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This thesis reports on the syntheses and characterisation of symmetrical and 

asymmetrical phthalocyanines (Pcs) with different ring substituents derived to form either 

cationic styryl pyridine, cationic styryl pyridine triphenylphosphonium (TPP+)-based, 

benzothiazole, cationic pyridyl-dihydrothiazole and other closely related groups. The starting 

Pc complex of the synthesised Pc derivatives was typically obtained through the 

cyclotetramerisation of a substituted phthalonitrile. Then, depending on the desired final 

complex, the desired complexes were synthesised through the Knoevenagel condensation, 

alkylation reaction, and Schiff base reaction. 

Furthermore, silica nanoparticles (SiNPs) were also used to encapsulate Pcs. Following 

aminopropyl triethoxysilane amino (APTES) functionalisation of the surface of the Pc@SiNPs-

APTES, biomolecules such as gallic acid, folic acid, and ampicillin were covalently attached to 

the surface. Additionally, Pc@SiNPs-APTES is protonated with 1,3-propanesultone. The pair 

of synthesised asymmetric Pcs is attached to ciprofloxacin (CIP) via an amide bond. Different 

analytical methods were used to characterise the Pcs and their conjugates.   

The photophysics and photochemistry of the Pcs both by themselves and in their conjugate 

form when doped with SiNPs. The cationic Pcs were able to produce sufficient singlet oxygen 

on their own in most cases. This is explained by the Pcs greater solubility in water. Since singlet 

oxygen is produced from the triplet state, singlet oxygen quantum yield (∆) values 

complement triplet quantum yield (T) values. Low ∆ values could be attributed to 

ineffective energy transfer; screening effects may have prevented the excited triplet state of 

the Pcs from interacting with the ground state molecular oxygen, lowering the ∆ values. In 

other instances, the Pcs' protection by the SiNPs could be credited with extending the triplet 

lifetime. The direct connection of Pcs with CIP increased the formation of T and ∆ in 
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comparison to Pcs alone. Both in planktonic and biofilm form, the cationic Pcs and conjugates 

showed enhanced bacterial elimination. The Pcs and conjugates demonstrated significant 

activity in photodynamic therapy treatment (PDT) experiments at the tested doses. In both 

PDT and photodynamic antimicrobial chemotherapy (PACT) treatment, the cationic Pcs 

outperformed the neutral Pc in terms of biological activity. 
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Preamble to thesis  

This thesis introduces the concepts of photodynamic antimicrobial chemotherapy (PACT), 

photodynamic therapy (PDT), and metallophthalocyanines (MPc), and discusses the role of 

silica nanoparticles (SiNPs) as PACT/PDT agents when combined with MPcs. The 

spectrochemical behaviour, delivery techniques, and applications of MPcs, as well as their 

structural features, will be discussed.  
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1.1 Preamble to Photodynamic therapy (PDT) and photodynamic antimicrobial 

chemotherapy (PACT) 

Microbial infections constitute one of the major global health burdens with an alarming rate 

of antimicrobial resistance [1]. The presence of biofilms reduces the efficacy of antibiotics 

causing multidrug resistance. Biofilms are known to influence the behaviour of bacteria 

through their extracellular polysaccharide matrix (EPS) causing them to be recalcitrant against 

the host immunity and antibiotics [2–5].  

There are excellent reviews which reflect on the fact that the global burden of cancer is 

increasing, especially in the most vulnerable sociodemographic populations, and that a 

substantial global effort is required not only to reduce the incidence of cancer but also to 

provide more evenly distributed cancer control [6–8].  

It has been suggested that bacterial infections may contribute to cancer development and 

spread [9]. Some cancer-causing pathogens are able to evade the immune system, cause 

chronic inflammation that promotes unchecked cell proliferation, and even enhance the 

chance of oncogenic transformation in otherwise healthy people [10]. 

To combat antimicrobial resistance (AMR) and tumourigenic cells, a new category of 

antimicrobial and anti-cancer agents with superior drug delivery must be developed. Several 

studies have demonstrated the effectiveness of photoantimicrobial agents (photosensitisers, 

PS) in destroying various bacterial infections/cancerous cells without resistance due to their 

rapid mechanism of action [11–15]. The same PS used for PACT can also be used cancer in 

PDT. Hence, PACT and PDT are combined in this work. 
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1.2 Photosensitisation for PACT and PDT 

PACT and PDT are conceptually similar since they both employ PS and light to selectively kill 

unhealthy human cells or bacterial cells [16,17]. Applications and targets for bacterial and 

human cells are different due to the presence of a cell wall. The Jablonski diagram is a 

graphical representation of the energy levels and transitions that occur in a PS when it is 

excited by light, Figure 1.1. It is an ideal tool for understanding the energy transfer processes 

involved in PACT and PDT. 

 

 

 

 

 

 

 

Once excited to the triplet state (T1) the PS can generate reactive oxygen species (ROS) via 

two competing pathways—Type I and Type II.  In the Type I reaction, electron transfer with 

substrate occurs to form superoxide anion radical (O2
•-) and, hydrogen peroxide (H2O2) and 

hydroxyl radical (OH•-). In the Type II process, energy goes directly from the PS* to the ground 

state molecular oxygen (3O2), which is then converted  into singlet oxygen (1O2) [18]. ROS are 

 

Figure 1.1: Jablonski diagram demonstrating how a photosensitizer (PS) can transition from 

its ground state (S0) to a singlet excited state (Sn) by absorbing light (hv) of a certain 

wavelength and undergo intersystem crossing (ISC) to generate reactive oxygen species 

(ROS). 
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non-specific, and they can cause irreversible destruction of cell membrane function, proteins 

and DNA [19–22]. Recent research has revealed a Type III mechanism that can also cause 

bacterial mortality through oxygen-independent photoinactivation [23].  

The properties of an ideal PS for PDT include high extinction coefficients; tuneable 

photophysical properties; selectivity towards malignant cells; good photostability; 

biocompatibility; and light absorption in the therapeutic window (650—800 nm) for deep 

seated tumour cells. The overarching objective of this effort is to develop PSs with strong 

bacterial and cancer cell affinity.  

1.2.1 Photodynamic antimicrobial chemotherapy (PACT) 

In healthcare settings, gram (+) and gram (-) bacteria are responsible for various illnesses 

including meningitis, wound or surgical infections, intestinal and extraintestinal disease, and 

pneumococcal infections [24–26]. Gram (-) bacteria have a single, thin layer of peptidoglycan 

(Figure 1.2). Lipopolysaccharide coating (LPS) indicators are found in gram (-) bacteria [27,28], 

but not in gram (+). In this work phthalocyanine (Pc) derived PS are used alone and in the 

presence of nanoparticles (NPs) against gram-positive (gram (+)) and gram-negative (gram (-

)) bacteria. 
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Since its main purpose is to maintain structural integrity, LPS is exposed to the surface of the 

cell. As a result, most gram (-) bacteria exhibit intrinsic resistance to many antimicrobial 

treatments because LPS creates a permeability barrier at the cell surface [28,29]. LPS on the 

surface of gram (-) bacteria reduces the ability of neutral or anionic-charged molecules to 

penetrate the vital components of the cell, which results in ineffective PACT activity [14,30]. 

To improve the electrostatic interactions between gram (-) bacteria and the antimicrobial 

agents, this thesis will employ cationic functionalised photoantimicrobial agents towards 

treatment of Escherichia coli (E. coli) as an example [31,32].  

Gram (+) strains have teichoic acids, lipoteichoic acids, and thick-layer peptidoglycan on their 

surfaces [33,34], but lack LPS (Figure 1.2). Consequently, they are sensitive to neutral, anionic, 

and cationic charged compounds [35,36]. In this thesis gram (+) pathogens; Streptococcus 

pneumoniae (S. pneumoniae) and Staphylococcus aureus (S. aureus), which coexist in 

polymicrobial form [37,38] will be treated using cationic and anionic PS in planktonic and 

Figure 1.2: Structural cross-section of gram-positive and gram-negative cell 

composition 
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biofilm form. A microbiological biofilm is a tiny community of microorganisms that is three-

dimensional and adheres to a surface (Figure 1.3).  Biofilms may form on a wide variety of 

surfaces, including but not limited to pipes, metallic surfaces, glass surfaces, medical 

equipment, aquatic systems, and living tissue, to name just a few examples [39–41]. The 

thickness of the biofilm is affected not only by the type of bacterium that is present but also 

by the age of the biofilm, the quantity of nutrients, and a variety of other environmental 

conditions. [42]. 

Figure 1.3: Biofilm life cycle: (I) free-floating planktonic cells reversible attachment to a surface, 

(II) irreversible attachment mediated by the formation of exopolymeric material, (III) 

formation of microcolonies and the beginning of biofilm maturation, (IV) Formation of a 

mature biofilm with a 3-dimensional structure containing cells packed in clusters with channels 

between the clusters that allow transport of water and nutrients and waste removal, and (V) 

detachment and dispersion of cells from the biofilm and initiation of new biofilm formation; 

dispersed cells are more similar to planktonic (that is, nonadherent) than to mature biofilm 

cells, cell–cell interaction, and signalling (quorum sensing) occurs before they disperse and 

colonize new surfaces [42]. 
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In this study, biofilm cells are cultured on the extracellular surface of indium tin oxide (ITO) 

semiconductors, and an investigation on how the uptake of PS-antimicrobials is affected by 

the cellular charge transfer of EPS molecules is undertaken. ITO-glass offers a practical 

approach to identifying the first stages of biofilm accumulation on surfaces.   

The structural and metabolic changes in a biofilm following PACT treatment are examined in 

this work using scanning electron microscopy (SEM) and Raman spectroscopy. The chemical 

makeup of distinct bacterial strains may be examined after PS-antimicrobial activity using 

Raman spectroscopy.  

 

1.2.2 Photodynamic therapy (PDT) 

PDT has been demonstrated as a dependable treatment option for the elimination of 

tumourigenic cells due to its reliable selectivity and specificity. As stated above, the treatment 

involves the intravenous administration of a PS that accumulates in malignant tissue which is 

then activated by a laser light of appropriate wavelength resulting in the production of ROS 

that are poisonous to cancer cells and ultimately cause their death [15,43,44]. Clinical trials 

using MPc-based PS (Figure 1.4) for PDT have been reported [45–52]. 
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Despite PDT's demonstrated efficacy, studies are ongoing to identify even more potent PSs, 

and effective delivery systems. PS offer several promising features, but their lack of selectivity 

and specificity is still a major drawback. The most studied PS are hydrophobic, presenting a 

significant difficulty in their broad application in biological environment. These hydrophobic 

compounds tend to be poorly soluble in water, affecting their dosing and enhancing 

aggregation, both of which have a negative impact on the PS's photosensitisation [16,53,54]. 

To increase the PS concentration in tumours, scientists are investigating several PDT delivery 

techniques including their incorporation with suitable carriers. Various carrier systems 

including biodegradable nanoparticles, micelles, and polymer-drug conjugates or liposomes 

have been explored [16,54,55]. The applicability of carrier systems for PS in PDT can be 

attributed to their versatility in penetrating the leaky vasculature of tumours thereby 

accumulating in them passively via a process known as enhanced permeability and retention 

ZnPc CGP5587 AlPcS2

ZnPcS4Naphthalocyanine Pc-4

Photosens

Figure 1.4: Molecular structure of some MPcs in clinical trials. 
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(EPR) effect. The EPR effect describes the preferred accumulation of a PS in tumour tissues 

[56,57]. This occurs due to defects of the neo vasculature, which include vascular walls that 

are aberrant, oversized, leaky, and irregular blood vessels. This morphological flaw in tumour 

tissues allows plasma components of the blood to enter a tumour [16,56,57]. Poor lymphatic 

drainage and a sluggish venous return in tumour tissue both impede macromolecules from 

escaping a lesion.  

The combination of various carrier systems with drug molecules have been proven to increase 

their selectivity and specificity. Developments, such as the integration of appropriate drug-

carriers including nanoparticles, folic acid receptors, and 4-bromo-butyl-

triphenylphosphonium derived mitochondria-targeting moieties [58,59], have been 

implemented in this research to improve the accumulation of metallophthalocyanines (MPcs) 

based PS for PDT of human breast adenocarcinoma (MCF7).  

1.3. Metallophthalocyanines (MPcs) 
 

1.3.1 Properties and structure of MPc 

 Metallophthalocyanines (MPcs) are cyclic organic complexes composed of 4-isoindoline units 

linked by nitrogen atoms to form a macrocyclic ring structure (Figure 1.5), with central metals 

located within the cavity of the rings for metalated derivatives [60,61]. The central cavity of 

Pcs can accommodate over seventy metals and metalloids. In their metalated state, Pcs 

exhibit D4h geometry, whereas their unmetalised counterparts (H2Pc) exhibit D2h symmetry. 

Substituents may be attached to the peripheral (β-positions) or non-peripheral (α-positions) 

of Pcs Figure 1.5. It has been established that the substitution design of the Pc has a 

substantial effect on the intermolecular – stacking and electronic coupling of the complex 

[62–65].  
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The combination of the 18-π electron cloud system and the central metal in the Pcs cavity 

produces a strong absorption in the red region of the visible spectrum with a normally narrow 

Q-band (Q00 (D4h); Q1 and Q2 (D2h)) accompanied by a weak vibronic bands QV Figure 1.6. 

Typically, an additional broad B-band around 300–350 nm is observed (Figure 1.6). Due to 

their exceptional stability, Pcs have found use in a variety of applications, including solar cells 

[66], electrocatalysis [67], nonlinear optics [68], and medicinal chemistry as PS agents in PDT 

for cancer treatment and PACT as antimicrobials [21,32,50,63,69,70]. Therefore, Pcs when 

alone and in combination with nanocarriers were employed as PSs for PACT or PDT in this 

thesis. 

Figure 1.5: Molecular structures of Pc showing α- and β- positions with their geometrical 

confirmation:  Metalated (D4h) and Unmetalated (D2h) symmetry. 
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1.3.2 Synthesis 

Depending on their strategic formation, Pcs are either symmetrically or asymmetrically 

substituted. For a successful synthesis, it is necessary to take into account the nature of 

substituents on their precursor, the metal salt, the solvent, the temperature, and the catalyst 

[71–73]. In this work, both symmetric and asymmetric Pcs are employed. 

1.3.2.1 Synthesis of symmetrical Pcs 
 

There are several synthetic pathways using diverse precursors as starting materials that have 

been established for the synthesis of symmetrical Pcs, Scheme 1.1. This is typically 

accomplished using the cyclotetramerization reaction of (a) phthalonitriles, (b) o-

cyanobenzamide, (c) phthalic acids, d) phthalamides, e) phthalimides (f) 1,3-diiminoisoindolines, 

and (g) phthalic anhydrides derivatives in the presence of a strong base such as 1,8- 
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Figure 1.6: Typical absorption spectra of a free base H2Pc (red) and metalated Pc (blue). 
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diazabicyclo[5.4.0]undec-7-ene (DBU) [74,75]. Substituted phthalonitriles were explored in 

this study to improve the photo-physicochemical behaviour of the formed Pcs.  

 

 

 

 

 

 

 

 

 

Scheme 1.1. Synthesis of Phthalocyanines from different precursors including, a) 

phthalonitriles, b) o-cyanobenzamide, c) phthalic acids, d) phthalamides, e) phthalimides, 

f) 1,3-diiminoisoindolines, and g) phthalic anhydrides derivatives. Scheme 1 

 

1.3.2.2 Synthesis of asymmetrical Pcs 

Asymmetrically substituted Pcs show distinct electrical and photophysical properties, 

enhanced solubility, and a reduced propensity to agglomerate compared to their 

symmetrically substituted counterparts. The intrinsic biological application potential of a Pc 

complex is enhanced by the coexistence of multiple functional groups while maintaining the 
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photophysical-chemical characteristics of symmetric Pcs. Asymmetric Pcs with donor-

acceptor, hydrophilic, and hydrophobic moieties are synthesised in this work. 

This study will investigate the structural conformation and physicochemical properties of A3B-

type asymmetric Pc derivatives. To synthesize A3B-type compounds, one uses a non-selective 

method: cyclotetramerizing a mixture of two phthalonitriles with different substituents 

[76,77]. Scheme 1.2 shows that this method yields a mixture of the six possible isomers of the 

Pc complex: AAAA, AAAB, AABB, ABAB, ABBB, and BBBB. Significant chromatographic 

procedures are required to isolate the target A3B-complex from the statistical mixture of Pcs. 

The mole ratios of 3:1 or 9:1 (A: B) are common for asymmetrical Pcs. Higher mole ratios may 

also be used [77–79] depending on the reactivity of the different phthalonitrile precursors.  

 

 

 

 

 

 

 

Scheme 1.2: Mixed synthesis of asymmetrical MPcs by the statistical condensation method. 
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1.3.3 Phthalocyanine aggregation 

Pc complexes self-assemble into Pc aggregates, known as H-aggregates or J-aggregates [80–

82], Figure 1.7. Van der Waals forces, hydrogen bonds, and π-stacking interactions, among 

others, hold the molecules together [83–86]. When compared to individual molecules 

(monomer), the resulting aggregates can exhibit special optical and electrical characteristics, 

making them desirable building blocks for a variety of applications [83,87,88]. The J-aggregate 

is created by a linear arrangement of Pc molecules via π-stacking interactions.  

 

Figure 1.7: Self-assembly of Pc monomer into its Dipole stacking modes of H-aggregate and 

J-aggregate states. 

 

The more common H-aggregates, on the other hand, are made of a more intricate 

arrangement of Pc molecules that involves hydrogen-bonding interactions, and π-stacking. J-

aggregates are known to be photoactive, whereas H-aggregates are thought to be 

photoinactive in literature [80,81,89,90]. Because Pc aggregates are less soluble and have 

Monomer

H-aggregate J-aggregate
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poor localization and distribution, they are less effective as therapy agents, making them 

unattractive for PACT/PDT studies. The biological value of a Pc can be diminished if it 

aggregates. When Pcs get aggregated, their photoactivity and selectivity for particular target 

tissues or cells are both diminished. Pcs' aggregation status must be managed for optimal 

utilization in biological settings.  

 Factors that may affect the aggregation of Pcs include the type of central metal and its axial 

ligands and positions of the substituents on the perimeter of the Pc macrocycle, and the 

solvents used [91–94]. In this investigation, Pc complexes were synthesised, and structural 

modifications that reduce the influence of aggregation on PACT/PDT activity were considered, 

as described in the following sections. 
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1.3.4 Pcs used in this thesis. 

One of the research interests in this work is characterising structural variables that optimise 

the photophysical-chemical properties and biological activity of Pcs as PDT/PACT agents. A 

number of strategies, such as the use of water-solubilising groups that promote improved 

optical properties through improved solubility, antibacterial/anticancer active targeting units 

to ensure effective Pc-drug localisation, and distribution in bacterial/cancer cells, were 

implemented to address some of the issues frequently encountered when using Pcs in 

PACT/PDT.  

Bulky substituents can also inhibit Pcs from forming aggregates. This is because the Pc 

macrocyclic rings are unable to assemble due to the big substituents, which in turn increases 

the steric hindrance surrounding the rings. Hence, in this research, the use bulky cationic-

based substituents to inhibit aggregation is reported. In order to connect to the negatively 

charged bacterial cell walls, the ideal PS (particularly for PACT) should be hydrophilic and have 

positive charges [69,95]. In this investigation, the addition of positively charged substituents 

to the already-formed Pc derivative is performed. 

The Pc derivatives synthesised in this study are listed in Table 1.1 with complex numbers 

ranging from 1 to 13. In this effort, symmetrical and asymmetrical Pcs were synthesised. 

Complexes 4, 9, 10, and 11 were synthesised in accordance with published reports [96–99], 

whereas complexes 1, 1Q, 2–8, 8Q–11Q, as well as 12 and 13, are first reported in this study.  
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Table 1.1 A: Synthesised Pcs for photophysicochemical properties and PACT or PDT 

applications 
 

Symmetrical Pcs synthesised 

 

 

Name of Pc complex and R1 groups 

 
 
 

 

 
 

 
 

 
 

 

 

 
 

 

 
 
 

Tetrakis (ethane-2,1-diyl)) tetrakis(1-

methylpiperidin-1-ium) phthalocyanine 1Q, New 

 

 

Tetrakis (ethane-2,1-diyl)) tetrakis(1-

methylpiperidin-1-ium) phthalocyanine 1Q, New 

 

 

Tetrakis (ethane-2,1-diyl)) tetrakis(1-

methylpiperidin-1-ium) phthalocyanine 1Q, New 

 

 

Tetrakis (ethane-2,1-diyl)) tetrakis(1-

methylpiperidin-1-ium) phthalocyanine 1Q, New 

 

Tetrakis N, N’–Bis (4-(diethylamino) benzylidene) 

amino) propan-2-yl) oxy) phthalocyanine 3, New 

 

 

Tetrakis N, N’–Bis (4-(diethylamino) benzylidene) 

amino) propan-2-yl) oxy) phthalocyanine 3, New 

 

 

Tetrakis N, N’–Bis (4-(diethylamino) benzylidene) 

amino) propan-2-yl) oxy) phthalocyanine 3, New 

 

 

Tetrakis N, N’–Bis (4-(diethylamino) benzylidene) 

amino) propan-2-yl) oxy) phthalocyanine 3, New 

 

Tetra-phenoxy N, N-dimethyl-4-((methylimino) 

phthalocyanine 2, New 

 

 

Tetra-phenoxy N, N-dimethyl-4-((methylimino) 

phthalocyanine 2, New 

 

 

Tetra-phenoxy N, N-dimethyl-4-((methylimino) 

phthalocyanine 2, New 

 

 

Tetra-phenoxy N, N-dimethyl-4-((methylimino) 

phthalocyanine 2, New 

 

2, 9,16, 23-Tetrakis(2-(piperidin-1-yl) ethoxy) 

phthalocyanine 1, New 

 

 

2, 9,16, 23-Tetrakis(2-(piperidin-1-yl) ethoxy) 

phthalocyanine 1, New 

 

 

2, 9,16, 23-Tetrakis(2-(piperidin-1-yl) ethoxy) 

phthalocyanine 1, New 

 

 

2, 9,16, 23-Tetrakis(2-(piperidin-1-yl) ethoxy) 

phthalocyanine 1, New 

 

Tetrakis (2-formylphenoxy) phthalocyanine 4 

[96] 

 

 

Tetrakis (2-formylphenoxy) phthalocyanine 4 

[98] 

 

 

Tetrakis (2-formylphenoxy) phthalocyanine 4 

[98] 

 

Tetrakis(1-butyl-4-(4(tetraphenoxy)styryl) pyridin-

1-ium) phthalocyanine 5, New 

 

 

Tetrakis(1-butyl-4-(4(tetraphenoxy)styryl) pyridin-

1-ium) phthalocyanine 5, New 

 

 

Tetrakis(1-butyl-4-(4(tetraphenoxy)styryl) pyridin-

1-ium) phthalocyanine 5, New 

 

 

Tetrakis(1-butyl-4-(4(tetraphenoxy)styryl) pyridin-

M = Zn(II) 
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Tetrakis 1-butyl-5-(2-(1-butylpyridin-1-ium-4-

yl)vinyl)-2-(tetra-phenoxy)pyridin-1-ium 

phthalocyanine 8Q, New 

 

 

Tetrakis 1-butyl-5-(2-(1-butylpyridin-1-ium-4-

yl)vinyl)-2-(tetra-phenoxy)pyridin-1-ium 

phthalocyanine 8Q, New 

 

 

Tetrakis 1-butyl-5-(2-(1-butylpyridin-1-ium-4-

yl)vinyl)-2-(tetra-phenoxy)pyridin-1-ium 

phthalocyanine 8Q, New 

 

 

Tetrakis 1-butyl-5-(2-(1-butylpyridin-1-ium-4-

yl)vinyl)-2-(tetra-phenoxy)pyridin-1-ium 

phthalocyanine 8Q, New 

 

Tetra{4-(pyridin-3-yloxy) phthalocyanine 10, [99] 

 

Tetra{4-(pyridin-3-yloxy) phthalocyanine 10, 

[101] 

 

Tetra{4-(pyridin-3-yloxy) phthalocyanine 10, 

[101] 

 

Tetra{4-(pyridin-3-yloxy) phthalocyanine 10, 

[101] 

Tetra{4-(pyridin-4-yloxy) phthalocyanine 9, 

[97]  

 

 

Tetra{4-(pyridin-4-yloxy) phthalocyanine 9, 

[99]  

 

 

Tetra{4-(pyridin-4-yloxy) phthalocyanine 9, 

[99]  

 

 

Tetra{4-(pyridin-4-yloxy) phthalocyanine 9, 

[99]  

 

Tetrakis-1-butyl-4-(2-(6- (tetraphenoxy)pyridin-

3-yl) vinyl)pyridin-1-ium phthalocyanine 8, 

New 

 

 

Tetrakis-1-butyl-4-(2-(6- (tetraphenoxy)pyridin-

3-yl) vinyl)pyridin-1-ium phthalocyanine 8, 

New 

 

 

Tetrakis-1-butyl-4-(2-(6- (tetraphenoxy)pyridin-

3-yl) vinyl)pyridin-1-ium phthalocyanine 8, 

New 

 

 

Tetrakis-1-butyl-4-(2-(6- (tetraphenoxy)pyridin-

3-yl) vinyl)pyridin-1-ium phthalocyanine 8, 

New 

 

Tetra{4-(pyridin-2-yloxy) phthalocyanine  11, 

[98] 

 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanineTetra{4-(pyridin-2-yloxy) 

phthalocyanine  11, [100] 

 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 9Q, New 

 

 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanineTetra{4-(pyridin-2-yloxy) 

phthalocyanine  11, [100] 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 9Q, New 

 

 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 9Q, New 

 

 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 9Q, New 

 

 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2 

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 9Q, New 

 

Tetrakis 3-(4-(3-pyridin-1-ium-1-yl) butyl)-2-

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 10Q, New 

 

 

Tetrakis 3-(4-(3-pyridin-1-ium-1-yl) butyl)-2-

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 10Q, New 

 

 

Tetrakis 3-(4-(3-pyridin-1-ium-1-yl) butyl)-2-

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 10Q, New 

 

Tetrakis 3-(4-(2-pyridin-1-ium-1-yl) butyl)-2-

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 11Q, New 

 

 

Tetrakis 3-(4-(2-pyridin-1-ium-1-yl) butyl)-2-

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 11Q, New 

 

 

Tetrakis 3-(4-(2-pyridin-1-ium-1-yl) butyl)-2-

mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine 11Q, New 

 

Tetrakis(4-(4-(tetraphenoxy)styryl)-1-(4-

(triphenyl-phosphonio)butyl)pyridin-1-ium) 

phthalocyanine 6, New 

 

 

Tetrakis(4-(4-(tetraphenoxy)styryl)-1-(4-

(triphenyl-phosphonio)butyl)pyridin-1-ium) 

phthalocyanine 6, New 

 

 

Tetrakis(4-(4-(tetraphenoxy)styryl)-1-(4-

(triphenyl-phosphonio)butyl)pyridin-1-ium) 

phthalocyanine 6, New 

 

 

Tetrakis(4-(4-(tetraphenoxy)styryl)-1-(4-

(triphenyl-phosphonio)butyl)pyridin-1-ium) 

phthalocyanine 6, New 

 

Tetrakis 4-(5-formylpyridin-2-yl)oxy) 

phthalocyanine 7, New 

 

 

Tetrakis 4-(5-formylpyridin-2-yl)oxy) 

phthalocyanine 7, New 

 

 

Tetrakis 4-(5-formylpyridin-2-yl)oxy) 

phthalocyanine 7, New 

 

 

Tetrakis 4-(5-formylpyridin-2-yl)oxy) 

phthalocyanine 7, New 
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Table 1.1 A: Continued 

Asymmetrical Pcs synthesised 

 

Name of Pc complex, R1 and R2 groups 

3-(4-((3,17,23-tris(4-(Benzo(d)thiazol-2-yl] thiol) phthalocyanine-9-yl) oxy) phenyl) propanoic acid  
12, New 

 
 

R1 = 
 

 

 

 
R2 = 

 

3-(4-(3,17,23-tris(3-(4-(triphenylphosphine) butyl) benzo[d]thiazol-3-ium bromide phthalocyanine-
9-yl) oxy) phenyl) propanoic acid 13, New 

 

 
R1 = 

 

 

 
R2 = 

 

 

Table 2 Table 1.1 B provides an overview of the categorisation of the synthesised Pcs into groups 

based on the applications to which they are put and the supporting materials they are linked 

with where applicable 

 

M = Zn(II) 

 



CHAPTER ONE    INTRODUCTION 
 

21 | P a g e  
 

Table 1.1 B 

Complex Nanoparticles Biological molecule Bacteria for PACT PDT 

1 SiNPs (Pc 
encapsulated) 

Ampicillin and 1,3-propane 
sultone linked to SiNPs 

S. aureus (planktonic) No 

1Q SiNPs (Pc 
encapsulated) 

Ampicillin and 1,3-propane 
sultone linked to SiNPs 

S. aureus (planktonic) No 

2 SiNPs (Pc 
encapsulated) 

Folic acid, linked to SiNPs none PDT 

3 SiNPs (Pc 
encapsulated) 

Folic acid, linked to SiNPs none PDT 

4 none none E. coli   planktonic  PDT 

5 none none E. coli planktonic  PDT 

6 none none E. coli planktonic  PDT 

7 SiNPs (Pc 
encapsulated) 

 Gallic acid linked to SiNPs E. coli and S. aureus, 

planktonic and biofilms 

none 

8 SiNPs (Pc 
encapsulated) 

 Gallic acid linked to SiNPs E. coli and S. aureus, 

planktonic and biofilms 

none 

8Q SiNPs (Pc 
encapsulated) 

Gallic acid linked to SiNPs E. coli and S. aureus, 

planktonic and biofilms 

none 

9 none none E. coli and S. aureus, 

planktonic and biofilms 

none 

9Q none none E. coli and S. aureus, 

planktonic and biofilms 

none 

10 none none E. coli and S. aureus, 

planktonic and biofilms 

none 

10Q none none E. coli and S. aureus, 

planktonic and biofilms 

none 

11 none none E. coli and S. aureus, 

planktonic and biofilms 

none 

11Q none none E. coli and S. aureus, 

planktonic and biofilms 

none 

12 none Pc linked to Ciprofloxacin S. pneumoniae and  
E. coli 
Planktonic and biofilm 

none 

13 none Pc linked to Ciprofloxacin S. pneumoniae and  
E. coli 
Planktonic and biofilm 

none 
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Based on the molecular design technique and component investigated, Table 1.2 offers a 

logical grouping of the synthesised Pcs and nanomaterial. 

Table 3.2: Synthesised particles and, when appropriate, their doped conjugates with SiNPs, 

as well as their functional suitability for PDT or PACT applications. 

Pc complex grouped 
according to 
functionality. 

 
Pc complex 

 
Other 

molecules  

 
Supporting 

material(s)/compound   

Pcs loaded on Silica 
nanoparticles (SiNPs). 

1, 1Q, 2, 3 
7, 8, 8Q 

 
— 

SiNPs for transport- since 
1,2,3,7,8 are not water 
soluble, 1Q and 8Q for 
comparison 

Pcs used for both PACT 
(planktonic) and PDT. 

4, 5, 6 none Comparing PACT & PDT 

Pc complexes linking to 
SiNPs containing cancer 
targeting molecules 

2, 3 Folic acid Transportation and targeting 

Pc linking to SiNPs 
containing antimicrobial 
molecules 

 
1, 1Q 

Ampicillin & 
1,3-

propanesultone 

Zwitter ionic (sultone) vs 
neutral ampicillin  

7, 8 &, 8Q 
 

Gallic acid Synergistic antibacterial 
effects of Pc@SiNPs–GA  

Pcs linked directly linked 
with antimicrobial 
molecules 

12 ,13 
 

Ciprofloxacin Synergistic antibacterial 
effects of Pc-antibiotic 
molecule 

Effect of the number of 
cationic charges  

5 with 6 none Effect of the number of 
charges 

8 with 8Q Gallic acid 
(GA) 

Effect of the number of 
charges 

 
Effect of the position 
number of the nitrogen 
group 

9, 10, 11 none Position of the group & effect 
of charge  

9Q, 10Q, 11Q  none Position of the group & effect 
of charge 

 
Effect of the type of 
bacteria 

7, 8, 8Q Gallic acid E. coli vs S. aureus 

9, 9Q, 10, 
10Q, 11, 11Q 

none E. coli vs S. aureus 

12 ,13 Ciprofloxacin S. pneumoniae vs E. coli 
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1.3.5 Pcs incorporated in nanomaterial  

The presence of functional groups and nano delivery platforms offers efficient new options 

for the administration and specificity of Pcs, which could increase Pcs' effectiveness as 

antimicrobial and cancer treatment agents. Therefore, Pcs are loaded onto nanocarriers to 

improve their contact with bacterial (planktonic or biofilm) cells and cancer cells. SiNPs are 

used in this work and their importance will be discussed below. Table 1.3 illustrates some of 

the Pcs that have been associated with different types of silica-based NPs. It has thus been 

reported in the literature [100–107] that SiNPs can be linked to bare/COOH/NH2 substituted 

Pc derivatives, and that Pcs can be doped into SiNPs. 

 

 

 

 

 

 

 

 

 
 
Biofilms vs planktonic  

7, 8, 8Q Gallic acid E. coli vs S. aureus 

9, 9Q, 10, 
10Q, 11, 11Q 

none E. coli vs S. aureus 

12 ,13 Ciprofloxacin S. pneumoniae vs E. coli 
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Table 4 Table 1.3. Examples of Pcs linked with silica nanoparticles in literature. 

Pc complex Nanoparticle carrier Surface 

modifications 

Application & 

REF 

 
 
 

 

 
 

 
 

 
Tetrafluoro-9(10),16(17),23(24)-

tri(tosylamino) phthalocyaninato zinc 
(II)  

 
 
 
 
 

Fe3O4@SiNPs-NH2-Pc 
(amide) 

 
 

 
 
 
 
 

Fe3O4@SiNPs-
NH2 

 
 
 
 
 

Water 
purification 

[100] 

 

 

 
 
 
 

CuPc/SiNPs dispersion 

 
 
 
 

Bare-SiNPs 

 

 

[106] 

 

 

 

 

 
 
 
 

 
 

Pc@SiNPs 

 

 

     

APTES 

 

 

 

Photophysics 

[107] 

Cu (II) Phthalocyanine 

 

Cu (II) Phthalocyanine 

 

Cu (II) Phthalocyanine 

 

Cu (II) Phthalocyanine 

  Tetra-tert-butyl zinc (II)  

 

 

phthalocyanine 

 

 

  Tetra-tert-butyl zinc (II)  
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MSiNPs = mesoporous SiNPs, APTES = (3-Aminopropyl) triethoxysilane, NP = nanoparticle 

 
 

 
 

 

 
 

 
Phenoxy propanoic acid zinc 

phthalocyanine 

 

 

Pc—SiNPs(amide) 

 

 

APTES 

 
 

 
 

PACT 
(planktonic) 

[103] 

 

 

 

 
 

 
Pc@MSiNPs & 

Pc/Cisplatin@MSiNPs 

 
 

 
Bare-MSiNPs 

 
 

 
PDT & 

Chemotherapy
[105] 

 
 

 
 
 
 

 
 

 

Zinc (II) phthalocyanine 1-phenoxy) 
benzoic acid 

 
 

 
Pc-

Doxorubicin@MSiNPs 
 

 
 

 
 

Bare-MSiNPs 

 
 

 
PDT & 

Chemotherapy
[102] 

 
 

 
 
 

 
 

 
Tetra-substituted 4-carboxyphenoxyl 

and 3-carboxyphenoxyl Zn (II) 
phthalocyanine 

 

 

Pc-SiNPs-NH2(amide) 

 
 

 
 

APTES 

 

 

Photophysics 

[101] 

Aluminum chloride phthalocyanine 

 

Aluminum chloride phthalocyanine 

 

Aluminum chloride phthalocyanine 
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The table demonstrates that there are no Pcs encapsulated in SiNPs and used for PACT; this 

is the first time this has been documented for complexes 1, 1Q, 7, 8, and 8Q. Furthermore, 

no Pc has been encapsulated into SiNPs, linked to folic acid (FA) and applied as a cancer agent 

for PDT. This is done in this work with complexes 2 and 3. Finally, in this work, an asymmetrical 

Pc complex is directly coupled to the antibiotic ciprofloxacin (CIP) via the secondary amine of 

the latter's piperazine ring via an amide linkage for the first time.  

1.4 Biomolecules used 

Attachment of ampicillin (AMP) to penicillin-binding proteins (PBPs) inhibits cell wall 

peptidoglycan synthesis, thereby interfering with cell wall synthesis, hence enhances 

antimicrobial activity  [108]. According to reports, gallic acid (GA) has a potent antibacterial 

effect that induces cell death by disrupting the membrane integrity of some gram-negative 

and gram-positive bacteria [109–111]. GA has been incorporated into SiNPs for bioactivity 

research [112,113]. Folic acid (FA) has a high affinity for folic receptors, which are recognised 

biomarkers for cancer cells due to their overexpression on a variety of cancer cells [114,115]. 

FA enhances PDT activity and photophysical behaviour of Pcs [116–118]. A combination of an 

anticancer prodrug encapsulated into SiNPs-FA has also been reported in the literature [119]. 

The antimicrobial activity of Pc@SiNPs-APTES after protonation of the NH2 group in (3-

aminopropyl) triethoxysilane (APTES) with 1,3-propanesultone (PSn) is investigated. PSn is a 

chemical compound with antimicrobial properties [120,121]. It is a sulfonate ester that can 

bind to nucleophiles such protein amino groups and DNA [122]. By changing cell membranes 

and metabolic processes, this procedure can render bacteria inert. PSn-protonated surfaces 

eliminate zwitterionic charges, thereby decreasing microbial adhesion.  
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This research includes the combination GA/PSn/AMP/FA, with SiNPs and Pc to enable passive 

targeting in PDT dependent on the surface moiety employed. There are no reports of Pc 

embedded in SiNPs followed by linking to PSn, AMP, and GA for PACT, and this is reported for 

the first time in this thesis. Furthermore, the exploration of a multidrug approach where Pcs 

and an antibiotic, ciprofloxacin (CIP), are directly linked and employed for PACT (towards 

biofilms and planktonic cells) is investigated.   

1.5 Nanoparticles (NPs) 

Nanoparticles (NPs) are particulates with one or more nanoscale dimensions (1–100 nm). 

Their superior physicochemical, optical, and thermal properties make them valuable 

functional materials for various technologies [123–125]. There are numerous varieties of NPs, 

including metallic and non-metallic NPs [126]. Mesoporous silica nanoparticles (MSiNPs) are 

a subject of this work and this is due to their interesting properties which will be highlighted 

below [127–129]. 

SiNPs are distinguished by their large specific surface area, simple synthesis and amplification, 

facile surface modification, and robust delivery [130,131]. MSiNPs are advantageous for 

biological applications due to their superior physicochemical properties, controlled 

distribution of drugs, biocompatibility, minimal toxicity, thermal stability, and adjustable pore 

sizes [132,133]. Mesoporous refers to particles with pore sizes ranging from 2 to 100 nm 

diameters. MSiNPs contain a complex 'worm-like' network of channels throughout their 

interior, resulting in a large surface area and an exceptionally high drug-loading capacity. 

MSiNPs are used as reservoirs for encapsulating Pcs because of their porous interior and large 

surface area.   
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By adjusting parameters such as NPs nucleation, growth, the pH of the reaction mixture, the 

characteristics of surfactants or copolymers, the concentrations, and sources of silica, SiNPs 

can be synthesised to have functional properties suitable for various applications including 

antimicrobials cargo carrier. Applications for dye-doped SiNPs in nonlinear optical materials, 

photonics materials, bioimaging applications, and biochemical analysis are documented 

[134–137]. In this work, many Pc derivatives were synthesised and packaged into SiNPs. Pcs 

that have been inserted into SiNPs can be protected against degradation by being enclosed 

[107,127]. To effectively fight infection, a Pc-based medication nanocarrier must successfully 

carry the antimicrobial agent to the targeted cell or tissue while also protecting its 

antimicrobial cargo.  

To create Pc/dye-infused SiNPs, three basic synthetic methods could be used: direct micelle-

assisted, Stober, and reverse microemulsion. In this work, the reverse micro-emulsion 

synthetic method was used to encapsulate the Pc complexes. Due to the abundance of 

accessible pores, MSiNPs may encapsulate both hydrophilic and hydrophobic molecules with 

comparable loading efficiency [138,139]. A solution  of a Pc molecule, water, and aqueous 

ammonia are commonly combined with sufficient amounts of surfactant, cosurfactant, 

organic solvent, to form a micro-emulsion solution [140].  

Pc-doped SiNPs are modified with amino groups (Pc@SiNPs-NH2) through the self-assembly 

of (3-aminopropyl) triethoxysilane (APTES) onto the surfaces of Pc@SiNPs particles. In this 

study, the effects of surface modification of Pc@SiNPs-APTES is investigated.  

1.6. Photophysics and Photochemistry 

The photophysicochemical properties of Pcs are depicted in Figure 1.1 using the Jablonski 

diagram. The electronic transitions of Pcs depend on the symmetry of the molecule, the 
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nature of the substituents, and the intermolecular interactions. In this work, the 

photophysical and photochemical properties of the PS were conducted including fluorescence 

(F), triplet (T) and singlet oxygen (∆) quantum yields along with fluorescence (τF) and 

triplet (T) lifetimes.  

1.6.1 Fluorescence quantum yield (F) and fluorescence (τF) lifetimes 

Fluorescence quantum yield (F) quantifies the number of photons emitted per photon of 

excitation absorbed [141]. Moreover, the fluorescence lifetime (τF) measures the average 

time fluorophores spend in the excited singlet state. Several factors have been reported to 

affect the F of Pcs, including the nature of the solvent, the pH, the aggregation, the 

temperature, and the nature of the central metal. In this study, a comparative method based 

on equation 1.1 [142] was used to determine the F  of Pcs and its doped SiNPs conjugates, 

with unsubstituted ZnPc serving as the standard for Pcs in dimethyl sulfoxide (DMSO) (F  = 

0.2 [143]).  

F = F
std F  Astdn2

FstdA n2 std
                                                                                                  (1.1)    

where F and F
std stand for the sample's and the standard's fluorescence quantum yields, 

respectively. The fluorescence area under emission curves for the sample and the standard, 

referred to as F and Fstd, respectively. The sample's and the standard's absorbances at the 

excitation wavelength are A and Astd, respectively. The refractive indices of the solvents used 

to prepare the sample and the standard preparation are n and nstd, respectively. Because 

there is no spin change involved in the transition from S1 to S0, fluorescence is a the short 

lived process, with a half-life of 10-8 seconds [144]. F  are further reduced in the presence of 
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paramagnetic metals and typically metals with a high atomic number; this phenomenon is 

attributed to the heavy atom effect [145]. Using the time–correlated single–photon counting 

(TCSPC) system [146], the fluorescence lifetime of all Pcs and their conjugates can be 

determined. 

1.6.2 Triplet quantum yield (T) and triplet lifetime (T) 

 

The triplet quantum yields (T) quantify the fraction of absorbing Pcs that undergo 

intersystem crossing (ISC) to populate the triplet state. The lifetime of the triplet state (T) is 

the average duration Pcs spend in the excited triplet state (T1). Using laser flash photolysis, 

triplet state properties, T and T, of the Pcs are typically determined. Laser flash photolysis 

entails rapidly introducing an intense light pulse into a Pc solution using a laser source. The 

instrument monitors the change in Pc absorption from excited triplet state (T1), Figure 1.1, as 

a function of time in order to calculate the T [147]. The T values of the Pcs alone and in 

conjugates were calculated using a comparative method as described in the scientific 

literature, equation 1.2 [148,149]: 

T = T
std Δ AT εT

std

ΔAT
stdεT

                                                            (1.2)           

where T
std is the triplet quantum yield of the ZnPc standard (T

std= 0.65 in DMSO [149]), 

Δ AT and ΔAT
stdare the changes in the triplet state absorption of the sample and standard, and 

εT and εT
stdare the triplet state molar extinction coefficients of the sample and standard, 

respectively. εT and εT
stdwere determined utilizing Equation 1.3a and 1.3b. 

 εT = εS 
∆AT

∆As
                                                                                                                   (1.3a)     

εT
std =  εs

std ∆AT
std

∆AS
std                                                          (1.3b) 
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where εS and  εs
stdis the sample's or the standard's singlet state molar extinction coefficient, 

respectively. ∆As  and  ∆AS
std are the changes in singlet state absorbances of the sample and 

standard, respectively. The variations in the singlet state absorbances of the standard and the 

measured sample are obtained by fitting the triplet state absorption data (Figure 1.8).  

 

 

 

 

 

 

 

 

1.6.3 Singlet oxygen (∆) quantum yield 

The amount of singlet oxygen a PS can produce, also referred to as the singlet oxygen 

quantum yield (∆), serves as a measure of its efficacy. Singlet oxygen, a reactive form of 

oxygen, is produced during numerous photochemical processes. A unitless number between 

0 and 1 is used to express ∆, with larger values signifying greater efficiency. ∆ is a crucial 

element in figuring out how well photosensitizers function in PACT/PDT.  

Figure 1.8 : Fitted excited triplet state absorption decay curve [103]. 
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Spectroscopic methods, such as time-resolved absorption, fluorescence, or phosphorescence 

studies, are generally used to measure ∆ [150]. In this thesis, the chemical approach was 

used. This procedure uses singlet oxygen scavengers that such as 1,3 diphenylisobenzofuran 

(DPBF) in organic media or anthracene-9,10-bismethylmalonate (ADMA) in aqueous media. 

Spectroscopic techniques are used to track the singlet oxygen scavenger's deterioration 

[151,152].  

With the aid of equation (1.4), the singlet oxygen quantum yield was quantified.  

∆= ΦΔ
std R .  IAbs

std

Rstd. IAbs
                                                                                                      (1.4) 

where ΦΔ
std is the standard's singlet oxygen quantum yield (ZnPc, ΦΔ

std= 0.67 in DMSO [153]). 

Rstd and R are the photobleaching rates of ADMA or DPBF in the presence of a standard and a 

measured sample, respectively.  IAbs  and IAbs
std  are the rates of light absorption by the Pcs and 

the standard, respectively.   IAbs  and IAbs
std  are calculated using equations (1.5a) and (1.5b), 

respectively. 

𝐼𝐴𝑏𝑠 =
𝛼.𝐴.𝐼

𝑁𝐴
                                                                           (1.5a)   

𝐼𝐴𝑏𝑠
𝑆𝑡𝑑 =

𝛼𝑆𝑡𝑑.𝐴.  𝐼

𝑁𝐴
                                                                              (1.5b) 

 

where 𝛼 = 1 − 10−𝐴(𝜆), 𝐴(𝜆) is the absorbance of PS at the excitation wavelength, A is the 

illuminated cell area (expressed in cm2), I is the intensity of light (expressed in photons cm-2 

 s-1) and NA is the Avogadro's constant. 
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1.7 Summary of aims of thesis 
 

1. First, symmetrical, and asymmetrical phthalocyanines were synthesised and 

characterised.  

2. Doping of phthalocyanines into silica nanoparticles using reverse microemulsion and 

their surface functionalisation with APTES, FA, GA, PSn and AMP. 

3. Study of in-solution photophysical and photochemical studies of phthalocyanine 

complexes and their conjugates.  

4.  Study of In vitro cytotoxicity, photodynamic therapy, and photoantimicrobial 

chemotherapy activities of phthalocyanines and their silica nanoparticle analogues.
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2.1 Materials  

2.1.1 General reagents  

 Absolute ethanol (EtOH), cyclohexane, chloroform, dichloromethane (DCM), 

dimethylformamide (DMF), tetrahydrofuran (THF), deuterated dimethyl sulfoxide (DMSO-d6), 

deuterated methanol (MeOH-d4), spectroscopic dimethyl sulfoxide (DMSO), methanol 

(MeOH), ethyl acetate (EtOAc), tetrahydrofuran (THF), 1-octanol, toluene, pentanol, and 

piperidine were purchased from Sigma Aldrich.  Highly purified water was obtained through 

installed water purifying system from ELGA, Veolia water PURELAB, flex system (Marlow, UK). 

Nitric acid, sulfuric acid, diethyl ether (Et2O), acetone and 25% ammonium hydroxide, diethyl 

ether were obtained from SAARCHEM
®
.  

2.1.2 Chemicals and reagents used for PDT and PACT cell studies 

E. coli (ATCC 25922), S. aureus (ATCC 25923) and S. pneumoniae (ATCC 13883) were 

purchased from Microbiologic USA. Agar bacteriological BBL Muller Hinton broth and nutrient 

agar were obtained from Merck. Phosphate buffer saline (PBS; 10 Mm; pH 7.4) was prepared 

using appropriate amounts of Na2HPO4, KH2PO4 and chloride salts. Glutaraldehyde, iron 

ferricyanide, iron ferrocyanide and potassium chloride,  crystal violet, and tryptic soy were 

purchased from Sigma Aldrich. MCF-7 breast cancer cells were acquired from Cellonex. 

Dulbecco's phosphate-buffered saline (DPBS) and Dulbecco's modified Eagle's medium 

(DMEM) were obtained from Lonza, 10% (v/v) heat-inactivated fetal calf serum (FCS), 100 mg 

per mL-penicillin-100 unit per mL-streptomycin-amphotericin B mixture were obtained from 

Biowest®. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/crystal-violet
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2.1.3 Chemicals reagents for phthalonitrile precursors, phthalocyanine syntheses and 

doping to SiNPs and their surface functionalisation 

3-Aminopropyl-triethoxysilane (APTES), ampicillin (AMP), ciprofloxacin (CIP), 1.3-propane 

sultone (PSn), folic acid (FA), gallic acid (GA), tetraethyl orthosilicate (TEOS),  1,8-diazabicyclo 

[5.4.0] undec-7-ene (DBU), dicyclohexylcarbodiimide (DCC), 2-(piperidin-1-yl)ethan-1-ol, 

methyl iodide, N-ethyl-N′-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), zinc 

acetate (Zn(OAc)2), N-hydroxysuccinimide (NHS), 4-dimethylaminopyridine (DMAP),                                                                                                                                                                                                                                                                     

2-hydroxy-5-formylpyridine, Triton X-100, n–pentanol, n–hexanol, sodium hydride, toluene, 

4-nitrophthalonitrile, 2-thiazoline-2-thiol, 4-methyl pyridine, potassium carbonate, 1-

bromobutane,  1,3-diamino-2-propanol, and  4-(diethylamino)benzaldehyde were obtained 

from Sigma Aldrich®. 1-butyl-4-methylpyridin-1-ium bromide (PyB), 4-methyl-1-(4-

(triphenylphosphonio) butyl) pyridin-1-ium bromide (PyBP), and 3-(4-bromobutyl)-2-

mercapto-4,5-dihydrothiazol-3-ium bromide (BMDBr) were synthesised using literature 

[154,155] with slight modifications. 

2.1.4 Chemicals and reagents for photophysicochemical studies 

Unsubstituted zinc phthalocyanine (ZnPc), 1,3-diphenylisobenzofuran (DPBF), and 

anthracene–9,10–bis–methylmalonate (ADMA) were obtained from Sigma Aldrich
®
. 

Aluminium sulfonated phthalocyanine, a mixture of sulfonated derivatives (AlPc-Smix) 

was synthesised as reported in the literature [156]. 

2.2 Instrumentation 

1. Electronic absorption spectra in the ground state were acquired using either a 

Shimadzu® UV–2550 spectrometer (solution sample measurements) or a Perkin–

https://www.sciencedirect.com/topics/medicine-and-dentistry/cyanamide
https://www.sciencedirect.com/topics/medicine-and-dentistry/zinc-acetate
https://www.sciencedirect.com/topics/medicine-and-dentistry/zinc-acetate
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Elmer® UV/Vis/NIR spectrometer over the wavelength range of 250 nm–2500 nm (solid 

sample measurements). 

2. Magnetic circular dichroism (MCD) spectra were measured with a Chirascan plus 

spectrodichrometer equipped with a 1 T (tesla) permanent magnet by using both the 

parallel and antiparallel fields.  

3. Mass spectra data of Pcs were acquired on a Bruker® Auto FLEX III Smart-beam 

TOF/TOF mass spectrometer using α-cyano-4-hydrocinnamic acid or dithranol as 

MALDI matrix. 

4. FT–IR spectra were acquired on a Bruker® ALPHA FT–IR spectrometer with universal 

attenuated total reflectance (ATR) sampling accessory. 

5. The proton nuclear magnetic resonance (1H NMR) spectra of phthalonitriles and Pcs 

were acquired on a Bruker® AMX 80 MHz, 400 MHz, or 600 MHz spectrometer. 

6. The Vario-Elementar® Microcube ELIII Series elemental analyser (CHNS) was used to 

collect data on Pcs's elemental composition (carbon, hydrogen, nitrogen, and sulfur). 

7. A Varian Eclipse® spectrofluorometer with a 360–1100 nm filter was used to detect the 

fluorescence excitation and emission spectra. At the wavelength where the emission 

maximum occurred, excitation spectra were obtained. 

8. Using a time-correlated single-photon counting setup (TCSPC) (FluoTime 300, 

Picoquant GmbH) and a diode laser (LDHP-670, Picoquant GmbH, 20 MHz repetition 

rate, 44 ps pulse width), the fluorescence lifetimes were determined. Under the magic 

angle, fluorescence was found with the help of a peltier-cooled photomultiplier tube 

(PMA-C 192-N-M, Picoquant®) and integrated electronics (PicoHarp® 300E, Picoquant 

GmbH).  An 8 nm monochromator was used to choose the frequency of the emission. 
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The system's reaction function was measured with a scattering Ludox solution 

(DuPont®), and it had a full width at half maximum (FWHM) of about 300 ps. The stop-

to-start pulse ratio was kept low (0.05) for good data. All decay curves of luminescence 

were recorded at the wavelength of maximum emission. The results were looked at by 

FluoFit (Picoquant®). The support plane method calculated errors in the decay time 

[141]. 

9. To determine triplet quantum yields and lifetime, we utilised a laser flash photolysis 

system that included an Andor DH320T-25F03 ICCD camera and an LP980 spectrometer 

with a PMT-LP detector. A Tektronix TDS3012C digital storage oscilloscope was used to 

capture the signal from a PMT detector. The excitation pulses came from a tunable 

laser system that used a Nd: YAG laser (355 nm, 135 mJ/46 ns) to pump a 420-2300 nm 

(NT-342B, Ekspla) optical parametric oscillator (OPO, 30 mJ/35 ns). 

10. Analysis of the singlet oxygen quantum yield was carried out with a tunable laser 

system that consisted of a Nd: YAG laser (355 nm, 135 mJ/4–6 ns) pumping an optical 

parametric oscillator (OPO, 30 mJ/3–5 ns) with a wavelength range of 420–2300 nm 

(NT-342B, Ekspla), with the excitation wavelength set to 670-675 nm. 

11. The synthesised  Pc complexes and nanomaterial were extracted from solvent system  

following purification of unreacted material using an  Eppendorf Centrifuge 5810, 

equipped  with  medium to high-throughput applications reaching speeds of up to 

14,000 rpm and includes a A-4-62 swing out rotor with a max. speed of 4000 Rpm. The 

Pc@SiNPs material were washed at 3500 Rpm for five mines per interval and followed 

by filtration using standard glass filters. 
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12. Transmission electron microscope (TEM) ZEISS® LIBRA model 120 operating at 90 kV 

and iTEM® software were used to investigate the size distribution of the Pc-doped 

SiNPs. 

13. Experiments involving dynamic light scattering (DLS) and zeta potential were carried 

out with a Malvern Zetasizer Nano Series, Nano-ZS90. 

14. For the purpose of determining the surface area and porosity of the doped SiNPs, the 

Brunauer–Emmett–Teller (BET) approach was applied. The surface areas and pore sizes 

of the Pc@SiNPs analogues were obtained from the nitrogen adsorption/desorption 

isotherms using a surface and porosity analyser operated at 77K (Micrometrics ASAP® 

2020). 

15. The illumination for the PACT/PDT study was obtained using a Modulight ML7710-680-

RHO laser system with a probe with a wavelength of 680 nm and a power output of 

524 mW/cm-2. The system is equipped with a cylindrical output channel, aiming beam, 

integrated calibration module, foot/hand switch pedal, fibre sensors (subminiature 

version A) connectors and safety interlocks. 

16. Sterilization of PDT disposables and autoclaving of nutrient broth, nutrient agar and 

phosphate buffer and other various apparatus for PACT studies were done using an 

Autoclave RAU®–530D. 

17. The culturing and incubation processes for bacterial cell for PACT studies were 

performed using the thermostatic oven. 

18. Scan® 500 automatic colour colony counter was utilised to determine the colony 

forming units (CFU)/mL of the bacteria. 
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19. The homogenization of the bacteria suspension was done using PRO VSM-3 Lab plus 

Vortex mixer. 

20. The cells for PDT were cultured in humidified atmosphere incubator with ~5% CO2 and 

physiological temperature at 37 °C (HealForce®). 

21. The cell viability for PDT studies was measured using a WST–1 cell proliferation 

neutral red reagent (Roche®) with a Synergy 2 multi-mode microplate reader 

(BioTek®). 

22. A Bruker Vertex 70 Ram II Raman spectrometer (equipped with a 1064 nm Nd: YAG 

laser and liquid nitrogen cooled germanium detector) was used to measure the 

antimicrobial activity and the successful formation of biofilm cells on the ITO-glass slide 

surface. Signals from 50–60 mW of 1064 nm laser were recorded in the spectral range 

600–1800 cm-1 collected. 

23. Scanning electron microscopy (SEM) was used to study the distribution of E. coli, S. 

pneumoniae and S. aureus biofilms. The samples for SEM analysis were prepared by 

rinsing the biofilm attached ITO-glass slide samples gently with PBS (pH 7.2) several 

times and then fixed using 2.5% glutaraldehyde in 0.1 M PBS (pH 7.2) for 4 h at 4 °C. 

The fixed samples were dehydrated in increasing concentrations of ethanol (30%, 50%, 

70%, 80%, 90%, 95%, and 100%) for 5 min (30-95%) and (100%) 10 min. Subsequently, 

the biofilms were preserved using evaporated carbon by critical point freezing, this was 

done as follows liquid CO2 was used for dehydrating the wet samples, since it possesses 

lower critical point (73.8 bar, 31 °C). As far as the water and ethanol are concerned, 

critical point is around 228.5 bar, 374 °C and 60.8 bar, 241 °C, respectively. Following 

this, the samples were coated with sputtered gold and analysed under secondary 
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electron images in a high vacuum on a Tescan Vega 2 Scanning Electron Microscope 

with a W-filament. Secondary electron images (SE) were collected in high vacuum on a 

Tescan Vega 2 Scanning Electron Microscope with a W-filament at 5 kV. 

24. The Electrochemical impedance spectroscopy (EIS) experiments were performed 

between 0.1 and 100000 Hz, using 0.01 VRMS   sinusoidal modulation. A non-linear 

least squares (NLLS) method based on the EQUIVCRT program was used for automatic 

fitting of the obtained EIS data. A three-electrode electrochemical cell made up of 

indium doped tin oxide (ITO) as the working electrode, %1-DMSO/PBS was used as 

electrolyte for Pc complexes, platinum wire (Pt) as the counter electrode and 

silver|silver chloride (in 3.0 M KCl) |(Ag|AgCl) as reference electrode was used. Cyclic 

Voltammetry (CV) studies were performed on a potential window of -0.35 to 0.60 V vs 

Ag/AgCl in ferro-ferricyanide using an Autolab Potentiostat PGSTAT30 equipped with 

Nova software version 2.1.  

25. Time-of-Flight-Secondary Ion Mass Spectrometer (TOF-SIMS) data was recorded with 

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

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

analyser was set to a standard operating mode with a cycle time of 100 μs, whilst the 

primary beam was a Bi3 ion cluster gun with a current of 0.40 pA and an energy of 3000 

eV (termed as spectrometry mode). The Bi3 cluster and electron flood gun was used to 

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

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

provided by ION TOF. 
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2.3 Syntheses of phthalonitriles and phthalocyanines 

The synthetic pathways for the phthalonitriles, precursor—substituents and phthalocyanines 

are shown in Schemes 3.1–3.6.  

2.3.1 Phthalonitriles and other precursors 

2.3.1.1 4-(3-(Piperidin-1-yl) ethanoxy) phthalonitrile (A) (Scheme 3.1). 

4-Nitrophthalonitrile (2.5 g, 14.45 mmol) and 2-(piperidin-1-yl) ethan-1-ol (1.9 g, 9.16 mmol) 

were dissolved in DMF (15 mL) under nitrogen atmosphere and the mixture was stirred at 

ambient temperature for 15 min. Potassium carbonate (4.4 g. 31.84 mmol) was added 

thereafter, and the mixture was left to stir further at ambient temperature for 48 h. The 

mixture was then added to ice water (200 mL). The resulting precipitate was filtered off, 

washed with water, air dried and recrystallised from methanol to give 4-(3-(piperidin-1-yl) 

ethanoxy) phthalonitrile (A). Yield = 43 %: IR (cm−1): 2931(C-N 2° amine), 2841(C–H aromatic), 

2779 (aliphatic C—H), 2225 (nitrile CN), 1621, 1523 (C=C), 1265, 1253, 1093 (C–O–C), 

919−732 (C—C). 1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.24 (d, J = 8.64 Hz, 1H, aromatic–H), 

7.46 (dd, J = 8.8, 2.0 Hz, 1H, aromatic–H), 7.29 (s, 1H, aromatic–H), 4.23 (t, J = 5.6 Hz 2H, CH2), 

2.68 (t, J = 5.6 Hz, 2H, CH2), 2.50 (s, 4H, piperidine−CH2), 1.47 (m, 4H, piperidine−CH2), 1.36 (s, 

2H, piperidine−CH2). MALDI TOF MS m/z: Calculated: 255.14, found 256.38 [M+H] +. Calcd for 

C15H17N3O: C (70.56), H (6.71), N (16.46), found C (69.03), H (5.74), N (15.98). 

 

2.3.1.2 N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-ol (B), (Scheme 3.2). 

4-(Diethylamino) benzaldehyde (0.5 g, 2.82 mmol) was dissolved in 20 mL ethanol, 1,3-

diamino-2-propanol (0.13 g, 1.45 mmol) was then added to the solution in presence of 

catalytic amount of acetic acid. The reaction mixture was purged with argon and left to stir 
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under reflux for 8 h. The progress of the reaction was monitored by thin layer 

chromatography (TLC) (CHCl3/EtOH 10/0.1). After the reaction completed, the solution was 

evaporated to 1/3 vol. The formed precipitate was filtered off, washed with ethanol and dried 

in vacuum desiccators. Yield: 75% (0.43 g). IR (cm−1): 3440 (O–H), 3103 (aromatic C—H), 

2973–2810 (aliphatic C—H), 1635 (C=N), 1591 (aromatic C=C), 1268 (C–OH). 1H NMR (400 

MHz, DMSO‑d6): δ (ppm) 8.09 (s, 2H, alkene), 7.52 (d, 4H, aromatic–H), 6.67 (d, 4H, aromatic–

H), 4.60 (s, H, OH), 3.89 (s, 1H, CH), 3.65 (t, 2H, CH2), 3.42 (t, 2H, CH2), 3.36 (q, 8H, CH2), 1.10 

(m, 12H, CH3). 

2.3.1.3 N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-yl) oxy) phthalonitrile 

(C), (Scheme 3.2). 

N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-ol B, (0.4 g, 0.98 mmoL) was 

dissolved in DMF (30 mL). NaH (0.047 g, 1.95 mmol) and 4-nitrophthalonitrile (0.17 g, 0.98 

mmol) were added to the reaction mixture. The temperature was brought up to 60 °C and 

kept at this value for 24 h under nitrogen atmosphere. The progress of the reaction was 

monitored by thin layer chromatography (TLC) (CHCl3/EtOH 10/0.1). The product was 

precipitated out by pouring into ice-water mixture. The formed precipitate was filtered off. 

The crude product was washed with hot water, ethanol, and dried in vacuum desiccator. Yield: 

42% (0.25 g). IR (cm−1): 3071 (aromatic C—H), 2969–2918 (aliphatic C—H), 2224 (nitrile CN), 

1666 (imine), 1596, 1517 (aromatic C=C 1254, 1158 (aromatic–O–aromatic).1H NMR (400 

MHz, DMSO‑d6): δ (ppm) 9.62 (s, 2H, imine), 8.11 (s, 1H, aromatic–H), 7.91 (d, 1H, aromatic–

H), 7.79 (d, 1H, aromatic–H), 7.65 (d, 2H, aromatic–H), 7.46 (d, 2H, aromatic–H), 6.76 (d, 2H, 

aromatic–H), 6.64 (d, 2H, aromatic–H), 5.14 (s, H, CH), 3.96 (t, 2H, CH2), 3.76 (t, 2H, CH2), 3.45 

(q, 8H, CH2), 1.08–1.13 (m, 12H, CH3). MALDI TOF MS m/z: Calculated: 534.31, found 534.68 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thin-layer-chromatography
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/thin-layer-chromatography
https://www.sciencedirect.com/topics/chemistry/ir-spectroscopy
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[M + H] +. Calcd for C33H38N6O: C (74.13), H (7.16), N (15.72), found C (73.68), H (7.74), N 

(15.18). 

2.3.1.4 Synthesis of 4-((5-formylpyridin-2-yl) oxy) phthalonitrile (D), (Scheme 3.4). 

4-Nitrophthalonitrile (2.5 g, 14.45 mmol) and 2‑hydroxy-5-formylpyridine (1.9 g, 15.43 mmol) 

were dissolved in DMF (15 mL) under nitrogen atmosphere and the mixture was stirred at 

ambient temperature for 15 min. Potassium carbonate (4.4 g. 31.84 mmol) was added 

thereafter, and the mixture was left to stir further at 70 °C for 48 h. The mixture was then 

added to ice water (200 mL). The resulting precipitate was filtered off, washed with water, air 

dried and recrystallised from methanol to give 4-((5-formylpyridin-2-yl) oxy) phthalonitrile. 

Yield = 53%: IR (cm−1) at 3126-3003 (aromatic C—H), 2212 (nitrile CN), 1596 (aromatic C=C), 

1231 cm−1 (C–O–C): 1H NMR (400 MHz, DMSO‑d6): δ (ppm), 8.25 (s, 1H, COH), 7.90-7.79 (1H, 

aromatic—H), 7.63–7.60 (d, J = 7.61 Hz, 1H, aromatic—H), 7.50–7.31 (m, 2H, aromatic—H), 

7.27–7.21 (d, J = 7.25 Hz, 1H, aromatic —H), 7.13 (d, 1H, aromatic—H).  

 

2.3.1.5 Synthesis 1-butyl-4-methylpyridin-1-ium bromide (PyB) 4-methyl-1-(4-

(triphenylphosphonio) butyl) pyridin-1-ium bromide (PyBP), Scheme 3.3 and 3-(4-

bromobutyl)-2-mercapto-4,5-dihydrothiazol-3-ium bromide (BMDBr) Scheme 3.5. 

The precursor BMDBr, PyB and PyBP were synthesised using literature [154,155] with slight 

modifications. The refluxing of 2-thiazoline-2-thiol (0.1 mol) or 4-methyl pyridine (0.1 mol) 

with the corresponding alkyl halide (0.12 mol) in toluene containing 1%DMF or toluene alone 

for 6 to 24 h Scheme 3.3 and 3.5. The reaction mixtures were cooled, and the solidified 

products were washed with excess toluene followed by MeOH to form BMDBr as white solid, 

PyB and PyBP are washed with diethyl ether to give as pink solid.  
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PyB: (Yield: 79%);1H NMR (400 MHz, DMSO-d6): δ (ppm), (d, J = 6.0 Hz, 2H), 7.99 (d, J = 6.4 Hz, 

2H), 4.63 (t, J = 8.0 Hz, 2H), 3.53 (s, 3H), 1.79 (t, J = 7.5 Hz, 2H), 1.17 (m, 2H), (d, J = 5.8 Hz, 

3H). 

 PyBP: (Yield: 84%); 1H NMR (400 MHz, DMSO-d6): δ (ppm), 9.02 (d, 2H), 8.03 (d, J = 6.4 Hz, 

2H), 7.81 (m, 15H), 4.68 (t, J = 6.5 Hz, 2H), 3.83 (t, J = 12.7 Hz, 2H), 2.56 (m, 3H), 2.19 (m, 2H), 

1.59 (m, 2H) 

 BMDBr: (Yield: 89%);1H NMR (80 MHz, MeOH-d4): δ (ppm), 4.41-4.31 (d, 2H), 3.97-3.87 (d, 

2H), 3.35 (d, 2H), 3.02 (s, 2H), 2.72 (s, 2H), 2.34 (s, 1H), 2.02 (m, 2H) 

 

2.3.2 Synthesis of Pcs 

2.3.2.1 Synthesis of 2,9,16, 23-Tetrakis(2-(piperidin-1-yl) ethoxy) phthalocyanine zinc (II) 

(1) (Scheme 3.1). 

Complex 1 was synthesised as follows, 4-(3-(piperidin-1-yl) ethanoxy) phthalonitrile (A) (1.5 g, 

5.87 mmol), zinc (II) acetate dihydrate (0.25 g, 1.1 mmol), dry 1–pentanol (3 mL) and DBU (0.5 

mL) were transferred into a 100 mL round bottom flask. The mixture was then refluxed at 220 

°C for 24 h with constant stirring under deaerated conditions using nitrogen gas. The reaction 

mixture was cooled to room temperature and transferred to a centrifuge tube. Methanol was 

added to precipitate the product. The mixture was centrifuged several times with methanol. 

Purification of complex 1 was completed using silica packed column and a solvent mixture of 

THF and EtOAc (8:2) as eluent. Yield = 67 %: IR (cm−1): 2924 (C—N 2° amine), 2786 (aromatic 

C–H), 2786 (aliphatic C—H), 1696, 1607 (C=C), 1438, 1370, 1238 (C–O–C), 960−628 (C—C). 1H 

NMR (600 MHz, DMSO‑d6): δ (ppm) 9.27 (m, 2H, aromatic—H), 8.99 (s, 4H, aromatic—H), 8.61 
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(m, 2H, aromatic—H), 7.65 (m, 4H, aromatic —H), 4.61 (s, 8H, CH2), 2.99 (s, 8H, CH2), 2.68 (s, 

14H, piperidine−CH2), 1.67 (m, 16H, piperidine−CH2), 1.48 (s, 10H, piperidine−CH2). UV–vis 

(DMSO): λmax (nm), (log ε): 678 (5.6), 613 (4.3), 345 (4.8). MALDI TOF MS m/z: Calculated: 

1084.64, found 1085.56 [M+H] +. Calcd for C60H68N12O4Zn: C (66.32) H (6.31) N (15.47), found 

C (65.12), H (6.27), N (16.67). 

2.3.2.2 Tetrakis (ethane-2,1-diyl)) tetrakis(1-methylpiperidin-1-ium) phthalocyanine zinc 

(II) (1Q), (Scheme 3.1). 

The protonation of complex 1 was completed using the procedure reported in literature 

[157], Briefly, a mixture of complex 1 (60 mg, 0.046 mmol), methyl iodide (2.5 mL), and 

chloroform (4 mL) was stirred at ambient temperature for 2 days. The obtained green 

precipitate was filtered off, washed with chloroform, acetone and diethyl ether, respectively. 

Finally, water soluble quaternised Pc derivative was air dried in vacuo. The resultant product 

was represented as complex 1Q. 3370−3091 (aromatic C–H), 2924 (N−CH), 2786 (C–H 

aromatic), 2862 (CH2), 1752, 1606 (C=C), 1481, 1391, 1099 (C–O–C), 1037−614 (C—C). 1H NMR 

(600 MHz, DMSO‑d6): δ (ppm) 9.39 (m, 4H, aromatic–H), 9.04 (s, 2H, aromatic–H), 8.31 (m, 

2H, aromatic–H), 7.91 (m, 4H, aromatic–H), 4.15 (s, 8H, piperidine CH2), 3.65–3.71 (d, 16H, 

CH2), 3.15 (s, 12H, N−CH3), 2.01 (m, 16H, piperidine−CH2), 1.84 (s, 8H, piperidine−CH2), 1.69 

(s, 8H, piperidine−CH2). UV–vis (DMSO): λmax (nm), (log ε): 684 (5.9), 616 (3.9), 347 (4.1). 

MALDI TOF MS m/z: Calculated: 289.90, found 1144.17 [M+H] +. Calcd for C64H80N12O4Zn: C 

(67.20), H (7.20), N (14.47), found C (68.53), H (6.27), N (13.14).  

https://www.sciencedirect.com/topics/medicine-and-dentistry/phthalocyanine-derivative
https://www.sciencedirect.com/topics/medicine-and-dentistry/piperidine
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2.3.2.3 Tetra-phenoxy N, N-dimethyl-4-((methylimino) phthalocyanine zinc (II) (2), (Scheme 

3.2). 

N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-yl) oxy) phthalonitrile (C; 0.2 g, 0.37 

mmol) was mixed anhydrous Zn(OAc)2 (0.017 g, 0.092 mmol) and catalytic amount of DBU in 

n-hexanol (4 mL). The mixture was degassed using nitrogen and stirred at 150 °C for 18 h. 

After cooling to ambient temperature, the product was allowed to precipitate with the 

addition of water/methanol (1/1) and subsequently collected by centrifugation. The collected 

compound was washed several times with ethanol, acetone and water remove the soluble 

by-products and any un-reacted metal salt. Pure ZnPc 2 was obtained as a green solid by 

dissolving in DMF and precipitating in hot acetone (3 times). Yield: 20% (0.04 g): IR (cm−1): 

3002 (aromatic C–H), 2918,2855 (aliphatic C–H), 1647 (C=N imine), 1600,1529 (aromatic C=C), 

1235, 1007 (aromatic−O−aromatic).1H NMR (DMSO‑d6): δ (ppm) 9.56 (s, 8H, imine), 8.64 (s, 

8H, Pc-aromatic), 8.28 (s, 4H, Pc-aromatic), 7.61 (d, 8H, aromatic), 7.35 (t, 8H, aromatic), 6.93 

(d, 8H, aromatic), 6.70 (d, 8H, aromatic), 3.36–3.38 (m, 32H, CH2), 3.07 (s, 4H, CH), 2.97 (s, 

16H, CH2), 1.04–1.06 (m, 24H, CH3), 0.97–1.00 (m, 24H, CH3). UV–vis (DMSO): λmax (nm), (log 

ε): 690 (5.3), 634 (4.7), 347 (4.1). MALDI TOF MS m/z: Calculated: 2201.17, found 2202.13 

[M+H] +. Calcd for C132H152N24O4: C (71.93), H (6.95), N (15.25), found C (70.68), H (6.54), N 

(15.94). 

2.3.2.4 Tetrakis N, N’–Bis (4-(diethylamino) benzylidene) amino) propan-2-yl) oxy) 

phthalocyanine zinc (II) (3), (Scheme 3.2). 

Prior to the synthesis of 3, complex 4 was synthesised according to procedures reported in 

the literature [96], Table 1.1.  Complex 3 was obtained as follows: zinc (II) (2-formylphenoxy) 

Pc, 4 (0.157 g, 0.153 mmol) in 10 mL dry THF was added dropwise to a solution of 4-
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(dimethylamino) benzaldehyde (0.091 g, 0.611 mmol) in 15 mL dry THF. The mixture was 

refluxed under argon for 24 h. The crude product was separated by filtration as a dark green 

solid, this was dissolved in chloroform (5 mL) and complex 3 was precipitated by the dropwise 

addition of methanol. The precipitate was filtered, successively washed with cold water, 

methanol and ethanol and air dried. Yield: 64%: IR (cm−1): 3092 (aromatic C–H), 2956 

(aliphatic C–H), 1605 (C=N imine), 1594 (aromatic C=C), 1248, 1152 (aromatic–O–aromatic). 

1H NMR (600 MHz, DMSO‑d6): δ (ppm) 9.37 (s, 4H, CH=N), 8.37 (s, 4H, Pc–aromatic), 7.68 (s, 

4H, aromatic–H), 7.41 (d, 4H, aromatic–H), 7.26 (s, 8H, aromatic–H), 7.08 (s, 8H, aromatic–H), 

6.56 (s, 8H, aromatic–H), 6.41 (s, 8H, aromatic–H), 1.64–1.78 (m, 24H, CH3). UV–vis (DMSO): 

λmax (nm), (log ε): 684 (5.4), 614(4.3), 372 (3.9). MALDI TOF MS m/z: Calculated: 1528.52, 

found 1529.50 [M+H] +. Calcd for C92H72N16O4: C (72.17), H (4.74), N (14.64), found C (71.04), 

H (4.27), N (13.14). 

2.3.2.5 Tetrakis (1-butyl-4-(4-(tetra phenoxy) styryl) pyridin-1-ium) phthalocyanine zinc (II) 

(5), (Scheme 3.3). 

Complex 5 was synthesised as follows: a solution of 1-butyl-4-methylpyridin-1-ium bromide 

(PyB) (50.6 mg, 0.220 mmol) in dry THF (10 mL) was added to a solution of 4 (50 mg, 0.044 

mmol) in THF (10 mL). Then a few drops of piperidine (as a catalyst) were added and the 

mixture was heated at 70 °C for 24 h. The solvent was evaporated, and reaction mixture was 

re-dissolved in minimum amount of DMF. The product was precipitated out by adding excess 

of diethyl ether (Et2O), followed by filtering. The crude product was washed successively with 

cold MeOH and EtOH to remove unreacted starting materials. After drying in vacuum, the 

product was obtained as a green solid after purifying by chromatography over silica gel using 

MeOH: THF (1:1). Yield = 63%: IR (cm−1): 3383–3138 (aromatic C–H), 2996 (aliphatic-CH), 1680 
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(C=C), 1486 (aromatic C=C), 1186 (C–O–C): (600 MHz, DMSO‑d6): δ (ppm), 8.70 (s, 12H, Pc–

aromatic), 8.06 (s, 16H, aromatic–H), 7.10 (s, 16H, aromatic–H), 3.65 (s, 8H, CH), 1.72 (s, 8H, 

CH2), 0.98 (s, 8H, CH2), 0.38 (s, 8H, CH2), 0.02 (s, 12H, CH3). UV–vis (DMSO): λmax (nm), (log ε): 

354 (5.61), 616 (4.87), 683 (5.86). MALDI-TOF-MS: Calcd 1584.63, found m/z: 395.62 [M−H]4+. 

Anal. cal. for C100H88N12O4Zn4+: C (75.67), H (5.59), N (10.59), found C (75.15), H (5.74), N 

(9.84). 

 2.3.2.6 Tetrakis(4-(4-(tetraphenoxy) styryl)-1-(4-(triphenyl-phosphonio) butyl) pyridin-1-

ium) phthalocyanine zinc (II) (6), (Scheme 3.3). 

Synthesis of 6 was as described for 5 but using 4-methyl-1-(4-(triphenylphosphonio) butyl) 

pyridin-1-ium bromide (PyBP) (125.7 mg, 0.220 mmol). The amounts of the other reagents 

and solvents as well as reaction conditions and purification methods were as outlined 

for 5 above to give 6. Yield = 79%. IR (cm−1): 3357–3167 (C–H aromatic), 2996 (aliphatic C—

H), 1680 (C C), 1431 (aromatic C C), 1244 (C–O–C). 1H NMR (400MHz, DMSO-d6): δ (ppm), 

8.73 (s, 12H, Pc–aromatic), 8.07 (s, 16H, aromatic–H), 7.12 (s, 16H, aromatic–H), 7.01–6.91 

(m, 60H, aromatic–H), 3.67 (s, 8H, CH), 1.76 (d, 8H, CH2), 1.01 (d, 8H, CH2), 0.69 (s, 16H, CH2). 

UV–vis (DMSO): λmax (nm), (log ε): 354 (5.64), 616 (5.15), 684 (5.80). MALDITOF-MS: calcd 

2628.96, found m/z: 328.49 [M−H]8+. Anal. Cal. for C172H144N12O4P4Zn8+: C (78.48), H (5.51), N 

(6.39), found C (77.35), H (5.24), N (5.82). 

2.3.2.7 Tetrakis 4-(5-formylpyridin-2-yl) oxy) phthalocyanine zinc (II) (7), (Scheme 3.4). 

The 4-((5-formylpyridin-2-yl) oxy) phthalonitrile, D (0.5 g, 2.01 mmol) was mixed with Zn 

(OAc)2 (0.223 mg, 1.2 mmol) and catalytic amount of DBU in 1-pentanol (5 mL). The mixture 

was degassed using nitrogen and stirred at reflux temperature for 24 h. The reaction mixture 

was cooled to room temperature and allowed to precipitate with the addition of H2O: MeOH 
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(1/1) and subsequently collected by centrifugation. The collected complex was washed 

several times with ethanol, acetone, and water. Yield = 79%: IR (cm−1): 3003 (aromatic C—H), 

2819 (Aldehyde C—H), 1488 (aromatic C C), 1231 cm−1 (C–O–C): 1H NMR (400MHz, 

DMSO-d6): δ (ppm), 9.66 (s, 4H, COH), 9.06 (s, 12H, Pc–aromatic), 8.12–7.77 (m, 12H, 

aromatic–H). UV–vis (DMSO): λmax (nm), (log ε): 339 (5.61), 619 (4.82), 680 (5.76). MALDI-TOF-

MS: Calcd 1060.14, found m/z: 1062.55 [M + 3H] +. Anal. Cal. for C56H28N12O8Zn: C (63.32), N 

(15.82), found C (62.52), N (14.88).  

2.3.2.8 Tetrakis-1-butyl-4-(2-(6-(tetra-phenoxy) pyridin-3-yl) vinyl) pyridin-1-ium 

phthalocyanine zinc (II) (8), (Scheme 3.4). 

The synthesis of 8 was as described for complexes 5 and 6. In brief, a solution of 1‑butyl‑4-

methylpyridin-1-ium bromide, PyB (50.6 mg, 0.220 mmol) in dry THF (10 mL) was added to a 

solution of 7 (50 mg, 0.047 mmol) in THF (10 mL). Then a few drops of piperidine (as a catalyst) 

were added and the mixture was heated at 70 °C for 24 h. The solvent was evaporated, and 

reaction mixture was re-dissolved in minimum amount of DMF. The product is precipitated 

out by adding excess of Et2O, followed by filtration. The crude product was washed 

successively with cold methanol and ethanol to remove unreacted starting materials. After 

drying in vacuum, a product was obtained as a green solid after purifying by chromatography 

over silica gel using MeOH: THF (1:1). Yield: 73%: IR (cm−1): 3383–3003 (aromatic C—H), 2940–

2861 (aliphatic C—H), 1646 (C C), 1439 (aromatic C C), 1230 cm−1 (C–O–C). 1H NMR (400 

MHz, DMSO‑d6): δ (ppm), 8.87–8.55 (m, 20H), 7.91–7.50 (m, 28H), 4.25 (t, 8H), 1.62–1.54 (m, 

8H, CH2), 0.95 (s, 8H), 0.71–0.60 (m, 12H). UV–vis (DMSO): λmax (nm), (log ε): 343 (5.11), 622 

(4.36), 684 (5.55). MALDI-TOF-MS (m/z): Calcd 397.8, found m/z: 396.8 [M - H]. Anal. Cal. for 

C96H84N16O4Zn4+: C (72.46), N (14.08), found C (72.23), N (14.59).  
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2.3.2.9 Tetrakis 1-butyl-5-(2-(1-butylpyridin-1-ium-4-yl) vinyl)-2-(tetra-phenoxy) pyridin-1-

ium phthalocyanine zinc (II) (8Q), (Scheme 3.4). 

Complexes 8Q was synthesised by a revised alkylation method in literature [154,155] as 

follows: Complex 8 (0.1 mol) was dissolved in toluene (5 mL, 1% DMF), this was then followed 

by the addition of 1-bromobutane (0.12 mol) the mixture was then refluxed for 24 h. The 

reaction mixture was cooled and precipitated out of solution by centrifuge with excess Et2O. 

The solidified product is washed with diethyl ether. The green solid is filtered and the crude 

product was washed successively with cold methanol and ethanol to remove unreacted 

starting materials. After drying in vacuum, a product was obtained as a green solid after 

purifying by chromatography over silica gel using MeOH: THF (1:1). Yield: 51%: IR (cm−1): at 

3383-3003 (aromatic C—H), 2940-2853 (aliphatic C—H), 1646 (C C), 1473 (aromatic C C), 

1165 (C–O–C): 1H NMR (400 MHz, DMSO‑d6): δ (ppm), 9.03–8.62 (m, 20H), 8.25–7.02 (m, 

28H), 4.24 (t, 16H), 1.65–1.41 (m, 16H), 1.10–0.84 (m, 16H), 0.67–0.52 (m, 24H). UV–vis 

(DMSO): λmax (nm), (log ε): 345 (4.95), 621 (4.61), 684 (5.64). MALDI-TOF-MS (m/z): Calcd 

227.45, found 226.38 [M-H]. Anal. Cal. for C112H120N16O4Zn8+: C (73.93), N (12.32), found C 

(72.02), N (11.95). 

2.3.2.10 Synthesis of phthalocyanine complexes (9Q, 10Q, and 11Q), (Scheme 3.5). 

Before the synthesis of 9Q, 10Q, and 11Q was performed, tetra{4-(pyridin-4-yloxy) 

phthalocyanine zinc(II) (9) [97], tetra{4-(pyridin-3-yloxy) phthalocyanine zinc(II) (10) [99], 

tetra{4-(pyridin-2-yloxy) phthalocyanine zinc(II) (11) [98] were synthesised in accordance with 

the respective literature. The Pc complexes 9Q, 10Q, and 11Q were synthesised by revised 

alkylation method described above [154,155] as follows: 3-(4-bromobutyl)-2-mercapto-4,5-

dihydrothiazol-3-ium bromide (BMDBr) (203 mg, 0.61 mmol) was dissolved in acetone (10 
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mL, 1% MeOH) and added to solutions of 9, 10 or 11 (144 mg, 0.151 mmol) in acetone (5 mL, 

1% DMF) and the mixtures were refluxed for 24 h. The resulting products were precipitated 

out of solution by centrifuge using toluene. The dark green products were re-dissolved in 

minimum amount of DMF and precipitated out by adding excess of Et2O. Following filtration, 

the crude products were washed successively with cold MeOH and EtOH to remove unreacted 

starting materials. The respective Pc complexes were obtained as green solids after purifying 

by chromatography over silica gel using MeOH: THF (3:1) and drying in vacuum. The Pcs are 

denoted 9Q, 10Q, and 11Q for the para, meta, and ortho position of nitrogen on the pyridine 

substituents on the Pcs, respectively. 

Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2-mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine zinc (II) (9Q), (Scheme 3.5). 

IR (cm−1):3390-3186 (aromatic C—H), 2920 (aliphatic C—H), 2560 (S—H), 1629 (C C), 1484 

(aromatic C C), 1246 (C−O), 1015 (C–O–C), 738, 848 cm−1 (C—H). 1H NMR (80 MHz, DMSO-

d6): δ (ppm), 8.76-8.64 (m, 8H, Pc–aromatic), 8.35-8.29 (s, 4H, Pc–aromatic), 6.37 (s, 16H, 

aromatic–H), 3.19 (m, 16H, aliphatic—CH2), 3.10 (m, 8H, Cy-CH2), 2.66 (s, 8H, Cy-CH2), 1.60 

(m, 16H, CH2), 1.41 (s, 4H, SH). UV–vis (DMSO): λmax (nm), (log ε):364 (5.31), 619 (4.93), 683 

(5.71). MALDITOF-MS: Calcd 1651.9, found m/z: 205.936 [M]8+/z. Anal. Cal. for 

C80H80N16O4S8Zn8+: C (58.18), H (4.88), N (13.57), S (15.53), found C (59.09), H (4.63), N (13.50), 

S (14.79).  

Tetrakis 3-(4-(3-pyridin-1-ium-1-yl) butyl)-2-mercapto-4,5-dihydrothiazol-     3-ium 

phthalocyanine zinc (II) (10Q), (Scheme 3.5). 

IR (cm−1): 3328-3122 (aromatic C—H), 2926 (aliphatic C—H), 2598 (S—H), 1645 (C C), 1470 

(aromatic C C), 1246 (C–O), 1021 (C–O–C), 746, 830 cm−1 (C—H). 1H NMR (80 MHz, DMSO-
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d6): δ (ppm), 8.68-8.65 (m, 4H, Pc–aromatic), 8.36 (s, 4H, Pc–aromatic), 8.15-8.08 (m, 4H, Pc–

aromatic), 7.76-7.66 (m, 16H, aromatic–H), 3.16 (m, 8H, CH2), 3.08 (m, 8H, CH2), 2.85 (m, 8H, 

Cy-CH2), 2.66 (s, 8H, Cy-CH2), 1.40 (m, 16H, CH2), 0.96 (s, 4H, S—H). UV–vis (DMSO): λmax (nm), 

(log ε): 352 (4.89), 614 (4.55), 678 (5.45). MALDITOF-MS: Calcd 1651.9, found m/z: 205.338 

[M]8+/z. Anal. Cal. for C80H80N16O4S8Zn8+: C (58.18), H (4.88), N (13.57), S (15.53), found C 

(59.09), H (4.41), N (12.53), S (14.79).  

Tetrakis 3-(4-(2-pyridin-1-ium-1-yl) butyl)-2-mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine zinc (II) (11Q), (Scheme 3.5). 

IR (cm−1):3330-3180 (aromatic C—H), 2923 (aliphatic C—H), 2545 (S—H), 1650 (C C), 1445 

(aromatic C C), 1256 (C–O), 1027 (C–O–C), 756, 830 cm−1 (C—H): 1H NMR (80 MHz, DMSO-

d6): δ (ppm), 8.77-8.68 (m, 4H, Pc–aromatic), 8.23 (s, 4H, Pc–aromatic), 7.72 (s, 4H, Pc–

aromatic), 6.62-6.57 (s, 16H, aromatic–H), 3.90 (m, 8H, aliphatic—CH2), 3.44 (m, 8H, aliphatic 

—CH2), 3.20-3.11 (m, 8H, Cy-CH2), 2.66 (s, 8H, Cy-CH2), 1.44 (m, 16H, aliphatic CH2), 0.66 (s, 

4H, S—H). UV–vis (DMSO): λmax (nm), (log ε): 348 (5.17), 618 (4.63), 682 (5.38). MALDITOF-

MS: Calcd 1651.9, found m/z: 206.809 [M]8+/z. Anal. Cal. for C80H80N16O4S8Zn8+: C (58.18), H 

(4.88), N (13.57), S (15.53), found C (58.51), H (4.56) N (13.28), S (14.82). 

2.3.2.11 Zinc (II) 3-(4-((3,17,23-tris(4-(Benzo(d)thiazol-2-yl] thiol) phthalocyanine-9-yl) oxy) 

phenyl) propanoic acid (12) (Scheme 3.6).  

The precursor phthalonitriles used for the synthesis of 12, 3((4-phenoxy)-propanoic acid) 

phthalonitrile (E) [158] and 4-{[benzo(d)thiazol-2-yl] thiol} phthalonitrile (F) [159] were 

synthesised as reported in literature. Complex 12 was synthesised by cyclotetramerization of 

as follows: a mixture containing E (0.20 g, 0.684 mmol), F (1.004 g, 3.42 mmol), anhydrous Zn 

(OAc)2 (0.08 g, 0.39 mmol) and catalytic amount of DBU was sonicated to form a 
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homogeneous solution in n-hexanol (3 mL). The solution was then refluxed with efficient 

stirring for 24 h under nitrogen atmosphere.  

After cooling, the crude product was precipitated out by adding excess methanol. The 

precipitate was washed several times with methanol under centrifugation, dried under 

vacuum. After drying, the product was purified by chromatography over silica gel using DMF: 

THF (2:8). Yield : 59%: IR (cm−1): 3055, 2924 (aromatic C—H), 2849 (aliphatic C—H) 1715 

(C=O), 1596 (C=C), 1454, 1380 (C–S–C), 1223 (C–O–C): 1H NMR (400 MHz, DMSO-d6): δ (ppm), 

7.90-7.81 (m, 8H, Pc–aromatic), 7.71 (d, 4H, Pc–aromatic), 7.53-7.42 (m, 8H, aromatic–H), 

7.30 (d, 4H, aromatic–H), 7.16 (d, 2H, aromatic–H), 6.87 (s, 2H, aromatic–H), 1.82 (s, 4H, 

aliphatic—CH2). UV–vis (DMSO): λmax (nm), (log ε): 362 (5.01), 620 (4.95), 690 (5.23). MALDI-

TOF-MS: Calcd 1235.04, found m/z: 1237.550 [M+2H].  

 

2.3.2.12 Zinc (II) 3-(4-(3,17,23-tris(3-(4-(triphenylphosphine) butyl) benzo[d]thiazol-3-ium 

bromide phthalocyanine-9-yl) oxy) phenyl) propanoic acid (13).  

Complex 13 was synthesised as outlined for 6. A solution of 4-bromo-butyl-

triphenylphosphonium (58.08 mg, 0.12 mmol) was added to a solution of complex 12 (50 mg, 

0.040 mmol) in toluene (1% DMF, 10 mL). Then reaction mixture was refluxed for 24 h, 

Scheme 3.6. The solvent was evaporated, and reaction mixture was re-dissolved in minimum 

amount of DMF. The product was precipitated out by adding excess of Et2O, followed by 

filtering. The crude product was washed successively with cold MeOH and EtOH to remove 

unreacted starting materials and dried in vacuum Yield: 52%: IR (cm−1): 3055, 2924 (aromatic 

C—H), 2849 (aliphatic C—H) 1715 (C O), 1596 (C C), 1454, 1380 (C–S–C), 1223 (C–O–C): IR 

(cm−1): 3357–3167 (aromatic C—H), 2996 (aliphatic C—H), 1680 (C C), 1431 (aromatic C=C), 
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1244 (C–O–C). 1H NMR (400 MHz, DMSO-d6): δ (ppm), 7.10 (s, 2H, aromatic–H), 7.04 (m, 14H, 

aromatic–H), 7.00 (m, 12H, Pc–aromatic), 6.95-6.93 (m, 45H, aromatic–H), 2.84-2.73 (m, 12H, 

aliphatic CH2), 1.65 (s, 4H, CH2), 1.45 (s, 2H, CH2), 1.18-1.13 (m, 2H, aliphatic—CH2), 0.96-0.89 

(m, 4H, aliphatic—CH2), 0.76-0.70 (m, 4H, CH2). UV–vis (DMSO): λmax (nm), (log ε): 341 (4.91), 

640 (4.82), 684 (5.02). MALDI-TOF-MS: Calcd 445.33, found m/z: 448.33 [M+3H]6+. 

2.3.2.13 General procedure for amide coupling complexes 12 and 13 to ciprofloxacin (CIP), 

Scheme 3.6.  

The covalent linkage of the Pc complexes to CIP was carried out as outlined in literature using 

the secondary amine on ciprofloxacin [160] as follows: a solution was prepared by dissolving 

0.2 mg of 12 or 13 (0.162 mmol for 12, 0.075 mmol for 13), EDC (0.019 g, 0.092 mmol), and 

DMAP (0.005 g, 0.042 mmol) in 15 mL DCM; the mixture was stirred for 2h in the dark. The 

coupling agents were added to activate the carboxylic acid group of the Pc complexes. This 

was followed by addition of CIP (1:1 equivalent, CIP to Pc) to the reaction mixture to allow for 

the formation of amide bond between the activated COOH and the secondary amine of the 

piperazine ring of CIP, Scheme 3.6. The solution was stirred for a further 22 h at ambient 

temperature. The conjugates were separated from the solution with ethanol under 

centrifugation, then washed several times with cold methanol and air-dried. 

 12-CIP:Yield = 91%: IR (cm−1): 3055, 2924  (C−H aromatic), 2849-2922 (aliphatic C—H) 1711 

(C=O), 1624 (O=C–NH),  1591 (C=C), 1454, 1380 (C–S–C), 1223 (C–O–C): 1H NMR (DMSO-d6): 

δ (ppm), 8.67 (s, 1H, COOH (CIP)),  8.17-5.93 (31H, aromatic–H), 3.83 (m, 1H, CH(CIP)), 3.20 

(s, 4H, CH2(CIP)), 2.59 (s, 4H, CH2(CIP)), 1.31-1.30 (d, 2H, CH2(CIP), 1.18-1.17 (d, 2H, CH2(CIP)), 

0.97-0.96 (s, 4H, CH2). UV–vis (DMSO): λmax (nm), (log ε): 331 (5.22), 642 (5.04), 687 (5.18). 

MALDI-TOF-MS: Calcd 1548.16, found m/z: 1546.4 [M-2H].  
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13-CIP:Yield = 82%: IR (cm−1): 3055, 2924 (aromatic C—H), 2849 (aliphatic C—H) 1711 (C O), 

1636 (O=C-NH), 1596 (C=C), 1454, 1380 (C–S–C), 1223 (C–O–C): 1H NMR (DMSO-d6): δ (ppm), 

8.64 (s, 1H, COOH (CIP)),   8.17-6.90 (75H, aromatic—H), 3.99 (m, 1H, CH(CIP)), 3.53 (s, 12H, 

CH2), 1.89 (t, 4H, CH2 (CIP)), 1.73-1.69 (t, 4H, CH2 (CIP)) 1.56-1.55 (m, 4H, CH2), 1.29-1.28 (m, 

8H, CH2), 1.15-1.14 (m, 8H, CH2). UV–vis (DMSO): λmax (nm), (log ε): 341 (5.20), 640 (4.94), 684 

(5.24). MALDI-TOF-MS: Calcd 497.56, found m/z: 496.48 [M - H]6+.  

 2.4 Doping of Pcs into SiNPs using reverse micro-emulsion method and APTES 

functionalisation of Pc@SiNPs, (Scheme 3.7). 

To encapsulate Pc complexes into silica nanoparticles, the method described in the literature 

[161] was used. In summary, in separate 50 mL round bottom flasks mixtures containing 

Triton X-100 (1.80 mL), 1-hexanol (1.80 mL), and cyclohexane (7.5 mL) were prepared. The 

mixtures were stirred for 20 min until they reached homogeneity. Then, 1 mL of Pc complexes 

(1, 1Q, 2, 3, 7, 8, or 8Q; 0.081 mM) in DMF were added separately to each flask. After 10 min 

of stirring, TEOS (0.15 mL, 0.77 mmol) and H2O (0.4 mL) were added to the reaction solutions, 

followed by the addition of 25% NH4OH solution (0.06 mL). The product was collected using 

centrifugation with ethanol. Unreacted components were washed away from the final 

products using ethanol and water.  

The surface of the Pc doped SiNPs (Pc@SiNPs) was functionalised (3-aminopropyl) 

triethoxysilane (APTES) as follows: Degassed toluene (40 mL) was used to disperse Pc-doped 

SiNPs (0.26 g). The mixtures were then refluxed in a nitrogen environment at 110 °C for 24 h 

after APTES (0.5 mL) was added. The products were precipitated under centrifugation using 

ethanol and air-dried to give Pc@SiNPs-APTES. 
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2.4.1 Amide bond formation for FA, GA and AMP with Pc@SiNPs-APTES, (Scheme 3.8). 

The surface functionalisation of Pc@SiNPs-APTES with ampicillin (AMP)/folic acid (FA)/gallic 

acid (GA) was completed as reported in literature [158,162]. For AMP, a solution was 

prepared by dissolving the Pc = 1 or 1Q incapsulated as Pc@SiNPs-APTES (0.5 g), and AMP 

(0.3 g, 8.58 mmol) in DMSO/H2O in the presence of DCC (0.01 g, 0.049 mmol) and DMAP 

(0.005 g, 0.042 mmol). The mixture was stirred for 48 h. The coupling agents were added to 

activate the carboxylic acid group of AMP to allow for covalent linkage with Pc@SiNPs-APTES 

via amide bond formation, Scheme 3.8. The solution was stirred for a further 48 h at ambient 

temperature. 

 A slight difference in experimental outline   was conducted for FA (using Pc = 2 or 3) and GA 

(using Pc = 7, 8, or 8Q), this was done as follows, folic acid (0.014 g, 0.031 mmol) and EDC 

(0.019 g, 0.092 mmol) in DMF/ethanol (2/1) 8 mL followed by stirring in the dark for 2 h. This 

was then followed by the addition of the appropriate Pc@SiNPs-APTES (0.5 g each) and NHS 

(7.24 g, 0.064 mol) to the reaction mixture. The reaction was further stirred in the dark 

at room temperature for 24 h.  

Similarly, a mixture of GA (0.3 g, 1.76 mmol) and EDC (0.019 g, 0.092 mmol) in 

methanol/ethanol (2/1) (8 mL) followed by stirring in the dark for 2 h was prepared. This was 

then followed by the addition of Pc@SiNPs-APTES (0.5 g each) and NHS (7.24 g, 0.064 mmol) 

to the reaction mixture. The coupling agents were added to activate the carboxylic acid group 

of GA to enable amide bond linkage with the amino functionalised surface (APTES), Scheme 

3.8. The mixtures were stirred for a further 48 h at ambient temperature. All the conjugates 

were separated with methanol under centrifugation and air-dried giving the respective 

https://www.sciencedirect.com/topics/medicine-and-dentistry/carboxylic-acid
https://www.sciencedirect.com/topics/chemistry/ambient-reaction-temperature
https://www.sciencedirect.com/topics/medicine-and-dentistry/carboxylic-acid
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Pc@SiNPs-AMP (Pc = 1 or 1Q), Pc@SiNPs-FA (Pc = 2 or 3), and Pc@SiNPs-GA (Pc = 7, 8, or 8Q) 

analogues. 

2.4.2 Protonation of Pc@SiNPs-APTES with 1.3-propanesultone, (Scheme 3.8). 

The protonation of Pc@SiNPs-APTES (Pc = 1 or 1Q) was carried out as reported in literature 

[163] with slight modifications as follows: The appropriate analogues of Pc@SiNPs-APTES 

(0.06 g each) were dissolved in DMSO/ethanol (5 mL). 1,3-Propanesultone (PSn, 1.46 g, 12 

mmol) was added to the mixtures which was then kept at 45 °C for 22 h under deaerated 

conditions using nitrogen gas with stirring. The green products were precipitated by the 

addition of CH2Cl2. The precipitates were filtered off under centrifugation and washed with 

acetone to remove unreacted 1.3-propanesultone. The final products are represented 

Pc@SiNPs-PSn (Pc = 1 or 1Q). 
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2.5 Antimicrobial studies 
 

2.5.1 Planktonic cells 

The bacteria culture was prepared according to a method previously reported in the literature 

[164]. This was done as follows, aliquots of the culture were aseptically transferred to 4 mL 

of fresh broth and incubated at 37 °C to mid logarithmic phase (absorbance ~ 0.6 at 620 nm). 

The bacteria culture in the logarithmic phase of growth were harvested through the removal 

of broth culture by centrifugation (3000 RPM for 15 min), washed once with 10 mM of PBS 

and re-suspended in 4 mL of PBS. Then the bacteria culture was diluted to 1/1000 in PBS 

(working stock solution), corresponding to ~108 colony forming units (CFU)/mL.  

The photoantimicrobial chemotherapy studies were performed by administration of 

appropriate concentration Pc complexes and conjugates in PBS to a bacterial suspension 106 

CFU/mL in PBS. The bacterial suspensions were incubated in an oven equipped with a shaker 

for 30 min in the dark at 37 °C. Then, half (2.5 ml) of the incubated bacterial suspension were 

irradiated in 24 well plates at the Q-band maximum of the photosensitizers with 680 nm light 

from Modulight (irradiance: 524 mV/cm2 and dose: 472 J/cm2), while the other half kept in 

the dark.  After irradiation, 100 μL samples were diluted with 900 μL PBS and were spotted 

on agar plates using a micropipette. The plates were incubated at 37 °C for 24 h. All the studies 

were conducted in triplicates.  

2.5.2 Biofilm formation 

The formation of the single-species biofilms of S. pneumoniae, S. aureus and E. coli was done 

as follows: Freshly prepared inoculum of the bacterial species at 108 CFU/mL was suspended 

in nutrient broth to a final concentration of 109 CFU/mL. A 200 μL aliquot of the suspension 

was seeded in 96 well plates and incubated statically and anaerobically at 37°C for 48 h. After 
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every 24 h of the adhesion phase, unbound cells were removed by gentle washing with 200 

μL PBS, and 200 μL fresh tryptic soy broth was added to stimulate biofilm formation. Bacterial 

species individually cultured in the 96-well plates served as a positive control. At the end of 

the incubation period, the biofilm-coated wells of the 96 well-plates were carefully washed 

twice with 200 μL of PBS to remove the unbound planktonic cells and left to air dry for 30 

min. To quantify the biofilm biomass (OD 570 nm), 200 μL of 1 % aqueous crystal violet (CV) 

solution was added in each well and left to stain for 30 min, followed by gentle rinsing with 

PBS to remove the excess dye before air drying the plates [165,166]. The bacterial biofilm cell 

viability (%) is defined by Eq. (2.1), based on optical density (OD) and determined at λ = 570 

nm: 

Percentage survival (%) =
ODt

ODc
𝑥 100                            (2.1) 

where ODt is the optical density of the biofilm cells treated with the drug after 15/60 min light 

and ODC is the optical density of the control groups, corresponding to 100% cell survival. 

 96-well plates containing biofilms were inoculated with 100 μL of Pcs alone and Pc conjugates 

at gradient dosages of each drug. After the undertaken of incubation in the dark at 37°C, the 

biofilms were irradiated at the Q-band (680 nm) of the PS, using Modulight laser lamp 

(irradiance: 524 mV/cm2 and dose: 472 J/cm2) for 15 min. In all methods, parallel experiments 

were done for the dark and the negative biofilms control group (without drugs) in triplicate.  

 

 

 



CHAPTER TWO  EXPERIMENTAL 

61 | P a g e  

 

2.5.3 Stability of biofilms 

The optimal biofilm substrate for Raman spectroscopy, Scanning electron microscopy (SEM), 

electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV),  analysis, S. 

aureus, S.pneumoniae and  E. coli  biofilms were grown on indium-tin-oxide (ITO)-coated 

glass/aluminium slides (20 cm2) with cells cultured in an extracellular matrix. The (ITO)-coated 

glass/aluminium slides were sterilised with ethanol and autoclaved before being placed in 

two separate sterile Petri dishes for each bacteria strain. In this thesis, Luria-Bertani (LB) broth 

was used to adjust the various bacteria to a concentration of 1 × 108 CFU/mL, and the medium 

was replaced every 24 h for 4 days. After this time, the prepared ITO-glass slides were gently 

washed with PBS (pH 7.2) to remove excess LB broth. The biofilms were then treated with 100 

µL of Pcs alone and Pc conjugates using a predetermined concentration and irradiated at the 

Q-band (680 nm) of the photosensitisers, using Modulight laser lamp (irradiance: 524 mV/cm2 

and dose: 472 J/cm2) for 15 min. 

2.6 PDT activity studies 

2.6.1 In vitro dark cytotoxicity studies 

Before the in vitro photodynamic therapy studies of the drugs, in vitro cytotoxicity studies 

were done in the dark on human breast cancer cells (MCF–7 cells). The MCF–7 cells were 

grown in Dulbecco's modified Eagle's medium (DMEM), which had 4.5 g/L glucose, L-

glutamine, and phenol red. It also had 10% (v/v) heat-inactivated foetal calf serum (FCS) and 

100 units/mL penicillin, 100 g/mL streptomycin, and amphotericin B. The cells were grown in 

75 cm2 vented flasks (Porvair®) and kept in an incubator at 37 oC, 5% CO2, and a humidified 

atmosphere with a humidified atmosphere. The cells were subcultured regularly by standard 

trypsinisation. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/extracellular-matrix
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Trypan blue dye exclusion test (0.40% trypan blue solution) was used to count the live 

trypsinised cells with a hemocytometer. In 96-well tissue culture plates (Porvair®), the cells 

were planted at a rate of 10,000 cells per well in DMEM with phenol red added. The cells were 

then kept at 37°C and 5% CO2 for 24 h to help the cells stick to the wells. The attached cells 

were rinsed with 100 μL of phosphate buffer saline (PBS) once, and then 100 μL of 

supplemented DMEM with increasing amounts of each drug was added. The stock drug 

amounts were made in DMSO or PBS and brought up to the right volume with DMEM that 

had been supplemented. The effect of DMSO or PBS on the cells was studied by putting them 

in 1.0% (v/v) DMSO or PBS in boosted DMEM for 24 h. This is the highest concentration of 

DMSO or PBS in the drug gradient solutions. Placebo cells were kept in DMEM with phenol 

red added to it with or without DMSO and PBS.  

The cells and drugs were put in 96-well plates and kept at 37°C, 5% CO2, and dark for 24 h. 

After 24 hours, the wells were rinsed with 100 μL of DPBS, DMEM with phenol red was added, 

and the plates were put back in the oven for another 24 h. The number of placebo cells (cells 

without drugs that had phenol red added to DMEM) that lived was used to measure cell 

survival. After 24 h of re-incubation with phenol red-supplemented DMEM, the number of 

surviving cells was measured with a cell proliferation neutral red reagent (WST–1 test). 

2.6.2 In vitro photodynamic therapy studies 

The photodynamic treatment studies were evaluated by incubating attached cells seeded as 

previously stated in section (2.6.1). Gradient dosages of each drug were given in a 96-well 

plate with attached cells at a density of 10,000 cells/well in supplemented DMEM (100 μL). 

After 24 h of incubation at 37 oC in 5% CO2 in the dark, the plate was rinsed with 100 μL PBS 

and the supplemented phenol red DMEM was replaced with supplemented phenol red free 



CHAPTER TWO  EXPERIMENTAL 

63 | P a g e  

 

DMEM. Following that, the plates were irradiated with a set light dosimetry of 472 J cm−2. The 

illumination source was a Modulight® ML7200 series Illumination setup or lamp. Following 

illumination, the supplemented phenol red free DMEM was changed with supplemented 

phenol red DMEM; each experiment was carried out in three independent triplicates (n=3). 

Cell survival was calculated as a percentage of placebo cells (cells that did not receive any 

medications). Surviving cells were counted after 24 h of re-incubation with culture media 

using the WST-1 assay. 

2.6.3 WST–1 toxicity and cell proliferation 

The WST-1 assay was used to determine the toxicity and cell proliferation in the monolayers 

of drug-treated and placebo-treated cells, respectively. This was done according to the 

manufacturer's instructions, and the stained live cells were quantified using a Synergy 2 multi-

mode microplate reader (BioTek®). The absorbance at 540 nm was measured using a 

Molecular Devices Spectra Max M5 plate reader. 

Equation 2.1 was used to calculate the % cell viability: 

% cell viability =  
Absorbance sample at 540 nm

Absorbance control at 540  nm
 × 100                                    (2.2) 

where the absorbance of sample is the cells containing drugs while absorbance of control is 

the placebo cells containing only supplemented DMEM with phenol red. The IC50 values of 

the complexes were from percentage cell viability vs concentration curve. 
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2.6.4 Cellular uptake 

The MCF-7 cells (1 × 105 cells/well) were seeded in 24-well cell culture plates and incubated 

for 24 h. The cells were exposed to the Pc complexes (20 μg/mL) for 24 h in the dark. After 

the incubation time, the cells were washed three times with PBS, lysed with 30 μL of Triton-X 

100 and internalised complex is solubilised in 70 μL of DMSO. The cellular uptake was 

measured by determining the Q-band absorbance of the complexes with an ELISA reader. 
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3.1 Syntheses and characterisation of phthalocyanines (Pcs) 

Complexes 4, 9, 10, and 11 were successfully synthesised, as reported in literature [96–99]. 

Complexes 1, 1Q, 2–8, 8Q–11Q, as well as 12 and 13 will all be thoroughly discussed in this 

chapter. These complexes are reported for the first time in this thesis, Schemes 3.1–3.6. 

3.1.1 Synthesis 

3.1.1.1 2,9,16, 23-Tetrakis(2-(piperidin-1-yl) ethoxy) zinc (II) (1) and tetrakis (ethane-2,1-

diyl)) tetrakis (1-methylpiperidin-1-ium) phthalocyanine zinc (II) (1Q). 

Scheme 3.1 shows the synthesis of symmetrically substituted phthalocyanine complexes 1 

and its quaternised derivative complex 1Q. Characterisation of the Pc complexes was 

achieved using infrared, ultraviolet–visible, MALDI-TOF mass and 1H NMR spectroscopies, and 

elemental analyses.  

 

 

 

 

 

 

 

 

R1 =

R2 =

A

11Q

Scheme 3.1: Synthetic route for 4-(3-(piperidin-1-yl) ethanoxy) (A), complex 1 and 1Q. 
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The 1H NMR of 4-(3-(piperidin-1-yl) ethanoxy) phthalonitrile (A) has a total of 17 protons upon 

integration, 3 aromatic protons were observed between 7.29–8.64 ppm and 14 aliphatic 

protons were observed between 1.36–4.23 ppm. Upon cyclotetramerization of A to form 1 a 

total of 68 protons were obtained: 12 aromatic protons from 7.65 to 9.27 ppm which are 

attributed to the Pc macrocyclic ring. An addition of 56 protons was also observed between 

1.48–4.61 ppm these protons are assigned to the aliphatic ligands of the Pc. The quaternised 

complex 1Q had an additional sharp singlet upfield (δ =3.15 ppm) from the additional CH3 

protons. For 1Q the 12 aromatic protons from the Pc macrocyclic ring appeared between 7.91 

and 9.39 ppm. Aliphatic protons were observed between 1.69 and 4.15 ppm. 

The Fourier transform infrared (FT-IR) spectroscopy was used to assess the functional groups 

present on the respective molecules. Upon cyclotetramization of A to form complex 1 the 

absence of the nitrile at 2212 cm− 1 in 1 indicates the successful formation of complex, Figure 

A1 (a) (Appendix). Elemental analysis and mass spectra gave the expected values for both 1 

and 1Q.  

3.1.1.2 Tetrakis N, N’ –Bis (4-(diethylamino) benzylidene) amino) propan-2-yl) oxy) 

phthalocyanine zinc (II) (2) and tetrakis N, N’–Bis (4-(diethylamino) benzylidene) amino) 

propan-2-yl) oxy) phthalocyanine zinc (II) (3). 

 

Scheme 3.2 depicts the synthetic route for complex 2. Firstly, complex B was synthesised by 

Schiff base reaction of 4-(diethylamino) benzaldehyde with 1,3-diamino-2-propanol. Complex 

B was then reacted with 4-nitophthalonitrile via nucleophilic aromatic substitution to form 

the phthalonitrile C, Scheme 3.2. Complex 2 was produced by cyclocondensation of C in the 
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presence of DBU, zinc metal salt and n-hexanol. Complex 3 was formed by reaction of formyl 

substituted phthalocyanine (4) with 4-(diethylamino) benzaldehyde, Scheme 3.2.   

 

 

 

 

 

R1 =

B

C2
R3 =

R4 =

3

Scheme 3.2: Synthetic route of N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-

ol (A), N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-yl) oxy) phthalonitrile (C), 

complex (2) and complex 3.  
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The 1H NMR spectra of N, N’–bis (4-(diethylamino) benzylidene) amino) propan-2-yl) oxy) 

phthalonitrile C depicted a multiple at 1.08–1.13 ppm which gave 12 protons upon integration 

which account for CH3 groups. A quartet depicted at 3.45 ppm which was integrated to 8 

protons corresponding to CH2 groups was observed. An addition of 5 more protons 

corresponding to CH2 of C were integrated as two triplets at 3.76 and 3.96 ppm and as a singlet 

at 5.14 ppm. Signals resonating from 6.64 to 8.11 ppm were integrated to a total of 11 protons 

that correspond to the aromatic ring of C. A singlet at 9.62 ppm corresponding to the 2 alkene 

protons was observed further downfield bringing the total number of protons for C to 38. 

The 1H NMR spectra of complex 2 depicted a total of 152 protons. Two multiplets resonating 

at 0.97–1.00 ppm and 1.04–1.06 ppm was observed integrated to give 24 protons each, which 

are attributed to the CH3 group of 2. A signal resonating as a singlet at 2.97 ppm was also 

integrated to a total of 16 protons which also correspond to CH2 alkane chains of 2. The 4 

aliphatic protons of the ether group of C appeared at 3.07 ppm as a singlet for 2. The 32 

protons pertaining to the CH2 dimethyl amino group were also observed between 3.36 and 

3.38 ppm. The 32 aromatic protons pertaining to the aromatic rings of 2 were observed from 

6.70 to 7.61 ppm. The aromatic protons (12) belonging to the Pc macrocyclic ring appeared 

between 8.28 and 8.64 ppm as singlet signals. The signal observed high upfield resonating as 

a singlet with 8 protons at 9.56 ppm pertains for the alkene groups of 2. The 1H NMR spectra 

of complex 3 also gave the expected number of protons on integration appropriately. For 

complex 2, mass to charge ratio of 2201.17 m/z was calculated and 2202.13 m/z was 

obtained, while 3 had a calculated mass to charge ratio of 1528.52 and 1529.50 was obtained.  

The disappearance of the CN band at 2224 cm−1 in the FT-IR spectrum of C from that of 2 

confirms formation of the latter, Figure 3.1.  



CHAPTER THREE                                                                 SYNTHESES AND CHARACTERISATIONS         

 

72 | P a g e  

 

500 1000 1500 2000 2500 3000 3500 4000

2@SiNPs-FA

 

Wavenumber(cm
-1
)

1618

3341

2@SiNPs-APTES

 

%
  

T
ra

n
s
m

it
ta

n
c
e

1063

1638

Complex 2

 

2938

 

 

C

2224

2973

 

Figure 3.1: FT–IR spectra of B, 2, 2@SiNPs-APTES and 2@SiNPs-FA. 
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Table 3.1. Q–band maxima (λabs (nm)) and Lipophilicity in 1%DMSO–H2O (where applicable) 

of synthesised Pc complexes. Table 5 

 

 
Complex 

 
Media 
(λabs) 

 

Q–band λabs (nm) 

Log PO/W 

1 DMSO 678 — 

1Q DMSO 684 — 

2 DMSO 688 — 

3 DMSO 684 — 

4 DMSO 683 0.47 

5 DMSO 683 –0.21 

6 DMSO 684 –0.39 

7 DMSO 679 — 

8 DMSO 687 — 

8Q DMSO 683 — 

9 DMSO 684 0.20 

9Q DMSO 683 –0.17 

10 DMSO 679 0.19 

10Q DMSO 678 –0.18 

11 DMSO 678 0.21 

11Q  DMSO 682 –0.16 

12 DMSO 690 –3.08 

12-CIP DMSO 687 –0.33 

13 DMSO 684 –3.87 

13-CIP DMSO 684 0.33 
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3.1.1.3 Tetrakis(1-butyl-4-(4(tetraphenoxy)styryl) pyridin-1-ium) phthalocyanine (5) and 

tetrakis(4-(4-(tetraphenoxy) styryl)-1-(4-(triphenyl-phosphonio) butyl) pyridin-1-ium) 

phthalocyanine zinc (II) (6). 

The synthesis of 1-butyl-4-methylpyridin-1-ium bromide (PyB) and butyl triphenylphosphine 

(PyBP), which are precursors to complexes 5 and 6 is shown in Scheme 3.3.  

Scheme 3.3 shows the schematic route for the synthesis of complexes 5 and 6. The complexes 

were synthesised by Knoevenagel condensation reaction of tetrakis (2-formylphenoxy) 

phthalocyanine zinc (II) (4) with 1-butyl-4-methylpyridin-1-ium bromide (PyB) and butyl 

triphenylphosphine (PyBP) to form 5 and 6, respectively. The elemental analyses gave 

percentage carbon values that were within 1% for the studied complexes, which are within 

the justifiable range for Pc complexes.  1H NMR was recorded in DMSO‑d6 for all the 

complexes and yielded the expected signals. Complex 5 showed aromatic protons between 

8.70 and 7.10 ppm, CH protons at 3.65 ppm, CH2 protons between 1.72 and 0.38 ppm and 

CH3 protons at 0.02 ppm. Complex 6 showed similar signals to 5. Aromatic protons were 

integrated between 8.73 and 6.91 ppm, the additional signal for 6 at 7.01–6.91 ppm indicates 

the structural variation between 5 and 6 with the latter consisting of the triphenylphosphine 

group. In the context of aliphatic protons, the CH peak was observed at 3.67 ppm, and the 

CH2 peak lies between 1.76 and 0.69 ppm. 
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Scheme 3.3: Synthetic route of (PyB), (PyBP), and complexes 5 and 6. Scheme  
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3.1.1.4 Tetrakis 4-(5-formylpyridin-2-yl) oxy) phthalocyanine zinc (II) (7), tetrakis-1-butyl-4-

(2-(6-(tetra-phenoxy) pyridin-3-yl) vinyl) pyridin-1-ium phthalocyanine zinc (II) (8), and 

tetrakis 1-butyl-5-(2-(1-butylpyridin-1-ium-4-yl) vinyl)-2-(tetra-phenoxy) pyridin-1-ium 

phthalocyanine zinc (II) (8Q). 

Scheme 3.4 shows the schematic route for 4-((5-formylpyridin-2-yl) oxy) phthalonitrile (D), 

complexes 7, 8 and 8Q. Complex 7 was synthesised by cyclotetramerization of D. Knoevenagel 

condensation reaction of 7 with 1‑butyl‑4-methylpyridin-1-ium bromide yielded 8. Further 

alkylation of complex 8 with 1-bromobutane afforded complex 8Q, Scheme 3.4.   

The 1H NMR spectra of the complexes showed broad 1HNMR signals in some instances. The 

broadness is assigned to both chemical exchanges as a consequence of aggregation–

disaggregation equilibrium and the reality that symmetric Pc complexes exist as mixtures of 

four positional isomers. Phthalonitrile D showed an aldehydic proton at 8.25 ppm and 

aromatic protons between 7.90 and 7.13 ppm (Figure A2). Complex 7 displayed aldehyde 

protons at 9.66 ppm and aromatic protons between 9.06 and 7.77 ppm. The aromatic protons 

and CH in Complex 8 were shown to be between 8.87 and 7.50 ppm, the CH2 protons between 

4.25 and 0.95 ppm, and the CH3 protons between 0.71 and 0.60 ppm. Lastly, in similar fashion 

to 8, complex 8Q depicted a combination of aromatic and CH protons signals ranging between 

9.03 and 7.02 ppm, CH2 protons between 4.24 and 0.84 ppm and CH3 protons at 0.67–0.52 

ppm. Mass spectral data also confirmed the formation of the complexes. In the FT-IR 

spectrum of complex 7 the disappearance of the nitrile stretch of the phthalonitrile D at 2212 

cm−1 confirms the successful synthesis of 7, as shown above for complex 2. 
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Scheme 3.4: schematic route for the synthesis of 4-((5-formylpyridin-2-yl) oxy) 

phthalonitrile, complexes 7, 8 and 8Q.  
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3.1.1.5 Tetrakis 3-(4-(4-pyridin-1-ium-1-yl) butyl)-2-mercapto-4,5-dihydrothiazol-3-ium 

phthalocyanine zinc (II) (9Q), tetrakis 3-(4-(3-pyridin-1-ium-1-yl) butyl)-2-mercapto-4,5-

dihydrothiazol-3-ium phthalocyanine zinc (II) (10Q), and tetrakis 3-(4-(2-pyridin-1-ium-1-yl) 

butyl)-2-mercapto-4,5-dihydrothiazol-3-ium phthalocyanine zinc (II) (11Q). 

 

The synthetic route for 3-(4-bromobutyl)-2-mercapto-4,5-dihydrothiazol-3-ium bromide 

BMDBr is shown in Scheme 3.5. Complexes 9Q, 10Q, and 11Q were respectively synthesised 

by alkylation of Pc complexes 9, 10, and 11 with BMDBr. Complex 9Q, 10Q, and 11Q depicted 

similar 1H NMR spectra, some of which are broad due to previously mentioned factors. 

Complex 9Q showed aromatic protons ranging from 8.76 to 6.37 ppm. CH2 protons were 

observed between 3.19 and 1.60 ppm, and lastly SH at 1.41 ppm. Equally 

complex 10Q displayed the same number of protons as 9Q, with aromatic protons between 

8.68 and 7.66 ppm. CH2 protons occur between 3.16 and 1.40 ppm and SH at 0.96 ppm. Lastly, 

complex 11Q likewise depicted aromatic protons between 8.77 and 6.57 ppm, CH2 protons 

are between 3.90 and 1.44 ppm, and SH protons at 0.66 ppm.  
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BMDBr

R1= 9 =                               R2= 9Q =

R1= 10 =                                 R2= 10Q =

R1= 11 =                                  R2= 11Q =

Scheme 3.5: Synthetic route for complexes 9Q, 10Q, and 11Q. Scheme 
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3.1.1.6 Zinc (II) 3-(4-((3,17,23-tris(4-(Benzo(d)thiazol-2-yl] thiol) phthalocyanine-9-yl) oxy) 

phenyl) propanoic acid (12) and Zinc (II) 3-(4-(3,17,23-tris(3-(4-(triphenylphosphine) butyl) 

benzo[d]thiazol-3-ium bromide phthalocyanine-9-yl) oxy) phenyl) propanoic acid (13). 

 

Scheme 3.6 illustrates the synthesis of the asymmetrical complex 12 and 13. Complex 12 was 

synthesised using two dissimilar phthalonitriles in the presence of 1-hexanol, DBU and zinc 

acetate. DBU is used as a catalyst following literature methods, for the synthesis of 

phthalocyanines [160]. Possible products using this mixed condensation method include 

symmetric A4 and B4 compounds, asymmetric A3B and A2B2, and the target AB3 [160]. Complex 

12 is linked to butyl triphenylphosphine (PyBP) to form 13, Scheme 3.6.  
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Both 12 and 13 are then linked to CIP to form 12-CIP and 13-CIP, respectively, Scheme 3.6. 

Due to instrument malfunction, the elemental composition of 12, 13, 12-CIP and 13-CIP could 

not be determined; instead, the complexes were characterised using 1H NMR and mass 

spectroscopies. 1H NMR spectroscopies were in accordance with the proposed 12 and 13. 

MALDI TOF mass spectra showed expected mass which considers the charge on the complex 

R1 = R3 = 

R2 =

R = R2

or

R = R3

12 13

12-CIP or 13-CIP

E

F

Scheme 3.6: Synthetic route for complexes 12, 13, 12-CIP and 13-CIP. chem 
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for 13. The complexes showed good solubility in most organic solvents.  Complex 12 gave 

aromatic protons in the 1H NMR spectrum between 7.90–6.87 ppm and CH2 protons were 

observed at 1.82 ppm. Due to reasons provided above, the 1H NMR signals were broad. 

Complex 13 displayed aromatic protons signals between 7.10 to 6.93 ppm. Aliphatic CH2 

protons signals were integrated between 2.84 and 0.70 ppm. The Pc-CIP conjugates gave 

three aromatic and thirteen additional aliphatic protons. The aromatic protons range from 

8.17-5.93 ppm and 8.17-6.90 ppm for 12-CIP and 13-CIP, respectively. The aliphatic protons 

were integrated at a range of 3.83-0.96 ppm (12-CIP) and 3.99-1.14 ppm (13-CIP). The 

carboxylic group proton from CIP were observed at 8.67 and 8.64 ppm for 12-CIP and 13-CIP, 

respectively. 

The amide linkage between Pc complexes 12 and 13 to CIP was established using FT-IR, Figure 

3.2. The bond was formed via the secondary amine of the piperazine ring of ciprofloxacin and 

the carboxylic functional group of the Pc complexes, as illustrated in Scheme 3.6. The amide 

vibrational bands were observed at 1624 and 1636 cm-1 for complexes 12-CIP and 13-CIP, 

respectively [167]. Characteristic aromatic C—H vibrational bands at 3056, 2924 cm-1, 

aliphatic C—H vibration at 2849 cm-1, C O vibration at 1711 cm-1, C C vibrations at 1503, 1591 

cm-1, C–S–C vibrations at 1454, 1380 cm-1 and C–O–C 1223 cm-1 were shared amongst the 

complexes 12 and 13. The elemental composition of could not be obtained due to instrument 

breakdown only NMR and mass spectroscopies were used to characterise the complexes.  

 



CHAPTER THREE                                                                 SYNTHESES AND CHARACTERISATIONS         

 

83 | P a g e  

 

 

Figure 3.2:   FT–IR spectra of 12, 12-CIP, 13, and 13-CIP. Figure 
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3.1.2 Electronic absorption spectra of the studied Pcs 

3.1.2.1 Symmetric Pcs  

Figures 3.3—3.9 show the electronic absorption spectra of all of the studied Pcs and their 

respective conjugates in DMSO. The ground state electronic absorption spectra of the Pcs 

displayed characteristic monomeric behaviour in DMSO. The UV–vis spectra of complexes 1 

and 1Q showed no signs of band broadening due aggregation, typical of metalated Pc with 

degenerate D4h symmetry, Figure 3.3. Complex 1 gave a Q band at 678 nm and 1Q at 684 nm 

in DMSO, thus the latter is red shifted (Table 3.1). 
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Figure 3.3: Absorption spectra of 1 and 1Q in DMSO. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/dimethyl-sulfoxide
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Complex 3 has a blue shifted Q–band compared to 2 (Figure 3.4). There is a blue shift for 3 is 

due to the reduction in the number of nitrogen groups in the former. Nitrogen containing 

groups are known to result in red shifting in Pc complexes [168].  
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Figure 3.4: Absorption spectra of 2 and 3 in DMSO. 

 

A typical monomeric behaviour was observed in DMSO for 4, 5, and 6 with a narrow Q band 

at 683/684 nm (Table 3.1) and a broad B band in the 300–350 nm region, Figure 3.5. A charge 

transfer band (CT) was observed in the 450–550 nm region in the spectra of 5 and 6 which is 

absent in that of the precursor complex 4 indicating the extension of 4 with 1-butyl-4-

methylpyridin-1-ium and butyl triphenylphosphine groups to form 5 and 6, respectively. A 

narrow Q band was observed for 7, 8, and 8Q at 679, 687, and 683 nm (Table 3.1) and a broad 

B band in the 300–350 nm region. Aggregation in Pcs is defined as the coplanar association of 

rings progressing from monomer to dimer and higher order complexes; it is influenced by 

various factors, including concentration, steric hindrance, temperature, and the nature of 

https://www.sciencedirect.com/science/article/pii/S157210002300248X#tbl0001
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substituent [169,170]. The pyridine ring on the substituents is aromatic hence will contribute 

to the π-π stacking. The Pc ring is closest to the pyridine in complex 11Q. Thus, aggregation is 

expected to be more enhanced in 11Q (ortho-substituted) compared to 10Q (meta-

substituted) and 9Q (para-substituted) [171]. The absorption spectra of all the Pc complexes 

exhibit split or broad Q-band in 1%DMSO/H2O typical of aggregated Pcs [172], Figure 3.5 and 

3.6 (b).  

 

 

Figure 3.5: Absorption spectra of complexes 4 (a), 5 (b) and 6 (c) in DMSO and water/1% 

DMSO. (d) Overlay of the spectra of 4, 5 and 6 in DMSO (concentration ∼2.0 × 10−6 M).  
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Optimised geometries were calculated for a zinc Pc model complex (ZnPc) and 4–6 by using 

the B3LYP functional of the Gaussian 09 software package with 6-31G basis sets. TD-DFT 

calculations were carried out in a similar manner with the CAM-B3LYP functional [173] since 

it contains a long-range correction. Optical spectra and TD-DFT calculations were carried out 

for complexes 4, 5, and 6 as examples. The electronic structures of Pcs can be readily 

understood with respect to a 16 atom 18 π-electron system corresponding to the inner ligand 

perimeter with a highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) with ML = ± 4 and ±5 properties [174,175], respectively. This results 

in B and Q bands of Gouterman's 4-orbital model [175] with ΔML = ± 1 and ±9 properties, 

respectively. Michl [174] introduced an a, s, -a and -s nomenclature for the four “Gouterman 

molecular orbitals, MOs” derived from the HOMO and LUMO of the parent perimeter 

depending on whether a nodal plane (a/-a) or MO coefficients (s/-s) are aligned with the y-

axis, Figure A3 (Appendix).  
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Figure 3.6:  Absorption spectra of complexes 9Q, 10Q, and 11Q (a) in DMSO (concentration 

∼2.0 × 10−6 M) and (b) in water/1% DMSO. Figure 
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The MOs involving this additional transition for 5 and 6 is shown in Figure A4 and A5 

(Appendix), with transitions shown in Table A1 (Appendix). This is likely to primarily be 

responsible for the CT band that is observed in this spectral region (450–550 nm). In contrast 

with the Q and B band regions, very weak magnetic circular dichroism (MCD) intensity is 

observed in this spectral region, since the transitions involved lack the significant changes in 

orbital angular momentum properties with respect to the inner perimeter of the macrocyclic 

ring.  

Magnetic circular dichroism (MCD), based on the analyses of the three Faraday 

terms, A1, B0 and C0 [176,177], can be used to identify the main electronic bands 

for 4, 5 and 6 since the intensity mechanism is related to changes in orbital angular 

momentum. Derivative-shaped pseudo-Faraday A1 term with crossover points between 600–

750 nm (Q-band) and 300–400 nm (B-band) dominates the MCD spectra of 5 and 6 (Figure 

3.7) due to the large orbital angular momentum changes associated with Q and B transitions, 

since the -a and -s MOs are near degenerate for symmetry reasons. Using the MCD 

spectroscopy of the complexes, the 683 and 354 nm and 682 and 355 nm wavelengths are 

assigned as pseudo-A1 terms to the Q and B transitions of 5 and 6, respectively (Figure 3.7). 
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TD-DFT spectra (Figure 3.8) for 4, 5 and 6 were calculated using the Gaussian software 

package. Single intense bands arising from the Q and B transitions are predicted in the TD-

DFT calculation. An intense band is predicted for a transition between MOs localised on the 

substituents of 5 and 6 in spectral region 450–550 nm, Figure 3.8. 
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Figure 3.7: Absorption and MCD spectra of a) 5 and b) 6 in DMSO. 
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Figure 3.8: Calculated TD-DFT spectra of the ZnPc model complex and 4–6. The predicted Q 

and B are highlighted with red diamonds. The Chemcraft program was used to simulate the 

calculated spectra using the fixed bandwidths of 1000 cm−1. 
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3.1.2.2 Asymmetric Pcs  

The ground state electronic absorption spectra for 12, 12-CIP, 13, and 13-CIP in DMSO, 

showed characteristic the Q and B bands, Figure 3.9. There was broadening of Q-bands due 

to aggregation. Complex 12 showed a more monomeric behaviour when compared to 13. This 

could be due to the fact that the latter contains triphenylphosphonio, which add additional  

bonds, increasing aggregation. For complex 12 there is more aggregation in the presence of 

CIP, this could be due to more  bands in the latter. However, for complex 13, aggregation 

decreased in the presence of CIP for 13-CIP. The Q-band maximum for complex 13 is observed 

at 684 nm which is blue shifted compared to complex 12 at 690 nm, Table 3.1. The blue shift 

is due the fact that the mesomeric effect of the lone pair of the nitrogen atoms is removed 

following the linking of complex 12 to PyBP [178]. An enhancement in the absorption of the 

B bands in the 300–350 nm region for 12-CIP and 13-CIP is due to the absorption of CIP. There 

is no change in the Q band maxima for 13 following linking to CIP and a small blue shift for 12. 
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Figure 3.9: Overlay absorption spectra of CIP, 12, 12-CIP, 13, and 13-CIP in DMSO (Pc 

concentration ~ 2.0 x 10-6 M). Figure 9 

 

 

 

 

 

 

 

 

 

 

 



CHAPTER THREE                                                                 SYNTHESES AND CHARACTERISATIONS         

 

93 | P a g e  

 

3.1.3 Lipophilicity measurement.  

The lipophilicity (log Poctanol/water (Po/w)) measurements were determined to predict the ability 

of Pc complexes to diffuse to across a cell membrane. The log Po/w values were measured by 

the “shake-flask” method [179], and are presented as partition coefficients expressed in log

Po/w for selected Pc complexes (Table 3.1). A negative log Poct indicates hydrophilicity, 

whereas a positive value denotes a lipophilic nature. Bacteria membranes are characterised 

as lipids: hence the lipophilic complexes will diffuse most rapidly. The lipophilicity (log Po/w) 

values of complexes 4-6, 9-11, 9Q-11Q, and 12-13 along with their corresponding conjugates 

12-CIP and 13-CIP are determined as examples.  The calculated log P values are 4 (0.47), 5 

(−0.21) and 6 (−0.39). The value is positive for 4 indicating lipophilicity. Similarly, to complex 

4, the calculated log Po/w values are positive for 9, 10, and 11, hence indicating lipophilicity.  

The values are negative for 5 and 6 indicating hydrophilicity. Complex 6 gave a more negative 

value compared to 5, probably due to the two cationic charges present in 6 on each ring 

substituent as opposed to one charge for 5. For 9Q (−0.17) > 11Q (−0.16), > 10Q (−0.18) the 

values are also negative indicating hydrophilicity. The values for the cationic 9Q, 10Q, 

and 11Q are not too different. The same applies to 9, 10, and 11. Complexes 12, 13 along with 

their conjugates 12-CIP and 13-CIP gave log  Po/w of –3.08, –3.87, –0.33, and 0.33, respectively. 

The higher lipophilic character of 13-CIP is attributed to the conformational composition of 

the complex and thus interacting more with the negatively charged cell wall [14], in addition 

to the introduction of the lipophilic CIP moiety [180] to the molecular structure of 13. 
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3.2 Nanoparticles (NPs) and composites 

The reverse microemulsion synthetic route (Scheme 3.7) was used to encapsulate the Pc dye 

into SiNPs (Pc@SiNPs), this method encompasses, a solution of a Pc dye, water, and aqueous 

ammonia are combined with sufficient amounts of surfactant, cosurfactant, organic solvent, 

aqueous ammonia serves as both a catalyst (NH3) and a reactant (H2O) in the hydrolysis of 

TEOS. The surface of the Pc@SiNPs are further functionalised with an amino group for ease 

of surface modification, Scheme 3.7. 

 

 

 

 

 

 

3.2.1 Pcs loading into SiNPs 

The loading of Pc dye onto the SiNPs was assessed following literature methods  [161], using 

UV-vis spectra. This involved comparing the Q-band absorbance intensity of the doped Pc 

conjugate with that of the Pc before conjugation. The loading values are shown in Table 

3.2.  The loading is higher for PSn conjugates compared to AMP conjugates, this could be 

MPc = 

APTES = (3-Aminopropyl)triethoxysilane)

Scheme 3.7: Synthetic route for doping of Pc complexes (1, 1Q, 2, 3, 7, 8, and 8Q) into SiNPs and 

their amino functionalisation. Scheme 4 
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attributed to the shorter reaction time, which could have resulted in less leaching of the Pc 

from silica matrix during the surface modification of Pc@SiNPs-APTES with PSn. The loading 

is higher for the cationic Pcs 8 and 8Q, compared to 7, this could be attributed to the greater 

binding between silica particles and cationic Pcs, which are negatively charged and positively 

charged [181], respectively. The difference in loading capacity of the Pcs is also attributed to 

the steric bulkiness of the Pc complexes.  

3.2.2 Surface functionalisation of Pc@SiNPs-APTES and characterisation 

For the surface functionalisation of the Pc@SiNPs-APTES, priority was given to 

ligands/molecules containing antimicrobial and anticancer properties with suitable linking 

moieties for ease of linkage to the surface Pc doped SiNPs-APTES, (Figure 3.10; Scheme 3.8). 

 

 

  

Ampicillin (AMP) 

1,3-Propanesultone (PSn) 

Gallic acid (GA) 

Folic acid (FA) 

Figure 3.10: Representation of biomolecules used for surface functionalisation of 

Pc@SiNPs-APTES. 
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MPc@SiNPs-FA

d)

DMSO = Dimethylsulfoxide 

DCC = N, N'-Dicyclohexylcarbodiimide 

DMAP = 4-Dimethylaminopyridine 

EtOH = Ethanol 

EDC = 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide 

NHS = N-Hydroxysuccinimide 

MeOH = Methanol 

 

 

 
Scheme 3.8: Synthetic route for surface functionalisation of Pc@SiNPs-APTES with a) 

ampicillin (AMP), b) 1,3-propanesultone (PSn), c) gallic acid (GA), and d) folic acid (FA). 
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Scheme 3.8 shows the surface fabrication of amino functionalised Pc@SiNPs-APTES with 

COOH group of gallic acid (GA), folic acid (FA), and ampicillin (AMP) via amide linkage. The 

protonation of Pc@SiNPs-APTES with 1.3-propanesultone (PSn) was also performed.  

 

Table 3.2. DLS data, Loading and Q-band maxima (in DMSO) of the Pc@SiNPs conjugates 
synthesised. Table 6 

 
Complex 

 
DLS size (nm)a 

Loading 

 (µg Pc/mg SiNPs) 

Q–band λabs (nm) of 

Pc@SiNPs-derivative 

Q–band λabs 

(nm) of Pc alone 

1@SiNPs-APTES 43.5 
(40.2) 

43 677 678 
 

1@SiNPs-PSn 79.7 46 679 678 

1@SiNPs-AMP 164.1 38 678 678 

1Q@SiNPs-APTES 48.2 63 682 684 

1Q@SiNPs-PSn 78.7 59 683 684 

1Q@SiNPs-AMP 155.6 34 681 684 

2@SiNPs-APTES 51.0 59 685 688 

2@SiNPs-FA 58.3 48 685 688 

3@SiNPs-APTES 53.2 43 685 684 

3@SiNPs-FA 63.1 39 684 684 

7@SiNPs-APTES 72 49 684 679 

7@SiNPs-GA 126 43 689 679 

8@SiNPs-APTES 44 77 691 687 

8@SiNPs-GA 90 61 686 687 

8Q@SiNPs-APTES 43 112 693 683 

8Q@SiNPs-GA 79 98 689 683 

avalues in brackets are for SiNPs-APTES alone 
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3.2.2.1 FT-IR spectra and XPS 

Figure 3.11 shows the FT-IR spectra of 8Q, 8Q@SiNPs-APTES, and 8Q@SiNPs-GA (as 

examples). A prominent siloxane band (Si—O—Si) at 1020–1166 cm−1 due to the presence of 

SiNPs. The absence of the primary amine from APTES vibrational band (at 1560 cm−1 in 

8Q@SiNPs-APTES) along with the formation of a new vibrational band at 1647–1689 cm−1 

(amide band O C—NH) in (Pc@SiNPs-GA) indicate the formation of an amide bond [182]. 
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Figure 3.11: FT–IR spectra of complex 8Q and its conjugates 8Q@SiNPs-GA. 

 

The protonation of 1Q@SiNPs-APTES to 1Q@SiNPs-PSn was confirmed by the shifts in the IR 

peak of siloxane band (Si—O—Si) from 1069 cm-1 in the former to 1128 cm−1 in the latter, and 

the introduction of the sulfonyl function band at 1021 cm−1. Figure A1 (b) (Appendix) shows 
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covalent linkage of Pc@SiNPs-APTES to AMP to form Pc@SiNPs-AMP is proved by the shift in 

the position of the NH peak (3281 cm−1) as well as the appearance of a peak at 1620 cm−1. 

FT-IR spectra was once more used to assess the linkage of FA to the surface of Pc@SiNPs-

APTES. FA molecule possesses two carboxyl groups, termed α and γ, (Scheme 3.8) which can 

act as handles for covalent attachment. Many folic acid conjugates form the covalent bond 

mainly through the γ carboxylic acid [183]. Thus, it is assumed in this work that coordination 

FA occurs mainly through the γ carboxylic acid. It has been reported that the α carboxylic acid 

moiety of FA disrupts folate receptor binding recognition more than the γ [184]. Following 

conjugation to FA the conjugates became partially water soluble. 

 The confirmation of an amide between FA and Pc@SiNPs-APTES is complicated by the fact 

that FA alone has amide bonds. Similarly, to 8Q above, the encapsulation of the Pc complexes 

(using complex 2 as an example in this case) into SiNPs matrix is confirmed by the vibrational 

stretching of the siloxane band (Si—O—Si) in the 1063 cm−1, Fig 3.1. The conjugation of folic 

acid to the surface of 2@SiNPs-APTES is confirmed by the shifts in the IR bands, as well as the 

vibrational stretching at 1618 cm−1, Fig 3.1 [183], in 2@SiNPs-FA and the slight broadening 

observed in the 3341 cm−1 regions. The latter vibration is due to the α or γ carboxylic OH 

group that did not take part in the amide bond formation, which provides evidence for the 

presence of folic acid on the surface Pc@SiNPs. For folic acid alone, the carbonyl peak shifts 

to 1698 cm−1 [182] when compared to 2@SiNPs-FA, indicating alterations. 

The deconvoluted high resolution XPS N1s spectra of FA and 2@SiNPs-FA (as an example) are 

shown in Figure 3.12. The N 1s core level spectra for FA (Figure 3.12) could be fitted into three 

chemically distinct components with binding energies 397.2 eV, 397.8 eV and 399.5 eV due 
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to (Nin ring), (NH2) and (CONH) bonds, respectively. The amide bond for FA (CONH) alone was 

observed 399.5 eV. This peak was still observed upon conjugation of FA to 2@SiNPs-APTES 

with an intensity of 3482 cps. A new peak (amide bond, N—H) at a binding energy 401.7 eV 

and an intensity 3702 cps was also observed confirming the interaction of 2@SiNPs-APTES 

with FA and the formation of 2@SiNPs-FA [185]. 

 

Figure 3.12: High resolution XPS N1s spectra of FA and 2@SiNPs-FA. Figure 10 
 

 

3.2.2.2 Transmission electron microscope (TEM) and dynamic light scattering (DLS) 

The morphology, dimensions and hydrodynamic diameter of synthesised Pc@SiNPs and the 

subsequent surface modified conjugates were measured using a transmission electron 

microscope (TEM) and dynamic light scattering (DLS). Using the Pc doped conjugates of 

complexes 7, 8 and 8Q (as examples) Figure 3.13. TEM images show monodispersed particles 

for 8Q@SiNPs and 8Q@SiNPs-APTES but shows aggregation for 8Q@SiNPs-GA. Aggregation 

2@SiNPs-FA
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in Figure 3.13 (c) for 8Q@SiNPs-GA as an illustration, may be due to possibility π-π stacking 

between the Pcs on adjacent NPs. Pcs are known for their π-π-stacking to form H aggregates 

[172]. All DLS plots (Figure 3.14) gave polydispersity index (PI) values between 0.10 -and 0.24. 

The size distributions of the analysed conjugate complexes are summarised on Table 3.2. 
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Figure 3.13: TEM images of synthesised Pc doped SiNPs for a) 8Q@SiNPs, b) 8Q@SiNPs-

APTES and c) 8Q@SiNPs-GA.  

 

Figure 3.14: Dynamic light scattering of (a) 8Q@SiNPs-APTES and (b) 8Q@SiNPs-GA. Figure 
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Using DLS, the average diameter of the surface modified Pc@SiNPs-APTES are measured to 

be around 72, 44 and 43 nm for complexes 7, 8 and 8Q, respectively, Table 3.2. Because of 

the GA linkage, the diameter of Pc@SiNPs-GA was slightly larger than that of APTES 

functionalised SiNPs, with average diameters of 126, 90, and 79 nm for 7@SiNPs-

GA, 8@SiNPs-GA and 8Q@SiNPs-GA, respectively.   

The electrostatic interactions play a pivotal role in PACT and drug delivery in general, as such, 

to validate the difference in the colloidal stability for the conjugates of Pc complexes 7, 8 and 

8Q specifically, surface zeta potential (ζ-potentials) was measured. The surface ζ-potentials 

for the Pc complexes alone are determined to be −12.03, 13.4, and 27.5 mV, for complexes 7, 

8 and 8Q, respectively, Table A2. The values are negative for neutral 7 and positive for 

positively charged 8 and 8Q. ζ-potential value for GA alone of −10.5 mV was obtained, hence 

the values in the presence of GA are negative in Table A2. A high surface ζ-potentials (negative 

or positive) will confer stability, meaning the solution or dispersion will resist aggregation 

[186]. Low surface ζ-potentials values can undergo attractive forces that may exceed this 

repulsion resulting in aggregation. 

3.2.2.3 UV–vis spectra 

Upon encapsulation of complex 1 (as an example) into SiNPs in DMSO broadening of the Q 

band and enhancement of the B-band were observed in the absorption spectra of 1@SiNPs-

APTES, 1@SiNPs-PSn and 1@SiNPs-AMP, Figure 3.15 (a), this could be attributed to the 

enhanced absorption of AMP and PS around this region (Figure 3.15 (b)). Following the 

formation of 1@SiNPs-PSn, the UV–vis spectra of 1@SiNPs-PSn displayed a sharp peak at 

∼450 nm (Figure 3.15 (a)) which indicates the presence of a triazatetrabenzcorroles (TBC) 

complex [187,188], which are molecules resembling Pcs but lacking one of the nitrogen atoms 
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that bridges them. The TBC complexes are created when the Pc moiety in the MPc molecules 

is lost due to the elimination of the fourth azomethine nitrogen. This is attributed to the 

addition of PSn, which eliminates the Pc moiety's bridge nitrogen. 

 

 

 

 

 

 

 

The spectra of complexes 1Q and its conjugates (1Q@SiNPs-APTES, 1Q@SiNPs-PSn 

and 1Q@SiNPs-AMP) in water show aggregation, Figure 3.16. Aggregation causes splitting 

and the broadening of the Q-band in Pcs due to the coplanar association of the Pc rings 

progressing from monomers leading to aggregates [172]. The absorption of SiNPs-APTES may 

also be a contributing cause to the enhanced absorption at 300 nm region (Figure 3.16, insert) 

in addition to the B-band enhancing contributions from PSn and AMP. 
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Figure 3.15: Absorption spectra of a) of 1, 1@SiNPs-APTES, 1@SiNPs-PSn and 1@SiNPs-AMP b) 

ampicillin (AMP) and 1.3-propanesultone (PSn) in DMSO.  

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/monomer
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In similar fashion to complexes 1 and 1Q, following the encapsulation of complexes 7, 8 and 

8Q (as examples) into SiNPs, a broadening of the Q band (due to aggregation) in spectra and 

enhancement of the B-band was observed, Figure 3.17. The broad B-band in the absorption 

spectra for 7@SiNPs-GA, 8@SiNPs-GA and 8Q@SiNPs-GA could be due to GA 

absorption, Figure 3.17. There is a red shift in the spectrum of 8Q@SiNPs-GA compared 8Q, 

but no significant shift 8@SiNPs-GA. Red shifts in the UV–vis spectra have been reported in 

distorted porphyrins [189]. 

Figure 3.16: Absorption spectra of 1Q, 1Q@SiNPs-APTES, 1Q@SiNPs-PS and 1Q@SiNPs-

AMP in water. Inset graph in shows SiNPs-APTES alone in DMSO. F 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/porphyrin
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Figure 3.17: Overlay of absorption spectra of complexes 7, 8 and 8Q along with their 

conjugates 7@SiNPs-GA, 8@SiNPs-GA and 8Q@SiNPs-GA and GA in DMSO, (concentration 

∼ 2.0 × 10−6 M). 

 

3.2.2.4 Surface area and porosity using the Brunauer–Emmett–Teller (BET) technique 

BET was performed to determine the N2 adsorption/desorption isotherms, surface area, and 

pore size distribution of the Pc doped SiNPs material as shown in Figure 3.18, using conjugates 

of complex 8Q as an illustration. The Pc doped SiNPs showed type IV isotherm for 

a) 8Q@SiNPs, b) 8Q@SiNPs-APTES, and c) 8Q@SiNPs-GA which is typical of mesoporous 

material. The surface area for 8Q@SiNPs was 10.99 m2/g with a pore volume of 0.14 cm3/g 

and pore size of 52.1 nm (Table 3.3).  
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Table 3.3. Porous textural parameters derived from the N2 adsorption isotherms at -196 °C 

for 8Q@SiNPs, 8Q@SiNPs-APTES and 8Q@SiNPs-GA. Table 7 

Sample BET surface area (m2/g) Pore volume (cm3/g Pore size (nm) 

8Q@SiNPs 10.99 0.14 52.1 

8Q@SiNPs-APTES 6.37 0.045 28.34 

8Q@SiNPs-GA 2.59 0.013 19.3 

 

Upon functionalisation with APTES and GA a decrease in all parameters was observed as a 

consequence of the APTES and GA ligands inhabiting parts of the Pc doped SiNPs. It has been 

reported that rough surface increases surface area [190]. Thus, the decrease in surface area 

implies that the functionalization smoothens the surface of the doped SNPs resulting in 

blockage in porosity of certain parts of the SiNPs. 
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Figure 3.18: Nitrogen adsorption–desorption BET isotherms of a) 8Q@SiNPs, b) 8Q@SiNPs-

APTES and c) 8Q@SiNPs-GA. Figure 

. 
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3.3 Summary of chapter 

 

This chapter makes explicit reference to the synthesis, characterisation, and surface 

functionalisation of phthalocyanine encapsulated silica nanoparticles. In DMSO, the 

Pcs' ground state electronic absorption spectra showed typical monomeric activity. For 

the synthesised Pc complexes, a narrow Q band was seen between 670 and 690 nm 

and a broad B band between 300 and 350 nm. A broadening in spectra and 

amplification of the B-band were seen when the Pc-SiNPs conjugates were enclosed 

and surface functionalised.  

TEM micrographs of all the NPs demonstrated their spherical morphology and distributed 

particle sizes. When the Pc doped SiNPs' surface is functionalised with PSn, AMP, FA, and GA, 

significant aggregation is seen. Amide bonds were validated using FT-IR and XPS spectra, 

demonstrating that the conjugates were successfully synthesised. 
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Complexes 1, 1Q, 2-11, 8Q-11Q, as well as 12 and 13—and, if relevant, their corresponding 

conjugates—all underwent these studies. Long alkyl chain groups are known to lower 

fluorescence in Pcs and increase the rate of intersystem crossing [191], and the presence of a 

central zinc metal on the Pc macrocycle causes a significant increase in the spin-orbit coupling 

[192,193]. These factors, as well as the insertion of a functional group containing heteroatoms 

like the sulfur atoms, are discussed below. Rapid intersystem crossing rates have been 

observed in complexes with the phenyl bridge, which frequently explains the densely 

populated triplet state [194]. It is expected that Pcs containing these properties will show 

improved triplet state properties leading to effective singlet quantum yield generation. 

4.1 Fluorescence (F) quantum yields and lifetimes (τF).  

4.1.1 Pc and their Pc doped SiNPs conjugates 

The F values of Pcs and their conjugates were determined as described in the literatures 

[142,143]. The fluorescence lifetime (τF) was determined using time correlated single photon 

counting set–up [141]. Since F and τF are complimentary processes, when one of them 

declines, the other will likewise increase. 

Equation 1.1 was used to calculate the F of the Pcs and their conjugates, which is 

accomplished by exciting at a crossover wavelength between the sample and the standard. 

The F of the complexes is typical of zinc Pcs in DMSO. The F range from 0.08 to 0.18 for 1 

and its doped conjugates, Table 4.1. Upon quaternisation there was a slight increase in 

F that ranged from 0.16 to 0.20. For 1Q and its conjugates the τF were long where F were 
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high as expected. For 1 and its conjugates, there is no clear trend. Pc complexes 2 and 3 and 

their respective conjugates have relatively low F owing to electron-donating feature of Schiff 

groups. Complex 2 and its conjugates have lower ΦF compared to 3 and its conjugates due to 

the four extra Schiff base groups on the structure of 2. The τF were all very low (<0.01 ns), 

Table 4.1. 

For the F of complexes 4, 5, and 6, it was found that 5 and 6 had lower F values than 4, 

Figure 4.1. This shows that the substituents PyB and PyBP significantly quenched the excited 

singlet state of the complexes. Long alkyl chain groups are known to decrease Pcs 

fluorescence and increase the rate of intersystem crossing [191] which accounts for the drop 

in F for 5 and 6. As the F drops, the τF shortens.  

Pc complexes 7, 8 and 8Q as well as conjugates, showed negligible changes in F and τF, Table 

4.1. Comparing complexes 9-11 and 9Q-11Q, which contain the same ring substituents but 

different nitrogen substitution locations, revealed similar results.  Hence, the Pc complexes 

9Q, 10Q and 11Q showed negligible changes in F in comparison to their respective precursor 

counterparts, 9, 10 and 11.  
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Figure 4.1: Emission spectra 4, 5 and 6 in DMSO when excited at the respective Q-band 

(Absorbance of complexes were maintained ≤ 0.1). Figure 11 

 

4.1.2 Pc conjugates with CIP 

The increase in the spin–orbit coupling [192,193], as a result of the sulfur atoms on complexes 

12 and 13, is responsible for the low F values for Pc complexes 12 and 13 when alone, Table 

4.1.  There is a slight increase in F values in the presence of CIP.  The increase could be due 

to the fact that CIP is also fluorescent [195]. 
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Table 4.1: Fluorescence quantum yield and lifetime parameters of the Pcs and the 

respective conjugates, all studies were measure in DMSO. Table 8 

 

Complex F τF (ns) 

1 0.12 3.06 

1@SiNPs-APTES 0.10 2.46 

1@SiNPs-PSn 0.08 2.51 

1@SiNPs-AMP 0.18 2.82 

1Q 0.20 3.14 

1Q@SiNPs-APTES 0.13 2.54 

1Q@SiNPs-PSn 0.16 2.68 

1Q@SiNPs-AMP 0.19 2.77 

2 <0.01 <0.01  

2@SiNPs-APTES <0.01 <0.01  

2@SiNPs-FA <0.01 <0.01  

3 0.18 <0.01  

3@SiNPs-APTES 0.12 <0.01  

3@SiNPs-FA 0.09 <0.01  

4 0.12 2.89 

5 0.03 2.84 

6 0.06 1.08 

7 0.05 2.32 

7@SiNPs-APTES 0.03 1.75 

7@SiNPs-GA 0.01 0.75 

8 0.02 1.76 

8@SiNPs-APTES 0.02 1.18 
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8@SiNPs-GA 0.01 1.00 

8Q 0.02 1.19 

8Q@SiNPs-APTES 0.03 1.02 

8Q@SiNPs-GA <0.01 1.17 

9 0.17 2.02 

9Q 0.15 1.92 

10 0.24 2.39 

10Q 0.23 1.97 

11 0.03 2.32 

11Q  0.02 0.89 

12 0.025 1.39 

12-CIP 0.031 2.14 

13 0.044 2.20 

13-CIP 0.058 3.02 

 

4.2 Triplet (T) quantum yield and lifetime (τT) 

An excited triplet state for Pcs is essential in evaluating the ability of Pcs to generate singlet 

oxygen which is critical for PS-related applications. The triplet state absorption measurements 

were conducted using the laser flash photolysis setup. The laser excitation wavelengths were 

at the crossover wavelengths. A UV-visible spectrophotometric cell with a 1 cm path length 

was filled with the solution, and purged with nitrogen for 20—40 min before measurements. 

Equation 1.2 was used to calculate the T of the Pcs and their conjugates. A time-evolved 

electronic absorption from the T1–Tn state appeared after the solution was sealed and 

irradiated with the proper excitation laser source and detection wavelength. The triplet 

lifetimes (τT) were analysed from the triplet decay curve shown in Figure 4.2 using 4 as an 
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example, and all the Pc complexes were found to follow second-order kinetics, which is 

representative of Pcs complexes at high concentration, owing to triplet–triplet recombination 

[196]. 

 

Figure 4.2: Excited triplet state absorption curve of complex 4 in DMSO. Figure 12 

 

 

4.2.1 Pc and their Pc doped SiNPs conjugates 

The T and F values are competing processes; hence the former will be smaller where the 

latter is larger, as is the case in Tables 4.1 and 4.2. For 1, the 
T
 values for 1@SiNPs-PSn 

increase while that of 1@SiNPs-AMP drops compared to 1@SiNPs-APTES. In comparison to 

1Q alone, the T values for 1Q@SiNPs-PSn and 1Q@SiNPs-AMP drop (Table 4.2). Another 

explanation for the decline in T is non-radiative processes that take place when the Pc is 

trapped inside the matrix of the SiNPs [197]. Triplet lifetimes were shorter for 1Q and longer 
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for 1 in the presence of SiNPs.  The fact that SiNPs shield the Pcs from the outside environment 

may be the cause of an increase in τT. 

When compared to their SiNPs-APTES doped equivalents in DMSO, the Pcs complexes alone, 

2 and 3 exhibit larger T values as stated above. The energy lost when the Pcs are enclosed 

inside the silica matrix is the cause of the fall in T of the doped conjugates. It has been 

previously reported [198] that the presence of FA causes an increase in T. For 2@SiNPs-FA, 

τT lengthened as T increased compared to 2 alone or 2@SiNPs-APTES. The triplet-triplet 

annihilation effect [199] is attributed for the rise in T. According to expectations, for 3, T 

increases where τT decreases and vice versa [200]. The T values found for 4, 5, and 6 are 

0.62, 0.71, and 0.69, respectively (Table 4.2). The intersystem crossing mentioned above is 

connected to the larger values for 5 and 6 [196].   

Table 4.2 shows that for Pc complexes 7, 8 and 8Q, the doped conjugates had lower T values 

than their undoped counterparts. The decrease in T is again caused by non-radiative 

processes that occur when the Pc is trapped within the SiNPs matrix [197]. The τT was 

shortened in the presence of SiNPs and GA compared to Pcs alone, corresponding to the 

decrease in T, as seen in Table 4.2. However, when comparing Pc@SiNPs-APTES to 

Pc@SiNPs-GA, there is a reduction in τT where T increases for complexes 7 and 8Q.  

T values for precursor complexes 9, 10, and 11, were 0.71, 0.76, and 0.80, respectively. 

Complex 11 (ortho) had a greater T value than complexes 10 (meta) and 9 (para). T values 

of 0.83, 0.81, and 0.84 were obtained for the cationic derivatives 9Q, 10Q, and 11Q, 

respectively. Thus, complexes 9Q, 10Q, and 11Q, had higher T values than their predecessor 
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complexes. The presence of heteroatoms like sulphur placed on the cationic Pc complexes 

9Q, 10Q, and 11Q increases spin-orbit coupling and, as a result, stimulates intersystem 

crossing to the triplet state [201]. Improved efficiency in spin-orbit coupling is known to 

shorten τT and increase T [200], as observed in Table 4.2. 

4.2.2 Pc conjugates with CIP 

The T values obtained for 12, 12-CIP, 13, and lastly 13-CIP are 0.78, 0.80, 0.71, and 0.84 

(Table 4.2), respectively. The values slightly increase in the presence of CIP, yet there is also 

an increase in F.  The increase in T in the presence of CIP could be due to the additional 

C=O groups which are known to enhance intersystem crossing [202]. A shortening in T values 

upon linking CIP to the Pc complexes was observed, corresponding to increase in T. The large 

shortening of τT for complex 12 and 13 in the presence of CIP, could be due to aggregation, 

Figure 3.9. In addition, as stated above increases in the triplet state population is known to 

shorten the T [200]. 
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Table 9Table 4.2: Triplet quantum yield and lifetime parameters of the Pcs and the respective   

conjugates, all studies were measure in DMSO. 

Complex T T(µs) 

1 0.65 203 

1@SiNPs-APTES 0.69 218 

1@SiNPs-PSn 0.76 247 

1@SiNPs-AMP 0.59 235 

1Q 0.82 262 

1Q@SiNPs-APTES 0.80 257 

1Q@SiNPs-PSn 0.73 251 

1Q@SiNPs-AMP 0.69 242 

2 0.69 205 

2@SiNPs-APTES 0.67 317 

2@SiNPs-FA 0.71 284 

3 0.63 303 

3@SiNPs-APTES 0.52 342 

3@SiNPs-FA 0.77 296 

4 0.62 137 

5 0.71 134 

6 0.69 404 

7 0.67 83 

7@SiNPs-APTES 0.59 68 

7@SiNPs-GA 0.61 53 

8 0.77 56 

8@SiNPs-APTES 0.71 23 

8@SiNPs-GA 0.69 18 
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8Q 0.85 65 

8Q@SiNPs-APTES 0.64 41 

8Q@SiNPs-GA 0.81 23 

9 0.71 187 

9Q 0.83 156 

10 0.76 170 

10Q 0.81 152 

11 0.80 322 

11Q  0.84 251 

12 0.78 359 

12-CIP 0.80 32 

13 0.71 208 

13-CIP 0.84 22 

 

 

4.3 Singlet quantum yield (∆) 

4.3.1 Pc and their Pc doped SiNPs conjugates 

The singlet oxygen quantum yield (∆) generation efficiencies of the Pc complexes were 

evaluated in DMSO by using 1,3-diphenylisobenzofuran (DPBF) and 9,10-antracenediyl- 

bis(methylene)dimalonoic acid (ADMA) in water as singlet oxygen scavengers. DPBF 

degradation was spectroscopically monitored at ∼417 nm at predetermined time 

intervals. ADMA was used as a singlet oxygen quencher in water using AlPc–Smix containing 

a mixture of sulfonated derivatives (synthesised as reported in literature [156]), Figure 4.3. 

The Pcs and their conjugates  ∆ were calculated using Equation 1.4. The ∆ and T are 

https://www.sciencedirect.com/topics/medicine-and-dentistry/n-g-n-g-dimethylarginine
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complimentary processes; a high number of triplet state molecules is expected to result in 

increased ∆values. ∆ values are lower in water due to quenching of singlet oxygen [203], 

but they follow the same trend as observed in DMSO, Table 4.3.  

In addition, oxygen has higher solubility in many organic solvents compared to water [204], 

which could be responsible for low singlet oxygen generation in water.  

The increase in the ∆ for 1Q and its conjugates compared to 1 and its corresponding 

conjugates is attributed to the fact that the nitrogen groups quench the first excited singlet 

state through fast charge transfer, inhibiting the formation of its triplet state by intersystem 

crossing [205]. The lone pair of electrons are engaged following quaternization in 1Q hence 

are not involved in quenching the first excited state as is the case with 1. The same applies to 

the conjugates containing PSn compared to APTES and AMP containing conjugates, where the 

PSn conjugates containing positively charged nitrogen groups have larger triplet and singlet 

oxygen quantum yields compared to the conjugates containing APTES and AMP, Table 4.3. 

As previously stated, ∆ and  T are complementary processes, thus is expected to increase 

when T increases and vice versa. Table 4.3 shows this tendency for complexes 2-11, 8Q, 9Q-

11Q. However, as seen in Table 4.3, complexes 11 and 11Q have a high T even though they 

showed aggregation but show low ∆. This could be due to the screening effect [206] of the 

aggregates in complex 11, which could limit access to the oxygen molecule and therefore 

reducing ∆. Similarly; in the presence of SiNPs, a decrease in ∆ might also be due to the 

screening effect, in which SiNPs prevent oxygen molecules from engaging with excited triplet 

Pc [206]. 
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Figure 4.3: Photochemical degradation of 1, 3-diphenylisobenzofuran (DPBF) a) and 9,10- 

antracenediyl- bis(methylene)dimalonoic acid (ADMA) b) in the presence of 5 in DMSO and 

aqueous medium, respectively.  Figure 13 

 

4.3.2 Pc conjugates with CIP 

The measurements yielded ∆ values of 0.45, 0.66, 0.54, and 0.61 for complexes 12, 12-CIP, 

13, and 13-CIP, respectively. As stated above the efficiency of singlet oxygen generation is 

depended on the triplet state population. Thus, the ∆ values are high where T values are 

high. 
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Table 4.3: Photophysicochemical parameters of the Pcs and their respective conjugates.  

 

Complex Media  T ∆ 

1 DMSO 0.65 0.42 

1@SiNPs-APTES DMSO 0.69 0.44 

1@SiNPs-PSn DMSO 0.76 0.47 

1@SiNPs-AMP DMSO 0.59 0.38 

 
1Q 

DMSO 0.82 0.57 

1%DMSO–H2O — 0.15 

1Q@SiNPs-APTES DMSO 0.80    0.51  

 
1Q@SiNPs-PSn 

DMSO 0.73 0.54 

1%DMSO–H2O — 0.19 

 
1Q@SiNPs-AMP 

DMSO 0.69 0.46 

1%DMSO–H2O — 0.13 

2 DMSO 0.69 0.39 

2@SiNPs-APTES DMSO 0.67 0.42 

2@SiNPs-FA DMSO 0.71 0.45 

3 DMSO 0.63 0.41 

3@SiNPs-APTES DMSO 0.52 0.38 

3@SiNPs-FA DMSO 0.77 0.43 

4 DMSO 0.62 0.44 

 
5 

DMSO 0.71 0.62 

1%DMSO–H2O — 0.32 

 
6 

DMSO 0.69 0.53 

1%DMSO–H2O — 0.46 

7 DMSO 0.67 0.49 



CHAPTER FOUR   PHOTOPHYSICS AND PHOTOCHEMISTRY 

 

123 | P a g e  

 

7@SiNPs-APTES DMSO 0.59 0.44 

7@SiNPs-GA DMSO 0.61 0.39 

 
8 

DMSO 0.77 0.48 

1%DMSO–H2O — 0.13 

8@SiNPs-APTES DMSO 0.71 0.29 

 
8@SiNPs-GA 

 

DMSO 0.69 0.39 

1%DMSO–H2O — 0.03 

 
8Q 

 

DMSO 0.85 0.76 

1%DMSO–H2O — 0.18 

8Q@SiNPs-APTES DMSO 0.64 0.16 

 
8Q@SiNPs-GA 

 

DMSO 0.81 0.58 

1%DMSO–H2O — 0.07 

9 DMSO 0.71 0.68 

 
9Q 

DMSO 0.83 0.79 

1%DMSO–H2O — 0.14 

10 DMSO 0.76 0.70 

 
10Q 

DMSO 0.81 0.75 

1%DMSO–H2O — 0.10 

11 DMSO 0.80 0.24 

 
11Q 

DMSO 0.84 0.27 

1%DMSO–H2O — 0.07 

 
12 

DMSO 0.78 0.45 

1%DMSO–H2O — 0.07 

 
12-CIP 

DMSO 0.80 0.66 

1%DMSO–H2O — 0.11 

 
13 

DMSO 0.71 0.54 

1%DMSO–H2O — 0.16 
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13-CIP 

DMSO 0.84 0.61 

1%DMSO–H2O — 0.20 
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4.4 Summary of chapter 

In solution, the photophysics and photochemistry of Pcs and their conjugates were 

investigated. All of the Pcs investigated demonstrated good photophysicochemical behaviour, 

with reasonably high triplet and singlet quantum yields. In comparison to neutral Pc 

macrocycles, Pc macrocycles with water solubilizing groups had higher triplet and singlet 

quantum yields. In compared to the Pcs alone, the Pc SiNPs doped conjugates demonstrated 

a decrease in triplet and singlet quantum yields. 

Because of inefficient energy transfer, screening effects may have inhibited the interaction of 

the excited triplet state of the Pcs with the ground state molecular oxygen, resulting in 

reduced singlet oxygen quantum yield values. In other circumstances, the elongation of triplet 

lifetime could be attributed to the SiNPs' protection of the Pcs. In comparison to Pcs alone, 

the direct coupling of Pcs with CIP resulted in an increase in triplet and singlet oxygen 

quantum yield generation.
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5.1 Background on Photosensitizers used 

For the photodynamic antimicrobial (PACT) studies complexes 1, 1Q, 4-11, 8Q-11Q, as well as 

12 and 13—and, if relevant, their corresponding conjugates were considered for In-vitro 

analysis. Complexes 2-6 along with the doped conjugates of 2 and 3 are considered for 

application in photodynamic therapy (PDT).  

The piperidine substituent on complexes 1 and 1Q was chosen for quaternization but in 

addition, piperidine substituents have antimicrobial activity [207]. The bulky nature of 

piperidine will also help to prevent aggregation. Piperidine substituted Pcs containing a 

phenyl spacer has been reported for applications in DNA cleavage [208]. Complexes 1 and 1Q 

are then loaded onto SiNPs and further linked to ampicillin (AMP) and 1, 3-propanesultone 

(PSn), these are expected to improve PACT activity by synergistic effect for the former and 

extra positive charges for the latter.  

Complexes 2 and 3 with a Schiff base substitution are employed as PSs for PDT. For the 

investigations of photophysicochemical behaviour and for PACT, Schiff base Pcs have been 

described [209–212]. Given that both ZnPc derivatives and Schiff base compounds are 

anticancer-compounds, combining the two may enhance PDT through a synergistic effect. 

Complexes 2 and 3 are also encapsulated in SiNPs and folic acid (FA) is used to further modify 

the Pc doped SiNPs surface and studied for PDT activity using MCF-7 cell line. 

For complexes 4-8 and 8Q-11Q, the impact of the number of cationic charges is examined. By 

utilising biological targeting agents, the cationic styryl pyridine triphenylphosphonium (PyBP)-

based Pc complex 6 (with 4 and 5 serving as a reference Pc complexes) is utilised to increase 

specificity. It is well known that compounds that target the mitochondria are based on PyBP 
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type substituents, which have redox-signaling processes in cancer and neurological cells 

[213,214]. Additionally, precise mitochondrial targeting enhances the accuracy and potency 

of medications. Using Escherichia coli (E. coli) and MCF-7 breast cancer cells as the targeted 

biological agents, respectively, complexes 4, 5 and 6 are used in PACT and PDT.  

Complexes 7, 8, and 8Q are encapsulated into SiNPs with the surface additionally connected 

with gallic acid (GA) to advance the PACT activity against S. aureus and E. coli. To investigate 

the effects of group location and charge on complexes, positively charged thioazoline 

derivatised substituent, 3-(4-bromobutyl)-2-mercapto-4,5-dihydrothiazol-3-ium bromide 

(BMDBr) are added to the periphery of complexes 9, 10 and 11 to form 9Q, 10Q, and 11Q, 

respectively. Thioazoline derivatives are well-known antibacterial agents [215,216], hence it 

is anticipated that they will enhance Pc complexes' PACT activity. E. coli and S. aureus are used 

to test the PACT activity of complexes 7-11 and 8Q-11Q on planktonic and biofilm forms of 

bacteria. 

Asymmetrically substituted Pcs containing benzothiazole and carboxylic acid groups (12) is 

linked to PyBP to form 13. Both 12 and 13 are then linked to the antibiotic ciprofloxacin (CIP) 

via the secondary amine of the piperazine ring of the latter using an amide linkage to form 

12-CIP and 13-CIP.  This is the first time that Pcs have been covalently linked to CIP. 13 and 

13-CIP contain cationic amphiphilic groups which enhance the electrostatic interactions to 

the biofilms [32]. The conjugates 12-CIP and 13-CIP are evaluated for the PACT activity using 

E. coli and Streptococcus pneumoniae (S. pneumoniae) and on planktonic and biofilm forms. 
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5.2. Photodynamic antimicrobial chemotherapy (PACT)  

5.2.1 Planktonic antimicrobial activity of symmetric Pc and their Pc doped SiNPs conjugates 

(effect of the number of charges, position of nitrogen group, and effect of surfactant on 

SiNPs) 

 

The plate count method [217] was used to examine the planktonic antimicrobial activity of 

the Pc complexes and composites  studied for PACT. A significant decrease in cell viability after 

exposure to PS and laser radiation indicates substantial PACT activity, which can be further 

demonstrated by a high log reduction value of colony forming units per millilitre (log CFU/mL). 

The PACT activity of 1Q and its conjugates 1Q@SiNPs-APTES, 1Q@SiNPs-AMP and 1Q@SiNPs-

PSn was carried out towards S. aureus at a constant concentration of 45 mg/L at varied 

irradiation time in PBS, Figure 5.1 (a). The concentration (45 mg/L) was used since it gave 

reasonable log reduction values and minimal dark toxicity (see Figure A6). Dark toxicity was 

very high beyond 45 mg/L. Complex 1Q, 1Q@SiNPs-APTES, 1Q@SiNPs-AMP and 1Q@SiNPs-

PSn were also used for dark toxicity studies Figure 5.1 (b), where bacteria viability above 85 

% was obtained for all complexes. Figure 5.1 (b) shows that there is some dark toxicity in the 

presence of PSn and AMP this is due to the antimicrobial activity discussed in the introduction 

for AMP and PSn.  Upon 60 min irradiation illumination with 680 nm light, log reduction values 

of 9.20, 9.30, 9.31 and 9.37 were obtained for complex 1Q, 1Q@SiNPs-APTES, 1Q@SiNPs-

PS, and 1Q@SiNPs-AMP, respectively (Table 5.1).  

The antimicrobial property of SiNPs-APTES, AMP and PSn were studied at different 

concentrations for both light and dark studies against the S. aureus (Figure A7). At high 

concentration doses (> 45 mg/L), AMP, SiNPs-ATES and PSn show high antimicrobial activity 
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both in light and dark studies, this is attributed to the known antibacterial properties of AMP 

and PSn. The higher PACT activity of 1Q@SiNPs-PSn compared to 1Q alone is attributed to 

increased positive charges. 

 

 

Figure 5.1: Survival graph of S. aureus following exposure to 1Q and its doped conjugates in 

the presence of  Figure 14 a) light and b) dark in PBS. Concentration = 45 mg/L.  

 

For the studies concerning complexes 4-8 and 8Q-11Q, for continuity all planktonic based 

experiments were conducted at a constant concentration of 2.5 μM with varied irradiation 

intervals. A comparison study of the PACT activity of complexes 4, 5 and 6 towards E. coli was 

conducted. The concentration (2.5 μM) was used since it gave suitable log reduction values 

and minimal dark toxicity (see Figure A8). The Pc complex 4 was dissolved in 1% DMSO 

(diluted with PBS), and the cationic complexes 5 and 6 were dissolved in PBS only. A control 

consisting of 1% DMSO in the culture was assessed, and the organic solvent had negligible 

effects (Figure 5.2 (a)). 
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The calculated log reduction values were 0.2, 5.3 and 6.0 for 4, 5 and 6, respectively (Table 

5.1). Cationic complexes 5 and 6 had the highest activity; hence they have higher log 

reduction values than 4. The low log reduction for 4 is due to the inability of 4 to penetrate 

or interact with cell wall since it not charged; this limits the singlet oxygen potential of the Pc 

complex to induce apoptosis. Complex 6 showed better antimicrobial activity compared to 5. 

This can be attributed to the increased number of positive charges in 6, which induce damage 

of the cell [164,218] and encourage superior penetration to the bacteria cell. 

 

 

 

 

Complexes 7, 8, 8Q, as well as their conjugates 7@SiNPs-GA, 8@SiNPs-GA, and 8Q@SiNPs-

GA, were tested against E. coli and S. aureus. A control solution of E. coli and S. aureus without 

PS was studied with the same laser wavelength as the analysed samples. As presented in 

Figure A9, the Pcs and the conjugates displayed minimal or no apparent dark toxicity on 

planktonic E. coli and S. aureus at the Pcs concentrations studied. The studies were evaluated 

Figure 5.2: Survival graph of E. coli following exposure to 4, 5 and 6 in the presence of (a) 

light and (b) dark in %1 DMSO/PBS (4) and PBS (5 and 6). Concentration = 2.5 μM. 15 
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at a constant concentration of 0.58 mg/L and 1.16 mg/L for S. aureus and E. coli, respectively. 

Cationic complexes 8 and 8Q and their respective conjugates had the highest antibacterial 

activity toward E. coli with log CFU value of 8.55 compared to 7 and 7@SiNPs-GA, Table 5.1. 

Against S. aureus, 7@SiNPs-GA along with 8, 8Q, and their conjugates, displayed enhanced 

PACT activity with log CFU value 9.19, while complex 7 alone still displayed poor antibacterial 

activity (Table 5.1). The low log CFU for 7 alone is due to the lack of charge, leading to the 

insufficient ability to penetrate or interact with bacteria cell membrane; this limits the singlet 

oxygen potential of the Pc complex to induce apoptosis, especially towards gram-negative E. 

coli. 

Pc complexes 9Q, 10Q and 11Q were dissolved in PBS only. The planktonic studies for S. 

aureus were evaluated at a constant concentration of 2.5 μM and 5 μM for E. coli with varying 

irradiation time intervals (see Figure 5.3 (a)). In an effort to improve the log CFU values, a 

higher concentration of 5 μM was used for planktonic studies for E. coli (Figure 5.3 (b)). The 

dark toxicity of the cationic Pc complexes was also evaluated at 2.5 μM and 5 μM for S. 

aureus and E. coli, respectively (see Figure 5.4 (a) and (b)). 9Q, 10Q and 11Q showed 

negligible dark toxicity. High PACT activities were obtained for complexes 9Q, 10Q and 11Q, 

with high log reduction values of 9.29 for S. aureus (Table 5.1). For E. coli, 

complexes 9Q and 10Q showed a log reduction of 8.55. As stated above, complex 11Q has a 

tendency to aggregate. It can be noted in Figure 5.3 that complex 11Q shows low activity 

for E. coli, corresponding to the low singlet oxygen quantum yield, Table 5.1. However, for S. 

aureus, complex 11Q showed high activity. This could be due to the various concentrations 

used, where larger photosensitiser concentrations were used for E. coli, resulting in more 

aggregation, which could lower PACT activity. 
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Figure 5.3: Survival curve of (a) S. aureus and (b) E. coli in PBS using to complexes 9Q, 10Q, 

and 11Q in the presence of light in at Concentration = 2.5 μM (S. aureus) and 5 μM (E. coli). 

 

  

 

Figure 5.4: Survival curve of a) S. aureus and b) E. coli   in PBS due to complexes 9Q, 10Q, 

and 11Q in the dark in PBS at Concentration = 2.5 μM (S. aureus) and 5μM (E. coli)  

Table 5.1: Log CFU values in the presence of light against S. aureus and E. coli planktonic 

cells after irradiation with 680 nm light (524 mW/cm2). Table 1 0 
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Complex 

 

media 

Log CFU ∆ 

in DMSO E. coli S. aureus 

1Q PBS — 9.20 0.57 

1Q@SiNPs-APTES PBS — 9.30 0.51 

1Q@SiNPs-PSn PBS — 9.31 0.54 

1Q@SiNPs-AMP PBS — 9.37 0.46 

4 1% DMSO/PBS 0.2 — 0.44 

5 PBS 5.3 — 0.62 

6 PBS 6.0 — 0.53 

7 1% DMSO/PBS 0.61 0.98 0.49 

7@SiNPs-GA 1% DMSO/PBS 1.26 9.19  0.39 

8 PBS 8.55 9.19  0.48 

8@SiNPs-GA PBS 8.55 9.19 0.39 

8Q PBS 8.55 9.19 0.76 

8Q@SiNPs-GA PBS 8.55 9.19 0.58 

9Q PBS 8.55 9.29 0.79 

10Q PBS 8.55 9.29 0.75 

11Q  PBS 4.69 9.29 0.27  
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5.2.2 Biofilm bacterial studies of symmetrical Pc and their Pc doped SiNPs conjugates (effect 

of the number of charges, position of nitrogen group, and effect of surfactant on SiNPs). 

 

The literature [219] suggests that the difficulty in treating biofilms is due to the extracellular 

matrices' sticky and tenacious nature, which makes it difficult for antibacterial drugs to 

interact with bacterial biofilms. For this study, higher concentration doses of Pcs were used 

for biofilms. S. aureus and E. coli were selected for this study because of their propensity to 

form biofilms. For complexes 7, 8, and 8Q studies were conducted at gradient concentrations 

of 1.45, 2.90, 5.80, 11.60, 23.20 mg/L, towards S. aureus and E. coli biofilms. As demonstrated 

in (Figure 5.5 (a) and (b)), the Pc complexes displayed some dark toxicity (but minimal) 

against S. aureus whereas no apparent dark toxicity was detected for E. coli at the studied 

concentrations. The high cell survival for the respective controls, untreated E. coli and S. 

aureus, were observed, indicating that (Figure 5.5 (a), (b)) light irradiation alone would not 

kill the cells by heating (Figure 5.6 (a) and (b), control). The bacterial biofilm cell viability (%) 

is defined by Eq. (2.1). 
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Figure 5.5: % Survival graph for dark toxicity studies against E. coli (a) and S. aureus (b) 

biofilms after 15 min incubation at the indicated concentrations (concentration range 

studied: 1.45–23.20 mg/L). Figure 16 

 

Figure 5.6 (a) and (b) depict the bactericidal activity of complexes 7, 8, and 8Q as well as their 

doped conjugates in the presence of light. The light studies showed that the Pcs and their 

conjugates generally responded in a dose-dependent manner (Figure 5.6). When compared 

to complexes 7 and 8 alone, complex 8Q displayed the most activity. When compared to the 

other conjugates, 8Q@SiNPs-GA demonstrated better antibacterial activity. For E. coli, cell 

survival, typically below 50%, was seen at a concentration of 1.45-23.20 mg/L for 8Q and 

8Q@SiNPs-GA (Figure 5.6 (a)). For E. coli complexes 7, 8, and 8Q, cell survival values of 

39.57%, 29.38%, and 19.44%, respectively, were found at the highest concentration of 23.20 

mg/L (Table 5.2). When compared to the Pc dyes alone, the doped counterparts 

demonstrated some improvement in antibacterial efficacy. For 7@SiNPs-GA, 8@SiNPs-GA, 

and 8Q@SiNPs-GA for E. coli, respectively, cell survival of 31.24%, 16.16%, and 13.15% were 

found.  
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Table 5.2: % Survival table in the presence of light against E. coli and S. aureus biofilms after 

irradiation at maximum studied concentration.  Table 11 

 
 

 
Complex 

 

 

Concentration 

% Survival of biofilms after irradiation 
with 680 nm light (524 mW/cm-2) 

E. coli S. aureus 

7 23.20 mg/L  39.57 41.05 

7@SiNPs-GA 23.20 mg/L  31.24 18.42 

8 23.20 mg/L  29.38 26.72 

8@SiNPs-GA 23.20 mg/L  16.16 15.57 

8Q 23.20 mg/L  19.44 19.06 

8Q@SiNPs-GA 23.20 mg/L  13.15 13.03 

9 100 μM 39.27 25.03 

9Q 100 μM 8.15 10.76 

10 100 μM 31.20 24.91 

10Q 100 μM 17.15 16.80 

11 100 μM 27.22 26.41 

11Q 100 μM 11.38 8.84 

 

 

Cell survival of less than 50% for S. aureus, however, was only seen at higher concentrations 

of 11.60 and 23.20 mg/L, for 8Q and 8Q@SiNPs-GA (Figure 5.6 (b)). For S. aureus cell survival 

values of 41.05 (7), 26.72 (8), and 19.06% (8Q). Cell survival values of 18.42%, 15.57%, and 

13.03% for S. aureus biofilm utilising complexes 7@SiNPs-GA, 8@SiNPs-GA, and 8Q@SiNPs-

GA, respectively, were found. Since the preceding studies showed that the effectiveness of 
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Pcs' intracellular absorption is strongly correlated with the number of positive ions present in 

their structures, 8Q exhibits greater antibacterial action than 8, 7, and their doped conjugate 

equivalents. The ∆ produced by the complexes is also reflected in the PACT activity (Table 

5.1), more so for the Pc dyes alone.  

 

 

Figure 5.6: % Survival graph in the presence of light against E. coli (a) and S. aureus (b) 

biofilms after 30 min of irradiation at the indicated concentrations (concentration range 

studied: 1.45–23.20 mg/L). Figure 17 

 

The cell survival at 23.20 mg/L was considered to determine the log CFU value for the Pc 

complexes and their respective conjugates. This was carried out as follows, an aliquot of 

bacteria suspension was seeded, and upon irradiation, the suspensions were serially diluted 

ten-fold with PBS. 100 µL aliquots were spotted on agar plates for incubation. The bacteria 

colonies were counted at the end of the 18 h incubation period. The log CFU values for each 

of the Pc complexes and their doped conjugates are displayed in Table 5.3. The largest log 
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CFU reduction values were produced by 8Q@SiNPs-GA. For 8Q and 8Q@SiNPs-GA, 

respectively, log CFU values of 4.81 and 8.60 were obtained towards E. coli biofilms. Log CFU 

values of 2.60 for 8Q and 6.42 for 8Q@SiNPs-GA were confirmed for S. aureus. Since cationic 

substituted Pcs are known to be more efficient against gram (-) bacteria like E. coli, larger log 

CFU values for E. coli are obtained in Table 5.3 than for S. aureus. 

Table 5.3: Log CFU values in the presence of light against S. aureus and E. coli biofilms after 

irradiation with 680 nm light (524 mW/cm2). 

 

 
 

Complex 

 

Media 

 

Concentration 

∆ 

in DMSO 

Log CFU 

E. coli S. aureus 

7 1% 
DMSO/PBS 

23.20 mg/L  0.49 0.007 0.171 

7@SiNPs-GA 1% 
DMSO/PBS 

23.20 mg/L  0.39 0.025 0.111 

8 PBS 23.20 mg/L  0.48 1.26 1.03 

8@SiNPs-GA PBS 23.20 mg/L  0.39 2.31 1.95 

8Q PBS 23.20 mg/L  0.76 4.81 2.60 

8Q@SiNPs-GA PBS 23.20 mg/L  0.58 8.60 6.42  

9Q PBS 100 μM 0.79 8.59 9.42 

10Q PBS 100 μM 0.75 2.44 9.42 

11Q  PBS 100 μM 0.27  1.21  9.42 
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The dark (Figure 5.7 (a) and (b)) and PACT activity (Figure 5.8 (a) and (b)) of the Pc complexes 

(9-11 and 9Q-11Q) were performed at gradient concentrations of 6.25, 12.5, 25, 50, and 100 

μM for both S. aureus and E. coli biofilms. The bacterial biofilm cell viability (%) is defined by 

Eq. (2.1). 

 

 

 

Figure 5.7: % Survival graph for dark toxicity studies against S. aureus (a) and E. coli (b) 

biofilms after 15 min at the indicated concentrations (Concentration range studied:6.25-

100 μM). Figure 18 

 

The Pc complexes showed minimal antibacterial activity towards S. aureus and E. coli biofilms 

in the dark (Figure 5.7 (a) and (b)). The 96-well plates containing the corresponding biofilm 

strains in the presence of complexes 9-11 and 9Q-11Q were exposed to Q-band 680 nm 

radiation in order to assess the antibacterial effect of complexes on S. aureus and E. coli 

biofilms. Cell viability below 50% was often seen for all complexes under study at 

concentrations of 100 μM (Figure 5.8 (a), (b)). 9Q demonstrated high antibacterial action, 

against E. coli biofilm with survival rate of 8.15% (Table 5.2), this is credited the high ∆ for 
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9Q (Table 5.3). Since cationic Pcs are more efficient, cationic complexes 9Q, 10Q, 

and 11Q exhibit greater PACT activity than neutral complexes 9, 10, and 11. The S. 

aureus biofilms displayed the highest log reduction value of 9.42 for complexes 9Q, 10Q, 

and 11Q, Table 5.3. For E. coli biofilms log reduction value of 8.59, 2.44, and 1.21 were 

obtained for complexes 9Q, 10Q, and 11Q, respectively (Table 5.3). 

 

 

Figure 5.8: % Survival graph in the presence of light against S. aureus (a) and E. coli (b) 

biofilms after 15 min of irradiation at the indicated concentrations (Concentration range 

studied: 6.25–100 μM).   
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5.2.3 Biofilm antimicrobial activity of Pc conjugates with CIP (effect of symmetry, Pc-

antibiotic synergistic effect) 

5.2.3.1 Concentration optimisation 

In order to establish optimum concentration of the Pcs to be used, their uptake (using 

electrochemical impedance spectroscopy (EIS)) by S. pneumoniae and E. coli bacteria at 

different concentrations of 4, 8, 16, and 32 µM (in 1% DMSO/PBS and using complex 12-CIP 

as an example) was studied, following 40 min incubation, Figure 5.9, Figure A10, and Table 

A3 present the data in the form of Rct. Please note the incubation time of 40 min was 

employed for optimisation only. The optimal concentrations were 16 and 32 µM for E. coli 

and S. pneumoniae biofilm substrates, respectively, as judged by the highest conductivity 

(lowest Rct in Tables A3) in the presence of light. The Equivalent circuit adopted to fit the 

impedance data is outlined in Figure A11. 

 

 

 

 

Figure 5.9: Nyquist plots of the impedance for S. pneumoniae biofilm on substrate on ITO-coated 

glass before a) and after b) 15 min illumination with laser light after treatment with 12-CIP at 4-

32μM concentration (1%DMSO/PBS, pH 7.4) in 0.1 M KCl containing 1 mM [Fe (CN)6]3-/4- solution. 

Inset graph in a) shows the expanded view of S. pneumoniae (control) and 8 µM 12-CIP@S. 

pneumoniae. Figure 
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5.2.3.2 Optimisation of incubation time using PS uptake 

Square wave voltammetry (SWV) was used to ascertain the ideal drug uptake time; complex 

12-CIP against E. coli is used as an example; Figure 5.10 (i) and Figure 5.10 (ii) (a) (for E. coli). 

Biofilms are known to be conductive hence SWV was employed [220]. 12-CIP@Biofilm 

substrates were incubated (for uptake) at 20 min intervals for 100 min. The SWV peak height 

is directly proportional to the concentration of the electroactive species (Pc-CIP) up-taken by 

biofilms. For E. coli (Figure 5.10 (i) and Figure 5.10 (ii) (a)), a rapid absorption of 12-CIP was 

observed from 20 to 80 min. After this period, the current showed a downward trend, 

probably because of saturation, hence 80 min incubation was employed for E. coli throughout 

the experiments. For S. pneumoniae (Figure 5.10 (ii) (b)), a high resistance for uptake is 

experienced by the drug up until 40 min. The highest studied time of 120 min for Pc-CIP 

uptake was used for S. pneumoniae.  Gram-negative bacteria such as E. coli are surrounded 

by a thin peptidoglycan cell wall, which itself is surrounded by an outer membrane containing 

lipopolysaccharide. Gram-positive bacteria such as S. pneumoniae lack an outer membrane 

but are surrounded by layers of peptidoglycan many times thicker than is found in the Gram-

negative bacteria [221], thus the differences in the uptake could be due to the differences in 

cell walls between the two types of bacteria. The data indicates that longer incubation periods 

of the biofilm in the presence of Pc-CIP generally leads to greater Pc-CIP uptake. 
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Figure 5.10: (i) Square wave voltammograms (SWV) illustrating the gradual uptake of 12-

CIP by E. coli on ITO-coated glass from 0 to 100 min and ii): peak current (from SWV) versus 

time for uptake of 12-CIP by a) E. coli (16 µM) and b) S. pneumoniae (32 µM) both on ITO-

coated glass. 12-CIP in 1%DMSO/PBS (pH 7.4). Figure 19 
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5.2.3.3 Cell viability and log reduction quantification. 

The cell survival of 12-CIP and 13-CIP at concentrations of 16 µM (E. coli) and 32 µM (S. 

pneumoniae) were used to determine the log CFU value for the Pcs. This was carried out as 

follows; A test tube with 2 mL of PBS was added to the 96 h biofilm cell cultured ITO-glass 

slides of each strain of bacteria. The test tube was then placed in an oven with a shaker for 

24 h at 37 °C in the dark. The bacteria culture was diluted to 1/1000 in PBS (working stock 

solution), corresponding to ∼108 colony-forming units (CFU)/mL.  

Against E. coli, complex 12-CIP displayed a cell viability value of 0.095% and a log reduction of 

3.10 in the dark. After illumination, no viable cells were determined for E. coli using 12-CIP at 

16 µM, with a log reduction value of 9.20 (Table 5.4, light). Cell viabilities of 0.089% (dark) 

and 0.025% (light) were determined for 13-CIP with corresponding log reduction values of 

7.10 (dark) and 7.29 (light). Thus 13-CIP was toxic in the dark. The lower log reduction value 

for 13-CIP in the light is attributed to the more significant number of EPS entangled cells in 

the presence of 13-CIP as will be shown below using scanning electron microscopy (SEM). 

Most EPS are negatively charged, due to the dominance of carboxyl and hydroxyl functional 

groups, in different proportions depending on EPS composition, hence will interact strongly 

with the positively charged 13-CIP [222], making removing an established biofilm difficult by 

providing strong adhesion to a surface and acting as a barrier to diffusion of antimicrobial 

molecules [223]. S. pneumoniae strain displayed higher resistance towards the Pc-CIPs in the 

dark due to the high levels of EPS production for S. pneumoniae compared to E. coli [224]. Cell 

viability values of 8.25% and 30.35% with corresponding log reduction values of 0.91 and 0.37 

were obtained for complexes 12-CIP and 13-CIP, respectively in the dark. Log CFU value of 
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7.23 with no viable cells was obtained after light exposure for 12-CIP and 13-CIP complexes 

(Table 5.4).  

Table 5.4: Cell viability and log reduction values in the presence of dark and light against E. 

coli and S. pneumoniae biofilms after 80 min (E. coli) and 100 min (S. pneumoniae) uptake 

period of the Pc-CIP followed by 15 min illumination with laser probe at 16 and 32 µM 

concentration, correspondingly. Table 12 

 

 

 

 

 

 

 

 

 

 

 

 

 
ITO-glass biofilm 

composition 

%Cell viability 
(Log reduction value) 

Dark toxicity Phototoxicity 

E. coli (control) 100 100 

CIP@E. coli 0.27 (2.74) 
 

- 

12-CIP@E.coli 0.095 (3.10) 0.00 (9.20) 

13-CIP@E.coli 0.089 (7.10) 0.025 (7.29) 
 

S. pneumoniae (control) 100 100 

CIP@ S. pneumoniae 29.10 (0.38) - 

12-CIP@ S. pneumoniae 8.25 (0.91) 0.00 (7.23) 

13-CIP@ S. pneumoniae 30.35 (0.37) 0.00 (7.23) 
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5.2.4 Characterisation of biofilm substrates and their stability in the presence of Pcs 

E. coli, S. pneumoniae, and S. aureus biofilms were grown on indium-tin-oxide (ITO)-coated 

glass slides (20 cm2) with cells cultured in an extracellular matrix in an effort to create the 

ideal biofilm substrate for Raman spectroscopy, cyclic voltammetry (CV) analysis, and 

electrochemical impedance spectroscopy (EIS). The ITO-glass slides were inserted in the 

sterile Petri plates for each bacterial strain after being ethanol sterilised and autoclaved. The 

different bacteria were brought to a concentration of 1 × 108 CFU/mL using Luria-Bertani (LB) 

broth, and the medium was changed every 24 h for four days. After this time, the prepared 

ITO-glass slides were gently washed with PBS (pH 7.2) to remove excess LB broth.  

Only 8Q and its conjugate, as well as 12-CIP and 13-CIP, were used as examples. In order to 

prepare the biofilms (E. coli and S. aureus) for further examination, 100 µL of 23.20 mg/L of 

complex 8Q and its conjugated 8Q@SiNPs-GA were added to the biofilm cultured slides. 

Similar treatment was done on complexes 12-CIP and 13-CIP at doses of 16 µM (E. coli) and 

32 µM (S. pneumoniae). 

5.2.4.1 Scanning electron microscopy (SEM) analysis  

Complex 8Q and its conjugated 8Q@SiNPs-GA were used to treat biofilm cells for SEM 

investigation. SEM analysis with 8Q and its conjugated (8Q@SiNPs-GA), the biofilm substrate 

was cultured as described above, except aluminium slides (20 cm2) were used.  For all analysis, 

the biofilm covered ITO/aluminium slides were gently washed with PBS and fixed using 2.5% 

glutaraldehyde in 0.1 M PBS (pH 7.2) for 4 h at 4 °C. The fixed samples were subsequently 

dehydrated with ethanol in a gradual manner (30–100%) at 10 min intervals.  
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The effects of treatment using 8Q and its conjugated (8Q@SiNPs-GA) on the structural 

stability of the bacterial biofilms were investigated using SEM after illumination with laser 

light. When light was present or absent, bacteria's biofilm morphology without Pc treatment 

showed colonies that resembled a compact structure. The control groups for S. aureus, as an 

example (Figure 5.11 (a), (b)) did not exhibit any signs of degradation in appearance. The 

bacteria displayed single colony distribution in Figure 5.11 (c) and (d) for S. aureus after PACT 

treatment using 8Q and 8Q@SiNPs-GA.  S. aureus exhibits minimal EPS production following 

light treatment with complexes  8Q and 8Q@SiNPs-GA. EPS is judged by grouping of bacteria 

in the SEM image [225]. These findings imply that the examined Pc complexes can affect the 

structure of the biofilm and bacterial adherence. 
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Figure 5.11: Scanning electron microscopy observations. Micrograph show representative 

images of S. aureus alone when untreated a) in the absence of light and b) in the presence 

of light.  Pc-drug treated bacteria followed by irradiation with 680 nm light (524 mW/cm2) 

at 23.20 mg/L concentration c) in the presence of 8Q and d) in the presence of 8Q@SiNPs-

GA. The red circle indicates EPS-bound bacteria cells.  F 
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The representative photographs for the morphology of E. coli and S. pneumoniae obtained 

following treatment with 12-CIP and 13-CIP (as examples) are depicted in Figure 5.12 and 

Figure 5.13. The surface of the ITO-glass covered with biofilm substrates was analysed before 

and after illumination with wavelength = 680 nm laser probe (524 mW/cm2) following 

treatment with 12-CIP and 13-CIP. E. coli and S. pneumoniae SEM micrographs for controls 

were rod shaped (Figure 5.12 (a), (d) Figure 5.13 (a), (d), respectively).  

 

Figure 5.12: Scanning electron microscopy observations. Micrographs show representative 

images of E. coli when untreated a), after treatment with 12-CIP b), and 13-CIP c) without light. 

The bottom row illustrates E. coli when untreated d), 12-CIP, e), and 13-CIP f) following 

illumination with a 680 nm laser probe (524 mW/cm2) for 15 min. 12-CIP and 13-CIP were studied 

at 16 µM concentration. The red circle indicates EPS-bound bacteria cells.  
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E. coli exhibits minimal EPS production in the dark and light (Figure 5.12 b, e) for 12-CIP.  EPS 

is judged by grouping of bacteria in the SEM image [225] as stated above. When EPS-depleted 

bacteria cells are exposed to 12-CIP, proteins on the cell surface are easily inactivated even in 

the dark. The irregularity in structural confirmation is credited to cell degradation following 

light treatment with 12-CIP. A decline in relative efficacy observed following treatment of E. 

coli with 13-CIP maybe due to differences in cell wall structure as stated above. 

The SEM micrographs of S. pneumoniae indicated higher levels of EPS secretion indicating 

degradation of the biofilm following treatment with Pc-CIP (Figure 5.13). Complexes 12-CIP 

and 13-CIP were able to disrupt and degrade a significant area of the bacterial colonies, with 

13-CIP showing the highest antimicrobial activity with no EPS-bound cells in sight (Figure 5.13 

(f)) after the illumination with the laser probe as judged by no groupings of bacteria. 
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Figure 5.13: Scanning electron microscopy observations. Micrograph show representative 

images of S. pneumoniae when untreated a), 12-CIP b), and   13-CIP c) in the absence of 

light. The bottom row illustrates S. pneumoniae when untreated d), 12-CIP e), and 13-CIP f) 

following illumination with 680 nm laser probe (524 mW/cm2) for 15 min. 12-CIP and 13-

CIP were studied at 32 µM concentration. Red circle indicates EPS-bound bacteria cells. 

Figure 20   
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5.2.4.2 Cyclic voltammetry (CV) 
 

For complex 8Q and its conjugated 8Q@SiNPs-GA, CV was used to determine charge transfer 

on the biofilm deposit on the ITO-glass surface prior to and after exposure to light 

irradiation, Figure 5.14. In the dark, a decrease in potential difference (∆E) from 0.24 V, E. 

coli biofilm control was observed to (0.18 V) for E. coli/8Q and (0.17 V) for E. coli/8Q@SiNPs-

GA, Figure 5.14 (b), Table 5.5. The decrease is due to the enhanced electron transfer by 

incorporating the Pc complex and its doped conjugate on the biofilm composite; 

consequently, an increase in current in the cyclic voltammograms of the biofilm composites 

was evident (Figure 5.14 (a)).  

 

 

 

 

 

 

 

 

Figure 5.14: CV of ITO-glass biofilm substrates in the a) dark and b) light in 0.1 M KCl 

containing 1 mM [Fe (CN)6]3-/4- solution. Scan rate=100 mV/s.  
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After illumination with 680 nm laser probe (524 mW/cm2), a slight increase in ∆E to 0.26 V 

(Table 5.5) was indicated for E. coli biofilm (control). This indicates that light alone without 

the PS has no significant effect on the antibacterial activity in this study. An increase in ∆E 

value for E. coli/8Q@SiNPs-GA biofilms with potential values of 0.27 V (from 0.17 V) was 

observed. This implies an increase in charge transfer resistance that can be traced to 

enhanced blockage of the ITO-glass modified surface due to the breaking down of the 

structural composition of the biofilm; hence, a surface blockage results in lessening the 

conductive ability of the biofilms occurs [226]. Similar results were obtained for S. aureus 

bacteria composites (S. aureus/8Q and S. aureus/8Q @SiNPs-GA) (Table 5.5). 

Table 5.5: Change in potential difference values (∆E) in the presence of light and dark against 

S. aureus and E. coli biofilms after 30 min of irradiation at 23.20 mg/L concentration. Table 13 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ITO-glass biofilm 

composition 

Change in potential difference 
values (∆E) 

Dark toxicity Phototoxicity 

E. coli (control) 0.24 0.26 

8Q/E. coli 0.18 0.19 

8Q@SiNPs-GA/E.coli 0.17 0.27 

S. aureus(control) 0.21 0.21 

8Q/S. aureus 0.25 0.33 

8Q@SiNPs-GA/S. aureus 0.18 0.20 

0.1. M KCl containing 1 mM [Fe (CN)6]3-/4- solution. Scan 
rate=100 mV/s. 
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5.2.4.3 Electrochemical impedance spectroscopy (EIS)  

Reduction in the stability of the EPS results in higher conductivity, hence lower charge transfer 

resistance (Rct) in EIS.  For E. coli, the Rct numbers for 12-CIP and 13-CIP were lower than 

those for the control, Table 5.6. This means the conductivity is increased as a result of the 

less stable EPS meaning degraded products are more conductive. When 12-CIP and 13-CIP are 

present, both in the dark and in the light, the Rct values for S. pneumoniae are higher than 

for control. In the presence of 13-CIP, the conductivity of bacteria is lower than 12-CIP in the 

presence of light (hence more stability of EPS). The composition of EPS matrix molecules is 

not the same; it depends on the type of bacteria. There are differences in Pc-CIP uptake 

between the two strains because they do not have the same barrier; one is gram-negative (E. 

coli) and the other is gram-positive (S. pneumoniae).    

 

 

 

 

 

 

. 
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Table 5.6: Rct values in the presence of dark and light against E. coli and S. pneumoniae 

biofilms after 120 min uptake followed by 15 min illumination with laser probe at 16 and 32 

µM concentration, respectively. Table 14 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
ITO-glass biofilm 

composition 

 
Dark 

 
Light 

 

Rct(kΩ) Rct(kΩ) 

E. coli (control) 8.89 9.22 

CIP@E. coli 7.49 - 

12-CIP@E. coli 7.82 0.80 

13-CIP@E. coli 8.46 0.31 

S. pneumoniae (control) 0.76 0.79 

CIP@ S. pneumoniae 0.70 - 

12-CIP@ S. pneumoniae 1.67 1.74 

13-CIP@ S. pneumoniae 1.73 0.85 



CHAPTER FIVE                                                                                                          IN-VITRO CELL STUDIES 

 

157 | P a g e  

 

5.2.4.4 Raman Spectroscopy  

Raman spectroscopy was used to investigate the identification, categorisation, and analysis 

of several substances found in the EPS of biofilm, including lipids, carbohydrates, proteins, 

nucleic acids, and polysaccharides, to name a few. High sensitivity, specificity, and accuracy 

are provided by Raman in the detection of biochemical degradation inside the matrix of the 

S. aureus, and E. coli, S. pneumoniae biofilms (Figures 5.15—5.17).  

 

Figure 5.15: Raman spectra for S. aureus cells (biofilm) after illumination with 680 nm laser 

probe (524 mW/cm2) for 15 min in the presence of 8Q (S. aureus/8Q) and 8Q@SiNPs-GA (S. 

aureus/8Q@SiNPs-GA) at concentration 23.20 mg/L. Figure 
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Following administration of complex 8Q and 8Q@SiNPs-GA (as an example) and irradiation 

for 15 min Raman spectral shifts and changes in peak heights were seen between the control 

(untreated S. aureus biofilms) and the Pc (and conjugates) treated S. aureus biofilms, as 

shown in Figure 5.15, which demonstrate the antibacterial activity of the towards S. aureus 

biofilm matrices. According to the literature [227–233], the breakdown of nucleic acid, DNA 

backbone, aromatic amino acids, phenylalanine, DNA deformation, tyrosine, and amide I 

causes a decrease in peak intensities when Pcs and conjugates are present. These changes in 

conformational integrity of  S.aureus biofilm strains, imply cell death, as a result of singlet 

oxygen generated by the Pc complexes and conjugates [232,234]. 

The E. coli and S. pneumoniae were studied at 1 h and 24 h periods following treatment with 

12-CIP and 13-CIP (as examples) and exposure to laser light, this was performed to evaluate 

the occurrence of cellular proliferation of the EPS-bound cells (Figure 5.16 (a), (b), and Figure 

5.17 (a), (b)). EPS enhances cell division of the bacterial colonies within biofilms [235]. The 

P=O bonds that emerge are a consequence of oxidation and are known to be fingerprints of 

cell death [236,237]. The changes in the Raman peak intensities in the presence of Pcs 

corresponds to the breaking down of nucleic acid, DNA backbone, aromatic amino acids, 

phenylalanine, DNA deformation, tyrosine, and amide I as outlined in literature [232,233]. 

The spectral differences between the 1h and 24 h control samples for E. coli (Figure 5.16 (a), 

(b)) and S. pneumonie (Figure 5.17 (a), (b)) did not show signs of nutrient/molecular 

degradation, but the Pc-CIP treated samples did show signs of DNA deformation, protein, and 

amino acid breakdown as judged by the of the P=O bond and degradation various proteins. 

The changes were most noticeable 24 h following therapy. Following 24 h of sample 

incubation, further cell degradation signals were measured for the treatment of S. 
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pneumoniae in the presence of 12-CIP. In contrast, no significant changes were detected in 

the treatment with 13-CIP. The treated samples spectrum change in Raman intensity and 

shape irregularities in comparison to the control samples are known to be the outcome of 

redox stress-related events [238]. These alterations indicate cell death. 

 

 

 

 

 

 

Figure 5.16: Raman spectra of E. coli strains a) at 1 h and b) 24 h after illumination with 680 nm 

laser probe (524 mW/cm2) for 15 min in the presence of 12-CIP and 13-CIP (at 16 μM 

concentration) along with reference sample CIP alone (8 μg/mL).  
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Figure 5.17: Raman spectra of S. pneumoniae strains a) at 1 h and b) 24 h after illumination 

with 680 nm laser probe (524 mW/cm2) for 15 min in the presence of 12-CIP and 13-CIP (at 

16 μM concentration) along with reference sample CIP alone (8 μg/mL).  
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5.2.4.5 Time of flight–secondary ion mass spectrometry (TOF-SIMS) 

A supplemental experiment to determine the distribution Pc-CIP across the E. coli membrane 

was conducted using TOF-SIMS, Figure 5.18 (I). TOF-SIMS was used to image individual 

molecular compounds in order to investigate the uptake of Pc-CIP uptake by EPS. Bacteria 

have a regulatory mechanism termed quorum sensing (QS) that enables them to monitor 

their population density [239]. Secondary ion mass spectrometry reveals signal m/z: 244 

corresponding to 2-heptyl-4-quinolone (HHQ), key quorum-sensing quinolone which is also 

involved in biofilm sensing [240]. Additional signals at m/z: 115 and m/z: 79.0 belong to DNA 

fragments, specifically phylogenetic group markers phylogroup A and phylogroup D, 

respectively, were detected [241].  

A significantly lower cell density was observed after treatment with 12-CIP and 13-CIP 

compared to the untreated E. coli substrate suggesting that the Pc-CIP complexes have 

disrupted the biofilm. 3D depth profiling experiments for the distribution of HHQ in the 

presence of complexes 12-CIP and 13-CIP across the membranes (Figure 5.18 (II)) suggested 

reduced accumulation of the quorum-sensing quinolone, meaning that cell-cell signalling is 

compromised. The infrequent distribution of HHQ in Figure 5.18 (II) 12-CIP and (c) 13-CIP 

mark oxidation stress reactions, which can lead to bacteria death; this indicates that the Pc-

CIP complexes were able to diffuse the E. coli EPS-barrier effectively [240]. The intense red 

colour in control (a) is lowered in the presence of 12-CIP and 13-CIP. This change is attributed 

to the preferential binding of the complexes to the E. coli biofilm.  
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Figure 5.18: ToF–SIMS images showing (I) frozen hydrated E. coli biofilm a) without the Pcs 

(control), following 80 min uptake of b) 12-CIP, and c) 13-CIP, (II) Distribution of HHQ across 

E. coli biofilm grown on an ITO-coated glass substrate a) in the absence of Pcs (control), and 

in the presence of b) 12-CIP, and c) 13-CIP.  “Live” (red) and “inactive” (green) cells. Figure 

21 
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5.3 Photodynamic therapy (PDT) 

5.3.1 Cellular uptake 

The cellular uptake plays an important role in the PDT activity of the photosensitiser.  The 

cellular uptake of the Pc complexes was determined by measuring the absorbance of 

internalised Pc drug after incubating with MCF-7 cells for 24 h. Figure 5.19 shows that folic 

acid coated conjugates (2@SiNPs-FA, 3@SiNPs-FA) shows better cellular uptake than 2 and 3, 

respectively. This difference in the cellular uptake is due to folic acid which is known to target 

the highly expressed folate receptors on cancer cells [242,243]. Complex 3 showed slightly 

better cellular uptake than 2. 

 

 

Figure 5.19: Relative cellular uptake plot for complexes 2, 2@SiNPs-FA, 3 and 3@SiNPs-FA, 

at 10 μg/mL concentration in 1% DMSO. Control 1% DMSO.  
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Cationic PS are known to bind the anionic cell membrane through electrostatic interactions 

and facilitate the transfer of PS to the cell [244–246]. Cationic complexes 5 and 6 have higher 

cellular uptakes in comparison to the neutral complex 4 (Figure 5.20), furthermore 6 has a 

superior cellular uptake in comparison to 5 this is attributed to the higher number of cationic 

charges in 6. 

 

Figure 5.20: Relative cellular uptake plot for 4, 5 and 6 at 10 μM concentration by measuring 

the absorbance 680 nm with a multi-plate reader.  
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5.3.2. Photocytotoxicity studies in MCF-7 cells 

The cytotoxicity of Pcs and their folic acid conjugates on MCF-7 cancer cells in both the dark 

and upon irradiation at 680 nm with a 524 mW/cm2 was assessed by MTT assay [247]. MCF-7 

cells were incubated with different concentrations (0.8–50 μg/mL) of Pcs and conjugates for 

24 h. Cells were irradiated with a 680 nm Modulight for 15 min. A separate set of treated cells 

were studied in parallel in the absence of light irradiation. Figure 5.21 shows the 

concentration dependent percentage cell viability plot in light and dark respectively. The half 

maximal Inhibitory concentration (IC50), the drug concentration required for 50% inhibition of 

cell growth was calculated (Table 5.7). All the conjugates show negligible dark toxicity at the 

tested concentrations with IC50 values > 50 μg/mL (Table 5.7, Figure 5.21 dark). Irradiation of 

MCF-7 cells pre-treated with conjugates results in significant inhibition of cell growth. 

Complex 3 with IC50 value of 18.6 μg/mL showed better phototoxicity compared to 2 of IC50 

value 21.9 μg/mL. On encapsulation to SiNPs-FA the complexes 2 and 3 showed enhanced 

PDT activity with IC50 values 19.2 μg/mL and 10.8 μg/mL respectively (Table 5.7). The PDT 

activity of the complexes follows the order: 3@SiNPs-FA (10.8 μg/mL) < 3 (18.6 μg/mL) < 

2@SiNPs-FA (19.2 μg/mL) < 2 (21.9 μg/mL). The observed trend in phototoxicity is consistent 

with the cellular uptake. 
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Figure 5.21 :(Dark) and (Light) PDT plots for complexes 2, 2@SiNPs-FA, 3 and 3@SiNPs-FA, 

at indicated concentrations in 1% DMSO. Dark toxicity plots for complexes 2, 2@SiNPs-FA, 

3 and 3@SiNPs-FA at indicated concentrations in 1% DMSO. Control = DMSO (1%).  

 

The dark toxicity and PDT activity studies for 4, 5, and 6 were carried out using MCF-7 breast 

cancer cells. The dark toxicity and PDT activity of the Pcs were performed at gradient 

concentrations of 1.6, 3.1, 6.3, 12.5, 25, 50 and 100 μM (Figure 5.22). 4, 5, and 6 showed 

negligible dark toxicity with IC50 value > 75 μM (Table 5.7, Figure 5.22 (b)).  
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Table 5.7: IC50 values of Pc complexes against MCF-7 cells.  

 

 

 

 

 

 

 

 

 

 

The PDT activity experiments (Figure 5.22 (a)) for the complexes involved the addition 

of 4, 5, and 6 in a 96-well tissue culture plate containing MCF-7 cells. Illumination for PDT 

studies was obtained with a 680 nm laser probe Modulight medical laser for 15 min (524 

mW/cm2). The IC50 values follow the order: 6 (4.9 μM) < 5 (8.2 μM) < 4 (15.1 μM), Table 5.7. 

These values are in accordance with the cellular uptake trend. 

 

 

 

 
Complex  

IC50 (μg/mL) 

Darka Lightb 

2 > 50 21.9 (± 1.2) 

2@SiNPs-FA > 50 19.2 (± 1.1) 

3  > 50 18.6 (± 1.0) 

3@SiNPs-FA > 50 10.8 (± 0.7) 

4 > 75 15.1 (± 1.1) 

5 > 75 8.2 (± 1.0) 

6 > 75 4.9 (± 1.3) 

a24 h incubation in the dark. b24 h incubation in the dark 
followed by exposure to a 680 nm Modulight medical laser 
(524 mW/cm2) for 15 min.  Error bars represent standard 

deviation (n = 3). 
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Figure 5.22: Cytotoxicity plots for 4, 5, and 6 in the (a) light and (b) dark at the indicated 

concentrations (Concentration range studied: 100–1.6 μM) Incubation time: 24 h.  
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5.5 Summary of chapter 

Phthalocyanines and their conjugates were tested against Escherichia coli (E. coli), 

Staphylococcus aureus (S. aureus), Streptococcus pneumoniae (S. pneumoniae), and human 

breast adenocarcinoma cells (MCF-7 cells) for in vitro dark cytotoxicity, photodynamic 

antimicrobial chemotherapy (PACT), and photodynamic therapy (PDT), respectively. While 

the in-vitro PDT investigations were carried out at various concentration doses and fixed 

illumination dosimetry, the in vitro dark viability studies were carried out at a physiological 

temperature and variable concentration doses with no light treatment. 

When the Pc complexes are present alone or enclosed in surface-modified silica 

nanoparticles, the influence of varied numbers of charges on photodynamic (PACT) is 

examined towards E. coli, S. aureus, and S. pneumoniae in both planktonic and biofilm forms. 

The cationic complexes displayed the highest activity with log CFU (colony forming units). The 

viability of in vitro biofilms of E. coli, S. aureus, and S. pneumoniae was significantly reduced 

by the cationic complexes as well. 

MCF-7 cells are used to test the complexes and their doped equivalents for PDT activity. Every 

complex displayed dark toxicity of greater than 50%. When exposed to laser light, the folic 

acid conjugates Pc@SiNPs-FA displayed higher phototoxicity towards MCF-7 cells. The IC50 

values for the cationic Pcs, 5, and 6, are 8.2 and 4.9 μM for good cellular absorption and PDT 

action against MCF-7 cells, respectively.
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6.1 General conclusion  

A variety of analytical spectroscopic techniques were used to successfully synthesise and 

characterise symmetrical and asymmetrical phthalocyanines (Pcs). With the aid of MALDI-TOF 

MS, UV-vis spectroscopy, and elemental analysis, the complexes' purity was verified. The 

complexes that were synthesised gave results that matched the predicted structures. The 

complexes' typical absorption bands demonstrated that they were soluble in the majority of 

solvents.  

Some of the symmetrical Pcs are encapsulated into silica nanoparticles (SINPs). Covalently 

attaching biomolecules including AMP, FA, PSn, and GA to the surface of the amino Pc@SiNPs-

NH2 allows for the diversification of the Pc doped silica (Pc@SiNPs). CIP is conjugated to the 

asymmetric Pcs using the secondary amine on ciprofloxacin. Transmission electron 

microscopy and dynamic light scattering were used to evaluate the morphologies and size of 

the Pc doped conjugates. The Pcs and SiNPs conjugates' successful amide bond formation was 

verified using FT-IR and X-ray photoelectron spectra. 

The Pcs' photochemistry and photophysics were evaluated both on their own and in SiNPs 

conjugates form. It is important to note that the nature of substituent also very important for 

the Pcs' fluorescence feature. F and τF have a straight proportional relationship, thus the 

decrease in F is complemented by the shortening in τF. Pcs and their conjugates showed 

insignificant changes in F. Low F and high T were in line with the trend in the F and T 

measurements. Due to inconsistency between the T and ∆ of the Pc@SiNPs conjugates, 

the obtained ∆ values of several conjugates did not follow the anticipated patterns. In 

several instances, low ∆ was noticed in the Pc conjugates.  
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The ineffective energy transfer between the excited triplet state photosensitiser and ground 

state molecular oxygen could be the cause of the low ∆. 

The Pcs and their conjugates' where applicable, in-vitro cytotoxicity demonstrated relative 

dark toxicity at very high concentrations. Significant activity was seen in the PDT experiments 

of the Pcs and their conjugates at the tested concentrations. In both PDT and PACT, the 

cationic Pcs outperformed the neutral Pc in terms of biological activity. When used against 

MCF-7 cells, cationic Pc dyes (5 and 6) exhibit noticeably improved cellular absorption and 

PDT activity. Additionally, the PACT activity of the cationic Pcs is higher than that of the 

neutral Pcs. The quick, label-free, quantitative, non-invasive, and effective detection of 

biochemical changes in E. coli, S. aureus, and S. pneumoniae biofilm was made possible with 

the help of Raman spectroscopy. The findings of this study suggest that both PDT and PACT 

are significantly influenced by the nature of substituent, Pc delivery system (NPs), and ∆. 

 

6.2 FUTURE PROSPECTS 

It is critical to screen and identify microbes that can efficiently degrade pollutants and 

generate bio-electrical energy, as well as investigate the potential mechanisms of cooperation 

between different microorganisms for bio-electrical energy development. As a result, efforts 

will be made to combine phthalocyanines, various nanomaterial and biofilm-based 

biocatalysts, and their electron transfer mechanisms and pollutant degradation capabilities 

activity will be evaluated in photoelectroactive microbial fuel cell.  Photosensitisers with 

optimal PDT and PACT activity will be evaluated further. 
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Figure A1: FT–IR spectra of a) phthalonitrile A, 1, and 1Q b) 1Q@SiNPs-TEOS, 1Q@SiNPs-

APTES, 1Q@SiNPs-PS and 1Q@SiNPs-AMP. 

 

 

Figure A2: 1H-NMR spectrum of D at 80MHz in DMSO-d6. 
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Figure A3: The angular nodal patterns of the frontier orbitals of 4-6 and the unsubstituted 

parent ZnPc model complex that are associated with the Q and B transitions at an isosurface 

of 0.2 a.u. 
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Figure A4: The angular nodal patterns of the frontier orbitals of 5 that are associated with 

the CT band at an isosurface of 0.2 a.u. 

 

 

Figure A5: The angular nodal patterns of the frontier orbitals of 6 that are associated with 

the CT band at an isosurface of 0.2 a.u. 
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Figure A6: Survival graph of S. aureus following exposure to 1Q presence of (a) light and (b) 

dark in PBS. Concentration = 15, 30 ,45 and 60 mg/L 

 

 

 

 

Figure A7: Log CFU/mL due to Ampicillin, SiNPs-APTES and 1.3-Propane sultone of (a) light 

and (b) dark against S. aureus in PBS. Concentration = 15, 30 ,45 and 60 mg/L. 
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Figure A8: Survival graph of E. coli following treatment with 4, 5, and 6 in the presence of a) 

light and b) dark in PBS. Concentration = 0.5, 1.5, 2.5, 3.5 and 4.5 μM. 

 

 

 

Figure A9: Survival graph of a) E. coli and b) S. aureus (planktonic) in PBS due to complexes 

7, 8, 8Q, and their doped Pc conjugates in the dark at concentration = 0.58 (S. aureus) and 

1.16 mg/L (E. coli). 
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Figure A10: Nyquist plots of the impedance for E. coli biofilm substrate before a) and after 

b) illumination with laser light after treatment with 12-CIP at 4-32μM concentration 

(1%DMSO/PBS, pH 7.4) in 0.1 M KCl containing 1 mM [Fe (CN)6]3-/4- solution. 

 

 

 

 

 

 

 

Figure A11: Equivalent circuit adopted to fit the impedance data where Rs is the ohmic 

resistance of the electrolyte solution, Q the phase constant element, W the Warburg 

impedance, and Rct the electron-transfer resistance. 
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Table A1.  TD-DFT spectra of the B3LYP optimised geometries for 4 – 6 and ZnPc calculated 

with the CAM-B3LYP functional and 6-31G(d,p) basis sets [A1]. 

4 

Band #a λcalc b f c λexp d Wave Functione = 

Q 
1 572 0.63 

683 
96% a → -a/-s; … 

2 570 0.64 96% a → -a/-s; … 

B 
16 306 0.91 

353 
41% H−4S → -a/-s; 18% s → -a/-s; 16% 1b1gN → -a; … 

17 305 1.39 -40% H−4S → -a/-s; 26% s → -a/-s; … 

5 

Band #a λcalc b f c λexp d Wave Functione = 

Q 
1 574 0.99 

683 
87% a → -a/-s; 6% s → -a/-s; … 

2 575 0.98 88% a → -a/-s; 6% s → -a/-s; … 

CT 

9 387 0.52 472 15% H−4S → L+2S; 12% H−1S,N → L+1S; … 

10 384 2.75 30% H−2S → L+2S; 13% H−5S,N → LS; 11% H−3S → LS; … 

11 383 3.30 35% H−3S → L+2S; 17% H−4S,N → L+1S; 12% H−1S,N → L+1S; … 

12 374 0.11 19% H−3S → L+2S; 15% H−2S → L+2S; 10% H−4S,N → L+1S; … 

B 
20 300 0.78 

356 
39% s → -a/-s; 21% H−4S,N → -a/-s; 17% H−5S,N → -a/-s; … 

21 300 0.81 42% s → -a/-s; 24% H−5S,N → -a/-s; 10% H−4S,N → -a/-s; … 

6 

Band #a λcalc b f c λexp d Wave Functione = 

Q 
1 583 1.17 

684 
80% a → -a/-s; 7% a → L+1S; 5% s → -a/-s; … 

2 582 1.12 82% a → -a/-s; 6% a → LS; 5% s → -a/-s; … 

CT 

9 406 1.03 476 30% H−2S → L+1S; 10% H−5S → LS; … 

10 402 2.99 14% H−2S → L+1S; 13% H−5S → LS; 10% H−3S → L+2; 10% H−4S → LS; … 

11 401 3.27 19% H−3S → L+2S; 16% H−4S → L+3S; 10% H−3S → L+3; 10% H−5S → L+2S; … 

12 390 0.07 18% H−3S → L+2S; 13% H−5S → L+3S; 12% H−2S → L+1S; 11% H−4S → L+3S; … 

B 
24 301 0.51 

355 
25% H−5S → -a/-s; 23% s → -s; 11% H−2S → a; 10% H−2S → LS; … 

25 300 0.74 36% s → -a/-s; 34% H−5S → -s; 7% s → -a/-s; … 

ZnPc 

Band #a λcalc b f c λexp d Wave Functione = 

Q 
1 563 0.47 

672 
100% a → -a; … 

2 562 0.47 100% a → -s; … 

B 
12 292 1.00 

344 
73% s → -a/-s; 15% 1b2u → -a/-s; 7% s → -a/-s; … 

13 292 1.00 73% s → -a/-s; 15% 1b2u → -a/-s; 7% s → -a/-s; … 
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Table A2: Zeta potential measurements for Pc@SiNPs-/APTES/GA. 
 (Pc=7, 8 or 8Q). 
 

 

 

 

 

 

 

 

 

 

Table A3: Rct values in the dark and light against E. coli biofilms after 40 min uptake of 12-

CIP (added concentrations of 4 to 32 µM) followed by 15 min illumination with laser probe. 

 

 

Concentration of 

 12-CIP@biofilm 

 ITO-glass composite 

E. coli S. pneumoniae 

Rct(Ω) Rct(Ω) 

Dark  Light  Dark  Light  

Control 344 480 158 175 

4 µM 569 545 3670 351 

8 µM 351 559 133 277 

16 µM 619 358  1730 257 

32 µM 357 396 1330 134 

Rct values of bare ITO-glass = 866 Ω   in 

0.1 M KCl containing 1 mM [Fe (CN)6]3-/4- solution.  

 

 

Sample Zeta potential 

7@SiNPs-APTES -32.7 ± 1.33 (-12.03) 

7@SiNPs-GA -5.1 ± 0.461 (-12.03) 

8@SiNPs-APTES 21.8 ± 2.26 (13.4) 

8@SiNPs-GA -5.2 ± 1.24 (13.4) 

8Q@SiNPs-APTES 24.2 ± 2.07 (27.5) 

8Q@SiNPs-GA -7.03 ± 1.24 (27.5) 

Values for the Pcs' measurements alone are indicated in brackets. 
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