher 1O2 and •OH generation 

compared to the other Pcs, however, the 1O2 for the Pc 11 was slightly lower compared 

to the Pc 4 under the photo-irradiations and lower than the Pc 5 under the combination 

irradiations. 
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5.3.2. Effect of nanoparticles. 

The effects of NPs on the ROS yields of the Pc 8 and Pc 9 were evaluated. The TEMP 

and DMPO EPR spectra for the Pc 9 and the NGQDs and NSGQDs NPs and 

conjugates under the sono-photo combination irradiations are shown in the Fig. 5.5. 

as examples.  

 
Figure 5.5. The EPR spectra showing the generation of 1O2 using TEMP (50 mM) or 
•OH using DMPO (50 mM) as the quencher in the presence of 5 µg/mL of Pc 9 and its 
NGQDs and NSGQDs conjugates after photo- (at 670 nm ± 40 nm, 300 W, generating 
2.97 × 1016 photons-1 cm-2) and sono- (at 1 MHz, 1 W. cm-2, 100% duty cycles) 
combination irradiations in water. 

Evidence of both the 1O2 and •OH at varying intensities under the combination 

irradiations were seen for the Pcs, NGQDs, NSGQDs and conjugates, Fig. 5.5 in 

water. The TEMP and DMPO EPR spectra for the Pc 9 and the AuGSH and AgGSH 
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NPs and conjugates under the sono-photo combination irradiations are shown in the 

Fig. 5.6. as an example.  

 

Figure 5.6. The EPR spectra showing the generation of 1O2 using TEMP (50 mM) or 
•OH using DMPO (50 mM) as the quencher in the presence of 5 µg/mL of Pc 9 and its 
AuGSH and AgGSH conjugates after the photo- (at 670 nm ± 40 nm, 300 W, 
generating 2.97 × 1016 photons-1 cm-2) and sono- (at 1 MHz, 1 W. cm-2, 100% duty 
cycles) combination irradiations in water.   

Evidence of both the 1O2 and •OH under the combination irradiations were seen for 

the Pcs, AuGSH, AgGSH and conjugates, Fig. 5.6 in water. Generally, lower •OH 

yields were observed compared to the 1O2 yields, Fig. 5.6. 
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The TEMP and DMPO EPR signal intensities were recorded for the NGQDs, 

NSGQDs, AuGSH and AgGSH NPs and Pc-NPs and the conjugates with the Pc 8, Pc 

9 under the photo- and/ or sono-irradiations and are summarized in the Table 5.3. 

The NGQDs generally showed higher 1O2 and •OH yields compared to the NSGQDs 

alone and in the conjugates for all the treatment types, Table 5.3. For the photo-

treatments, these observations are synonymous with those observed for the 

photoinduced ΦΔ as shown previously. For the sono-irradiations, the higher ROS 

generations seen for the NGQDs and NGQDs conjugates may be due to the increased 

in the NPs size compared to the NSGQDs as shown by the TEM and DLS size 

estimations earlier.  

The ethylated Pc 9 conjugates with the NGQDs and NSGQDs showed better 

performance compared to the methylated Pc 8 conjugates, Table 5.3. 

The ROS generation of the AuGSH and AgGSH alone were generally lower compared 

to those observed for the Pcs alone and the Pc-NPs conjugates under the photo- and/ 

or sono-irradiations, Table 5.3. The 1O2 yields were slightly higher for the AuGSH, 

AgGSH NPs and the Pc-NPs compared to the •OH yields. The 1O2 and •OH generation 

was slightly higher for the AuGSH and the Pc-AuGSH conjugates compared to the 

AgGSH NPs and the Pc-AuGSH conjugates for the photo- and/ or sono-irradiations. 

These results completement the results observed with the ΦΔ values previously with 

the AuGSH conjugates showing higher ΦΔ values compared to the AgGSH 

conjugates.  

Additionally, for US mediated treatments, larger NPs are reported to increase the 

surface area for bubble nucleation, therefore improving the efficiency of acoustic 
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cavitation and ROS generation as stated previously [117,120,193]. Similar to the 

results seen for the GQDs conjugates, the ethylated Pc 9 conjugates with the AuGSH 

and AgGSH showed better 1O2 and •OH yields compared to the conjugates of the 

methylated Pc 8. The trends in the 1O2 yields of the Pcs upon conjugation with the 

NPs was not clear when comparing the yield from the ΦΔ values (Table 5.1) and the 

photoinduced EPR signals for the 1O2 yields (Table 5.3). However, when comparing 

ROS yields on sono-irradiations for the conjugates, the NGQDs and NSGQDs showed 

higher yields compared to the AuGSH and AgGSH for 1O2 and •OH. 
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5.4. Summary of chapter. 

The Pcs showed ROS generation under the sono-irradiations at the different ultrasonic 

parameters varying the frequency and power. Two ROS were detected by EPR 

spectroscopy included 1O2 and •OH. The Par I generally showed higher 1O2 generation 

compared to the other parameters for all the Pcs, as seen with the high TEMP signals. 

The Par II generally showed a higher increase in the •OH generation for all the Pcs. 

The photo-, sono- and sono-photo irradiations also showed ROS generation. Where 

the photo- irradiations showed only the generation of 1O2. The sono- and sono-photo 

combination irradiations showed the generation of both the 1O2 and •OH. The 

combination irradiations generally showed higher 1O2 and •OH yields compared to the 

photo- or sono- mono- irradiations. When comparing the Pcs, the larger TPP-labelled 

Pcs showed higher 1O2 and •OH yields under the sono-irradiations in both the mono- 

and combination irradiations. An increase in the 1O2 and •OH generation of the thiazole 

Pc 8 and Pc 9 was observed upon conjugation to the organic and inorganic NPs. The 

NPs alone including the NGQDs, NSGQDs, AuGSH and AgGSH showed the ROS 

generation under the sono-irradiations. For the organic NPs, the Pc conjugates with 

the NGQDs showed higher 1O2 and •OH yields under photo-, sono- and combination 

irradiations compared to those with the NSGQDs. And in the case of the inorganic 

NPs, the Pc conjugates with the AuGSH showed higher 1O2 and •OH yields under the 

photo- and/ or sono-irradiations compared to those with the AgGSH.  

Overall, the NGQDs and NSGQDs NPs showed higher 1O2 and •OH yields compared 

to the AuGSH and AgGSH NPs under the photo- and/ or sono-irradiations.  



 

  

CHAPETR SIX 
6. Biological Studies
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This chapter reports on the in vitro anticancer activities of the ionic Pcs on the HeLa and MCF-7 

cells under different treatments. The SDT activities of the Pcs under the different sono-

parameters varying the frequency and power of the ultrasound are presented. Additionally, the 

PDT and SDT mono-treatments as well as the SPDT combinatorial treatments are also 

presented. The cell survival percentages of the cells and IC50 concentrations for the Pcs under 

the treatments are reported. The effects of the treatments on the cellular morphologies for the 

different treatments are also presented. Additionally, the cellular uptake studies for the Pcs are 

reported. The effects of the Pcs R-groups as well as the effect of the NPs on these studies are 

evaluated. 

The BSA protein binding studies in water are also reported for the Pcs in this chapter. 

This chapter reports on the in vitro anticancer activities of the ionic Pcs on the HeLa and 

MCF-7 cells under different treatments. The SDT activities of the Pcs under the different 

sono-parameters varying the frequency and power of the ultrasound are presented. 

Additionally, the PDT and SDT mono-treatments as well as the SPDT combinatorial 

treatments are also presented. The cell survival percentages of the cells and IC50 

concentrations for the Pcs under the treatments are reported. The effects of the 

treatments on the cellular morphologies for the different treatments are also presented. 

Additionally, the cellular uptake studies for the Pcs are reported. The effects of the Pcs 

R-groups as well as the effect of the NPs on these studies are evaluated. 

The BSA protein binding studies in water are also reported for the Pcs in this chapter. 
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6.1. Sonodynamic therapy: Effect of ultrasonic parameters. 

The effects of the ultrasonic parameters on the SDT activities of the ionic Zn Pcs were 

evaluated on the HeLa and MCF-7 cell lines in vitro. The US parameters as studied 

for the ROS generation previously were evaluated on the cells: Par I (1 MHz: 1 W.cm-

2), Par II (1 MHz: 2 W.cm-2), Par III (3 MHz: 1 W.cm-2) and Par IV (3 MHz: 2W.cm-2).   

6.1.1. Cytotoxicity and IC50 studies. 

The cell survival percentages 24 h post sono-treatments alone at test parameters were 

determined to evaluate the effects of the US on the cells in vitro, Fig. 6.1.  

 

Figure 6.1. Cell survival plots for the HeLa and MCF-7 cells 24 h post sono-treatments 
with at different parameters: Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par 
III (3 MHz, 1 W. cm-2), Par IV (3 MHz, 2 W. cm-2), at 100% duty cycles in vitro. n=3. 

There was a slight decrease in the cell survival percentages for the sono treated cells 

for the Par I – Par IV compared to the untreated cells Fig. 6.1. This was seen in both 

cell lines in vitro. The cells, however, showed >80% survival under all the sono-

treatments at the different parameters. This suggest that the sono-treatments alone 

are minimally or are not causing cytotoxicity. The cell survival percentages for the SDT 

treated cells (with the Pcs, 0 µM – 100 µM) were obtained at the different parameters 

for both cell lines.  
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The cell survival plots for the Pcs 10 and 11 are shown in Fig. 6.2 as examples. 

 

Figure 6.2. Cell survival plots for the HeLa and MCF-7 cells 24 h post SDT treatments 
at: Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par III (3 MHz, 1 W. cm-2), Par 
IV (3 MHz, 2 W. cm-2), at 100% duty cycles, in the presence of Pc 10 and Pc 11 in 
vitro. n=3. 
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A decrease in the cell survival percentages was observed with increasing Pc 

concentrations for both the cell lines for the Par I – Par IV, Fig. 6.2. The trends for cell 

eradication in vitro under the different parameters differed slightly for the Pcs. The Par 

I generally showed relatively higher in vitro therapeutic efficacies as seen with the 

lower cell survival percentages compared to the Par II – Par IV, Fig. 6.2. This 

observation may be attributed to the reduced Pcs degradation observed for the Par I, 

therefore retaining the sono-active Pcs for therapy. The Par II and Par III showed the 

least efficacy compared to the other parameters, as seen with a higher cell survival 

percentage despite the Par II showing high •OH yield, seen previously in Table 5.2. 

This may indicate that the 1O2 may be the predominant ROS resulting in the cytotoxic 

effects observed, compared to the •OH. For the Par III, the reduced cellular activity 

may be due to the reduced ROS production compared to the other parameters. The 

results are synonymous with the EPR results as seen in the Table 5.2, previously. 

The effects of the different structural features on the Pcs to determine structural 

characteristics that may enhance or reduce the SDT activities of Pcs, in addition to the 

ultrasonic parameters. The survival percentages of the HeLa and MCF-7 cells 

exposed to the Pcs alone at increasing concentrations were generally >80% (not 

shown). This suggests reduced toxicity of the Pcs and the dependence of their toxicity 

on the sono-treatments.  

The cell survival percentages for treatments with 100 µM and the IC50 concentrations 

of the Pcs under the SDT treatments at the different parameters are summarized in 

the Table 6.1.  
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Table 6.1. Summary of the cell percentages and IC50 values of HeLa and MCF-7 cells 
24 h post SDT treatments at different parameters with the Pc 1 – Pc 11 at 100 µM. 

 Cell survival (%) IC50 (µM) 

 Par I Par II Par II Par IV Par I Par II Par II Par IV 

 HeLa Cells 

1 56.1 58.45 63.3 51.1 >100 >100 >100 >100 

2 16.5 31.1 29.8 33.2 42.0 51.0 73.5 63.5 

3 10.4 29.7 13.6 12.3 48.0 52.3 67.0 53.5 

4 5.0 31.8 17.9 5.6 22.5 36.5 49.0 41.6 

5 0.0 27.2 9.6 0.0 19.5 31.0 22.5 41.3 

6 52.8 69.1 62.9 53.8 >100 >100 >100 >100 

7 60.4 67.4 60.0 61.2 >100 >100 >100 >100 

8 32.2 47.6 50.3 44.0 71.0 78.5 100.0 91.4 

9 29.6 38.2 30.7 35.5 63.5 81.0 81.2 88.0 

10 2.6 11.9 8.0 5.8 14.3 15.5 35.2 40.2 

11 3.2 21.4 15.2 14.2 17.2 22.0 35.8 39.5 

 MCF-7 Cells 

1 60.0 60.2 58.9 49.4 >100 >100 >100 98.5 

2 18.3 46.2 47.7 35.4 51.3 70.3 72.9 61.2 

3 12.1 28.4 19.8 17.2 39.9 50.9 44.4 47.6 

4 10.2 17.0 20.0 15.3 33.5 41.8 55.2 39.8 

5 10.5 19.1 11.0 11.9 31.2 53.0 41.6 38.3 

6 49.4 68.9 52.1 64.2 72.5 >100 >100 >100 

7 49.1 63.6 54.6 59.2 62.5 >100 >100 >100 

8 41.0 52.6 47.4 41.6 60.1 >100 66.1 59.0 

9 37.8 55.3 41.5 38.7 53.5 >100 62.6 55.4 

10 9.8 28.0 19.2 20.1 18.2 40.0 43.1 32.1 

11 12.1 33.3 27.3 30.7 20.5 43.2 47.7 41.0 
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The Pc 1 showed the least performance of compared to the cationic Pc 2 – Pc 5 and 

Pc 8 – Pc 11 for Par I – Par IV, on both cell lines.  This is seen with higher cell survival 

percentages post treatments with the Pc 1. The para-pyridyl Pc 3 showed better 

anticancer activities compared to the ortho-pyridine Pc 2 for both the cell types at all 

four parameters. The cationic Pc 4 and Pc 5 performed better compared to their 

zwitterionic counterpart Pc 6 and Pc 7, respectively. Although the Pc 6 and Pc 7 

showed evidence of ROS generation under US exposure, zwitterionic Pcs have been 

reported to show reduced anticancer activity due to reduced cellular uptake since 

cancer cells take up cationic sensitizers easier through electrostatic interactions with 

of their anionic membrane [169,182]. Kollar et al. reported on the improved PDT 

activities of cationic Pcs compared to their anionic counterparts on HeLa, MF-7 and 

HCT-116 cell lines in vitro [194]. Furthermore, Pc 5 with a dimethyl-phenyl extension 

to the morpholine moiety on the R-group generally showed higher efficacy under the 

sono-treatments compared to the Pc 4 with the morpholine moiety attached directly to 

the Pc ring. For the Pc 5, no HeLa cells were seen post treatments at Par I and Par 

IV. These results correspond to the relatively high ROS yields obtained for the Pc 5 at 

the different sono-parameters compared to the Pc 4 as seen in the Table 5.2 

previously. The thiazole Pc 8 and Pc 9 also showed anticancer activity, with the 

ethylated Pc 9 generally showing better anticancer activities compared to the 

methylated Pc 8. The TPP-labelled Pc 10 and Pc 11 generally showed improved 

activity at the Par I – Par IV for the HeLa cells compared to the corresponding Pc 3 

and Pc 4, respectively, except for the Par IV for Pc 11, where the corresponding Pc 4 

showed higher cytotoxicity for the HeLa cells. For the MCF-7 cells, the trends were not 

clear for the Pc 10 in comparison to the Pc 3. For the Pc 4, however, the MCF-7 cell 

survival percentages were lower under all the treatments compared to the 
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corresponding Pc 11. The IC50 values for the Pcs at the different parameters were 

determined.  

The IC50 plots for the Pcs 10 and Pc 11 are shown in the Fig. 6.3 as examples. 

 

Figure 6.3. Determination of the IC50 values for the HeLa and MCF-7 cell 24 h post 
SDT treatments at different parameters: Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. 
cm-2), Par III (3 MHz, 1 W. cm-2), Par IV (3 MHz, 2 W. cm-2), at 100% duty cycles, in 
the presence of Pc 10 and Pc 11 in vitro. n=3. 

The IC50 values are generally inversely proportional to the therapeutic efficacies of 

drug molecules. Where an increase in the therapeutic efficacy is usually coupled with 

a lower IC50 value. The IC50 values represent the minimum drug concentrations 

required to eradicate 50% of the cells in the culture. The IC50 values extrapolated from 

the plots in the Fig. 6.3, were lower for treatments that showed a higher cell 

percentage reduction. The Par I generally had lower IC50 values compared to the other 

parameters both the cell lines. The Par III and Par IV showed higher IC50 values, 

corresponding to the higher cell survival.  
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6.1.2. Effect on cell morphology. 

The effects of the SDT treatments at the different sono-parameters on the 

morphologies of the cells were also studied for the HeLa and MCF-7 cell lines in vitro. 

The cellular morphologies before and post treatments were compared in terms of sizes 

and shapes.  

The images of the control untreated HeLa and MCF-7 cells are shown in Fig. 6.4. 

 
Figure 6.4. The micro-images of the untreated healthy HeLa and MCF-7 cells. 

The images of the untreated (control) cells show live cells with a fusiform shape that 

resemble a cobblestone morphology, for both cell types, Fig. 6.4. The cellular images 

for the HeLa and MCF-7 cells 24 h post SDT treatments at the different parameters 

and the Pc 3 are shown in the Fig. 6.5 as examples.  

After SDT treatments, the number of the cells decreases as seen for both cell lines. 

Affected cells shrink and become circular like in shape, appearing rougher in texture 

compared to live cells, Fig. 6.5. From the images, the Par I showed a relatively more 

severe damage on the cells compared to the other parameters. The Par II and Par III 

showed more live cells after treatments compared to the Par I and Par IV, Fig. 6.5. 
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Figure 6.5. The micro-images of the HeLa and MCF-7 cell 24 h post-SDT treatments 
with the ultrasound Par I (1 MHz, 1 W. cm-2), Par II (1 MHz, 2 W. cm-2), Par III (3 MHz, 
1 W. cm-2), Par IV (3 MHz, 2 W. cm-2), at 100% duty cycles, in the presence of Pc 3 
(80 μM).  

The changes in the morphologies of the cells were expected since the treatments 

induce cell death. The cancer cells are reported to shrink when they undergo 
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apoptosis. The HeLa and MCF-7 have been reported to undergo apoptosis under 

SPDT [195]. Some of the treated cells showed apoptotic bodies around, Fig. 6.5.  

An image showing an example of cells with apoptotic bodies is shown in the Fig. S7.  

6.2. Sono-Photodynamic combination therapy. 

For the SPDT treatments, the sono Par I was used. This is due to the reduced 

degradation of the Pcs, substantial ROS generation and in vitro cancer eradication 

efficiencies at the Par I treatments compared Par II – Par IV). 

 
6.2.1. Cytotoxicity and IC50 studies. 

The effects of the photo-, sono- and combination treatments alone (in the absence of 

the Pcs) on the HeLa and MCF-7 cells 24 h post exposure, Fig. 6.6. 

 

Figure 6.6. The cell survival plots of the HeLa and MCF-7 cells 24 h post photo-(at 
680 nm with irradiation doses of 170 J.cm-1), sono-(at 1 MHz: 1 W. cm-2, 100% duty 
cycles), and the combination treatments alone in vitro. n=3. 

Minimal to no reduction in the cell survival percentages was observed for the cells 

under photo-, sono- and combination treatments in vitro, Fig. 6.6. The survival 

percentages of the HeLa and CF-7 after the PDT, SDT and SPDT treatments for the 

Pcs at increasing concentrations (0 µM – 100 µM) were calculated.  
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6.2.1.1. Effects of R-group. 

The cell survival plots for the Pc 10 and Pc 11 are shown in the Fig. 6.7 as examples. 

 

Figure 6.7. The cell survival plots for the HeLa and MCF-7 cells 24 h post PDT (at 680 
nm with irradiation doses of 170 J.cm-1), SDT (at 1 MHz: 1 W. cm-2, 100% duty cycles) 
and SPDT treatments, in the presence of Pc 10 and Pc 11 in vitro. n=3. 
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A decrease in the cell survival percentages was observed with increasing Pc 

concentrations under the PDT, SDT and SPDT treatment, Fig. 6.7. Generally, the SDT 

treatments showed improved therapeutic efficacies, as seen with the lower cell 

survival percentages, compared to the PDT monotreatments. The combinatorial 

treatments, SPDT, showed improved therapeutic efficacies compared to the PDT and 

SDT monotreatments. The IC50 values were obtained for the treatments.  

The IC50 plots for the Pc 10 and Pc 11 are shown in the Fig. 6.8 as examples. 

 

Figure 6.8. Determination of the IC50 values for the HeLa and MCF-7 cells 24 h post 
PDT (at 680 nm with irradiation doses of 170 J.cm-1), SDT (at 1 MHz: 1 W. cm-2, 100% 
duty cycles) and SPDT treatments, in the presence of Pc 10 and Pc 11 in vitro. n=3. 

A summary of the cell survival percentages for cells treated with 100 µM Pcs and the 

IC50 values for the PDT, SDT, and SPDT treatments is given in the Table 6.2.  
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Table 6.2. Summary of cell survival percentages for the HeLa and MCF-7 cells 24 h 
post PDT, SDT and SPDT treatments with 100 µM Pcs. 

 Cell survival (%) IC50 (µM) 

 PDT SDT SPDT PDT SDT SPDT 

 HeLa Cells 

1 39.4 56.1 29.4 54.3 >100 47.2 

2 18.1 16.5 6.1 37.2 26.1 18.2 

3 15.6 10.4 3.3 27.0 20.3 16.1 

4 8.0 5.0 2.0 45.1 22.5 20.0 

5 4.8 0.0 0.0 38.0 19.5 16.0 

6 55.9 52.8 46.2 75.5 72.0 48.0 

7 63.4 60.4 54.3 75.2 62.5 58.0 

8 39.2 32.2 22.4 49.8 49.0 38.1 

9 35.5 29.6 17.8 48.2 45.7 34.0 

10 13.9 2.6 1.0 21.8 14.3 12.7 

11 15.4 3.2 1.0 25.6 17.2 14.4 

 MCF-7 Cells 

1 42.3 60.0 37.8 61.2 >100 51.2 

2 29.3 18.3 22.6 42.1 32.2 30.5 

3 21.6 12.1 12.3 31.5 22.2 20.6 

4 20.2 11.2 10.7 38.0 33.5 20.22 

5 25.6 10.5 2.0 55.0 31.2 16.2 

6 53.0 49.4 41.0 >100 72.5 61.0 

7 69.8 49.1 49.9 >100 97.5 62.5 

8 41.2 41.0 24.1 55.6 50.0 38.7 

9 38.4 37.8 20.9 42.1 47.3 31.2 

10 18.1 9.8 4.3 43.3 18.2 13.2 

11 22.3 12.1 5.7 45.0 20.5 15.5 
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The Pc 2 – Pc 11 showed relatively higher anticancer efficacies for the SDT treatments 

compared to the PDT for both cell lines, Table 6.2. This observation may be due to 

the availability of multiple ROS types in the SDT treatments. For the Pc 1, however, 

the PDT treatment showed higher efficacy compared to the SDT monotreatment. Pc 

1 shows reduced ROS yield under US treatments as stated above, Table 5.2. The 

ortho-pyridine Pc 2 showed relatively lower cytotoxicity seen with the higher cell 

survival percentages compared to the para-pyridine Pc 3, corresponding to lower 

singlet oxygen generation in the former. The cationic Pc 4 and Pc 5 had lower cell 

survival percentages compared to the zwitterionic Pc 6 and Pc 7 for all the treatments, 

Table 6.2. The cationic Pcs are more effective compared to the zwitterionic Pcs as 

previously mentioned. The ethylated Pc 9 showed relatively higher efficacy compared 

to the methylated Pc 8. This observation is consistent with the ROS generation results, 

as the Pc 9 showed a higher ROS yield compared to the Pc 8. Furthermore, the 

extended alkyl-chain with the Pc 9, allowing for improved lipophilicity, improves the 

association of the Pcs with the lipid membrane bilayer, thus improving the 

bioavailability of the compound for treatment. The TPP Pc 10 and Pc 11 generally 

showed higher SPDT activities for both cell lines compared to their corresponding Pc 

3 and Pc 4, respectively. The trend for the monotreatments were not clear for the Pc 

10 and Pc 11 compared to the Pc 3 and Pc 4.  

Overall, the SPDT treatments activities of the Pcs generally showed higher therapeutic 

efficacies compared to the PDT and SDT monotherapies on both the HeLa and MCF-

7 cells in vitro, Table 6.2. This observation is also evident with the IC50 values obtained 

for the treatments. Where lower IC50 values were generally obtained for the 

combination treatments, SPDT, compared to the corresponding PDT and SDT 

treatments for the Pcs, Table 6.2. When comparing the monotreatments alone, lower 
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IC50 values were obtained for the SDT compared to the PDT treatments. These 

observations correspond to the cell survival percentages as seen previously for the 

different treatments on both cell lines. 

6.2.1.2. Effects of nanoparticles.  

The cytotoxicity studies for the Pc-NPs conjugates were performed to evaluate the 

effects of the NPs on the PDT, SDT and SPDT activities of the Pcs 8 and Pc 9 against 

the HeLa and MCF-7 cells in vitro. The activities of the Pc 8 and Pc 9 and their 

conjugates to the NGQDs, NSGQDs, AuGSH and AgGSH were compared. For the 

study of the effect of NPs on the cytotoxicity therapeutic efficacies of Pcs, 

concentrations of the Pcs, and conjugates in mg/mL were used (0 mg/mL – 50 mg/mL).  

Minimal toxicity was observed for the cells exposed to the NPs and conjugates alone 

at increasing concentrations without the photo- and sono-irradiations in vitro. Where 

the cell survival percentages obtained for the cells were generally >85%. This 

suggests that the Pcs, NPs, and the conjugates alone are not toxic to the cells. The 

cell survival percentages for the HeLa and MCF-7 cells after the PDT, SDT and SPDT 

treatments using the Pc 8, Pc 9, and the respective conjugates with the AuGSH, 

AgGSH, NGQDs and NSGQDs were determined in vitro. 

The cell survival plots for the HeLa and MCF-7 cells 24 h after PDT, SDT and SPDT 

treatments in vitro are shown in the Fig. 6.9 for the Pc 8 and the 8-NGQDs conjugates, 

as examples. 

A summary of the cell survival percentages for the Pc 8 and Pc 9 conjugates with the 

NGQDs, NSGQDs, AuGSH and AgGSH at 50 mg/ mL is given in Table 6.3.  



CHAPTER SIX   Biological Studies 

 160 

 
Figure 6.9. The cell survival plots for the HeLa and MCF-7 cells 24 h post PDT (at 680 
nm with irradiation doses of 170 J.cm-1), SDT (at 1 MHz: 1 W. cm-2, 100% duty cycles) 
and SPDT treatments in the presence of Pc 8 and 8-NGQDs in vitro. n=3. 
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Table 6.3. Summary of cellular survival of the HeLa and MCF-7 cells 24h post 
treatments with the Pc 8 and Pc 9 and the NPs conjugates at 50 µg/ mL. 

 Cell survival (%) IC50 (µg/ mL) 

 PDT SDT SPDT PDT SDT SPDT 

 HeLa Cells 

8 37.2 32.4 20.2 26.0 25.0 20.0 
9 25.0 22.6 16.7 20.0 18.0 15.0 
NGQDs 74.2 71.8 62.0 >50.0 >50.0 >50.0 

NSGQDs 79.6 77.6 64.1 >50.0 >50.0 >50.0 
8- NGQDs 44.3 22.0 18.2 28.0 25.0 17.0 
8- NSGQDs 47.2 38.4 31.3 39.0 30.0 20.0 
9- NGQDs 32.3 20.1 14.6 24.0 22.0 15.0 

9- NSGQDs 41.1 34.5 26.3 32.0 28.0 25.0 
AuGSH 80.6 52.2 44.3 >50 >50.0 47.5 
AgGSH 72.2 42.3 44.1 >50 49.9 46.5 
8-AuGSH 10.1 3.5 0.0 19.0 16.5 11.2 
8-AgGSH 27.2 17.2 5.2 25.2 22.3 18.0 

9-AuGSH 10.0 0.0 0.0 16.4 12.2 10.0 
9-AgGSH 17.9 10.9 0.0 23.1 19.9 11.5 

 MCF-7 Cells 

8 42.6 36.6 24.7 40 36.0 30.0 

9 28.7 30.1 18.1 38.0 31.0 22.5 
NGQDs 78.9 70.9 65.9 >50.0 >50.0 >50.0 
NSGQDs 89.9 82.4 66.0 >50.0 >50.0 >50.0 
8- NGQDs 44.3 22.0 18.2 28.0 25.0 17.0 
8- NSGQDs 47.2 38.4 31.3 39.0 30.0 20.0 

9- NGQDs 32.3 20.1 14.6 24.0 22.0 15.0 

9- NSGQDs 41.1 34.5 26.3 32.0 28.0 25.0 
AuGSH 83.0 54.9 49.3 >50 >50 47.5 
AgGSH 76.0 49.9 42.1 >50 49.9 46.5 
8-AuGSH 12.8 5.0 2.0 19.5 16.5 13.5 
8-AgGSH 29.9 20.0 8.0 25.0 22.3 18.0 

9-AuGSH 10.2 2.2 2.0 18.0 16.2 14.0 
9-AgGSH 20.1 18.0 4.4 21.3 19.9 15.0 
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The cell survival percentages also decrease with increasing concentrations of the NPs 

and Pc-NPs conjugates for both the cell lines in vitro as seen in the Fig. 6.9, for the 

NGQDs conjugates.  

The NGQDs and NSGQDs alone, a decrease in the cell survival was observed as 

seen with reduced survival percentages (less than 100%) under the different 

treatments Table 6.3. This observation was expected since the GQDs showed ROS 

generation under the sono- and combination irradiations, Table 5.3. The reduction in 

the cell survival percentages was, however, higher for the Pcs and the Pc-GQDs 

conjugates compared to the GQDs alone under the different treatments, Table 6.3. 

Despite higher ROS generation observed for the conjugates under photo-irradiations, 

lower cell survival was observed for the Pcs compared to the GQDs conjugates. This 

observation may be explained by the internalization trends of the complexes by the 

cells. Where facile and rapid cellular uptake may be facilitated for the relatively smaller 

Pcs compared to the GQDs conjugates. In the case of the sono-treatments, the uptake 

of the complexes may be improved by the ultrasonic mechanical waves, which may 

assist in enhancing the permeability of the cell membranes and therefore lead to the 

improvement in the cellular uptake of therapeutics by the US  

[196,197], hence, the increased activity of the Pc-GQDs conjugates in SDT compared 

to PDT. Moreover, the NGQDs alone and in the conjugates showed better therapeutic 

efficacies compared to the NSGQDs and NSGQDs conjugates for all the treatment 

types, Table 6.3. The IC50 values for the NGQDs, NSGQDs and their respective 

conjugates are also given in the Table 6.3. For the NPs alone, the IC50 values could 

not be calculated as the cells did not decrease past 50% after treatments. For the Pcs 

and conjugates, the IC50 values decreased for the combination treatments compared 

to the monotreatments.  
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The AuGSH and AgGSH alone also showed a reduction in the cell survival for both 

cell types, Table 6.3. The NPs also improved the therapeutic efficacies of the Pcs for 

all the treatment types, where the AuGSH generally performed better compared to the 

AgGSH, for the respective Pc 8 and Pc 9, as seen with the lower cell survival 

percentages. Although the GQDs showed higher ROS compared to the metallic NPs, 

higher therapeutic efficacies were observed for the inorganic metallic NPs. This 

observation may be attributed to the efficiency of cellular uptake of the NPs and 

conjugates. Furthermore, various other biochemical process that are independent of 

ROS generation occur such as photo-/ sono- thermal processes may occur where the 

metallic NPs may have improved activities compared to the GQDs. Photo and sono-

thermal mediated therapies have been reported for metallic NPs on cancer cells in the 

literature [198-200]. The IC50 values for the Pc 8 and Pc 9 conjugates with the AuGSH 

and AgGSH reduced for the combination treatments compared to the mono-

treatments for both the cell lines. 

6.2.2. Effect on cell morphologies. 

The effects of the PDT, SDT and SPDT treatments mediated by the Pcs, and the Pcs 

conjugated to the NPs on the cell morphologies were determined in vitro. The cells 

exposed to the photo- and/ or sono-treatments alone without the NPs and conjugates 

showed minimal to no changes in the morphologies 24 h after the treatments, Fig. S8, 

similar to the control cells shown in the Fig. 6.4.  

6.2.2.1. Effects of R-group. 

The cellular images for the HeLa and MCF-7 cells 24 h after PDT, SDT and SPDT 

treatments using the Pc 5 are shown in the Fig. 6.10 as examples.  
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Figure 6.10. The micro-images of the HeLa and MCF-7 cells 24 h post PDT (at 670 
nm ± 40 nm, 300 W, generating 2.97 × 1016 photons-1 cm-2), SDT (at 1 MHz, 1 W. cm-

2, 100% duty cycles) and SPDT treatments in the presence of the Pc 5 (at 100 µM). 

Changes in the morphologies of the cells were observed after treatments with the Pc 

5 for the PDT, SDT and SPDT, Fig. 6.10, compared to the control cells as shown in 

the Fig. 6.4 previously. The changes observed indicated the cytotoxic effects of the 

different treatments on the cells. The cell densities reduced for the cells. Shrunk and 

circular cells were also evident under all treatments for both cell types, Fig. 6.10. 
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6.2.2.2. Effects of nanoparticles. 

The cellular images for the HeLa and MCF-7 cells 24 h after SPDT treatments using 

the Pc 9, the NGQDs and NSGQDs conjugates are shown in the Fig. 6.11 as 

examples. 

 

Figure 6.11. The micro-images of the HeLa and MCF-7 cells 24 h post SPDT 
treatments (light: 670 nm ± 40 nm, 300 W, generating 2.97 × 1016 photons-1 cm-2, and 
ultrasound: 1 MHz, 1 W. cm-2, 100% duty cycles) in the presence of the Pc 9, 9-NGQDs 
and 9-NSGQDs (at 40 µg/ mL).  
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The cell morphologies were also affected for the HeLa and MCF-7 cell treated with the 

Pcs conjugates as seen with the Pc 9 and the GQDs conjugates in the Fig. 6.11. The 

conjugates generally showed more severe effects on the cells compared to the Pcs 

alone as seen with reduced cell quantity indicating cell death. The NGQDs conjugates 

showed increased cell damage compared to the NSGQDs. This observation 

corresponds to the ROS generation results and the cell survival percentages of the 

cells treated with the NGQDs compared to the NSGQDs conjugates as seen 

previously. 

6.3. Cellular uptake studies. 

The uptake of the Pcs alone (0 µM – 100 µM) and Pc-NPs conjugates (0 µg/ mL – 50 

µg/ mL) by the HeLa and MCF-7 cells were determined 24 h post inoculation in vitro.  

6.3.1. Effects of R-group.  

The plots of the Pc intensities in the cells exposed to Pcs at increasing concentrations 

in vitro are shown for the Pc 4 – Pc 6 plots are shown in the Fig. 6.12 as examples. 

 

Figure 6.12. The uptake of the Pc 4 – Pc 7 in HeLa and MCF-7 cells 24 h after 
inoculation.  

0

0.4

0.8

1.2

0 20 40 60 80 100

Δ
In

te
ns

ity
 (a

.u
.)

Concentration (µM)

MCF-7

4
5
6
7

0

0.4

0.8

1.2

0 20 40 60 80 100

Δ
In

te
ns

ity
 (a

.u
.)

Concentration (µM)

HeLa

4
5
6
7



CHAPTER SIX   Biological Studies 

 167 

An increase in the Pc intensities with increasing concentrations was observed for Pcs 

in both cell lines as shown in the Fig. 6.12. The cationic Pc 4 and 5 showed higher 

uptake compared to the zwitterionic Pc 6 and Pc 7. Cationic Pcs show improved 

cellular retention on cancer cells [65,150], this is because of the negatively charged 

membrane of the cells due to the high expression of anionic lipids and lactic acids 

[201,202].  

A summary of the Pc intensities for cells exposed to 100 μM of the Pcs after 24 h is 

given in the Table 6.4. 

Table 6.4. A summary of Pc intensities (a.u.) in the HeLa and MCF-7 cells exposed to 
Pcs at 100 μM after 24 h. 

 HeLa MCF-7 

1 1.51 1.40 

2 1.38 1.33 

3 1.34 1.33 

4 1.01 1.00 

5 0.80 0.80 

6 0.44 0.40 

7 0.20 0.20 

8 0.77 0.71 

9 0.79 0.83 

10 1.10 1.24 

11 0.99 1.09 

When comparing the intensities of the Pcs at the highest test concentration (100 μM), 

the cationic Pc 1 – Pc 5 and Pc 8 – Pc 11 showed relatively higher intensities 
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compared to the zwitterionic Pc 6 and Pc 7, Table 6.4.  This observation corresponds 

to the cytotoxicity studies showing reduced anticancer activities of the zwitterionic Pc 

6 and Pc 7 compared to the cationic counterparts, Pc 4 and Pc 5 under the different 

treatments. The increased cellular internalization of cationic Pcs in cancer cells 

compared to zwitterionic Pcs is beneficial as it avails more Pc sensitizer molecules for 

treatment. As a result, higher intracellular ROS may be generated and therefore 

increasing the efficacies of the treatments for cell eradication.  

6.3.2. Effects of nanoparticles. 

The plots of the Pc intensities in the cells that have been exposed to the Pc 8 and its 

conjugates with the NGQDs and AuGSH conjugates at increasing concentrations in 

vitro are shown for the Fig. 6.13 as examples. 

 

Figure 6.13. The uptake of the Pc 4 and its NPs conjugates by the HeLa and MCF7-
cells 24 h after inoculation. 
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Both the cells showed increasing uptake of the Pcs and Pc-NPs conjugates at 

increasing concentrations after 24 h in vitro, Fig. 6.13. The NPs are also known to 

passively enter cancerous cells as the cell membranes are more porous compared to 

the stringent healthy cells, thus allowing larger molecules to enter and accumulate in 

the cells. This phenomenon of passive cellular transport in cancer drug delivery is 

known as enhanced permeation and retention [203,204] and has been reported for 

AuNPs and AgNPs for cancer in the literature [205-207].  

The intensities of the Pcs in the cells after 24 h are summarized in the Table 6.5. 

Table 6.5. A summary of Pc intensities (a.u.) in the HeLa and MCF-7 cells exposed to 
Pcs and Pc-NPs conjugates at 50 μg/ mL. 

 HeLa MCF-7 

8 1.10 1.00 

9 1.16 1.12 

8- NGQDs 0.76 0.65 

8- NSGQDs 0.70 0.57 

9- NGQDs 0.68 0.65 

9- NSGQDs 0.65 0.64 

8-AuGSH 0.87 0.81 

8-AgGSH 0.85 0.78 

9-AuGSH 0.84 0.80 

9-AgGSH 0.84 0.75 

Overall, both the cell lines showed relatively higher intensities of the Pcs alone 

compared to the Pcs in the conjugates, Table 6.5. This observation may be due to the 
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increase molar units of the Pcs in the non-conjugated Pcs samples, since the mass 

concentrations were used for these studies. In the case of the conjugates, the mass 

is a sum of the mass of the Pc and the mass of the NPs, therefore, the molar units of 

the Pcs are reduced in the conjugates.  Moreover, the relatively smaller Pcs may be 

facilitated more easily and faster into the cells compared to the relatively larger 

conjugates. Hence, the higher Pc intensities for the non-conjugated Pc 8 and Pc 9 are 

obtained for both cell lines in vitro.  

For the GQDs, the intensities of the Pc 8 and Pc 9 were generally higher in the NGQDs 

conjugates compared to the NSGQDs conjugates, Table 6.5. This corresponds to the 

relatively higher loading of the Pcs on the NGQDs compared to the NSGQDs as seen 

previously in the Table 3.1. The conjugates of the Pc 8 and Pc 9 with the AuGSH 

generally showed relatively higher Pc intensities compared to the conjugates of the Pc 

with the AgGSH. For the HeLa cells, the Pc intensities were similar for the 9-AuGSH 

and 9-AgGSH, Table 6.5. This is also believed to be due to the relatively higher loading 

of the Pcs on the surfaces of the AuGSH compared to the AgGSH as seen previously 

in the Table 3.1. 

Overall, the uptake of the Pc conjugates with the metallic AuGSH and AgGSH for both 

the cell lines in vitro was increased compared to the conjugates with the NGQDs and 

NSGQDs, Table 6.5. This observation is not yet clear. It may, however, be related to 

the sizes of the NPs. Where the larger NGQDs and NSGQDs NPs conjugates with the 

Pcs possibly become saturated in the cells faster than the relatively smaller AuGSH 

and AgGSH conjugates. Meng et al reported on the effects of NPs sizes on the 

internalization where the size reduction and surface functionalization of SiNPs showed 

improved uptake by a Murine tumour model [208]. 
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6.4. BSA Protein Binding. 

The Pcs binding behaviors to the BSA protein in water were determined by 

fluorescence spectroscopy using methods described in the literature [152]. The 

fluorescence spectra of the BSA in the presence of the Pcs at increasing concentration 

are shown in Fig. 6.14 for the Pc 4 – Pc 7 as examples. 

 

Figure 6.14. Fluorescence emission spectra of BSA (30 μM) upon excitation at 280 
nm in the presence of Pcs at increasing concentrations from 0 μM – 48 μM in water. 

 
The Stern-Volmer plots for the determination of the Stern-Volmer constants, and the 

plots for the determination of the binding constants and number of binding sites for the 

Pc 4 – Pc 7 are shown in the Fig. 6.15 and Fig. 6.16, respectively, as examples. 
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Figure 6.15. The Stern-Volmer Plots for the determination of the binding constants of 
the Pcs at varied concentrations on the BSA-protein in water.  

 

Figure 6.16. Plots for the determination of the number of Pcs-binding sites on BSA 
and the binding constants of Pcs on BSA at varied concentrations in water. 
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A decrease in the fluorescence emissions of the BSA protein in the presence of the 

Pcs with increasing concentrations is observed, Fig. 6.14. The quenching of the 

fluorescence of BSA indicates the binding of the Pcs to the protein [209,210]. The 

binding constants (Kb), number of binding sites (n) on the BSA, the Stern-Volmer 

quenching constants (KSV) including the association constant (Ka), and the bimolecular 

quenching constants (kq) were calculated from the quenching rates of the BSA 

fluorescence (300 nm – 500 nm) by the Pcs at increasing concentrations. The 

equations employed for the calculations of the BSA binding constants are given in the 

in the experimental section 2.6. 

A summary of the BSA binding constants including the calculated number of binding 

sites for the Pcs is given in the Table 6.6. 

Table 6.6. Summary of the binding parameters of the Pcs to the BSA protein in water. 

 KSV/106 (M-1) Ka/106 (M-1) kq/1013 (M-1 s-1) Kb (M-1) n 

1 0.74 3.1 0.74 2.0 ×1010 2.2 

2 0.87 2.0 0.87 1.2 ×108 1.6 

3 0.83 2.4 0.83 1.8 ×108 1.7 

4 0.88 2.0 0.88 2.8 ×108 1.8 

5 0.97 1. 8 0.97 4.4 ×106 1.4 

6 0.99 1. 7 0.99 1.3 ×106 1.4 

7 0.97 1.4 0.97 0.9 ×106 1.3 

8 0.96 1.1 0.96 2.0 ×106 1.4 

9 0.94 2.0 0.94 1.7 ×107 1.6 

10 0.96 2.3 0.96 0.7 × 106 1.3 

11 0.92 1.9 0.92 3.2 × 106 1.5 
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A modified Stern-Volmer equation was used to determine the KSV and Ka values for 

the Pcs as defined previously in the literature [211-213]. The Stern-Volmer plots are 

shown in the Fig. 6.15 for the Pc 4 – Pc 7. The KSV values represent dynamic 

quenching where the Ka values represent the static quenching of the Pcs on the BSA 

proteins. The KSV values observed for the Pcs were found to be in the order of 106 

which is typical for Pcs-BSA adducts as reported in the literature [152,214], Table 6.6. 

The Ka values, representing static quenching, suggests that there is a stacking 

interaction between the Pcs and the protein [53,209].  The kq values are in the order 

of 1013, indicating static type quenching according to the Einstein-Smoluchowski 

approximation [215,216]. The Kb and n values were obtained from plots as shown in 

the Fig. 6.16. The Kb values for the cationic Pcs (Pc 1 – Pc 5 and Pc 8 – Pc 11) were 

generally higher compared to their zwitterionic Pcs (Pc 6 and Pc 7).  This suggests 

stronger association of the cationic Pcs compared to the zwitterionic Pcs. Moreover, 

the BSA protein has an overall negative charge [217,218]. Cationic Pcs have been 

reported to bind more efficiently to the BSA protein compared to the zwitterionic 

counterparts [213]. 

The number of binding sites, n, for the Pc 1 – Pc 4, Pc 9 and Pc 11 is ~2, suggesting 

that the Pc-BSA adduct formation ration is 2:1. For the Pc 5 – Pc 8, and Pc 10, the n 

values are reduced and are ~1, Table 6.6. The Pc-BSA adduct formation ratio for 

these Pcs is 1:1. The most reported interaction of BSA and phthalocyanines is 1:1 

[219], the interaction of two phthalocyanines with BSA molecule has been reported for 

lipophilic phthalocyanines [219]. The Pc 11 is expected to be more lipophilic than the 

Pc 10, hence the former is 2:1 as examples.  
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6.5. Summary of chapter. 

The differently substituted ionic Pcs demonstrated cytotoxic effects on the cell lines 

under SDT treatments at the varied sono-parameters. The Par I (1 MHz: 1 W.cm-2) 

generally showed higher cell eradication efficacies compared to the other parameters. 

The Par I was therefore selected at the sono-parameter for the SPDT treatments. 

Moreover, there was no cell damage was observed for the sono treated cells (at the 

different parameters) in the absence of the Pcs. This suggests the potential of non-

invasiveness with SDT treatments generally. When comparing the PDT, SDT and 

SPDT treatments from the studies, the SDT monotreatments generally showed higher 

therapeutic efficacies, shown by lower cell survival percentages post treatments, 

compared to the PDT monotreatments, for both the cell lines. And the SPDT 

combination treatments showed higher therapeutic efficacies compared to both the 

SDT and PDT monotreatments for both the cell lines, in vitro. When comparing the 

Pcs, the larger TPP-labelled Pc 10 and Pc 11 demonstrated higher anticancer 

activities under the SDT and SPDT treatments. The zwitterionic Pcs showed the least 

anticancer efficacies compared to the cationic Pcs. 

An improvement was seen on the therapeutic efficacies for the Pcs conjugated to the 

graphitic and metallic NPs compared to the Pcs prior conjugation or the NPs alone. 

Cellular morphology changes were observed for the HeLa and MCF-7 cells after the 

PDT, SDT and SPDT treatments 

The Pcs all showed the ability to associate with the BSA proteins. 
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7.1. Conclusion. 

The new cationic Pc 8 – Pc 11 and zwitterionic Pc 6 and Pc 7 were prepared by the 

quaternization of Pcs bearing tertiary N-groups. Different quaternizing agents, 

including methane, ethane, propanesultone and triphenylphosphine, were used to 

prepare the ionic Pcs. Two Pcs were also conjugated to organic NPs: NGQDs, 

NSGQDs, and inorganic NPs: AuGSH and AgGSH. The structural characterization 

confirmed the formation of the Pcs. The Pcs demonstrated different photophysical 

parameters, however, were all absorbing light of wavelength in the NR and showed 

substantial T1 population.  

The ultrasonic power and frequency affected the stabilities of the Pcs. Where an 

increase in the power of the US to 2 W.cm-2 resulted in an increased rate of 

degradation for the Pcs. Increasing the frequency to 3 MHz, however, did not show 

significant degradations of the Pcs. Therefore, it is important to carefully select the 

conditions for sono-treatments mediated by Pcs. When comparing the Pcs, those 

bearing the TPP as the quaternizing agent showed more susceptibility to sono-

mediated degradation. And those quaternized using a methyl- group showed the least 

susceptibility to the degradation under the sono-treatments. The ability of the Pcs to 

generate 1O2 and •OH was observed under the sono-treatments at the varied 

parameters. The Par I showed substantial 1O2 and •OH yields and was therefore 

applied for the sono-photo combination treatments. The ROS generation studies for 

the photo-, sono- and the sono-photo combination treatments for the Pcs are reported. 

The combination treatments showed an improvement in both the 1O2 and •OH yields 

compared to the photo- and sono- monotreatments for all the Pcs.  

For the cell studies, the Par I also maintained high therapeutic efficacies judged by the 

improved cell eradications (low cell survival after treatments) in vitro compared to the 
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other parameters. In the case of the SPDT combination treatments, higher therapeutic 

efficacies were obtained compared to the SDT and PDT monotherapies. Therefore, 

SPDT is a promising modality for cancer eradication compared to the monotherapies. 

The NPs generally improve the sono-photochemical properties of the Pcs, seen with 

the increase in the 1O2 and •OH yields compared to the Pcs. Furthermore, 

improvements anticancer activities of the Pcs were observed in the presence of 

AuGSH and AgGSH for in the PDT, SDT and SPDT treatments on both the HeLa and 

MCF-7 cell in vitro. These NPs may be potentially effective nano-systems offering a 

cancer targeting complexes with SPDT therapeutic activities. The Pcs also showed 

ability to bind to the BSA proteins. This is beneficial as the BSA proteins are usually 

targeted in the development of cancer therapeutics to assist with the delivery and 

biodistribution in the biological systems. 

Overall, the SPDT mediated anticancer technique can potentially address the 

limitation of the conventional cancer treatments as it offers a controllable and non-

invasive technique, and further allowing for the eradication of deep tissue tumours.  

The mechanism of inducing cytotoxicity in sono-photodynamic therapy using Pc-

based sensitizers is shown in Fig. 7.1. 

 
Figure 7.1. A generalized mechanism of cancer cell eradication mediated by Pc-based 
sensitizers in Sono-photodynamic combination therapy.  
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7.2. Proposed future work. 

7.2.1. Selection of Pcs 

The Pcs can be prepared with varying R-groups (R and Ri). This affects the symmetry 

of the tetra-unit macrocycle as shown in the figure below. The reduction in the 

symmetry of Pcs has been shown to improve the photophysical properties of Pcs and 

therefore improve their anticancer activities [220,221]. It would be interesting to 

investigate the effects of the structural symmetries of different Pcs and how they may 

influence their general SDT and SPDT activities. Moreover, the number of substituents 

on the Pcs ring may be varied.  

An example of the synthetic methods for the preparation of asymmetric Pcs is shown 

in Fig. 7.2. 

 

Figure 7.2. Example of the preparation of asymmetrical Pcs using two differently 
substituted Pn precursors. 

7.2.2. Conjugation of therapeutic agents. 

Pcs are easily modifiable and may be functionalized with various biomolecules and 

therapeutic agents to improve their activities. These may include: 

• The conjugation of cancer imaging probes on the Pcs to prepare theranostics 

for SPDT. 
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•  The conjugation of targeting/ delivery agents such as folic acid, biotin and 

glucose to the Pcs. 

• Or the conjugation of the Pcs to other different NPs. 

 

7.2.3. Stability and ROS studies. 

In this work, the stability of the Pcs was shown to reduce under sono-treatments at 

some parameters, and for some the C were detected. The study of the mechanism of 

Pcs degradation and identification of the structures of the resulting fragments may be 

interesting to explore in detail. 

7.2.4. Biological studies. 

The Pcs and Pcs-NPs conjugates reported in this work showed substantial anticancer 

activities. Some of the studies that may be explored further may include cell 

localization studies, to determine the organelle uptake of the intracellular sensitizers. 
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Figure S1. Image of the Modulight® system. 

 

Figure S2. Image of the ultrasound sonicator set-up. 

 

Figure S3. Image of the EPR spectrometer. 
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Figure S4. The NMR spectra for Pc 6 and Pc 7. 
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Figure S5. The NMR spectra for Pc 8 and Pc 9. 
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Figure S6. The NMR spectra for Pc 10 and Pc 11. 
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Figure S7. A micro-image of apoptotic cells showing apoptotic bodies: Showing HeLa 
cells treated with Pc 10 under SPDT as an example. 

 

 
Figure S8. The micro images of the HeLa and MCF-7 cells 24 h after exposure to 
the photo-, sono- and the sono-photo treatments in the absence of Pcs. 
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