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Abstract 

Photodynamic antimicrobial chemotherapy (PACT) is a well-known antimicrobial therapy 

technique used against multi-drug resistant pathogens. In this study, the syntheses, 

characterization, photophysicochemical properties, and the applications of symmetrically 

and asymmetrically substituted cationic indium (III) porphyrins linked to silver/copper ferrite 

core-shell (Ag/CuFe2O4) magnetic nanoparticles (MNPs) as potential photosensitizers for 

PACT are reported. The synthesized complexes include axially modified porphyrins 

quaternized through an axial ligand. All the asymmetrically substituted porphyrins were 

linked to the NPs via an ester bond and the symmetrically substituted porphyrins were 

linked (peripherally and /or axially) via self-assembly (Ag-S and/or Ag-N). The impact of axial 

modification, peripheral substituents, conjugation to the NPs, the number of positive 

charges, and the chain length of the alkyl halides quaternizing agents on PACT efficacy and 

photophysicochemical properties of porphyrins were studied. High singlet oxygen quantum 

yields and antimicrobial log reductions were observed. 

Lipophilicity and hydrophilicity of the porphyrins were also studies, where the complexes 

quaternized with methyl iodide showed relatively high hydrophilicity character. Upon in 

vitro PACT studies, the quaternized complexes were observed to have 0% viable colony, 

signifying their effectiveness. Moreover, the highest log reductions of 9.27 were observed 

against S. aureus and 9.58 were observed against E. coli. 

The findings from this work delineate that singlet oxygen generation alone is not a distinct 

factor on the PACT efficacy of the porphyrin complexes, since some of the complexes have 
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practically the same singlet oxygen quantum but different PACT activity. However, other 

contributing factors including water solubility play a significant role. 

Key words: photodynamic antimicrobial chemotherapy, photosensitizers, porphyrins, 

quaternize, magnetic nanoparticles, Escherichia coli, Staphylococcus aureus. 
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Problem statement 

The globally emanating and rapidly growing resistance among various classes of virulent 

gram-positive and gram-negative bacteria towards well known and effective antibiotics has 

enticed researchers to search for alternative techniques for bacterial mitigation with less to 

no chance of developing resistance in a long run. Case in point, hospitals in the United 

States in 2013 reported a pronounced increase of Methicillin-resistant pathogens; amongst 

them is Staphylococcus aureus spa Type t002 isolates.  

Photodynamic antimicrobial chemotherapy is a well-studied therapeutic technique and a 

possible alternative to antibiotic treatment for localized infection. This technology involves a 

combination of non-toxic compounds, known as photosensitizers (e.g. porphyrins), visible 

light of the appropriate wavelength to produce reactive oxygen species that initiate 

bacterial obliteration through oxidative cell damage. Most of the photosensitizers used in 

this therapeutic technique do not meet the criteria of becoming ideal photosensitizers, such 

as; chemical and photostability, water solubility, hydrophilic-lipophilic balance, high singlet 

oxygen generation, and recoverability after use. The synthesis of the photosensitizer should 

be easy with starting materials readily available. Sparing no effort towards developing ideal 

photosensitizers; cationic porphyrins linked to cytotoxic magnetic nanoparticles for highly 

enhanced photodynamic antimicrobial chemotherapy activity has been thoroughly studied 

in this thesis. Synergistic cytotoxicity is anticipated by the combination of the two entities; 

photosensitizers and magnetic nanoparticles. Moreover, the nanoparticles facilitate 

recovery and reuse of the materials. 



 

 
 

 

 
 

 

 

 

 

Chapter 1 
Introduction 

This chapter provides an overview of the literature on porphyrins, magnetic nanoparticles, 

and conjugates of the two and their applications for photosensitization in photodynamic 

antimicrobial chemotherapy. 
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1.1 Photodynamic antimicrobial chemotherapy (PACT) 

1.1.1 Background and mechanism   

Photodynamic antimicrobial chemotherapy (PACT) also known as antimicrobial 

photodynamic therapy (aPDT) is a potential antimicrobial therapy that employs a 

combination of non-toxic photosensitizer (PS) (such as porphyrins) and light of an 

appropriate wavelength (ideally at the maximum absorption of the photosensitizer) [1]. The 

bacterial obliteration or mitigation in PACT is initiated by the lethal oxidative stress brought 

by reactive oxygen species (ROS) when light is irradiated on the target cells in the presence 

of molecular oxygen (O2) [2]. ROS, mainly singlet oxygen (1O2) are responsible for cell death 

by reacting with various cellular components. 

The mechanism behind porphyrin photosensitization during PACT is shown in Fig. 1.1. The 

photosensitizer is introduced to the bacterial solution or the targeted site, followed by 

irradiation (process X in Fig. 1.1) of the PS-bacterial mixture with the light of an appropriate 

wavelength (at λmax of the PS), which consequently leads to photoexcitation of the PS from 

ground state (S0) to its singlet excited state (*S1) [3]. The PS in the *S1 then undergo 

competing processes that might negatively or positively impact ROS generation. The PS in 

the *S1 may undergoes intersystem crossing (process Y in Fig. 1.1) to an excited triplet state 

(*T3) which results in the ROS generation [3,4]. The PS in the *T3 might undergo two co-

existing processes for ROS generation, namely, Type I and Type II reactions [4].   

Type I reaction involves a direct transfer of an electron (e-) or a proton (H+)  from the PS in 

the *T3 to the substrates in the cell (e.g. water in the bacterial cell membrane), to generate 

radical ions, which consequently react with oxygen inducing cytotoxic ROS, typically 
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hydroxyl radicals (OH-) and superoxide (O2
-). These species are highly reactive and they 

penetrate through the bacteria cell effortlessly fast, causing extreme oxidative damage [5]. 

Type II process involves the transfer of energy from the PS in the *T3 to the triplet ground 

state molecular oxygen (3O2) resulting in the generation of 1O2. Singlet oxygen is the 

molecular oxygen in its electronically excited state and is less stable; moreover, it is the 

predominant cytotoxic substrate amongst all the ROS in PACT. 1O2 interact with various 

components within the cell such as proteins and the deoxyribonucleic acid (DNA) bases [6]. 

There are various mechanisms through which bacterial obliteration occurs as a result of 

these ROS; These include cross-linkage between the proteins, oxidative damage of the 

nucleic acids, proteins, and membrane lipids [6,7]. 

 

Fig. 1.1 Schematic illustration of photodynamic reaction on bacterial cell. S0 = Ground state; 

*S1 = First singlet excited state; *T3 = Triplet excited state; X = Energy absorption; Y = 

Intersystem crossing; hv = Photon energy; 3O2 = Ground state molecular oxygen; 1O2 = 

Singlet oxygen. 
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1.1.2 Targeted bacteria cell walls and their susceptibility to PACT 

Bacteria are predominantly classified into either Gram-positive (+) such as Bacillus subtilis, 

Enterococcus faecalis, and Staphylococcus aureus or Gram-negative (-) such as Klebsiella 

pneumoni, Escherichia coli, Pseudomonas aeruginosa [8]. In this study, both Gram (+) 

Staphylococcus aureus and Gram (-) Escherichia coli strains were used for PACT studies. The 

distinctive traits between Gram (+) and Gram (-) bacteria are the cell wall ultra-structure 

composition as shown in Fig. 1.2, which plays a vital role in the susceptibility of the strain 

towards treatment using PACT. Gram (-) bacteria are known to be more resistant towards 

PACT inactivation using various neutral and anionic photosensitizers (PSs) [9]. The absence 

of the protective layer (lipopolysaccharides) in the Gram (+) bacteria cell membrane makes 

it more susceptible to PSs, as a result of the presence of a relatively porous layer of 

lipoteichoic acid and peptidoglycan with no outer membrane as shown in Fig. 1.2.  

 

Fig. 1.2 Schematic representation of Gram (+) (left) and Gram (-) (right) bacteria cell wall 

and cytoplasmic membrane structure. 
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The cell wall of Gram (-) bacteria is less permeable by neutral and anionic PSs, however 

cationic PSs are known to interact effectively with the cell wall [10]. Various approaches 

have been used to inactivate Gram (-) bacteria, which involves the use of cell membrane 

disorganizing agents such as ethylendiaminetetraacetic acid (EDTA) to enhance their 

sensitivity [11]. There are various modes of bacteria obliterations by PSs in PACT as 

described in previous researches [12]. The first mode of oxidative destruction is based on 

the ability of the PS to bind and become localized in the cell membrane through either 

columbic or hydrophobic interactions. The cytotoxicity is then initiated through irradiation 

with light over the target site containing the PS. The second mode involves the interaction 

of the PS and the cell in a solution. PS generates ROS in solution, which can diffuse into the 

bacteria cell membranes and cause cell damage. The third mode involves the PS molecules 

penetrating the bacteria cell wall and directly interacting with the intracellular components 

(e.g. DNA, proteins). All the above-mentioned bacteria inactivation methods through PACT 

processes are complex and non-specific, the obliterations are known to be through various 

mechanisms; including functional damage, cell membrane damage, and/or morphological 

variation [8,13,14].  

1.2 Porphyrins  

1.2.1 Background (Structure and applications) 

Porphyrins are a class of aromatic macrocycle organic compounds that are composed of 

four pyrrole entities joined at their alpha (α) carbon atom through methane bridges (=CH-) 

as shown in Fig. 1.3. The structure of porphyrin was first proposed in 1912 by Küster [15], 

however, it remained a dispute for some time due to the stability of this large aromatic 

molecule until Fischer and Zeile, later on, proposed the same structure when they 
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succeeded in synthesizing protoheme from pyrrolic starting materials in 1929 [16]. After 

many setbacks, a phenomenal breakthrough was achieved in 1954, which led the way to 

solve protein structures related to porphyrins, and consequently haemoglobin [17]. 

Porphyrins have a total of 26 π-electrons, of which an extended conjugated 18 π-electrons 

form a planar continuous system which is responsible for their aromatic behaviour [18]. 

Porphyrins are considered highly aromatic, based on Huckel’s (4n+2) rule. One of the 

outcomes of the porphyrin conjugated system behaviour is the absorption within the visible 

region of the electromagnetic spectra. Porphyrins are famously known to be colours of life 

due to their fundamental significance in sustaining life in different ways; such as 

haemoglobin which stores and transports oxygen to various organs, chlorophyll for 

photosynthesis, and form various enzyme and vitamins required by our body for optimal 

functioning [19]. Synthetic porphyrin complexes show potential flexibility depending on the 

metal ions, peripheral substitution, and axial ligation. The choice of each porphyrin 

components or substituents are totally dependent on the applications.  

Fig. 1.3 Schematic representation of an unsubstituted free-base (left) and matalated (right) 

porphyrins showing beta (β), alpha (α), and meso structural positions. 
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There are three main points of substitution on the metalloporphyrin molecules (shown in 

Fig. 1.3) which allows structural modifications and may result in major alteration of the 

fundamental properties of the whole molecule. Moreover, synthetic porphyrins possess 

interesting photophysical, chemical, and biological properties that makes them ideal 

candidates for medicinal and industrial applications (Fig. 1.4). Clinical Applications of 

porphyrins in PACT includes the treatments of dermatological conditions [13]. Porphyrins 

have also been used in the treatment of topical human infections and consequently 

replacing skin-applied antibiotics [20,21]. Synthetic and bioinspired metalloporphyrins are 

also employed in the industries as reusable catalysts in oxidative bleaching of industrial dyes 

[22]. Most of these applications depend on the photophysical and photochemical properties 

possessed by these porphyrins. In this study, porphyrins are studied and employed for PACT. 

Fig. 1.4 Schematic illustration of some common applications of synthetic porphyrins and 

metalloporphyrins [13,19]. 
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1.2.2 Synthesis  

1.2.2.1 Symmetrically substituted porphyrins (tetra-substituted porphyrins; A4, or B4 type) 

Because of the preparation simplicity of A4 or B4 type porphyrins they are popular. 

Moreover, they allow a possibility of further chemical modifications. The synthetic 

procedure generally involves one-step one-flask or two-steps one-flask reactions, through 

condensation of pyrrole in the presence of the desired aldehyde (Scheme 1.1) [23,24]. 

 

Scheme 1.1 Schematic illustration of various general synthetic procedures of a free-base 

porphyrin (tetraphenylporphyrin) and their conditions; MW = microwave, r.t. = Room 

temperature, Ar = Argon, TFA = Trifluroacetic acid, DDQ = 2,3-dichloro-5,6-

dicyanobenzoquinone.   
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1.2.2.1.1 Rothemund and Menotti 

The first people to synthesize meso-substituted tetraphenylporphyrin were Rothemund and 

Menotti [25], which opened a pathway for the synthesis of meso-substituted porphyrins 

(Scheme 1.1). The compound was attained by condensation of pyrrole and benzaldehyde 

using pyridine as a solvent in an isolated system at 220 °C for 24 h. As a result of these 

harsh conditions employed, the yield was relatively low (~10%).  

1.2.2.1.2 Adler and Longo 

In response to the challenge faced by Rothemund and Menotti later Adler and co-workers 

modified the reaction to milder conditions as shown in Scheme 1.1 [26]. The procedure 

involved the reflux of pyrrole in propionic acid followed by the addition of benzaldehyde 

which afforded up to 20% of the porphyrin. The challenge in Adler and Longo method 

became the purification process as it involves the formation of tar in high quantity. 

Moreover, due to the acidic reaction condition involved, acid-sensitive functional groups 

such as hydroxyl, thiol, and amino groups do not result in the formation of the desired 

product [27]. This synthetic procedure was employed in this thesis. 

1.2.2.1.3 Lindsey and co-workers 

Lindsey and co-workers [28] came up with reaction conditions that can be utilized to 

synthesize porphyrins using acid-sensitive functional groups. Typically, Lindsey method 

involves two-step one-flak reaction where an equal ratio of pyrrole and benzaldehyde 

reacted in the presence of trifluoroacetic acid (TFA) or boron trifluoride etherate (BF3.OEt2) 

as catalysts and using dichloromethane (DCM) as a solvent under an inert atmosphere for 1 
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h. Furthermore, the prophyrinogen intermediate is converted into a porphyrin using 2,3-

dichloro-5,6-dicyanobenzoquinone (DDQ) (Scheme 1.1).  

1.2.2.1.4 Microwave-assisted and other methods 

Other meso-substituted porphyrins synthetic procedures (Scheme 1.1) involve alternative 

energy sources or reaction media including microwave irradiation. Microwave-assisted 

synthesis of meso-substituted porphyrin by Zerrouki and co-workers [29] employs two-step 

synthetic microwave-activated approach to prepare A4 or B4 type meso-

tetraphenylporphyrins. The conditions involve a mixture of pyrrole, benzaldehyde, and 

dichloromethane (DCM) in 10% molar equivalence of iodide exposed to microwave (MW) 

radiation, followed by an introduction of p-chloranaline. This procedure affords reasonable 

yields (~47%) and the reaction takes <30 min.  Various microwave-assisted and solvent-free 

synthetic procedures have been reported and possess relative high yields within a short 

period of time without condensation or distillation processes [29–33]. 

1.2.2.2 Asymmetrical porphyrins (tetra-substituted porphyrins; A3B, or B3A type) 

The synthesis of asymmetrical porphyrins follows the same synthetic procedures involved in 

the synthesis of symmetrical porphyrins however the major difference is the presence of 

two different aldehydes (A and B) and pyrrole [34,35]. The molar ratio of aldehydes of 1:3 

(A: B) is commonly used for the synthesis of B3A-type porphyrin. This molar ratio reduces 

the probability of the formation of A4 or B4 derivatives. The high molar ratio of aldehydes is 

used for a better statistical condensation to form B3A-type porphyrin. The aldehyde molar 

ratio of 1:3 were used in this thesis. 
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Scheme 1.2 Schematic illustration of possible porphyrin analogues resulting from crude 

product of general synthetic procedure of an asymmetrical porphyrin.  

The molar ratio 1:3 thus results in a maximum of six possible (Scheme 1.2) porphyrin 

derivatives from a crude product, of which various separation techniques such as column 

chromatography can be employed to extract the porphyrin of interest from the mixture. 

1.2.3 Electronic absorption spectra of porphyrins 

The intense colour of porphyrins is due to their highly conjugated -electron systems. They 

have astonishing UV-Visible absorption spectra characteristics in the visible region and 

ultraviolet, known as Q-bands (weak) and Soret band (intense), respectively, which are 
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delineated by Fig. 1.5. The spectra of the porphyrins has long been understood and 

explained in terms of the Gouterman’s four-orbital model [36]. According to Gouterman’s 

four-orbital model, the distinct absorption bands of porphyrins are as a result of transitions 

from the two highest occupied molecular orbitals (HOMOs); that is a1u and a2u, to the two 

lowest unoccupied molecular orbitals (LUMOs); that is a set of eg, delineated by Fig. 1.5 [37]. 

As a result of these transitions and further orbital mixing and splitting of the two energy 

states, Soret (B) band originating from the high energy state have greater oscillation 

strength and consequently Q-bands arising from lower energy state with less oscillation 

strength.  

 

Fig. 1.5 UV-Visible absorption spectra of a free-base 5,10,15,20-tetra(4-pyridyl) porphyrin. 

Insert; Gouterman four orbital HOMOs and LUMOs electronic transitions showing the origin 

of Soret (B) band and Q-bands in a porphyrin molecule. 
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Four Q-bands are observed for a free-base as results of the N-H protons that splits the 

symmetry (Fig. 1.5) and only two bands for a mataloporphyrins. Soret band ranges between 

380-500 nm and Q-bands between 500-750 nm depending on the porphyrins β and meso-

substituents [37–39]. 

1.2.4 Photophysical and photochemical parameters of porphyrins 

Photophysical parameters can be defined as the properties exhibited by a specific molecule 

through energy states transitions upon photoexcitation. Fluorescence quantum yields (φF) 

and lifetimes (τF), and singlet oxygen quantum yields (ɸ∆) of the porphyrins were studied. A 

porphyrin molecule subjected to the light of an appropriate wavelength can be 

photoexcited to singlet excited state (S0
*S1 …*Sn) (Fig. 1.1 and Fig. 1.6), where various 

competing processes take place upon relaxation of the molecule [40–42]. All these 

parameters can highly be impacted by the porphyrin substituents (meso and beta), the 

nature of the central metal, photo-induced electron transfer (PET), nature of the solvent, 

and temperature [43–46].  

1.2.4.1 Fluorescence quantum yields (φF) and lifetimes (τF) 

The fluorescence quantum yield (φF) of a fluorophore can be defined as the ratio between 

the numbers of photons emitted to the number of photons absorbed (Eq. 1.1) [47]. 

φF =
number of photons emmited 

number of photons absorbed 
           (1.1) 

φF signifies the efficiency of photoemission or probability of an excited state being 

diactivated through fluorescence, that is the energy lost by the photoexcited molecule 

through the emission of light (process F, Fig. 1.6).  
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Fig. 1.6 A simplified Jablonski diagram for further illustration of photophysical processes of 

porphyrins: A = photon absorption; F = fluorescence; IC = internal conversion; ISC = 

intersystem crossing; P = phosphorescence; S0 = Ground state; *S1 = First singlet excited 

state; *S1 = Second singlet excited state; *Sn = n singlet excited state; 1T3 = First triplet excited 

state, 2T3 = Second triplet excited state. 

φF values in this study were determined using zinc tetraphenylporphyrin (ZnTPP) (φf
Std = 

0.030 [48,49]) as a standard following the comparative methods reported in literature [50], 

using Eq. (1.2). 

φF
 = 

F
Std ×

F Astdn2
 

FStdA (nStd)
2              (1.2) 

Where 
F
Std is the fluorescence quantum yield of the standard, F and FStd are the areas 

under the fluorescence curve for sample and standard, respectively. A and AStd are the 

absorbance of the sample and standard, respectively. n and nStd are the refractive indices of 

the solvent used for sample and standard, respectively. Fluorescence lifetimes (τF) can be 
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defined as the average time a molecule spends in its singlet excited state before any other 

competing processes (i.e. fluorescence or intersystem crossing) can take place through 

photon emission to the ground state [47]. Time-Correlated Single Proton Counting (TCSPC) 

was employed for τF studies.  

1.2.4.2 Singlet oxygen quantum yield (ɸ∆) 

Singlet oxygen quantum yield (ɸ∆) is the quantitatively measured parameter that depends 

on the efficiency of the molecule to convert its absorbed energy to ground state molecular 

oxygen (O2) to generate singlet oxygen (1O2) [42]. The magnitude of ɸ∆ is highly dependent 

on the molecule’s ability to undergo intersystem crossing (ISC) to triplet excited state (Fig. 

1.6). ISC positively impacts ɸ∆, and generally, ISC is facilitated by the heavy atom effect 

which is highly dependent on the substituents and metal ion of the porphyrins. ɸ∆ is 

inversely proportional to φF since a highly fluorescent molecule will result in minimal ISC to 

populate the triplet excited state, consequently, a molecule with the lowest fluorescence 

quantum yield has a higher chance of generating high ɸ∆ since it has a high probability of 

undergoing ISC to populate triplet excited state [51]. Eq. (1.3) was used to determine the 

singlet quantum yield for the compounds, where ZnTPP (φ∆ = 0.53) [52] was used as a 

standard with 9,10-dimethylanthracene (DMA) used as a singlet oxygen quencher in 

dimethylformamide (DMF) [53].  

φ∆= 
F
Std  ×

B.  IStd

BStd.  I

                         (1.3) 

where B and BStd are photobleaching rates of the singlet oxygen quencher in the presence of 

porphyrin derivatives under investigation and the standard, respectively. I and IStd are the 

rates of light absorption by the sample and standard, respectively. 
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1.2.5 Porphyrins in photodynamic antimicrobial chemotherapy (PACT) 

Photodynamic antimicrobial chemotherapy of various porphyrins and metalloporphyrins is 

actively being studied on various gram (+) and gram (-) bacteria strains [13,54–56]. 

However, in this study, the focus is based on the linkage of the highly effective 

metalloporphyrins with functionalized magnetic nanoparticles for enhanced PACT activity. 

Porphyrin derivatives linked to magnetic nanoparticles are actively being studied as ideal 

PSs for numerous applications. Table 1.1 [57-69] outlines a summary of reported porphyrins 

linked to magnetic nanoparticles for various applications including PACT. 
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Table 1.1. Porphyrins and metalloporphyrins linked to magnetic nanoparticles for various 

applications. 

Porphyrin structure Porphyrin/nanomaterial 

interactions 

Applications Ref. 

 
 

 

 
 
Covalently linked to native 

dextran T10-coated iron 

oxide (dextran/Fe3O4) 

nanoparticles through 

click chemistry 

 
 
Photodynamic therapy 

 
 
[57] 

 
 
 

 
 
 
 

 
 
Covalently linked to native 

dextran T10-coated iron 

oxide (dextran/Fe3O4) 

nanoparticles through 

click chemistry 

 
 
Photodynamic therapy 

 
 
[57] 
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Covalently linked to silica 

coated magnetite 

nanoparticles (Si-Fe3O4) 

 
 

 
biological imaging 

 
 

 
[58] 
 
 
 
 

 

 

 
click reaction with azido-

functionalized silica-

coated superparamagnetic 

iron oxide (azido-

Fe3O4@SiO2) 

nanoparticles  

 
Photodynamic therapy 
 

 
[59] 

 

 
 

 
Clicked to 

superparamagnetic iron 

oxide nanoparticle 

(SPION) 

 
Photodynamic therapy 

 
[60] 
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Covalently linked to 

cationic  iron oxide silica 

nanomagnet (Si-Fe3O4) 

 
 

 

 
Photodynamic 

antimicrobial 

chemotherapy or 

photodynamic 

inactivation 

 
[61–
63] 

 

 

 
Covalently linked to 

functionalize 

superparamagnetic 

(Fe3O4)  nanoparticles 

 
Photodynamic therapy  

and hyperthermia 

therapy (HT) 

 
[64] 

 
 

 

 
Covalently linked to 

magnetic cadmium ferrite 

(CdFe2O4) nanoparticles 

 
Photodegradation of 

methylene blue 

 
[65] 
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Direct mixing and self-

assembly to gold-coated 

superparamagnetic iron 

oxide nanoparticles 

(SPIONs@Au) 

 

 
Photodynamic 

antimicrobial therapy or 

Photodynamic 

inactivation 

 
[66,
67] 

 

 

 
self-assembly to iron 

oxide-gold, core-shell 

nanoparticles (Fe3O4@Au) 

 
Photodynamic therapy 

 
[68] 

 

 

 
Covalently linked to silica 

magnetic nanoparticles 

(MNP@SiO2) 

 
Catalytic epoxidation 

 
[69] 
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As outlined by Table 1.1, both symmetrically and asymmetrically substituted porphyrins 

linked to magnetic nanoparticles have been studied, this includes both neutral and cationic 

porphyrins. However, this outlined summary shows only one porphyrin conjugate which has 

been  metalated and quaternized, with none for any PACT related application [57]. 

Moreover, the studies (Table 1.1) show no metalloporphyrins which are quaternized 

through an axial ligand and further linked to magnetic nanoparticles for any application. 

Thus, leaving a gap in search of both axially modified porphyrins and cationic porphyrins 

conjugated to magnetic nanoparticles for any applications. There are very few studies 

reported on hybridized bimetallic nanoparticles [70]. For the first time, cationic 

metalloporphyrins with positive charges on the meso-substituents or axial ligands 

conjugated to highly stable metal hybrid Ag/CuFe2O4 core-shell magnetic nanoparticles are 

being studied towards PACT in this thesis. Moreover, the conjugations through an axial 

ligand have been employed.  

1.2.6 Porphyrins and their corresponding conjugates used in this work  

Porphyrins synthesized in this work are both symmetrically and asymmetrically substituted 

with indium metal ions inserted in their cavity to enhance their photophysical and 

photochemical properties and further conjugated to Ag/CuFe2O4 magnetic nanoparticles.  

This study focuses on the photophysicochemical properties and PACT activity of cationic 

porphyrins since they are known to interact effectively with a broad spectrum of bacteria 

[13]. Table 1.2 outlines the porphyrins used in this work (to be referred using assigned 

numbering throughout in this work) and their conjugates with magnetic NPs for PACT 

studies against Staphylococcus aureus and Escherichia coli. All the complexes used in this 

work are new except the free-base precursors 5-p-carboxyphenyl-10-15-20-(tri-4-pyridyl) (a) 
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[71], 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine (b) [24], 5,10,15,20-tetrakis(N- 

methylthiophenyl) porphyrin (c), and complex 4 [72]. Please note that complex b is also 

commercially available and it was used only as a precursor and it was not discussed or 

characterized in this work. However, the free-base porphyrin complexes a and c were not 

fully characterized and photophysicochemical properties were not explored in literature, 

and they are characterized and studied in this work. 
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Table 1.2. Porphyrins, metalloporphyrins and corresponding conjugates with Ag/CuFe2O4 

magnetic nanoparticles (MNPs) synthesized in this work. 

Molecular Structure  Complex name Porphyrin-NPs 

interaction 

[Conjugates] 

Application/ 

Studies 

 

 

  

Indium-chloride 5-p-

carboxyphenyl-10-

15-20-(tri-4-pyridyl) 

porphyrin (1), (New) 

 

Covalently linked to 

MCH-Ag/CuFe2O4 

MNPs [1-MCH-

Ag/CuFe2O4] and SA 

(Ag-N bond) 

 

PACT (S. aureus) 

and Photophysics  

 

 

Indium-chloride 

5-p-carboxyphenyl-

10-15-20-(tris-4-

methylpyridinium)-

porphyrin triiodide 

(1Q-MeI), (New) 

 

Covalently linked to 

MCH-Ag/CuFe2O4 

MNPs 

[1Q-MeI-MCH-

Ag/CuFe2O4] 

 

PACT (S. aureus 

and E. coli)  and 

Photophysics 
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Indium-chloride 

5-p-carboxyphenyl-

10-15-20-(tris-4-

hexylpyridinium)-

porphyrin triiodide 

(1Q-Hex), (New) 

 

Covalently linked to 

MCH-Ag/CuFe2O4 

MNPs [1Q-HexI-

MCH-Ag/CuFe2O4] 

 

PACT (E. coli)  and 

Photophysics 

 

 

Indium-chloride 

5,10,15,20-

tetrakis(4-pyridyl) 

porphyrin (2), (New) 

 

- 

 

PACT (E. coli) and 

Photophysics 

 

 

Indium-(4-

aminophenyl) 

5,10,15,20-

tetrakis(4-pyridyl) 

porphyrin (3), (New) 

 

 

- 

 

PACT (E. coli) and 

Photophysics 
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Indium (para-

aminophenyl) 

5,10,15,20-

tetrakis(4-

methylpyridinium)-

tetraiodide 

porphyrin (3Q-MeI), 

(New) 

 

SA on MCH-

Ag/CuFe2O4 MNPs, 

axial ligand bond, 

[3Q-MeI-MCH-

Ag/CuFe2O4], Ag-N 

bond. 

 

PACT (E. coli) and 

Photophysics 

 

 

Indium (para-

aminophenyl) 

5,10,15,20-

tetrakis(4-

methylpyridinium)-

tetraiodide 

porphyrin (3Q-HexI), 

(New) 

 

SA on MCH-

Ag/CuFe2O4 MNPs, 

axial bond [3Q-HexI-

MCH-Ag/CuFe2O4], 

Ag-N bond. 

 

PACT (E. coli) and 

Photophysics 

 

 

 

Indium-chloride 5-

10-15-20-(tetrakis-4-

methylthiophenyl)-

porphyrin (4) [72] 

 

- 

 

PACT (S. aureus) 

and Photophysics 
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Indium-(2-pyridyl) 5-

10-15-20-(tetrakis-4-

methylthiophenyl)-

porphyrin (5) (New) 

SA on OLM-

Ag/CuFe2O4) and 

MCH-Ag/CuFe2O4 

NPs (Ag-S and Ag-N) 

[5-OLM-Ag/CuFe2O4] 

and [5-MCH-

Ag/CuFe2O4], Ag-N 

bond. 

 

PACT (S. aureus) 

and Photophysics 

 

 

 

Indium-(2-

methylpyridyl) 5-10-

15-20-(tetrakis-4-

methylthiophenyl)-

porphyrin iodide 

(5Q-MeI) (New) 

SA on OLM-

Ag/CuFe2O4 and 

MCH-Ag/CuFe2O4 

NPs through (Ag-S) 

[5Q-MeI-OLM-

Ag/CuFe2O4] and 

[5Q-MeI-MCH-

Ag/CuFe2O4], Ag-N 

bond.  

 

PACT (S. aureus) 

and Photophysics 

SA = self-assembly; MeI = Methyl iodide; HexI = Hexyl iodide; MCH = 6-Mercapto-1-hexanol; OLM = 

Oleyamine 
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In this study cationic indium porphyrins in which quaternizations were done either on the 

meso-substituents (1Q-MeI, 1Q-HexI, 3Q-MeI, 3Q-HexI) or axial ligand (5Q-MeI) were 

synthesized in order to enhance solubility and reduce aggregation, thus consequently 

improving photophysical properties and PACT efficacy. Please note complex 5 quaternized 

using hexyl iodide was not attempted; hence only complex 5Q-MeI is shown in Table 1.2.  

1.2.7 Rationale 

The effect of different factors or components that might influences photophysicochemical 

properties and PACT activities of the complexes were studied as follows;  

 Complex 2 was compared to 4 for the effect of the pyridyl vs methylthiophenyl meso-

substituents. 

 Complex 1 was compared to 1Q-MeI and 1Q-HexI, and complex 3 was compared to 3Q-

MeI and 3Q-HexI, and complex 5 was compared to 5Q-MeI to study the effect brought 

by quaternization. 

 Complexes 1Q-MeI and 1Q-HexI were compared to 3Q-MeI and 3Q-HexI, respectively, 

to study the effect brought by the number of positive charges.  

 Complexes 2 and 4 were compared to 3 and 5, respectively, to study the impact brought 

by axial ligation. 

 Complexes 1Q-MeI and 3Q-MeI were compared to 1Q-HexI and 3Q-HexI, respectively, 

to study the effect brought by the alkyl chain lengths of the quaternizing agents on 

hydrophilicity character, photophysical properties, and PACT efficacy. 

 Porphyrins were compared to their conjugates to study the effect brought by the MNPs. 
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 The effect of capping agent and size on PACT activity was studied by comparing 

oleyamine factionalized (OLM-Ag/CuFe2O4) MNPs and 6-mercapto-1-hexanol 

functionalized (MCH-Ag/CuFe2O4) MNPs. 

 Susceptibility of S. aureus in comparison to E. coli towards PACT activity of cationic 

porphyrins was studied using complex 1Q-MeI as an example. 

1.3 Magnetic nanoparticles (MNPs) 

1.3.1 Background (overview) 

Magnetic nanoparticles (MNPs) are a set of colloidal particles typically with a size ranging 

between nanometer (nm) to micrometer (μm) and can be manipulated through the use of 

external magnetic fields, and they are commonly composed of cobalt, iron, nickel, 

chromium, manganese, or gadolinium and their chemical compositions [73]. Some of the 

highly magnetic nanoparticles such as cobalt and nickel are toxic and more prone to 

oxidation, rendering them of less interest. MNPs have been studied since the 1970s, and the 

research on their fundamental properties and potential practical applications are rapidly 

expanding. Ideal MNPs must have these combined properties; elevated thermal and 

photostability and reduced chance of aggregation in solution, relatively small, good 

biocompatibility, high magnetic saturation, and active surface for modifications [74–76]. 

MNPs with active sides for modification are of great interest as various stabilizing agents can 

be adsorbed on the surface to enhance their properties, which consequently broadens their 

applications. MNPs have been further modified with various metals through either capping 

to form core-shell nanoparticles or through the formation of dimers to enhance their 

properties [70,77]. MNPs in this study were employed due to their desired intrinsic 

properties, which include their ability to respond to external magnetic fields chemically 
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active surfaces, which allow possibilities of coating. Metallic (e.g Cu and Ag) nanoparticles 

are well known to be cytotoxic due to their ability to release metal ions which penetrated 

bacterial cell membranes [78]. The colloidal stabilities and biocompatibility of the MNPs 

made them ideal candidates in the biomedical field as drug carriers [79]. Other materials 

such as carbon nanotubes and peptides amino acids are being used as drug carriers, 

however, most of this materials lack solubility in aqueous media and some are sensitive to 

pH changes [80,81]. The most vital properties of MNPs are based on their response to the 

magnetic field, which can be studied and explained through hysteresis loops (Fig. 1.7). 

Hysteresis loop Fig. 1.7, starting from point ‘a’ (zero point); this is a point where the entire 

Weiss domains magnetism is balanced and any motion from an external magnet may result 

in an imbalance either to the positive magnetic saturation (point b) or opposite magnetic 

saturation (point e). 

 

Fig. 1.7 A typical illustration of hysteresis loop of a magnetic material [76]. 
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By applying the highest magnetic force (H) the MNPs may reach their highest point of 

magnetization known as magnetic saturation, depending on the direction of H, either point 

‘b’ or ‘e’ can be reached, and the magnetic saturation will remain constant in the direction 

of applied H, this is due to the memory of magnetic flux retained by Weiss domains 

magnetism. Point ‘c’ and ‘f’ are as a result of the H being reduced to zero, and the degree of 

magnetization (B) does not go back to zero point but retain magnetism due to imbalance of 

Weiss domains of the nanoparticle. Point ‘d’ and ‘g’ (coercivity points) are the two points 

where magnetism is zero which corresponds to H required to remove the retained magnetic 

remanence and if the H is applied further the particles will once again reach their saturation 

points. 

1.3.2 General syntheses and applications of MNPs 

1.3.2.1 Synthesis of magnetic nanoparticles 

The broad applications of magnetic nanometer-sized colloidal particles have driven 

researches towards finding various effective techniques in controlled synthesis of MNPs. 

There are various procedures in the synthesis of MNPs, which include hydrothermal, 

mechanochemical, thermal decomposition, co-precipitation, and aerosol [76,79,82]. Co-

precipitation (Scheme 1.3) is by far a widely used technique in the synthesis of MNPs, which 

involves the preparation of Fe2O3 or any other MNPs in solution [83,84]. This procedure 

involves the use of Fe(II) ions and Fe(III) aqueous salts in solution under various conditions 

depending on the size or shape preferred.  
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Scheme 1.3 Schematic illustration of co-precipitation synthetic procedure for MNPs 

Commonly, the synthesis is done under an inert atmosphere to prevent oxidation of the ions 

and at room or elevated temperatures followed by the introduction of a base to facilitate 

precipitation [85]. Desired capping metal can be introduced together with the Fe(II) and 

Fe(III) ions to synthesize capped MNPs [86]. In this work CuFe2O4 MNPs were prepared 

through co-precipitation of Fe(III) and Cu(II) ions, followed by capping of the MNPs with 

silver acetate for further chances of surface modifications. 

1.3.2.2 Surface modifications of magnetic nanoparticles 

MNPs with functionalizable surfaces possess a high potential in numerous applications. 

Nearly all applications use functionalised nanoparticles either for enhancement of MNPs 

properties or towards long term storage in solution. For example pristine Fe3O4 MNPs are 

prone to aggregation in solution overtime. Through surface modification, NPs can be 

protected from themselves (electrostatic interactions) and surrounding environment [86]. 

There are different classes of surface modifiers or stabilizers; namely non-polymeric organic 

stabilizers, polymeric organic stabilizers, and inorganic materials [68]. 



Chapter 1  Introduction 

32 
 

 Fig. 1.8 A simple illustration of surface modification strategies on MNPs 

Fig. 1.8 demonstrates various strategies for surface modification of MNPs [68,76,87–90]. 

Inorganic material or capping metals (i.e silver or gold) can be used to protect the core of 

NPs from oxidizing [77]. In this study both polymeric capping agents and metallic capping 

stabilizing strategies were used, through the use of copper and silver metals and stabilizing 

with oleyamine (OLM) and oleic acid (OLA) capping agents and further functionalizing with 

6-mercapto-1-hexanol (MCH). 

1.3.3 Applications of magnetic nanoparticles 

MNPs have been explored for various applications due to their attractive fundamental 

properties. Moreover, significant developments have been made regarding MNPs over the 

past few decades. Fig. 1.9 shows common application of MNPs in various fields [91–97]. 

Smaller-sized MNPs less than 30 nm are vastly explored for biomedical applications; such as  

drug nano-vehicles in PDT or as contrast agents for magnetic resonance imaging (MRI) 

[91,98].  
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Fig. 1.9 Illustration of various emerging potential applications of magnetic nanoparticles. 

Applications of MNPs in biomedicine include biomedical diagnosis and treatments. 

Functionalized MNPs are commonly used as potential candidates for cancer treatments. On 

the other hand MNPs are used in industries as catalyst supports, usually high surface area 

MNPs are preferred to chemically affix the catalyst [99]. In this study, the focus is based on 

the use MNPs (Ag/CuFe2O4) to enhance PACT activity of the porphyrins. MNPs used in this 

study possesses excellent properties including chemically active sites for further adsorption 

of secondary materials and also the advantage of their recoverability after being used [100]. 

1.4 Summarized aims and objectives of this study 

Aims: 

In this work, the focus is based on the study and application of cationic indium porphyrins 

linked to functionalized Ag/CuFe2O4 core-shell MNPs as potential photosensitizers. 

Photophysicochemical parameters and photodynamic antimicrobial chemotherapy activity 
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of the porphyrins and their corresponding conjugates against S. aureus and E. coli will be 

explored, compared, and discussed. 

Objectives:  

 Porphyrins: Synthesize symmetrically and asymmetrically substituted neutral and 

cationic indium (III) porphyrins, followed by characterization using appropriate analytical 

techniques to validate the successful synthesis of the complexes. 

 Silver-capped copper ferrite MNPs (Ag/CuFe2O4): Synthesize OLM-Ag/CuFe2O4 MNPs, 

and further functionalized with 6-mercapo-1-hexanol (MCH) to form MCH-Ag/CuFe2O4 

MNPs. Characterize the synthesized MNPs using appropriate characterization 

techniques. 

 Porphyrin-MNPs conjugates: Covalent linkage of asymmetrically substituted indium (III) 

porphyrins to MCH-Ag/CuFe2O4 MNPs, and linkage of symmetrical porphyrins to both 

OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4 MNPs through self-assembly ether through 

meso-substituents or axial ligand. Furthermore, characterizations were carried out to 

validate the conjugation using appropriate analytical techniques. 

 Studies and applications: Study photophysical properties of all synthesized indium (III) 

porphyrins and conjugates. Perform PACT application of pristine porphyrins, 

nanoparticles alone, and their corresponding conjugates. 
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Methodology and 

Experimental 
This section holds two chapters  

Chapter 2: Reagents, instrumentations, and successful syntheses 

Chapter 3: Failed attempted syntheses 
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Chapter 2 
Reagents, instrumentations, and 

successful syntheses  

This chapter outlines the successful methodologies or synthetic procedures, materials, 

and analytical instrumentations employed in this study, together with reagents and 

experimental setups for photodynamic antimicrobial chemotherapy. 
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2.1 Materials and Reagents 

All the materials were procured from commercial suppliers; Sigma Aldrich, Unilab chemicals, 

Merk chemicals, Fisher chemicals, Loba Chemie, Fluka chemicals, and Davies Diagnostics. 

Reagents and solvents were used without any further purification unless stated otherwise. 

2.1.1 General reagents and solvents 

Dichloromethane (DCM), N,N dimethylformamide (DMF), methanol (MeOH), ethanol 

(EtOH), hydrogen peroxide, and acetone were purchased from Fisher chemical. Diethyl 

ether, chloroform, dimethylsulfoxide (DMSO), sulphuric acid, and tetrahydrofuran (THF) 

were purchased from Loba Chemie. Deuterated dimethylsulfoxide (DMSO-d6), deuterated 

chloroform, deuterated water, cyclohexane, sodium hydroxide pallets, hydrochloric acid, 

molecular sieves 3Å, 1-octanol, and toluene were purchased from Sigma Aldrich. Ultra-pure 

water obtained from the installed purifying system from ELGA, Veolia water PURELAB, Flex 

system (Marlow, UK). 

2.1.2 Reagents for porphyrins syntheses 

Glacial acetic acid, pyrrole, propionic acid, methyl iodide (MeI), hexyl iodide (HexI), 2-

hydroxypyridine, 4-hydroxypyridine, 4-nitrobenzaldehyde, 4-aminophenol, 4-

methylthiobenzaldehyde, 4-bromobenzaldehyde, indium (III) chloride, 4-

pyridinecarboxaldehyde, sodium hydride, anhydrous potassium carbonate, 4-formylbenzoic 

acid, silica gel 60 (0.04-0.063 mm), active neutral alumina oxide, and sodium acetate 

(NaOAc) purchased from Sigma Aldrich. 
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2.1.3 Reagents for MNPs synthesis and conjugations to porphyrins 

Diphenyl ether (DPE), oleyamine (OLM), ethyl acetate, oleic acid (OLA), 6-mercapto-1-

hexanol (MCH), N,N-dycyclohexylcarbodiiamide (DCC) were purchased from Sigma Aldrich. 

Iron (III) chloride hexahydrate, silver acetate (Ag(ac)), copper (II) chloride dehydrate were 

purchased from Unilab chemicals. 

2.1.4 Materials for photophysical studies 

9,10-Dimethylanthracene (DMA), anthracene-9,10-diyl-bis-methylmalonate (ADMA), rose 

bengal (RB), Zn-5,10,15,20-(tetraphenyl)-21H,23H-porphine (ZnTPP), LUDOX HS-40 colloidal 

silica were purchased from Sigma Aldrich. 

2.1.5 Materials for photodynamic antimicrobial chemotherapy 

Staphylococcus aureus KwikStick derived from (ATCC® 25923) and Escherichia coli (ATCC® 

25922) were purchased from Davies Diagnostics, South Africa. Phosphate buffer saline (10 

mM PBS) pH 7.4 was prepared using appropriate amounts of Na2HPO4 and NaOH to a pH of 

7.4. Nutrient agar and bacteriological BBL Muller Hinton broth were purchased from Merk 

(Pty) Ltd South Africa. 

2.2 Instrumentations 

1. Ultraviolet-visible spectroscopy was used to record optical absorption spectra at room 

temperature using a Shimadzu UV 2550 spectrophotometer, using wavelength range 

300-800 nm in a 1 cm path length cuvette. 
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2. Fluorescence emissions and excitation spectra were recorded on a Varian Eclipse 

spectrofluorometer. Excitation at soret band (crossover λ of standard and complex) and 

emission spectra recorded at 500-800 nm. 

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

setup (TCSPC) (FluoTime 300, Picoquant GmbH) with a diode laser (excitation source: 

LDH-P-420  with 10 MHz repetition rate, 88 ps pulse width, Picoquant GmbH). 

Fluorescence was detected under the magic angle with a Peltier cooled photomultiplier 

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

Picoquant GmbH). A monochromator with a spectral width of 8 nm was used to select 

the required emission wavelength band. The response function of the system, which 

was measured with a scattering Ludox solution (DuPont), had a full width at half 

maximum (FWHM) of about 300 ps. The ratio of stop to start pulses was kept low  

(below 0.05) to ensure good statistics. All luminescence decay curves were 

measured at the maximum of the emission peak. The data were analysed using the 

FluoFit program (Picoquant, GmbH). 

4. Singlet oxygen quantum yields were done using Spectra-PhysicsR primoScan OPO series, 

driven by Spectra-physics Quanta Ray INDI lab with maximum pump energy of 750 mJ 

and output energy of 27 mJ coupled to Shimadzu UV-2550 spectrophotometer to 

record the DMA and ADMA degradation from t=0 to t=25 min in a 5 min interval. 

5. Mass spectral data were collected with a Bruker AutoFLEX III Smartbeam TOF/TOF 

Mass spectrometer. The instrument was operated in positive ion mode using an m/z 

range of 400-1500 amu. The voltages of the ion sources were set at 19 and 16.7 kV for 

ion sources 1 and 2, respectively, while the lens was set at 8.50 kV and the reflector 1 

and 2 voltages were set at 21 and 9.7 kV, respectively. α-Cyano- 4-hydroxycinnamic acid 
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was used as the MALDI matrix with a 337 nm nitrogen laser selected as the ionising 

source. 

6. Elemental compositions of the NPs and the conjugates were qualitatively determined 

using energy dispersive X-ray spectroscopy (EDS), INCA PENTA FET coupled with the 

VAGA TESCAM operated at 20 kV accelerating voltage. 

7. Proton Nuclear Magnetic Resonance (1H NMR) spectra were recorded using Bruker EMX 

600 MHz and 400MHz NMR spectrometer. The spectra were obtained under ambient 

temperature using deuterated solvents (D2O, CDCl3, and DMSO-d6). 

8. Fourier-transform infrared spectroscopy (FT-IR) spectra were obtained using a Bruker 

Alpha model FT-IR spectrometer with a Platinum-ATR with a range 500-4000 cm-1. 

9. X-ray powder diffraction (XRD) patterns were recorded on a Bruker D8, discover 

instrument equipped with a Lynx Eye Detector, using Cu Kα radiation (λ = 1.5405 A, Ni 

filter). Data were collected over the 2θ = 5-100° range, scanning at 1° min-1 with a filter 

time-constant of 2.5 s per step and a slit width of 6.0 mm. Samples were placed on a 

zero-background silicon wafer slide. The X-ray diffraction data were retreated using Eva 

(evaluation curve fitting) software. A baseline correction was performed on each 

diffraction pattern by subtracting a spine fitted to the curved background and the full 

width at half maximum values reported in this study were obtained from the fitted 

curves. 

10. Dynamic light scattering (DLS) was used for hydrodynamic diameter (Dh) and Zeta 

potential (ζ) of the nanoparticles and nanoconjugates; measurements were done using a 

Malvern Zetasizer Nanoseries, Nano-ZS90 (containing 633 nm helium neon laser), using 

disposable cuvettes and Zeta cell. 
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11. X-ray photoelectron spectroscopy (XPS) analysis was measured using an AXIS UltraDLD 

(supplied by Kratos Analytical) with an Al (monochromatic) anode equipped with a 

charge neutralizer. The following parameters were used: the emission was 10 mA, the 

anode (HT) was set at 15 kV, and the operating pressure was kept below 5×10-9 torr. A 

hybrid lens was used, and the resolution to acquire scans was set at 160 eV pass energy 

in slot mode. The centre used for the scans was set at 520 eV (width of 1205 eV) with 

steps of 1 eV and a dwell time of 100 ms. High-resolution scans were acquired using 80 

eV pass energy in slot mode. The chemically distinct species were resolved using a 

nonlinear least squares curve fitting procedure. 

12. Thermal gravimetric analysis (TGA), Perkin Elmer TGA 8000 thermogravimetric analyser 

was used to study the loading ratios of the porphyrins to the nanoparticles by analysing 

the decomposition profiles of the porphyrin, nanoparticles, and the corresponding nano 

conjugates with a temperature ranging between 50-800°C and nitrogen as purge gas. N2 

gas purge was used with a flow rate 20mL.min-1, sample ranging from 1 to 4 mg was 

heated with temperature increase of 2°C.min-1. Initially, temperature from 25°C was 

raised to 100°C and held for 10 min to eliminate moisture. 

13. Transmission electron microscope (TEM) photographs were obtained from (TEM), ZEISS 

LIBRA model 120 operated at 90 kV and 100kV, iTEM software was used for TEM 

micrographs processing; the samples were deposited on carbon TEM grids, using 

appropriate solvent. 

14. The elemental analysis was conducted using a Vario-Elementar Microcube ELIII. 

15. Autoclave RAU-530D was used for the sterilization and autoclaving of nutrient broth, 

nutrient agar and phosphate buffer and other various apparatus for PACT studies. 
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16. The optical density of the bacteria culture was monitored using the LEDETECT 96 from 

LABXIM PRODUCTS, using a 96 well microplate. 

17. High speed HERMLE Z233M-2 centrifuge was used for the harvesting of the bacteria 

cells by centrifugation process. This was done to quench the growth of bacteria by 

washing of the broth using PBS solution repeatedly. 

18. PROVSM-3 Lab plus Vortex mixer was used to homogenous bacteria-photosensitizer 

solution during PACT studies. 

19. The incubation processes for the photodynamic antimicrobial chemotherapy was done 

using the thermostatic oven 

20. Scanner from Interscience for Microbiology scan® 500 was used for colony count and 

further determine the colony forming units (CFU)/mL of the bacteria. 

21. Atomic force microscopy (AFM) measurement in tapping mode was carried out with 

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

analysis was done by drop casting followed by drying of the sample solutions on a 

freshly cleaved mica surface in an oven. 

2.3 Porphyrin Syntheses 

2.3.1 Synthesis of free-base porphyrin complexes 5-p-carboxyphenyl-10-15-20-(tri-4-

pyridyl) (a) and 5,10,15,20-tetrakis(N- methylthiophenyl) (c), Scheme 4.1 

The free-base porphyrins (a and c) were synthesized using Adler-Longo porphyrin synthesis 

procedure previously reported in numerous studies [49,101,102]. Step by step synthesis and 

purification of a free-base porphyrin is delineated in Scheme 2.1.  
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Scheme 2.1 Step by step schematic diagram illustrating a free-base porphyrin synthesis 

through Adler-Longo synthetic procedure. 

Table 2.1 shows the reagents used for the synthesis of the free-base porphyrins, and 

complex a was discussed an example as follows; 4-formylbenzoic acid (300 mg, 2.00 mmol) 

and 4-pyridinecarboxaldehyde (0.73 mL, 5.99 mmol) were dissolved in 150 mL of propionic 

acid and brought to reflux temperature in a two necked flask, followed by dropwise addition 

of pyrrole (0.55 mL, 7.98 mmol). The mixture was heated under reflux for 3 h. The crude 

product was precipitated from the reaction using excess 1M NaOH solution in ice cold water 

to neutralize the propionic acid, then filtered and washed with water. Silica gel column 

chromatography was used to purify the compound using chloroform as an eluent to give a 

purple solid. The resulted compound was air dried in a fume hood. 

a; Yield = 231 mg (38%), eluent chloroform;  FTIR (cm-1): 3302 (N-H pyrrole), 2839-2911 (C-H 

aromatic), 1707 (C=O carboxylic acid), 1597 (C=N pyridine).  1H NMR (600 MHz,DMSO-d6):  δ, 

ppm -3.02 (s, 2H, NH pyrrole), 8.27-8.29 (m, 6H, pyridine), 8.34-8.37 (d, 2H, Hortho Ar-COOH), 

8.38-8341 (d, 2H, Hmeta Ar-COOH), 8.87-8.83 (m, 8H, β pyrrole), 9.04-9.07 (m, 6H, pyridine), 

13.24-13.40 (s, 1H, COOH). MALDI TOF-MS, calc 661.7, found 662.3 [M]+.  UV/visible (DMF), 
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λmax nm (log ):  417 (5.4), 514 (4.2), 548 (3.8), 587 (3.6), 644 (3.3). Anal. Calcd for 

C42H27N7O2.H2O : C (74.11), H (4.26), N (14.41). Found: C (74.30), H (3.69), N (13.30). 

c; Yield = 427 mg (62 %), eluent DCM; FTIR (cm-1): 3311 (N-H pyrrole), 2840-2919 (C-H 

aromatic, CH3). 1H NMR (600 MHz, CDCl3):  δ, ppm -2.82 (s, 2H, NH pyrrole), 1.23 (s, 12H, 

methyl-H), 7.61-7.62 (d, 4H, β pyrrole), 7.81-7.82 (d, 4H, β pyrrole), 8.10-8.11 (d, 4H, Ar-H), 

8.46-8.48 (m, 8H, Ar-H), 8.85 (s, 4H, Ar-H). MALDI TOF-MS, calc 798.2, found 799.5 [M]+. 

UV/visible (DMF), λmax nm (log ):  424 (5.2), 517 (4.0), 557 (3.4), 595 (3.2), 651 (3.3). Anal. 

Calcd for C48H38N4S4.H2O : C (72.15), H (4.79), N (7.01), S (16.05). Found: C (71.74), H (5.01), 

N (7.11), S (16.18). 

Table 2.1 Synthesis of free-base porphyrin complexes a and c. 

Complexes Aldehydes Pyrrole Propionic 

acid (mL) 

Reaction 

conditions 

Precipitation/ 

Purification 

 

a 

4-formylbenzoic acid 

(300 mg, 2.00 mmol) 

and 4-

pyridinecarboxaldehyde 

(0.73 mL, 5.99 mmol) 

 

0.55 mL, 

7.98 

mmol 

 

150 

 

 

 

3 h, reflux 

1M NaOH in 

ice cold water, 

Silica gel colum 

chromatograph 

using CHCl3 

 

c 

 

4-

methylthiobenzaldehyde 

(1.0 mL, 7.52 mmol) 

 

0.52 mL, 

0.752 

mmol 

 

105 

1M NaOH in 

ice cold water, 

Silica gel colum 

chromatograph 

using DCM 

CHCl3 = Chloroform 
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2.3.2 Indium-chloride complexes; indium-chloride 5-p-carboxyphenyl-10-15-20-(tri-4-

pyridyl) porphyrin (1), indium-chloride 5,10,15,20-tetrakis(4-pyridyl) porphyrin (2), and 

indium-chloride 5-10-15-20-(tetrakis-4-methylthiophenyl) porphyrin (4), Scheme 4.1 

A similar synthetic procedure was used to synthesize all the neutral chloro indium 

complexes 1, 2, and 4 [72,103,104]. Table 2.2 shows the amounts of the chemical reagents 

and solvents used upon synthesis of each complex. Complex 1 was used as an example to 

describe the synthetic procedure. Typically, complex 1 was synthesized as follows: as-

prepared free-base complex a (500 mg, 0.76 mmol) was dissolved in 70 mL of glacial acetic 

acid followed by addition of Na(OAc) (0.62 g, 7.6 mmol) and InCl3 (1 g, 4.5 mmol). The 

mixture was allowed to reflux for 5 h with continuous stirring. The progress of the reaction 

was monitored using UV-Vis absorption spectra. The collapse of the four Q-bands of free-

base porphyrin to two Q-bands of the metalated porphyrin signified the completion of the 

reaction. The reaction was allowed to cool to room temperature, followed by extraction of 

the product using chloroform and water.  The moisture in complex 1 was removed through 

filtering with MgSO4, and chloroform was evaporated under reduced pressure, affording 

193 mg of purple solid.  

1; Yield = 193 mg (96.5 %); IR (cm-1): 2839-2915 (C-H aromatic), 1707 (C=O carboxylic acid), 

1598 (C=N pyridine). 1H NMR (400 MHz, DMSO-d6): δ, ppm 7.63-7.71 (d, 1H, β pyrrole), 7.79-

7.89 (s, 1H, β pyrrole), 7.95-8.05 (d, 2H, pyridine), 8.08-8.16 (s, 2H, β pyrrole), 8.32-8.45(s, 

2H, β pyrrole), 8.60-8.70 (S,2H, β pyrrole), 8.84-8.90 (d, 2H, Hortho Ar-COOH), 8.98-9.14 (m, 

12H, pyridine and Hmeta Ar-COOH); MALDI TOF-MS: calc 809.85, found 774.5 [M-Cl]+; 

UV/visible (DMF), λmax nm (log ): 426 (5.5), 561 (4.1), 600 (3.6). Anal. Calcd for 

C42H25ClInN7O2.H2O: C (60.87), H (3.26), N (11.84), Found: C (60.55), H (4.71), N (11.26). 
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2; Yield: 562 mg (93 %); FT-IR (cm-1): 2840-3130 (C-H aromatic, CH3), 1590 (C=N pyridine). 1H 

NMR (600 MHz, CDCl3):  δ, ppm = 8.16-8.17 (m, 8H, β pyrrole), 8.87 (s, 8H, meta Pyridine-H), 

9.06-9.07 (m, 8H, ortho pyridine-H). MALDI TOF-MS, calc 766.9, found 731.9 [M]+. UV/visible 

(DMF): λmax nm (log ):  424 (5.7), 563 (4.1), 601 (3.4). Anal. Calcd for C40H24InN8. H2O: C 

(65.68), H (3.31), N (15.32). Found: C (64.95), H (3.41), N (15.67). 

4; Yield = 311.5 mg (86 %); FT-IR (cm-1): 2840-2910 (C-H aromatic, CH3). 1H NMR (600 MHz, 

CdCl3):  δ, ppm 2.75 (s, 12H, methyl-H), 7.60-7.62 (d, 4H, β pyrrole), 7.65-7.67 (d, 4H, β 

pyrrole), 8.00-8.02 (d, 4H, Ar-H), 8.26-8.27 (d, 4H, Ar-H), 9.08 (s, 8H, Ar-H). MALDI TOF-MS, 

calc 947.1, found 946.3 [M]+.  UV/visible (DMF), λmax nm (log  ):  433 (5.2), 566 (4.3), 609 

(3.8). Anal. Calcd for C48H36ClInN4S4.H2O : C (60.85), H (3.83), N (5.91), S (13.54). Found: C 

(60.99), H (3.75), N (5.67), S (13.12). 
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Table 2.2 Synthesis of neutral chloro indium porphyrin complexes (1, 2, and 4) from free 

base porphyrins. 

Complexes Free-base 

(mg, mmol) 

Glacial 

acetic 

acid (mL) 

InCl3 

(mg, mmol) 

NaOAc 

(mg, mmol) 

 

Reaction 

time (h) 

Purification 

procedure 

 

1 

 

a; 500, 0.76 

 

70 

 

1000, 4.5 

 

620, 7.6 

 

5 

Extract with 

water and 

CHCl3, and 

CHCl3 filtered 

through 

MgSO4  

 

2 

 

b; 600, 0.97 

 

20 

 

400, 1.8 

 

600, 7.31 

 

5 

Extract with 

water and 

CHCl3 

 

4 

 

c; 350, 0.43 

 

25 

 

670, 3.01 

 

750, 9.14 

 

5 

Extract with 

water and 

CHCl3 

CHCl3 = Chloroform 

2.3.3 Axial modified complexes; indium-(4-aminophenyl) 5,10,15,20-tetrakis(4-pyridyl) 

porphyrin (3) and indium-(2-pyridyl) 5,10,15,20-tetrakis-(4-phenylmethylthio) porphyrin 

(5), Scheme 4.2 

Synthesis of axially modified complexes 3 and 5 were carried out using reported literature 

procedure with a few modification [104–107]. Table 2.3 summarizes the reaction conditions 

and reagents used upon axial ligation. Complexes 3 used an example was synthesized as 

follows; as-prepared complex (2) (450 mg, 0.61 mmol) was placed into a 100 mL round 

bottom flask, followed by addition of dry toluene (15 mL), sodium hydride (0.1 g, 4.16 mg), 
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and 4-aminophenol (0.6 g, 0.61 mmol). The mixture was degassed under vacuum pump and 

subjected to argon gas (inert atmosphere) followed by heating to 80 oC for 24 h. The 

reaction was monitored by a thin layer chromatograph (TLC). After 24 h, the reaction was 

allowed to cool to room temperature and toluene was removed using rotary evaporator 

under reduced pressure. The crude product was purified through column chromatography 

using active neutral alumina as stationary phase and chloroform/THF as eluent, affording a 

dark purple solid 362 mg (3). 

3; Yield: 362 mg (81 %); FT-IR (cm-1):  3233-3348 (-NH2, aniline amine), 2021-2965 (C-H 

aromatic, CH3), 1590 (C=N pyridine), 1500 (C-N, primary aromatic amine). 1H NMR (600 

MHz, CDCl3):  δ ppm, 5.79-5.83 (m, 2H, meta-axial Aromatic), 4.89-4.95 (d, 2H, ortho-axial 

Aromatic), 6.55 (s, 2H, axial NH2), 8.00-8.06 (m, 4H, β pyrrole), 8.29 (s, 4H, β pyrrole), 9.05-

9.10 (m, 16H, Pyridine-H). MALDI TOF-MS, calc 839.16, found 838.0 [M]+.  UV/visible (DMF): 

λmax nm (log  ):  424 (5.3), 564 (4.5), 600 (3.2). Anal. Calcd for C46H30InN9O. H2O: C (65.80), H 

(3.60), N (15.01). Found: C (67.16), H (3.87), N (15.58). 

5; Yield = 139.7 mg (59.5 %), eluent DCM; FT-IR (cm-1): 2841-2910 (C-H aromatic, CH3), 1646 

(C=N pyridine). 1H NMR (600 MHz, CdCl3):  δ, ppm 1.25 (s, 12H, methyl-H), 6.23-6.25 (t, 1H, 

pyridine-H), 7.42-7.45 (t, 1H, pyridine-H), 7.63-7.64 (d, 4H, β pyrrole), 7.68-7.69 (d, 4H, β 

pyrrole), 7.83-7.84 (d, 2H, Pyridine-H), 8.02-8.04 (d, 4H, Ar-H), 8.28-8.29 (d, 4H, Ar-H), 8.48-

8.50 (m, 4H, Ar-H), 9.10 (s, 4H, Ar-H). MALDI TOF-MS, calc 1006.0, found 1005.9 [M]+.  

UV/visible (DMF), λmax nm (log ):  433 (5.4), 556 (4.0), 609 (3.8). Anal. Calcd for 

C53H40InN5OS4. H2O: C (63.28), H (4.01), N (6.96), S (12.75). Found: C (62.87), H (3.92), N 

(6.67), S (12.17). 
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Table 2.3 Axial modification of the neutral chloro indium complexes 2 and 4. 

Complexes Porphyrin to 

be modified  

Axial ligand 

and NaH 

Reaction 

solvent 

Reaction 

conditions 

Purification 

 

3 

 

2 (450 mg, 

0.59 mmol) 

4-

aminophenol 

(0.6 g, 5.5 

mmol), NaH 

(0.1 g, 4.2 

mmol) 

 

 

 

 

 

Dry 

toluene 

15 mL 

 

 

80 oC, inert 

atmosphere 

(argon), 24 h 

Column 

chromatograph; 

active neutral 

alumina using 

chloroform/THF 

(1:1) v/v  

 

5 

 

4 (100 mg, 

0.11 mmol) 

2-

hydroxypyridin

e (200 mg, 

2.10 mmol), 

NaH (0.1 g, 

4.16 mg) 

 

Reflux, inert 

atmosphere 

(argon), 48 h 

Column 

chromatograph; 

active neutral 

alumina using 

DCM as eluent 
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2.3.4 Quaternization to form complexes 1Q-MeI, 1Q-HexI, 3Q-MeI, 3Q-HexI, and 5Q-MeI, 

Scheme 4.3 

Similar procedure was used for quaternization of complex 1 to form complexes 1Q-MeI and 

1Q-HexI, complex 3 to form complexes 3Q-MeI and 3Q-HexI, and 5 to form complex 5Q-

MeI following reported procedures [108–110]. Table 2.4 shows a summary of reagents and 

reaction condition employed upon quaternization, and the synthesis of complex 1Q-MeI 

was discussed as an example as follows; as-prepared complex 1 (70 mg, 0.086 mmol) was 

dissolved in chloroform (15 mL) followed by addition of methyl iodide (3 mL). The reaction 

was allowed to reflux for 30 min, and the compound was precipitated out by washing with 

excess chloroform to remove unquaternized species using a centrifuge. Dark purple solid 

was dried in a fume hood, affording 63.2 mg 

1Q-MeI; Yield = 63.2 mg (90.3 %); IR (cm-1): 3320-3429 (O-H), 3028-3093 (C-H aromatic, -

CH3), 1715 (C=O carboxylic acid), 1698 (C=N pyridine); 1H NMR (400 MHz, DMSO-d6): δ, ppm 

4.66-4.80 (m, 9H, methyl iodide -CH3), 8.17-8.33 (d, 2H, β pyrrole), 8.40-8.47 (d, 1h, β 

pyrrole), 8.48-8.53 (d, 1H, β pyrrole), 8.92-9.07 (s, 6H, pyridine), 9.08-9.14 (d, 2H, Arortho-

COOH), 9.16-9.28 (d, 2H, Armeta-COOH), 9.29-9.59 (m, 10H, β pyrrole and  pyridine); 

UV/visible (DMF), λmax nm (log ): 429 (5.0), 565 (4.0), 608 (3.6). Elemental Analysis: Anal. 

Calcd for C45H34ClInN7O2.H2O: C (61.90), H (4.12), N (11.23), Found: C (61.56), H (3.65), N 

(10.77). 

1Q-HexI; Yield = 84 mg (66.9 %); FT-IR (cm-1):  1630 (C=N pyridine), 1711 (C=O carboxylic 

acid), 3015 (C-H aromatic, hexane -CH3), 3100-3524 (O-H carboxylic acid). 1H NMR (600 

MHz, D2O):  δ, ppm 2.21 (s, 9H, hexyl terminal -CH3), 2.71 (s, 12H, alkyl CH2), 3.59 (s, 18H, 

alkyl CH2), 9.05-9.06 (d, 8H, β pyrrole), 9.35-9.36 (d, 8H, meta pyridyl H), 9.32 (s, 8H, ortho 
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pyridyl H). UV/visible (DMF), λmax nm (log ):  433 (5.2), 564 (3.9), 605 (3.3). Anal. Calcd for 

C60H64ClI3InN7O2.H2O: C (49.83), H (4.46), N (6.78). Found: C (48.92), H (4.69), N (6.21). 

3Q-MeI; Yield = 76 mg (65.0 %); FT-IR (cm-1):   1518 (C-N axial ligand), 1642 (C=N pyridine), 

3017 (C-H aromatic and methyl CH3), 3314-3541 (-NH2 axial ligand). 1H NMR (600 MHz, 

DMSO-d6):  δ, ppm 4.85 (s, 12H, methyl H), 7.06-7.07 (d, 4H, axial aromatic H), 7.70-7.72 (d, 

2H, axial -NH2), 9.08-9.09 (d, 8H, β pyrrole), 9.36-9.39 (d, 8H, meta pyridyl H), 9.41 (s, 8H, 

meta pyridyl H). UV/visible (DMF), λmax nm (log ):  434 (5.9), 564 (3.4), 604 (3.2). Anal. Calcd 

for C50H42I4InN9O.H2O: C (44.67), H (3.01), N (8.96). Found: C (45.57), H (3.09), N (9.41).  

3Q-HexI; Yield: 82 mg (65.5 %), FT-IR (cm-1):   1514 (C-N axial ligand), 1636 (C=N pyridine), 

2814-2951 (C-H aromatic and hexane CH3), 3314-3541 (-NH2 axial ligand). 1H NMR (600 

MHz, D2O):  δ, ppm 1.47-1.52 (d, 12H, hexyl terminal -CH3), 1.64 (s, 6H, alkyl CH2), 2.10 (s, 

12H, alkyl CH2), ), 2.33 (s, 4H, alkyl CH2), ), 2.51 (s, 18H, alkyl CH2), 5.01 (m, 4H, axial 

aromatic H), 8.37 (s, 2H, axial -NH2), 9.09-9.10 (s, 6H, ortho pyridyl H), 9.17-9.22 (m, 6H, β 

pyrrole), 9.28-9.30 (d, 2H, β pyrrole), 9.41-9.45 (t, 2H, ortho pyridyl H), 9.50-9.54 (t, 2H, 

meta pyridyl H), 9.63-9.64 (s, 6H, meta pyridyl H). UV/visible (DMF), λmax nm (log ):  431 

(5.6), 564 (3.7), 605 (3.4). Anal. Calcd for C70H82I4InN9O.H2O: C (49.81), H (4.90), N (7.47). 

Found: C (48.76), H (4.58), N (7.01). 

5Q-MeI; Yield = 58.2 mg (72 %); FT-IR (cm-1):  2851-2910 (C-H aromatic, CH3), 1646 (C=N 

pyridine). 1H NMR (600 MHz, DMSO-d6):  δ, ppm 2.75 (s, 12H, S-methyl-H), 2.88 (s, 3H, 

quaternized methyl-H), 5.73 (s, 1H, pyridine-H), 6.15-6.17 (t, 1H, pyridine-H), 6.30-6.33 (d, 

1H, pyridine-H), 6.98-7.0 (d, 1H, pyridine-H), 7.12-7.13 (m, 1H, β pyrrole), 7.34-7.44 (m, 3H, 

β pyrrole), 7.73-7.75 (d, 6H, Ar-H), 7.94 (s, 2H, β pyrrole), 8.17 (s, 6H, Ar-H), 9.0 (s, 4H, Ar-H), 

9.01 (s, 2H, β pyrrole). UV/visible (DMF), λmax nm (log ):  429 (4.9), 563 (3.8), 605 (3.5). Anal. 
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Calcd for C54H42InN5OS4
+.H2O: C (63.58), H (4.15), N (6.87), S (12.57). Found: C (62.92), H 

(4.59), N (5.85), S (13.61). 

Table 2.4 reagents and reaction conditions upon quaternization to form complexes 1Q-MeI, 

1Q-HexI, 3Q-MeI, 3Q-HexI, and 5Q-MeI. 

Complexes Complex to be 

quaternized 

MeI/ 

HexI 

Reaction 

solvent 

Reaction 

conditions 

Precipitation 

solvent 

1Q-MeI 1 (70 mg, 0.086 

mmol) 

MeI (3 

mL) 

Chloroform 

(15 mL) 

30 min, Reflux Excess 

chloroform 

1Q-HexI 1 (100 mg, 0.12 

mmol) 

HexI (1.5 

mL) 

DMF (10 

mL) 

Overnight, 70 oC  Excess diethyl 

ether 

3Q-MeI 3 (100 mg, 

0.071 mmol) 

MeI (1.5 

mL) 

DMF (10 

mL) 

30 min, 70 oC  Excess diethyl 

ether 

3Q-HexI 3 (100 mg, 

0.059 mmol) 

HexI (1.5 

mL) 

DMF (10 

mL) 

30 min, 70 oC Excess diethyl 

ether 

5Q-MeI 5 (100 mg, 

0.099 mmol) 

MeI (1 

mL) 

DMF (15 

mL) 

24 h, Reflux Excess THF 
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2.4 Syntheses of nanoparticles 

2.4.1 CuFe2O4 magnetic nanoparticles, Scheme 2.2 

Copper ferrite magnetic nanoparticles were synthesized using the conversional co-

precipitation method [111] with modification as follows: A solution containing FeCl3·6H2O 

(2.22 g, 8.2 mmol) and CuCl2·2H2O (699 mg, 4.1 mmol) was dissolved in 75 mL of deionized 

water and stirred at an ambient temperature under a continuous flow of argon, in a closed 

system. After 10 min of stirring, NaOH (15 mL of 0.005M in deionized water) was added 

drop-wise with continuous stirring with magnetic stirrer.  

 

Scheme 2.2 Synthesis of oleyamine (OLM) and 6-mercapto-1-hexanol (MCH) functionalized 

Ag/CuFe2O4 core-shell MNPs. DI = deionized, OLA = oleic acid, RT= Room temperature.  
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During addition of NaOH, black-brown precipitate formed rapidly as a result of the 

formation of the copper ferrite nanoparticles. After addition of the base, the temperature of 

the mixture was elevated to 90°C and the stirring continued for 5 h at a constant 

temperature. The formed CuFe2O4 nanoparticles were collected and washed through 

centrifuging with water (4 × 40 mL) and ethanol (4 × 40 mL) then dried overnight in an air 

oven at 80°C. 

2.4.2 OLM-Ag/CuFe2O4 magnetic nanoparticles, Scheme 2.2 

Silver capped copper ferrite core-shell NPs were prepared using similar synthetic procedure 

for Ag/Fe3O4 and Au/Fe3O4 NPs [112] as follows: CuFe2O4 NPs (0.184 g) were dissolved in 

diphenyl ether (7.5 mL) in a three necked flask. Oleic acid (OLA, 0.75 mL), oleylamine (OLM, 

3 mL) and Ag(ac) (0.28 g, 1.65 mmol) were introduced to the reaction vessel under an inert 

atmosphere of  argon. The temperature was raised to ~200°C and kept constant for 2 h. The 

reaction was allowed to cool to room temperature with a continuous stirring overnight. The 

product was precipitated out of solution using ethanol and washed several times with 

ethanol through centrifuging and separated by external magnet then dried in a fume hood. 

The MNPs functionalized with OLM/OLA were represented as OLM-Ag/CuFe2O4 for 

simplicity.  

2.4.3 MCH-Ag/CuFe2O4 magnetic nanoparticles, Scheme 2.2 

OLA/OLM capped NPs were functionalized with MCH following reported procedure [113]. 

Typically, OLM-Ag/CuFe2O4 NPs (0.8 g) were dissolved in chloroform (5 mL) followed by 

addition of NaOH (1.5 g) into 15 mL of methanol and 0.2 mL of MCH. The mixture was 

continuously stirred overnight at 30 °C. The NPs were then precipitated using ethanol and 
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washed 3× with methanol and chloroform, then dried in a fume hood resulting in MCH- 

Ag/CuFe2O4 MNPs.  

2.5 Formation of conjugates 

2.5.1 Covalent conjugation of complex 1, 1Q-MeI, and 1Q-HexI to MCH-Ag/CuFe2O4 NPs, 

Scheme 2.3 

Complexes 1 (25 mg, 0.027 mmol), 1Q-MeI (25 mg, 0.018 mmol), or 1Q-HexI (25 mg, 0.017 

mmol) were dissolved in DMF 2.5 mL followed by addition of DCC (50 mg, 0.24 mmol) as a 

coupling agent, this procedure was reported elsewhere [102]. The mixtures were stirred for 

24 h, to activate the carboxyl group of the porphyrins for ester coupling to the NPs.  Then 

MCH-Ag/CuFe2O4 (20 mg) was introduced in to the mixtures. The reaction mixtures were 

stirred for 48 h at room temperature. After 48 h of the continuous stirring, ethyl acetate was 

introduced to the solution and the reaction vessel was placed in ice to precipitate out the 

conjugates (1-MCH-Ag/CuFe2O4, 1Q-MeI-MCH-Ag/CuFe2O4 or 1Q-HexI-MCH-Ag/CuFe2O4), 

and also to dissolve the unconjugated species. The conjugates were retrieved by centrifuge 

and further washed with MeOH and EtOH to remove the unreacted species and allowed to 

dry in a fume hood.  
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Scheme 2.3 schematic representations of complex 1 and 1Q-MeI conjugated to MCH- 

Ag/CuFe2O4 through an ester bond, forming 1-MCH-Ag/CuFe2O4 and 1Q-MCH-Ag/CuFe2O4 

complexes. 
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2.5.2 Self-assembly linkage of complex 3Q-MeI (Ag-N), 3Q-HexI (Ag-N), 5 (Ag-N and Ag-S), 

and 5Q-MeI (Ag-S) to OLM-Ag/CuFe2O4 and MCH Ag/CuFe2O4 NPs, Scheme 4.4 

The linkage of the complexes 3Q-MeI and  3Q-HexI to MCH-Ag/CuFe2O4 NPs and complexes  

5, and 5Q-MeI to both OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4 NPs through self-assembly 

(Ag-S and/or Ag-N) was done following the reported procedures, with a few modifications 

being done [113–115]. Please note; 3Q-MeI and 3Q-HexI were only linked to MCH-

Ag/CuFe2O4 NPs and not OLM-Ag/CuFe2O4 NPs. Complex 5 (35 mg, 0.036 mmol) or 5Q-MeI 

(35 mg, 0.034 mmol) were dissolved in DMF (15 mL), followed by addition of either OLM-

Ag/CuFe2O4 or MCH-Ag/CuFe2O4 NPs (17.5 mg). On the other hand either 3Q-MeI (25 mg, 

0.020 mmol) and 3Q-HexI (25 mg, 0.017 mmol) were dissolved in DMF (10 mL), followed by 

addition of MCH-Ag/CuFe2O4 NPs (20.0 mg). The mixtures were stirred at 70°C and kept 

constant for 24 h. The product was precipitated out using ethanol, and washed with (1:1) 

ethanol and methanol 4× through centrifuging to remove species not linked to the NPs. 

Resulting conjugates were named 5-OLM-Ag/CuFe2O4, 5Q-MeI-OLM-Ag/CuFe2O4, 5-MCH-

Ag/CuFe2O4 and 5Q-MeI-MCH-Ag/CuFe2O4. On the other hand, complexes 3Q-MeI and 3Q-

HexI conjugates were named 3Q-MeI-MCH-Ag/CuFe2O4 and 3Q-HexI-MCH-Ag/CuFe2O4. 

2.6 Antimicrobial methods 

2.6.1 Photosensitizers  

Most of the complexes and conjugates were not water soluble, hence for a fair comparison 

PACT studies were studied using 2% DMSO dissolved in PBS. Concentrations of 2.5, 5.0, 7.5, 

10, and 12.5 µM (based on the porphyrin), were used during the optimization of the 

photosensitizers for complexes 1, 1Q-MeI, 1Q-HexI, 3Q-MeI, and 3Q-HexI. Concentrations 
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1.5, 3.0, 4.5, 6.0, and 7.5 µM were used for 5 and 5Q-MeI. This was done to observe the 

minimum concentration of the PS that obliterates 100% of the bacteria in 30 min of 

irradiation. 2.5 µM was observed to be the optimal concentration for 1, 1Q-MeI, 1Q-HexI, 

3Q-MeI, and 3Q-HexI on the other hand 1.5 µM was found to be optimal concentration for 

5 and 5Q-MeI. The optimal PS concentration contains viable colony suitable to conduct 

PACT time studies.  

2.6.2 Bacterial strains and culture conditions 

For PACT studies, gram (+) bacteria strain Staphylococcus aureus (ATCC® 25923) and gram (-) 

bacteria strain Escherichia coli (ATCC® 25922) were used to study the antibacterial activity of 

the synthesized complexes. The reported procedure involving the turbidimetric analysis was 

employed to perform PACT studies [116]. Bacteria crystals (either S. aureus or E. coli) were 

dissolved in a nutrient broth (6 mL) and allowed to grow aerobically incubated in a rotary 

shaker (~200 rpm) at 37°C for 48 h for S. aureus and 6 days for E. coli. The optical density of 

0.6-0.7 was observed and the broth washed through centrifuging (4000 RPM for 10min, ×3) 

using PBS. The cultured bacterial strains were kept in 100 mL PBS (bacterial stork solution 

10-2 dilution factor) and refrigerated. The bacteria-porphyrin solution was incubated for 30 

min to internalize the PS, followed by placing of the solutions into two separate 24 

microplates (for light and dark studies) each containing 3 mL from 6 mL working stork 

bacteria-porphyrin solution prepared above. One microplate was irradiated using 415 LED 

(with a 14 nm irradiation width) and the other plate was placed in the dark. The studies 

were done for 25 min, in 5 min intervals, inoculation (100 µL) over agar plates were done 

both for dark and light microplates, followed by incubation of the inoculated plates for 24 h 
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at 37°C. A control (bacteria solution without a PS) was also plated over agar plates at t = 0 

min and t = 30 min and subjected to similar conditions for 24 h. 

2.6.3 Light source and exposure   

An irradiation chamber mounted with a light-emitting diode M415L4 (LED) fitted with a 24 

well microplate where the LED is projected (see Fig. 2.1). The mounted LED can be replaced 

depending on the preferred irradiation wavelength as per photosensitizer used. In this work, 

415 nm LED was employed, delivering maximum irradiance of 15.6 µW/mm2. The LED is 

fixed on the top of the chamber facing the well microplate at the bottom. The bacteria-

porphyrins solution in a 24 well microplate was exposed under ambient conditions in a 

chamber for irradiation, with no external light interfering with the system. 

 

Fig. 2.1 Schematic diagram for PS-bacteria mixture irradiation setup using LED (λ = 415 nm) 

for light studies in PACT. 
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2.6.4 Octanol-water partitioning coefficient (log Po/w) methods  

Lipophilicity of the amphiphilic complexes 1Q-MeI, 1Q-HexI, 3Q-MeI, and 3Q-HexI were 

studied through the partition coefficients (log Po/w) using the shake-flask procedure 

reported before [105], further delineated by Fig. 2.2. Please note; the partitions were done 

using sealed beakers and separating funnel and the studies for 5Q-MeI were not 

represented. The studies were as follows; stork solution of porphyrin complexes, either 1Q-

MeI, 1Q-HexI, 3Q-MeI, or 3Q-HexI was prepared with an absorbance of ~1.5 dissolved in 10 

mL of 1-octanol. The mixture was ultra-sonicated to completely dissolve the complexes. UV-

Vis absorption spectroscopy was used to measure the Soret band absorbance of the 

complexes in the as-prepared 1-octanol and the absorbance was named A. This was 

followed by addition of 3 mL of the as-prepared porphyrin-octanol mixture into 3 mL of 

water and followed by vigorous stirring at room temperature for 5 h. After 5 h has lapsed, 

the mixture was allowed to settle and partition overnight. The 1-octanol layer was extracted 

and the Soret band UV-Vis absorbance was obtained and named Ao. 

To calculate the absorbance of the complex dissolved in water (Aw) upon partition, and 

algebraic expression Aw = A - Ao was used. The log Po/w values were then calculated based on 

the log (Ao/Aw) using E.q (2.1). 

𝑙𝑜𝑔𝑃(𝑂/𝑊) = 𝑙𝑜𝑔
[𝐴𝑂]

[𝐴𝑤]
                                   (2.1) 
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Fig. 2.2 Schematic illustration of octanol-water partitioning coefficient (log Po/w) analysis 

using shake-flask procedure. 

2.6.5 Statistical analysis 

For statistical analysis, the Kruskal-Wallis test and consequently Mann-Whiteney test were 

used to compare cell viability over irradiation time in a specific concentration. This test is 

used to determine if there exists a statistically significant difference between two or more 

groups of an independent variable on a continuous variable. Regression coefficients are 

compared, where if there are non-overlapping intervals between the regression coefficients, 

they are considered to be significantly different. Analysis of variance (ANOVA) using excel 

data analysis of the variables regression plots was also used for validation of the results. p< 

0.05 value was considered statistically significant. 



 
 

 
 

 

 

 

 

 

 

 

 

 

Chapter 3 
Failed attempted syntheses 

This chapter outlines the synthetic procedures in an attempt to the synthesis of novel 

cationic porphyrins as potential photosensitizers for photodynamic antimicrobial 

chemotherapy. 
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3.1 Synthesis of 5-p-Carboxyphenyl-10,15,20-(tris-4-phenoxypyridyl)-porphyrin  (complex 

6), Scheme 3.1. 

3.1.1 Route A: Synthesis of 6 from 4-phenoxypyridine aldehyde (PPyA) 

The synthesis of complex 6 was attempt through a prior preparation of a modified aldehyde 

(PPyA). PPyA was prepared following a reported literature procedure with a few 

modifications [117,118]. Typically, 4-hydroxypyridine (0.6 g, 5.6 mmol) and K2CO3 (2.4 g, 3 

eq) were placed in a 100 mL two neck round bottom flask along with dry DMF (15 mL). The 

contents were degassed and placed under a continuous flow of nitrogen gas, followed by 

heating gently to a constant temperature of 80°C for 1 h. Afterward, the reaction was 

allowed to cool before the introduction of 4-nitrobenzaldehyde (1.04 g, 5.6 mmol). Then the 

reaction mixture was allowed to reflux (120°C) for 24 h. The reaction was placed into a 200 

mL beaker containing ice-cooled water and further neutralized with 10% HCl. The 

precipitates were filtered and dried in a fume-hood, followed by purification using a column 

chromatograph and DCM used as eluent, resulting in brown-yellow solid 0.76 g, PPyA. 

 

Fig. 3.1 An image of (PPyA), (A) under reflux conditions, 120°C (B) at room temperature; as a 

precursor for the synthesis of complex 6. 

A B
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As prepared coupled aldehyde PPyA (250 mg, 1.31 mmol) and 4-formylbenzoic acid (62.0 

mg, 0.42 mmol) were placed into 75 mL of propionic acid in a 200 mL two neck round 

bottom flask. The contents were allowed to reflux at 120°C, followed by an edition of prior 

distilled pyrrole (0.18 mL, 1.73 mmol), and the reaction was allowed to proceed for a further 

3 h with a reflux temperature of 120°C. The reaction was monitored using UV-Vis and TLC 

plate to monitor the formation of complex 6, based on the appearance of porphyrin 

absorption bands. However, there was no porphyrin formation in the reaction. This was 

confirmed using mass spectrometry. The unsuccessful synthetic procedure could be 

attributed to acid sensitivity if the oxygen-bearing aldehyde, which may have prevented the 

formation of complex 6. 

3.1.2 Route B: synthesis of 6 from 5-p-Carboxyphenyl-10,15,20-(tris-4-bromophenyl)-

porphyrin ((Br)3COOH), Scheme 3.1 

Complex (Br)3COOH was synthesized using a reported synthetic procedure [102]. Typically, 

4-bromobenzaldehyde (0.96 g, 5.3 mmol) and 4-formylbenzoic acid (0.265 g, 1.76 mmol) 

were placed in 200 mL round bottom flask and dissolved in 100 mL of propionic acid. The 

contents were allowed to reflux with a continuous stirring, followed by a drop-wise edition 

of pyrrole (0.68 mL, 7.06 mmol). The reaction was left to reflux for 3 h and precipitated 

using NaOH pellets dissolved in ice-cooled water. The product was separated and purified 

using silica gel column chromatography and DCM as a mobile phase. The resulting product 

((Br)3COOH) was then dried under reduced pressure in a rotary evaporator.  

Porphyrin complex (Br)3COOH was used in an attempt to synthesize complex 6. A reported 

procedure was used with a few modifications [48]. Typically, as-prepared complex 
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(Br)3COOH (0.2 g, 0.24 mmol) and 4-hydroxypyridine (0.78 g, 0.72 mmol) was placed in a 

100 mL two neck round bottom flask dissolved in 15 ml of dry DMF and anhydrous K2CO3 

(1.37 g, 8.03 mmol), the reaction was allowed to heat up gently to 120°C. A constant reflux 

temperature was kept for 24 h. Thin layer chromatography (TLC) and UV-Vis were used to 

monitor the progress of the reaction. There were no any significant changes on the UV-Vis 

spectra, moreover, post TLC analysis showed the starting materials. The reaction was run 

further overnight and no changes were observed. Mass spectrometry was used and only 

complex (Br)3COOH was observed. 

 

Scheme 3.1 Schematic illustration of attempted synthesis of 5-p-Carboxyphenyl-10,15,20-

(tris-4-phenoxypyridyl)-porphyrin  (complex 6). 
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3.2 Rationale behind the synthesis. 

Synthesis of asymmetrically substituted complex 6 was attempted, aiming to achieve an end 

product that would be metalated with indium (III) chloride and further quaternized with 

methyl iodide to form two more porphyrin complexes. 5-p-carboxyphenyl-10,15,20-(tris-4-

phenoxypyridyl)-porphyrin (6) has almost similar meso-substituents to 1 except that 6 has a 

phenoxy bridges. Photophysical properties and PACT activities of complex 6 were to be 

studied in comparison to complex 1, 1Q-MeI, and 1Q-HexI based on the effect brought by 

the phenoxy bridges on the porphyrin complexes. The reaction procedures used in this 

synthesis are known and have been reported, however, an unknown reason caused the 

reaction not to occur.   

 

 

 

 

 

 

 

 



 

 
 

 

 

 

 

 

Results and 

Discussions  
This section holds two chapters  

Chapter 4: Synthesis, characterization, photophysicochemical 

parameters, stability studies.                                      

Chapter      5: Antimicrobial studies. 
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Chapter 4 
Synthesis, characterization, 

photophysicochemical properties, 

stability studies. 

This chapter outlines detailed synthesis, characterizations, and photophysical parameters 

of all the synthesized complexes and conjugates and the hydrodynamic and surface 

stability studies of the conjugates. 
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4.1 Synthesis and characterizations of porphyrins 

4.1.1 Synthesis of complexes a, b, c, 1, 2, and 4, Scheme 4.1 

Scheme 4.1 shows a pathway towards the synthesis of free-base porphyrin complexes (a, b, 

and c) and metalated complexes (1, 2, and 4). The famous Adler and Longo’s porphyrin 

synthetic procedure was used for the synthesis of the free-base complexes (see Scheme 2.1) 

[26]. Complex 1, 2, and 4 resulted from indium(III) chloride metal ion insertion into the 

cavity of the porphyrin complexes a, b, and c, respectively, using a reported synthetic 

procedure (Scheme 4.1) [103]. Please note; characterizations for b not fully discussed in this 

work as it is commercially available and is well explored [10,119–121]. 

 

Scheme 4.1. Synthetic pathway for free-base porphyrin complexes a, b, and c, followed by 

metalation to form metalloporphyrin complexes 1, 2, and 4. 
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4.1.2 Synthesis of axially modified porphyrin complexes 3 and 5. Scheme 4.2 

Scheme 4.2 shows an axial modification of chloro indium metalloporphyrin complexes 2 and 

4. Complexes 3 and 5 were synthesized through light and air-sensitive reported synthetic 

procedures, where the chloro axial ligands on the indium metalloporphyrins 2 and 4 were 

replaced by the 4-aminophenol and 2-hydroxypyridine to form complexes 3 and 5, 

respectively. Indium (III) porphyrins axially substituted with phenols as axial ligands have 

been reported[104,105,122]. Indium (III) metal ion is known to be oxophilic and thus shows 

a preference for phenolates, carboxylates, and other oxygen-bearing anionic ligands [123]. 

 

 

Scheme 4.2. Axial modification of indium(II) chloride metalloporphyrins to form porphyrin 

complexes 3 and 5. 
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4.1.3 Synthesis of cationic porphyrin complexes 1Q-MeI, 1Q-HexI, 3Q-MeI, 3Q-HexI, and 

5Q-MeI. 

All the cationic porphyrins were synthesized from the as-prepared metalloporphyrins 

following a previously reported synthetic procedure [105]. Complexes 1Q-MeI and 1Q-HexI 

were synthesized by refluxing complex 1 in the presence methyl iodide or hexyl iodide, 

respectively, as alkyl halides quaternizing agents.  Complexes 3Q-MeI and 3Q-HexI were 

synthesized from 3, and complex 5Q-MeI from 5 as shown in Scheme 4.3. Please note that it 

is imperative to use a weaker quaternizing agent over a possible short reaction time to 

quaternize pyridyl substituents in the presence of -NH2 bearing ligand, this is to eliminate 

the chances of quaternizing the -NH2 of the axial ligand. The quaternization of pyridyl in the 

presence of -NH2 has been reported before [108].  

 

Scheme 4.3 Quaternazation of metalloporphyrins (1, 3, and 5) to form cationic porphyrins 

1Q-MeI, 1Q-HexI, 3Q-MeI, 3Q-HexI, and 5Q-MeI. 
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4.1.4 Characterization of the porphyrin complexes  

All the porphyrin complexes were characterized using UV-Visible spectroscopy, elemental 

analysis, Fourier-transform infrared spectroscopy (FT-IR), MALTI-TOF mass spectra, and 1H 

NMR spectroscopy. From MALTI-TOF mass spectra, the molecular ion peak was observed at 

m/z = 662.3 for complex a, at m/z = 799.5 for complex c, at m/z = 774.5 for complex 1, at 

m/z = 731.9 for 2, at m/z = 838.0 for 3, at m/z = 946.3 for 4, and at m/z = 1005.9 for 5 (see 

Fig. A1 to A7, Appendix). For 4 m/z = 911.78 and 946.27, the two peaks were due to the 

presence and absence of Cl atoms. The quaternised complexes 1Q-MeI, 1Q-HexI, 3Q-MeI, 

3Q-HexI, and 5Q-MeI did not ionize, hence mass spectra data not discussed. 1H NMR 

spectrum for complex 1 was integrated to 24H excluding COOH singlet proton, 1Q-MeI to 

33H excluding the COOH singlet proton, 1Q-HexI to 63H excluding the COOH singlet proton, 

3 to 30H, 3Q-MeI to 42H, 3Q-HexI to 82H, 5 to 40H, and 5Q-MeI to 43H  (see Fig. A8 to 

A15). The elemental analysis results agree with observations that porphyrins are often 

isolated as hydrates [124]. 
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Table 4.1. Optical parameters (UV-Vis and fluorescence spectra) for all the complexes in 

DMF, and TGA loading studies (mg of porphyrin/ mg of conjugate) for the conjugates. 

Complexes λAbs. (nm) 

Soret 

 

 

λAbs. (nm) Q-bands 

(Q1,Q2,Q3,Q4) 

TGA-Loading 

mg/mg 

a 417  514, 548, 587, 644 - 

1 426  561, 600 - 

1Q-MeI 429  565, 608 - 

1Q-HexI 433  564, 605  

b 415  512, 447, 587, 642 - 

2 424  563, 601 - 

3 424  564, 600 - 

3Q-MeI 434  564, 604 - 

3Q-HexI 431  564, 608 - 

c 424  517, 557, 595, 561, - 

4 433  566, 609 - 

5 433  556, 609 - 

5Q-MeI 429  563, 605 - 

1-MCH-

Ag/CuFe2O4 

427  559, 602 0.22 

1Q-MeI-MCH- 433  561, 604 0.21 
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Ag/CuFe2O4 

1Q-HexI-MCH-

Ag/CuFe2O4 

436  568, 604 0.37 

3Q-MeI-MCH-

Ag/CuFe2O4 

433  567,602 0.35 

3Q-HexI-MCH-

Ag/CuFe2O4 

435  568, 602 0.50 

5-OLM-

Ag/CuFe2O4 

433  574, 611 0.57 

5Q-MeI-OLM-

Ag/CuFe2O4 

429  563, 604 0.40 

5-MCH-

Ag/CuFe2O4 

432  569,605 0.43 

5Q-MeI-MCH-

Ag/CuFe2O4 

428  567,603  0.39 

- No values recorded 

 

4.1.4.1 Optical Ultraviolet-visible and fluorescence spectroscopy 

All the Ultraviolet-visible absorption and fluorescence emission spectra were obtained 

under ambient conditions using DMF as a solvent unless stated otherwise (Fig. 4.1 and 

Table 4.1). In the UV-Visible spectra of complex a, the Soret band was observed at 417 nm, 

Table 4.1 and Fig. 4.1 (A), with less intense four Q bands, typical for a free-base porphyrin. 

Similar spectra were observed for b with the Soret band observed at 415 nm, and c 

observed at 424 nm. The observed red-shift is as a result of the different meso pyridyl (a) 
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and methylthiophenyl (b) substituents, since sulfur containing substituents are known to 

red-shift the Soret band electronic absorption spectra [72]. The four Q-bands in a, b, and c 

merged into two Q bands upon the formation of the metalated complexes 1 , 2, and 4, and 

the Soret band red-shifting for this complexes to 426 nm, 424 nm, and 433 nm, respectively. 

Introduction of heavy metal such as indium could result in a degree of perturbation and 

electron delocalisation within the porphyrin macrocycle [72,125], resulting in red-shifts in 

absorption spectra. Red-shifting of the Soret bands was observed upon quaternization of 

complex 1 to form 1Q-MeI (429 nm) and 1Q-HexI (433 nm). Similar trends were observed 

upon the formation of 3Q-MeI (434 nm) and 3Q-HexI (431 nm) from 3 (424 nm). However, 

blue shifting was observed upon quaternization of complex 5 (433 nm) to form 5Q-MeI (429 

nm). There was no spectral shifting upon axial modification of complex 2 (424 nm) to form 3 

(424 nm) or 4 (433 nm) to form 5 (433 nm) in DMF (see Fig. 4.1 (B) and Table 4.1). UV-Vis 

absorption spectra of the complexes were obtained using 2% DMSO in water to study the 

effect of axial modification (Fig. 4.1). An improved electronic absorption spectra was 

observed for 5 as compared to 4 which showed a broad Soret band, signifying aggregation 

[105]. Fig. 4.1 (D) shows fluorescence emission spectra for b as an example, with two 

fluorescence emission bands observed at 650 nm and 712 nm, typical for free-base 

porphyrins [126,127]. Fluorescence was very weak for complexes 2 due to the presence of 

the heavy central metal which facilitates intersystem crossing to the triplet state, hence the 

quenching fluorescence. A similar trend was observed for all the metalated complexes. 
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Fig. 4.1. Electronic Absorption spectrum of porphyrin complexes (A) a, 1, and 1Q-MeI (B) 4, 

5, and 5Q-MeI  in DMF and (C) 4 and 5 using 2% DMSO in water, (D) Fluorescence emission 

spectrum of  b and 2.  (λ exc = ~430 and recorded from 450 to 800 nm in DMF). 

4.1.4.2 Fourier-transform infrared spectroscopy 

FT-IR spectroscopy (Fig. 4.2) was used to trace and analyse the changes in functional groups 

upon the synthesis of each complex. FT-IR was used to prove axial ligation and further to 

show consistency in functional groups before and after quaterization of the complexes. 

Complexes 1, 4, and 5 in Fig. 4.2 are used as examples. The obtained results were consistent 

with the expected functional groups. FT-IR spectra for the free-base porphyrin complex c 

show the presence of pyrrolic N-H stretch at 3311 cm-1. 
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Fig. 4.2 FT-IR spectra analysis for the porphyrin complexes, 1, 1Q-MeI, c, 4, 5, and 5Q-MeI. 

The N-H stretch disappears upon indium metal ion insertion to form complex 4 from c; 

similar phenomena were observed for metalation of all the free-base porphyrins. 

Asymmetrical complex 1 shows the presence of C=N at 1627 cm-1 and C=O at 1707 cm-1 as a 

result of pyridyl and carboxyphenyl substituents, respectively. The FT-IR spectra of 5 show 

the appearance of a sharp and intense stretch at 1646 cm-1 attributed to C=N stretching 

resulting from axial ligation with 2-hydroxypyridine. Upon the quaternization of complex 5 

to form 5Q-MeI, broadening of C=N stretch at 1646 cm-1 was observed, this can be 
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attributed to the interaction of the quaternizing agent with the C=N to form a cationic side. 

Similar peak broadening was observed upon the formation of complexes 1Q-MeI and 1Q-

HexI from 1 and 3Q-MeI and 3Q-HexI from 3. A broad O-H peak observed for complex 5Q-

MeI ranging between 3173 and 3684 cm-1 can be attributed to moisture trapped [128], and 

the O-H (3320-3429 cm-1) of the carboxylic acid for complex 1Q-MeI. 

4.2 Synthesis of magnetic nanoparticles and conjugates 

Synthesis of the nanoparticles and conjugates were achieved by employing various reported 

literature procedures outlined below (also in Chapter 2). 

4.2.1 Synthesis of OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4 MNPs, Scheme 2.2 

The synthesis of OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4 followed a step by step 

modification of CuFe2O4 MNPs (see Scheme 2.2).  CuFe2O4 MNPs were synthesized using the 

conversional co-precipitation method [111,129]. The reaction was performed under an inert 

atmosphere to avoid oxidation of the iron and copper.  CuFe2O4 MNPs were further capped 

with silver (Ag) in the presence of oleyamine (OLM/OLA) as stabilizing agent to enhance 

solubility in organic solvents [130]. The MNPs are represented as OLM-Ag/CuFe2O4 MNPs, 

please note; OLA left out for simplicity. The as-prepared OLM-Ag/CuFe2O4 MNPs were 

further functionalized with 6-mercapto-1-hexanol (MCH) through ligand exchange between 

the OLM/OLA and MCH, which resulted in the formation of MCH-Ag/CuFe2O4 MNPs. 

4.2.2 Covalent conjugation of complex 1, 1Q-MeI, and 1Q-HexI to MCH-Ag/CuFe2O4 MNPs, 

Scheme 2.3 

Asymmetrical complexes 1, 1Q-MeI, and 1Q-MeI were covalently linked to MCH 

functionalized MNPs through an ester bond, and the conjugates are represented as 1-MCH-
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Ag/CuFe2O4, 1Q-MeI-MCH-Ag/CuFe2O4, and 1Q-MeI-MCH-Ag/CuFe2O4. 1-MCH-Ag/CuFe2O4 

and 1Q-MeI-MCH-Ag/CuFe2O4 were used as examples to demonstrate the conjugation as 

shown in Scheme 2.3. This was made possible due to the presence of a carboxylic acid 

functional group on the porphyrins and alcohol functional group on the NPs. 

A reported synthetic procedure was employed to achieve this conjugation [102,131]. 

Typically, the carboxylic acid was activated using DCC as a coupling agent to form an active 

carbodiimide ester group followed by the addition of the MCH-Ag/CuFe2O4 MNPs. It is 

important to note that Ag-N self-assembly interactions are also possible between complex 1 

and the MCH-Ag/CuFe2O4 MNPs. 

4.2.3 Self-assembly of complexes 3Q-MeI and 3Q-HexI onto MCH-Ag/CuFe2O4, and 5 and 

5Q-MeI to both OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4 NPs, Scheme 4.4 

Complexes 3Q-MeI and 3Q-HexI were linked to MCH-Ag/CuFe2O4 MNPs self-assembly (Ag-

N) forming 3Q-MeI-MCH-Ag/CuFe2O4 and 3Q-HexI-MCH-Ag/CuFe2O4, respectively. Please 

note; OLM-Ag/CuFe2O4 NPs could have also been used, however, only MCH-Ag/CuFe2O4 NPs 

were still available. Complexes 5 and 5Q-MeI were linked to OLM-Ag/CuFe2O4 NPs through 

self-assembly forming 5-OLM-Ag/CuFe2O4 (Ag-S and Ag-N bonds) and 5Q-MeI-OLM-

Ag/CuFe2O4 (Ag-S bond), respectively. Complexes 5 and 5Q-MeI were also self-assembled 

onto MCH-Ag/CuFe2O4 forming 5-MCH-Ag/CuFe2O4 (Ag-S and Ag-N bonds) and 5Q-MeI-

MCH-Ag/CuFe2O4 (Ag-S bond), respectively. The linkages were done following the reported 

procedures [113].  
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Scheme 4.4 Schematic illustrations of complex 5 and 3Q-MeI conjugated to OLM- 

Ag/CuFe2O4 and OLM-Ag/CuFe2O4 MNPs through self-assembly (Ag-N and Ag-S). 
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Complexes 5 and 5Q-MeI were used as examples to delineate the linkages (Scheme 4.4). Ag-

N linkage is possible as a result of the pyridine and amino axial ligands. The unquaternized 

complex 5 has two possible coordination sides; that is through the sulfur meso-substituents 

(Ag-S) and the nitrogen (Ag-N) on the axial ligands. 

4.3 Characterizations of the nanoparticles and the conjugates  

The characterization of synthesized MNPs and conjugates were achieved through the use of 

various characterization techniques. Ultraviolet-visible spectroscopy (UV-Vis), energy 

dispersive spectroscopy (EDS), transmission electron microscopy (TEM), dynamic light 

scattering (DLS), Fourier transform infrared (FT-IR), and X-ray diffraction (XRD) were used. 

FT-IR was employed to prove the conjugation of the complexes to the NPs. The conjugation 

through self-assembly was further proven using X-ray photoelectron spectroscopy (XPS). 

The ratio of porphyrins linked to the NPs were quantitatively analysed using thermal 

gravimetric analysis (TGA) [132]. Typically, thermal decomposition profiles of the porphyrin, 

NPs, and the conjugate were compared. TGA curves and corresponding derivative 

thermogravimetry (DTG) analysis of complex 3Q-MeI, MCH-Ag/CuFe2O4 NPs, and 3Q-MeI-

MCH-Ag/CuFe2O4 conjugate are shown as examples in Fig. A16 (appendix). The obtained 

loading values are listed in Table 4.1, where 5-OLM-Ag/CuFe2O4 gave the highest loading 

value, which means that there are more porphyrin molecules attached to the NPs. The 

relatively high loading value for complex 5 could be due to more than one coordination side. 

4.3.1 Ultraviolet-visible spectroscopy 

All the UV-Vis absorption spectra were obtained under ambient conditions using DMF as a 

solvent (Fig. 4.3). UV-Vis spectra of the pristine MNPs and conjugates with complexes 3Q-
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MeI, 3Q-HexI, 5, and 5Q-MeI are shown as examples in Fig. 4.3. Fig. 4.3 (A) shows the 

absorption band for CuFe2O4 with a peak at 325 nm, typical of iron oxide nanoparticles 

[133]. Capping of CuFe2O4 MNPs with Ag to form OLM-Ag/CuFe2O4 resulted in the presence 

of surface plasmon resonance (SPR) [134] observed at 410 nm for the latter. SPR was 

observed at 349 nm upon further functionalizing with 6-mercapto-1-hexanol to form MCH-

Ag/CuFe2O4. There were no significant changes in Soret band absorption spectra of the 

complexes upon conjugation to the NPs. However, there was an observed increase in 

absorption below 400 nm and this was ascribed to the SPR absorption band of the NPs. 
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Fig. 4.3 UV-Vis electronic absorption spectrum of (A) nanoparticles, (B and C) porphyrin-

MNPs conjugates in DMF. 
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4.3.2 Energy dispersive microscopy (EDS) 

Energy dispersive microscopy (EDS) was used for the qualitative analysis of the elemental 

compositions of all the synthesized materials. The EDS micrographs (Fig. 4.4) of the 

porphyrins, nanoparticles, and conjugates show the presence of all the expected individual 

elements within the compounds. The NPs show the presence of all the expected metals; 

that is silver, copper, and iron. EDS for OLM-Ag/CuFe2O4 shows the presence of nitrogen 

which was as a result of oleyamine.  

 

Fig. 4.4 Energy dispersive microscopy (EDS) analysis of pristine nanoparticles and 

corresponding conjugates. 
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Sulfur was observed for the MCH-Ag/CuFe2O4 upon the functionalization of OLM-

Ag/CuFe2O4 with 6-mercapto-1-hexanol. The quaternized (1Q-MeI and 5Q-MeI) conjugates 

show the presence of iodine, resulting from methyl iodide and hexyl iodide. Indium was 

observed in all the conjugates since the porphyrin complexes were metalated using indium 

(III) chloride. All the conjugates show the presence of both the MNPs and the porphyrins. 

4.2.3 Transmission electron microscopy (TEM) 

Fig. 4.5 shows TEM micrographs used for morphological analysis of Ag/CuFe2O4 NPs and 

conjugates. The size distribution values are outlined in Table 4.2. TEM micrograph of bare 

CuFe2O4 showed aggregation (not shown in Fig. 4.5), which is commonly observed for bare 

magnetic NPs [135]. Upon capping with silver to form MCH-Ag/CuFe2O4 and OLM-

Ag/CuFe2O4 NPs, monodispersed spherical (core-shell like) particles with an average size 

distribution (Fig. 4.5) of 12.0 nm and 12.5 nm, respectively, were observed (Table. 4.2). The 

functionalization of the OLM-Ag/CuFe2O4 with mercapto-1-hexanol did not show any 

significant morphological changes. However, upon conjugation of MCH-Ag/CuFe2O4 (12.0 

nm) NPs via covalent linkage to complexes 1 and 1Q-MeI, aggregation was observed in both 

conjugates. The average particle size of 14.0 nm and 15.0 nm were obtained for 1-MCH-

Ag/CuFe2O4 and 1Q-MeI-MCH-Ag/CuFe2O4, respectively. A similar trend was observed for 

the self-assembly linkage of complex 5 and 5Q-MeI to both MCH-Ag/CuFe2O4 and OLM-

Ag/CuFe2O4 NPs, where the size of bare NPs increased upon conjugation (see Table 4.2). For 

1Q-HexI-MCH-Ag/CuFe2O4, 3Q-HexI-MCH-Ag/CuFe2O4, and 5Q-MeI-MCH-Ag/CuFe2O4 TEM 

micrograph size analysis could not be done due to aggregation. 
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Fig. 4.5 Transmission electron microscopy (TEM) micrographs of the nanoparticles and 

conjugates together with and the corresponding histogram size distribution curve. 
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Table 4.2 Nanoparticle and conjugates sizes and Zeta potentials (ζ) analysis  

Complexes TEM size 

(nm) 

AFM size 

(nm) 

Dh (d. 

nm) 

XRD size, D 

(nm) 

Zeta Potential ζ 

(mV) 

PDI 

a - - - - +14.2 - 

1 - - - - +16.1 - 

1Q-MeI - - - - +25.3 - 

1Q-HexI - - - - +32.2 - 

b - - - - -16.1 - 

2 - - - - +5.63 - 

3 - - - - +4.03 - 

3Q-MeI - - - - +24.6 - 

3Q-HexI - - - - +22.4 - 

c - - - - -16.1 - 

4 - - - - -12.7 - 

5 - - - - -11.8 - 

5Q-MeI - - - - +17.0 - 

OLM-

Ag/CuFe2O4 

12.5 13.0 15.0 12.24 -26.8 0.112 

MCH- 

Ag/CuFe2O4 

12.0 14.1 13.5 11.85 -27.3 0.091 

1-MCH- 

Ag/CuFe2O4 

14.0 - 21.5 12.73 -17.5 0.261 

1Q-MeI-MCH- 

Ag/CuFe2O4 

15.0 21.4 24.4 12.08 +12.3 0.284 

1Q-HexI-MCH- 

Ag/CuFe2O4 

- 19.5 26.3 16.9 +17.7 0.453 

3Q-MeI-MCH- 

Ag/CuFe2O4 

16.9 18.7 21.8 18.1 +15.1 0.198 
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3Q-HexI- MCH- 

Ag/CuFe2O4 

- 20.3 25.7 15.7 +18.1 0.265 

5-OLM-

Ag/CuFe2O4 

18.0 28.4 24.0 16.51 -18.6 0.203 

5Q-MeI-OLM-

Ag/CuFe2O4 

17.0 24.8 22.0 15.87 -28.3 0.129 

5-MCH-

Ag/CuFe2O4 

18.0 23.7 21.5 14.95 -26.1 0.145 

5Q-MeI-MCH-

Ag/CuFe2O4 

- 27.4 21.0 16.23 -27.0 0.227 

No values ( - )  

4.3.4 AFM analysis  

Atomic force microscopy (AFM) was employed to ascertain the sizes, shapes, and 

topological surface roughness (microscopic peaks and valleys) of the NPs and 

nanoconjugates (Fig. 4.6). AFM analysis was conducted using a Tapping mode and the 

nanoconjugates were dissolved in 50:50 % v/v (DMSO: water) before being place on a mica 

surface and allowed to dry overnight in an oven. MCH-Ag/CuFe2O4 NPs and the 

nanoconjugates 5-MCH-Ag/CuFe2O4 and 5Q-MeI-MCH-Ag/CuFe2O4 were used as examples 

in Fig. 4.6. Fig. 4.6(A) shows AFM analysis of NPs alone, where the two-dimensional (2D) 

image clearly showing defined spherical and monodispersed particles with an average 

particle size distribution of 14.1 nm. There were no observed significant size, shape, or 

topological surface variation between MCH-Ag/CuFe2O4 (14.1 nm) and OLM-Ag/CuFe2O4 

(13.0 nm). The line profiling (Fig. 4.6(A)) shows the average height of 14.5 nm for MCH-

Ag/CuFe2O4 NPs which is close to the average particle size of 14.1 nm for the NPs, and this 

was anticipated since the NPs are spherical NPs. The particle sizes were processed using 

AFM data analysis and also ImageJ. 3D image (Fig 4.6(A)) shows the average roughness and 
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inhomogeneity of the cluster formation of the NPs. Upon the formation of the 

nanoconjugates, slight aggregation was observed for all the conjugates, and both the 

average particle sizes and height of the nanoconjugates increased. The particle sizes are 

shown in Table 4.2.  

 

Fig 4.6 AFM analysis of (A) MCH-Ag/CuFe2O4 NPs (B) 5-MCH-Ag/CuFe2O4, and (C) 5Q-MeI-

MCH-Ag/CuFe2O4. Left = 2D surface topology; middle = line profiling; right = 3D image.  
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4.3.5 Dynamic light scattering (DLS) and zeta (ζ) potentials measurements 

Dynamic light scattering (DLS) was used for hydrodynamic particle size determination using 

2% DMSO dissolved in PBS. Complexes 1, and 5 in Fig. 4.7 are shown as examples. The 

hydrodynamic diameter (Dh) (Fig. 4.7) of MCH-Ag/CuFe2O4 and OLM-Ag/CuFe2O4 NPs were 

found to be 13.5 nm and 15.0 nm, respectively. The Dh values for the conjugates are shown 

in Table 4.2 and Fig. 4.7. The DLS particle size estimations were slightly higher as compared 

to the ones from TEM and XRD, this can be attributed to the interference of the dispersant 

during the analysis [136]. Polydispersity index (PDI) values were used to measure the 

broadness of particle size distribution; this was achieved using DLS. PDI values range 

between 0.0 (for a perfectly monomodal sample dispersion with respect to particle size) and 

1.0 (for a highly polydispersed sample with broad size distribution) [137]. 

 

Fig 4.7 Dynamic light scattering (DSL) distribution curve for the nanoparticles and their 

corresponding nanoconjugates, using 2% DMSO in PBS. 
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PDI values obtained were 0.112, 0.091, 0.261, 0.284, 0.453, 0.198, 0.265, 0.203, 0.129, 

0.145, and 0.227 for OLM-Ag/CuFe2O4, MCH-Ag/CuFe2O4, 1-MCH-Ag/CuFe2O4, 1Q-MeI-

MCH-Ag/CuFe2O4, 1Q-HexI-MCH-Ag/CuFe2O4, 3Q-MeI-MCH-Ag/CuFe2O4, 3Q-HexI-MCH-

Ag/CuFe2O4, 5-OLM-Ag/CuFe2O4, 5Q-MeI-OLM-Ag/CuFe2O4, 5-MCH-Ag/CuFe2O4, 5Q-MeI-

MCH-Ag/CuFe2O4, respectively. The observed small PDI values signify monomodal 

dispersions of the nanoconjugates. Recent studies have shown that various properties of 

NPs and nanoconjugates such as size, shape, polydispersity index (PDI), and zeta potential 

play an imperative role in physicochemical and biological properties [138,139]. 

The Zeta potential (ζ) of the NPs and conjugates was measured using DLS shown in Table 

4.2. Fig. 4.8 shows ζ of the NPs and nanoconjugates dispersed using 2% DMSO in water on 

the day of synthesis as an example. It has been reported that ζ outside the range -25 mV to 

+25 mV typically indicates high stability, since high ζ overcomes the electrostatic attractions 

between the adjacent nanoparticles [140]. A ζ of -26.8 mV for OLM-Ag/CuFe2O4 and -27.3 

for MCH-Ag/CuFe2O4 signifies a moderate stability, and same applies to 5Q-MeI-OLM-

Ag/CuFe2O4, 5-MCH-Ag/CuFe2O4 and 5Q-MeI-MCH-Ag/CuFe2O4 with ζ = -28.3 mV, -26.1 mV, 

and -27.0 respectively. However, 5-OLM-Ag/CuFe2O4 and 1-MCH-Ag/CuFe2O4, 1Q-MeI-MCH-

Ag/CuFe2O4, 1Q-HexI-MCH-Ag/CuFe2O4, 3Q-MeI-MCH-Ag/CuFe2O4, and 2Q-hexI-MCH-

Ag/CuFe2O4 (ζ -18.6, -17.5, +12.3, +17.7, +15.1, and +18.1 mV respectively) showed 

relatively less stability. All the quaternized conjugates show relatively low ζ. Nanoconjugates 

with low ζ are susceptible to electrostatic attraction and consequently allowing interactions 

among the NPs, forming fractal aggregates [141]. 
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Fig 4.8 Zeta potential (ζ) graphs for (A) MCH-Ag/CuFe2O4 NPs, (B) complex 1Q-MeI, and (C) 

1Q-MeI-MCH-Ag/CuFe2O4 conjugate. 
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The colloidal stability studies of the NPs (OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4) and 1Q-

MeI-MCH-Ag/CuFe2O4, 1Q-HexI-MCH-Ag/CuFe2O4, 3Q-MeI-MCH-Ag/CuFe2O4, 3Q-HexI-

MCH-Ag/CuFe2O4, 5-OLM-Ag/CuFe2O4, and 5Q-MeI-OLM-Ag/CuFe2O4 were analysed using 

DLS as shown in Fig. 4.9. The study was based on monitoring the change in Dh of the NPs 

and the conjugates overtime for 5 days suspended in water containing 2% DMSO. 2% DMSO 

was used since 1-MCH-Ag/CuFe2O4, 5-OLM-Ag/CuFe2O4, and 5-MCH-Ag/CuFe2O4 conjugates 

were not soluble in water. The studies were done over 5 days since biological studies were 

performed within that period. Dh of the NPs and the conjugates remained practically 

unchanged over 5 days as shown in Fig. 4.9. The variations observed are negligible and 

might possibly be due to different fractions collected from the solution during analysis and 

instrumental error. The Dh variation are within 5 nm on average for all the studies. 
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Fig 4.9 Hydrodynamic stability studies of the NPs (OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4) 

and conjugates in aqueous dispersion; 2% DMSO in water. 
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4.3.6 X-ray diffraction (XRD) 

X-ray diffraction (XRD) characterization technique was used for phase identification of 

synthesized NPs and the conjugates, with some of the complexes shown in Fig. 4.10 as 

examples. XRD patterns for OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4 were in agreement with 

the ones reported in the literature [142–144], demonstrating a successful synthesis of the 

NPs. The face centred cubic metallic crystalline phases of OLM-Ag/CuFe2O4 and MCH-

Ag/CuFe2O4 core-shell NPs showed the characteristic peaks for Ag combined with Cu NPs at  

111, 200, 220, 311 with 2θ = 39.0, 44.0, 64.5 and 78.5°, respectively. The less intense broad 

peak near 15° could be ascribed to CuFe2O4 as a result of the amorphous nature of the Fe3O4 

NPs reported before [145]. The capping agents showed no impact on the XRD pattern of the 

NPs. XRD pattern of complex 1 alone as an example was also analysed to delineate the 

amorphous nature of porphyrins extrapolated by a pink-dotted line in Fig. 4.10. XRD spectra 

for all the conjugates show both the phases for the NPs and porphyrin complexes which 

validate the presence of the two in each conjugate. The average crystalline size (D) was 

determined using Debye-Scherrer formula Eq. (4.1).  

𝐷 =
𝑘𝜆

𝛽𝑐𝑜𝑠𝜃 
                  (4.1) 

Where k is Scherrer constant (0.9), λ is the wavelength of the X-ray source (0.15405 nm), β is 

the FWHM (full-width at half maximum, radians), and θ is the peak position corresponding 

to FWHM (radians) [146]. The FWHM was estimated using origin 8 professional on a 

Gaussian plot using the 4 characteristic peaks. The D values obtained were 12.24 nm, 11.85 

nm, 12.73 nm, 12.08 nm, 16.9 nm, 18.1 nm, 15.7 nm, 16.51 nm, 15.87 nm, 14.95 nm, and 

16.23 nm for OLM-Ag/CuFe2O4, MCH-Ag/CuFe2O4, 1-MCH-Ag/CuFe2O4, 1Q-MeI-MCH-
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Ag/CuFe2O4, 1Q-HexI-MCH-Ag/CuFe2O4, 3Q-MeI-MCH-Ag/CuFe2O4, 3Q-HexI-MCH-

Ag/CuFe2O4, 5-OLM-Ag/CuFe2O4, 5Q-MeI-OLM-Ag/CuFe2O4, 5-MCH-Ag/CuFe2O4, 5Q-MeI-

MCH-Ag/CuFe2O4, respectively. These values are closer to the values determined using TEM. 

 
 

Fig. 4.10 X-ray diffraction (XRD) diffractrograms of the NPs (MCH-Ag/CuFe2O4 and MCH-

Ag/CuFe2O4), porphyrin, and the conjugates. 
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4.3.7 Fourier transform infrared (FT-IR) 

 Fig. 4.11 Shows Fourier transform infrared (FT-IR) spectra for some of the synthesised 

material as examples. The FT-IR spectra of OLM-Ag/CuFe2O4 NPs show the presence of C-H 

stretches at 2841-2909 cm-1 which can be attributed to C-H of oleyamine capping agent. 

Upon functionalization of OLM-Ag/CuFe2O4 NPs with 6-mercapto-1-hexanol, a broad O-H 

(3178-3533 cm-1) vibration band and sharp C-H (2835-2923 cm-1) vibration band are 

observed validating successful capping of the NPs. Upon conjugation of complex 1 and 1Q-

MeI to MCH-Ag/CuFe2O4 NPs, FT-IR spectral changes were observed. C-O vibrational bands 

were observed at 1012 and 1010 cm-1 for 1-MCH-Ag/CuFe2O4 and 1Q-MeI-MCH-

Ag/CuFe2O4, respectively. The carbonyl (C=O)  vibrational band for 1 (1707 cm-1) and 1Q-MeI 

(1715 cm-1) (Fig. 4.2) also shifted to 1592 cm-1 and 1624 cm-1, respectively, upon conjugation 

(Fig. 4.11). The pyridyl C=N stretch was observed at 1436 cm-1 and 1530 cm-1 for 1-MCH-

Ag/CuFe2O4 and 1Q-MeI-MCH-Ag/CuFe2O4, respectively. FT-IR spectra of 5-OLM-Ag/CuFe2O4 

and 5Q-MeI-OLM-Ag/CuFe2O4 shows the presence of both the porphyrins and the NPs. C=N  

stretch is observed for 5-OLM-Ag/CuFe2O4 at 1650 cm-1 and for 5Q-MeI-OLM-Ag/CuFe2O4 at 

1603 cm-1. The FT-IR spectra of the conjugates confirm the presence of both the porphyrins 

and NPs. However, it is not possible to validate self-assembly conjugation using FT-IR alone. 

Hence X-ray photoelectron spectroscopy (XPS) below was employed to validate self-

assembly (Ag-S and Ag-N) conjugations. 
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Fig. 4.11 Fourier transforms infrared (FT-IR) spectra of the NPs (MCH-Ag/CuFe2O4 and OLM-

Ag/CuFe2O4) and corresponding conjugates. 

2841

 

 O LM-Ag/CuFe2O4

C-H

2909

1650

2844

 

 5-O LM-Ag/CuFe2O4

2921

3010 2924
1603
C=N

C-H

C=NC-H

 

 

 5Q-MeI-OLM-Ag/CuFe2O4

2924

4000 3500 3000 2500 2000 1500 1000 500

C-HO-H

 MCH-Ag/CuFe2O4

 

Wavenumber (cm-1)

3533
3178

2923
2835

1012
C-O

1436

C=OO-H

1592

C=N

28412923

Ar-C-H
C-H

 1-MCH-Ag/CuFe2O4

 

T
ra

ns
m

itt
an

ce
 (%

 T
)

C-H
Ar-C-H

O-H

15301624
C=O C=N

 1Q-MeI-MCH-Ag/CuFe2O4

 

 C-O
10103090 2840



Chapter 4  Synthesis and characterization 

100 
 

4.3.8 X-ray photoelectron spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) also known as electron spectroscopy for chemical 

analysis (ESCA) was employed in this study to validate the covalent conjugation and self-

assembly bonding of the NPs and the porphyrins. XPS analysis is a surface analytical 

technique used for quantitative composition and surface chemical interactions between 

elements. Complexes 3Q-MeI, 3Q-HexI, 5, 5Q-MeI were conjugated to the NPs through self-

assembly (N-Ag and S-Ag), whilst complexes 1, 1Q-MeI, and 1Q-HexI were covalently linked 

to the NPs via an ester bond. 

4.3.8.1 XPS covalent conjugation analysis 

Shown in Fig. 4.12 is a high resolution O1s XPS spectra for complex 1Q-MeI, MCH-

Ag/CuFe2O4, and 1Q-MeI-MCH-Ag/CuFe2O4, used as examples to study the ester 

conjugation. In Fig. 4.12(B), upon the deconvolution of the O1s high resolution curve for 

MCH-Ag/CuFe2O4 NPs, three sub curves were observed which were ascribed to C-O/O-H 

(529.1 eV), C-O-H (530.7 eV), and the Cu-O (534.3 eV) satellite peak. The binding energies C-

O, O-H, and C-O-H are due to MCH capping agent on the surface of the NPs. The Cu-O 

satellite peak observed for the NPs can be ascribed to the electronic shake-up, which has 

been observed and discussed before [147,148]. Complex 1Q-MeI O1s curve (Fig. 4.12(C)) 

has been deconvoluted into two distinct peaks which were ascribed to carboxylic acid 

C=O/C-O/O-H (529 eV) and O-C=O (530.9 eV).  Upon the formation of 1Q-MeI-MCH-

Ag/CuFe2O4 conjugate, O1s high resolution XPS curve was deconvoluted into five distinct 

sub peaks ((Fig. 4.12(A)). The sub peaks are ascribed to C=O (527.6 eV), C-O (528.9 eV), O-

C=O (530.1 eV), O-C-O (531.8 eV), and the Cu-O (533.7 eV) satellite peak. The appearance of 

O-C-O sub peak for 1Q-MeI-MCH-Ag/CuFe2O4 suggests an ester bond formation.  
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Fig. 4.12 O1s high resolution XPS spectra analysis for (A) 1Q-MeI-MCH-Ag/CuFe2O4, (B) 

MCH-Ag/CuFe2O4, and (C) complex 1Q-MeI. 
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as a result of 6-mercapot-1-hexanol (MCH) used as a capping agent for the NPs. The survey 

spectra for complex 5 shows the presence of S (161.7), C (282 eV), N (398.4), In (443.2 eV), 

and O (530.5 eV). The presence of O was ascribed to the axial ligand. Moreover, 5-MCH-

Ag/CuFe2O4 conjugate shows the presence of elements from both entities as expected. High 

resolution, XPS N1s (Fig. 4.13(B)) peak for complex 5 alone was deconvoluted to two sub 

peaks; that is N-In (397.3 eV) and N-C (398.5 eV). Upon deconvolution of N1s spectra of the 

conjugate (Fig. 4.13(C)), three sub peaks were observed at 396. 8 eV, 398.5 eV, and 400.2 eV 

and were ascribed to N-In, N-C, and N-Ag, respectively. The new sub peak suggests the 

successful binding of the NPs to the axial ligand’s pyridyl lone pares. Fig. 4.13(D) shows S2p 

XPS high resolution spectra of complex 5, which were deconvoluted to two sub peaks at 

161.7 eV (S-C) and 163.1 eV (S) and upon conjugation to form 5-MCH-Ag/CuFe2O4 (Fig. 

4.13(E)), the S2p spectra was deconvoluted to three sub peaks at 161.7 eV (S-C) and 163.1 

eV (S), and 167.5 (S-Ag). An additional peak observed at 167.5 eV was ascribed to S-Ag, 

which confirms the self-assembly of complex 5 and the MNPs through sulfur atoms. Thus, 

both S and N atoms are involved in the self-assembly of complex 5 onto the exposed Ag 

surface of the MNPs.  
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Fig. 4.13 XPS spectra analysis (A) survey spectra for MCH-Ag/CuFe2O4, complex 5, and 5-

MCH-Ag/CuFe2O4. High resolution N1s (B, C) and S2p (D,E) spectra for complex 5 and 5-

MCH-Ag/CuFe2O4, respectively. Please note; MCH-NPs = MCH-Ag/CuFe2O4. 
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4.4 Photophysical parameters 

All the photophysical parameters (Table 4.3) were studied in DMF unless otherwise stated. 

Singlet oxygen generation was further studied using 2% DMSO in water to analyse the 

response of the complexes in aqueous media. 

Table 4.3 Photophysical parameters for all the complexes in DMF, unless stated. 

Complexes/conjugates λAbs, Soret  

(nm)  

F (± 

0.001) 

τF (ns) ∆
 

a  

415a 

0.050 

- 

11.36 

- 

0.34 

0.20a 

1  

420a 

<0.01 

- 

6.76 

- 

0.57 

0.27a 

1Q-MeI  

426a 

<0.01 

- 

5.35 

- 

0.59 

0.32a 

1Q-HexI  

424a 

<0.01 

- 

4.86 

- 

0.53 

0.27a 

1-MCH-Ag/CuFe2O4  

421a 

<0.01 

- 

1.28 

- 

0.61 

0.34a 

1Q-MeI-MCH-Ag/CuFe2O4  

427a 

<0.01 

- 

1.20 

- 

0.62 

0.35a 

1Q-HexI-MCH-Ag/CuFe2O4  

425a 

<0.01 

- 

2.92 

- 

0.57 

0.30a 
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b  

409a 

0.094 

- 

6.42 

- 

0.36 

0.17a 

2  

418a 

0.015 

- 

5.09 

- 

0.54 

(0.25) 

3  

416a 

0.018 

- 

5.74 

- 

0.52 

(0.26) 

3Q-MeI  

422a 

0.017 

- 

3.91 

- 

0.56 

0.32a 

3Q-HexI  

422a 

0.013 

- 

4.43 

- 

0.56 

0.30a 

3Q-MeI-MCH-Ag/CuFe2O4  

0.26a 

0.010 

- 

3.56 

- 

0.56 

0.34a 

3Q-HexI-MCH-Ag/CuFe2O4  

0.25a 

<0.01 

- 

3.91 

- 

0.60 

0.28a 

c  0.080 6.21 0.31 

 419a - - 0.19a 

4  <0.01 5.36 0.53  

 426a - - 0.24a  

5  0.016 4.88 0.56  

 427a - - 0.22a  
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5Q-MeI  0.015 4.21 0.56  

 425a - - 0.25a  

5-OLM-Ag/CuFe2O4  0.017 4.21 0.57  

 427a - - 0.24a 

5Q-MeI-OLM-Ag/CuFe2O4   0.011 3.98 0.59  

 425a - - 0.22a 

5-MCH-Ag/CuFe2O4   0.013 4.12 0.56 

 426a - - 0.24a 

5Q-MeI-MCH-Ag/CuFe2O4   <0.01 3.73 0.59 

 425a - - 0.26a 

a = values for 2% DMSO in PBS 

 

4.4.1 Fluorescence quantum yields (φF) and lifetimes (τF)  

φF values were studied in DMF for all the complexes and their corresponding conjugates 

using the comparative method reported in literature [50] using  ZnTPP (φF = 0.030 [49]) as 

standard. Eq. 1.2 was used to calculate the φF values. The φF values in Table 4.3 are high for 

free-base complexes a, b, and c compared to their corresponding metalated derivative 

complexes 1, 2, and 4, respectively. This behaviour demonstrate the quenching of the 

fluorescence upon insertion of indium metal ion and the chloride axial ligand [149]. The 

values were also observed to be low for the conjugates, and this could be attributed to 

Ag/CuFe2O4 NPs. This process can be explained in terms of the heavy atom effect of indium 

and the nanoparticles which favours intersystem crossing other than fluorescence [150]. 
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There was a slight increase in φF upon exchange of axial ligands complexes 3 and 5 relative 

to chloro indium complexes 2 and 4, and this was attributed to the removal of heavy atom 

axial Cl ligand which encourages ISC to the triplet excited state (shown in Fig. 1.6). 

Phenylmethylthio meso-substituents (4) shows a high fluorescence quenching compared to 

the pyridyl meso-substituents (2) (see Table 4.3), and this is due to heavy atom effect of 

sulfur. The φF values were observed to be low for MCH-Ag/CuFe2O4 NPs conjugated to 5 

compared to the 5 conjugated to OLM-Ag/CuFe2O4 NPs, and this could be attributed to 

heavy atom effect of sulfur from MCH capping agent. There was no clear trend observed 

upon quaternization, since there were no changes in φF values for complex 5 compared to 

5Q-MeI, 1 compared to 1Q-MeI, and 3 compared to 3Q-MeI, however, there was a decrease 

from 3 to 3Q-Hex (Table 4.3).  

 

Fig. 4.14 Fluorescence lifetime decay curve fitting for complex 2 in DMF, using LUDOX HS-40 

colloidal silica as a scatter sample. 
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Moreover, there was no clear trend on the effect of the number of positive charges on φF. 

The use of different quaternizing agents showed no significant impact on φF for 1, 1Q-MeI, 

1Q-HexI, and 3Q-MeI but decreases for 3Q-HexI. The τF followed the same trend as φF (see 

Table 4.3), since τF is proportional to φF. The fluorescence lifetime decay curve for complex 

4 is shown in Fig. 4.14 as an example of how the fitting was done to obtain the τF values (see 

Table 4.3). 

4.4.2 Singlet oxygen quantum yields (φ∆) 

1O2 generation is one of the major factors which signifying the effectiveness of the 

photosensitizer since is responsible for bacteria cell obliterations through lethal oxidative 

stress [151]. φ∆ was studied under ambient conditions in DMF using DMA as a singlet 

oxygen quencher and ZnTPP (φ∆
std

 = 0.53) [52] as a standard, and the calculations were done 

using Eq. (1.3). The degradation of the DMA was observed, whilst the Soret and Q bands of 

the porphyrin complexes remained unchanged confirming the photostability of the 

porphyrin complexes, delineated by Fig. 4.15 using complex 4 as an example. As expected, 

the free-base complexes a (φ∆ = 0.34), b (φ∆ = 0.36) and c (φ∆ = 0.31) showed a lower φ∆ as 

compared to the metalated complexes (Table 4.3). The low φ∆ values corresponds to the 

high φF values observed for the free-base complexes. The effect of axial modification on φ∆ 

was as expected for complex 2 compared to 3, which showed a decrease in φ∆ upon the 

replacement of Cl (facilitating heavy atom effect) with aminophenol, however, it was not 

the case for complex 4 compared to 5, which showed an increment (Table 4.3). The capping 

agents showed no significant impact on the φ∆, this can be observed on conjugate 5-OLM-

Ag/CuFe2O4 (φ∆ = 0.57) compared to 5-MCH-Ag/CuFe2O4 (φ∆ = 0.56) and 5Q-MeI-OLM-

Ag/CuFe2O4 (φ∆ = 0.59) compared to 5Q-MeI-MCH-Ag/CuFe2O4 (φ∆ = 0.59) (Table 4.3). There 
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was no clear trend observed for the effect of quaternization on φ∆; slight increase in φ∆ was 

observed from 1 to 1Q-MeI and from 3 to 3Q-MeI and from 3 to 3Q-HexI, however, φ∆ 

remain unchanged from 5 to 5Q-MeI but decreased from 1 to 1Q-hexI (Table 4.3). The use 

of different quaternizing agents (MeI and HexI) showed an undefined trend on φ∆, since 3Q-

MeI and 3Q-HexI have the same φ∆ value, and 1Q-MeI and 1Q-HexI showed a decrease for 

the latter (Table 4.3). The unclear trends in the φ∆ of the materials before and after 

quaternizations could be due to the insignificant effect brought by the quaternizing agents, 

and the observed disparities might be as a result of the singlet oxygen being studies on 

different days depending on the readiness of the complexes, which might lead to 

experimental errors based on the different temperatures on the day of the study.  

 

Fig. 4.15 Shows degradation of 9,10-dimethylanthracene (DMA) in the presence of complex 

4 (solvent: DMF). 
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The conjugation of the porphyrin complexes to the NPs showed an increase in the φ∆, and 

these phenomena could be attributed to the heavy atom effect brought by the NPs. The 

effect of symmetry for complex 1 (φ∆ = 0.57) compared to 2 (φ∆ = 0.54) showed an increase, 

suggesting improved φ∆ for asymmetrically substituted porphyrins. By comparing the effect 

of phenylmethylthio meso-substituents (4) and pyridyl meso-substituents (2), there was no 

significant different in the φ∆ between the two complexes, contrary to φF due to sulfur 

heavy atom effect. For PACT application purpose, φ∆ for all the complexes was determined 

in aqueous media using 2% DMSO in PBS since complex a, b, c, 1, 2, 3, 4, and 5 were not 

water soluble. Rose Bengal (RB) (φ∆RB = 0.75 in water) was used as a standard and ADMA as 

singlet oxygen quencher for φ∆ determination in aqueous media [151]. φ∆ for all the 

complexes in an aqueous medium is relatively low, almost half φ∆ in DMF (see Table. 4.3), 

this phenomena can be attributed to the quenching effect brought by water on the singlet 

oxygen generation [50]. 

4.5 Summary of the chapter 

Asymmetrically substituted (1, 1Q-MeI, and 1Q-HexI) and symmetrically substituted (2, 3, 

3Q-MeI, and 3Q-HexI) porphyrin complexes as potential PSs for PACT were successfully 

synthesized and characterized using appropriate analytical techniques. Silver-capped copper 

ferrite MNPs (Ag/CuFe2O4) were also synthesized, functionalized, and conjugated to the 

porphyrins. Photophysicochemical properties of all the synthesized materials were studied. 

In this chapter, axial modification of the porphyrins and capping of the NPs have been 

achieved, moreover, axial modifications of the porphyrins and capping of the NPs showed 

some effect on the overall photophysical properties of the complexes. Improved φ∆ values 

were observed for the indium metalated complexes and their corresponding conjugates 
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with the NPs. φ∆ values in water were relatively lower compared to the values in DMF, 

however, they followed similar trends. φ∆ values in water were good enough for PACT 

application. Hydrodynamic diameters and zeta potentials were analysed to study the 

stabilities of the conjugates and the nanoparticles, moreover, the materials were found to 

be relatively stable. 



 

 
 

 

 

 

 

 

 

Chapter 5 
Photodynamic antimicrobial 

chemotherapy (PACT) studies 

This chapter outlines detailed photodynamic antimicrobial chemotherapy in vitro 

photoinactivation studies of Staphylococcus aureus and Escherichia coli using the as-

prepared porphyrin complexes, nanoparticles and their corresponding conjugates. 
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5.1 Amphiphilicity and Lipophilicity studies 

Amphiphiles are complexes possessing both hydrophilic and lipophilic traits. It has been 

reported that an increase in the amphiphilicity character of photosensitizers (PSs) is closely 

associated with its affinity for bacteria, which consequently improves cellular uptake and 

overall PACT activity [67,105,152]. The hydrophilicity of the PSs is imperative for distribution 

and the intercellular localizations. Lipophilicity structural analogues were studies between 

the porphyrins of longer alkyl chain quaternizing agent (zinc(II) meso-tetrakis(N-n-

hexylpyridinium-3-yl) porphyrin) and shorter alkyl chain quaternizing agent (5-(4-

trifluoromethylphenyl)-10,15,20-tris(4- trimethylammoniumphenyl) porphyrin), where a PS 

with shorter alkyl chain quaternizing agent was observed to be more hydrophilic [153]. The 

octanol-water partitioning coefficient (log Po/w) was employed to estimate the ability of the 

complexes to penetrate biomembranes or bind to liposomes. The Log Po/w values for the 

complexes were determined using a procedure reported before [105], and the calculations 

were done using E.q (2.1) and Fig. 2.2. Complexes 1Q-HexI (log Po/w = 0.77) and 3Q-HexI (log 

Po/w = 0.66) with longer alkyl (hexyl) chains on their pyridyl meso-substituents were 

observed to have a positive log Po/w values, which suggests a higher concentration in the 

lipid phase (i.e hydrophobic character) (Table 5.1). Complexes 1Q-MeI (log Po/w = -1.65) and 

3Q-MeI (log Po/w = -0.95) with shorter alkyl (methyl) chain gave negative log Po/w values, 

suggesting higher affinity for aqueous phase (i.e hydrophilicity character) (Table 5.1). 

Complexes with a more negative log Po/w are preferred due to their higher hydrophilicity, 

the proviso is based on the fact that more hydrophilic complexes diffuse easily through the 

plasma membranes and consequently maximizing cellular uptake [154,155]. This suggests 

the role played by the alkyl halides chain length as quaternizing agents on the lipophilicity of 

the complexes. Please note; lipophilicity studies were only conducted for cationic complexes 
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(1Q-MeI, 1Q-HexI, 3Q-MeI, and 3Q-HexI) used against E. coli. All the four cationic 

porphyrins have closely related meso-substituents but different log Po/w and subsequently 

PACT activity. Other factors not accounted by log Po/w, such as axial ligand and the number 

of cationic charges could be responsible for the PACT efficiency [105,156,157]. 

Table 5.1 Partition coefficients (log Po/w) using octanol and water. 

Complexes  log Po/w 

1Q-MeI  -1.65 

1Q-HexI  0.77 

3Q-MeI  -0.95 

3Q-HexI  0.66 

 

5.2 Antimicrobial studies 

All the antimicrobial studies were conducted using 2% DMSO in PBS, since some of the 

unquaternized complexes were not completely water soluble. For assurance, validation, and 

reliability of the results, PACT studies were performed in triplicates. Gram (+) and Gram (-) 

bacterial strains Staphylococcus aureus and Escherichia coli, respectively, were employed to 

study the antibacterial activity of the synthesized complexes. The reported procedure 

involving the standard (viable, plate count) and turbidimetric analysis were employed to 

perform PACT studies, with slight modifications [116,158]. Eq. (5.1) and Eq. (5.2) were 

employed to quantify the % viable colony and log reductions, respectively. 

Cell studies definitions:  

Viable colony (%) = 
(𝐴−𝐵)

𝐴
× 100        5.1 
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Log reduction = log (A) –  log (B)        5.2 

where A is the number of colony count before treatment and B is the number after 

treatment. A lower viable colony percentage after treatment signifies the effectiveness of 

the PSs and consequently the high the log reduction. The minimum log reduction value 

recommended by FDA (Food and Drug Administration) regulations for a potential PS to be 

applicable for PACT is 3 log CFU [159]. 

5.2.1 Porphyrins concentration studies 

Concentration optimizations were done for the porphyrin complexes alone under light 

exposure and dark conditions. Complexes 1, 1Q-MeI, 4, 5, and 5Q-MeI PACT studies were 

performed using S. aureus, whereas complexes 1Q-MeI, 1Q-HexI, 3Q-MeI, 3Q-HexI, 2, and 3 

PACT activities were studied against E. coli. Thus, complex 1Q-MeI PACT activities were 

studied against both S. aureus and E. coli to compare their susceptibility. Concentration 

optimizations of the PSs were done in order to obtain the minimum concentration that 

completely obliterates the bacteria upon light exposure. It can clearly be observed that 

PACT activity increases with an increase in the concentration of the complexes. Fig. 5.1 

shows the PACT activity of complexes 1 and 1Q-MeI against S. aureus over 60 min, both the 

complexes show ~80% (p< 0.05) and ~65% (p< 0.05) viable colonies for dark studies at 12.5 

μM  concentrations, hence signifying dark toxicity. The higher dark toxicity for complex 1Q-

MeI can be attributed to its high solubility which allows it to interact effectively with the cell 

membrane [8,109,110,152]. Upon light exposure for 60 min, the lowest concentration of 2.5 

μM for 1Q-MeI was observed to have completely obliterated the bacteria resulting log 

reduction of 9.27 against S. aureus (Table 5.2). However, at concentration 2.5 μM for 
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complex 1 gave a log reduction of 0.46 upon irradiation. Fig. 5.1 (B) shows the PACT activity 

(dark and light) of complexes 5 and 5Q-MeI, where the quaternized complex 5Q-MeI was 

observed to have the highest dark toxicity compared to 5, 1, and 1Q-MeI, and this could be 

ascribed to the combined effect of positive charge and thiols meso-substituents for 5Q-MeI 

[72]. Upon irradiation for 30 min (Fig. 5.1 (B)), the concentration of 1.5 μM for complexes 

5Q-MeI was observed to have completely eradicated the bacteria; however, there was still 

viable colony for complex 5. The quaternized complexes were observed to have impressive 

PACT activity against S. aureus at relatively low concentrations; however, they have a 

relatively higher dark toxicity. 

Fig. 5.2 shows PACT activities of complexes 2, 3, 1Q-MeI, 1Q-HexI, 3Q-MeI, and 3Q-HexI 

against E. coli. The complexes show minimal dark toxicity, with >80% (p< 0.05) viable colony 

for complex 1Q-MeI against E. coli (Fig. 5.2 (A)), which was ~65% viable colony against S. 

aureus. The lower dark cytotoxicity of the complexes against E. coli as compared to S. aureus 

could be as a result of their difference in the structural cell wall [13]. Upon light exposure 

(Fig. 5.2 (B)), complexes 1Q-MeI and 3Q-MeI were observed to have eradicated E. coli 

completely (0% viable colonies), at the lowest concentration of 2.5 μM and corresponding 

log reductions of 9.58 (Table 5.3). However, complexes 1Q-Hexl and 3Q-HexI have viable 

colonies at concentration 2.5 μM. The unquaternized complexes 2 and 3 show relatively low 

PACT activity against E. coli at low concentrations. Comparing 1Q-MeI against S. aureus and 

E. coli; a log reduction value of 9.58 was observed for E. coli and 9.27 observed for S. aureus 

(Table 5.2 and Table 5.3), however, E. coli was expected to be less susceptible, but this is 

not the case. Thus showing the complex is more effective towards photoinactivation of the 

difficult E. coli. 
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Fig. 5.1 PACT PSs concentration optimization for (A) 1 and 1Q-MeI, 60 min exposure (B) 5 

and 5Q-MeI, 30 min exposure. Studies were done against S. aureus and irradiation using 

415 nm LED. 
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Fig. 5.2 PACT PSs concentration optimization for complexes 2, 3, 1Q-MeI, 1Q-HexI, 3Q-MeI, 

3Q-HexI (A) dark toxicity studies and (B) photoinactivation for 30 min exposure; studies 

were done against E. coli and irradiation using 415 nm LED. 
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5.2.2 Nanoparticles toxicity studies 

PACT activities of the bare NPs (OLM-Ag/CuFe2O4 and MCH-Ag/CuFe2O4) were assessed on 

S. aureus (Fig. 5.3). This study was conducted to analyse the cytotoxicity of the NPs and also 

to analyse the impact brought by the capping agents used in this study. Metallic NPs 

including silver NPs are known to have cytotoxicity towards microbial [77,140,142,160]. The 

concentrations of 0.25 g/mL were used for the NPs and the studies were conducted using 

2% DMSO dissolved in PBS. The concentration of 0.25 g/mL for the nanoparticles was used 

as it was the smallest concentration that showed a clear surface plasmon resonance (SRP) 

on the UV-Vis spectroscopy (Fig. 4.3 (A)). Cytotoxicity of the NPs was studied under the dark 

and irradiation conditions with a 415 nm LED (at the SRP) over 25 min and 60 min for OLM-

Ag/CuFe2O4 and MCH-Ag/CuFe2O4 NPs, respectively. The 60 min eradiation time was 

conducted for MCH-NPs to see if there were any effects when the light exposure is elongate, 

however, there was no any sudden change in the PACT activity of the NPs. As shown in Fig. 

5.3, there was no significant difference between the viable colonies of the NPs when 

exposed to light or under dark conditions at a specific time. After 25 min of light exposure 

(Fig 5.3 (A)), >90% (p> 0.05) viable colony counts were observed for OLM-Ag/CuFe2O4 NPs 

and at 30 min of light exposure (Fig 5.3 (B)), ≥90% (p< 0.05) viable colony counts were 

observed for MCH-Ag/CuFe2O4 NPs. This signifies that the thiol capping agents on the NPs 

had a slight influence on the PACT activity against S. aureus relative to oleyamine capping 

agent. The observed cytotoxicity is as a result of the release of silver or copper metal ions 

which interact effectively with the cell membrane and leading to protein coagulation and 

consequently cell death [161].  
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Fig. 5.3 Antibacterial activity of (A) OLM-Ag/CuFe2O4 (dark and light) for 25 min and (B) 

MCH-Ag/CuFe2O4 (dark and light) for 60 min against S. aureus. Concentration 0.25 g/mL 

using 2% DMSO in PBS; NPs = Ag/CuFe2O4. 
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5.2.3 Porphyrins and nanoconjugates  

Phototoxicity time studies of the complexes and conjugates were studied in specific time 

intervals, these studies were conducted to analyse the PACT activity over time. 

5.2.3.1 Staphylococcus aureus 

Complexes 1, 1Q-MeI, 4, 5, and 5Q-MeI were employed as examples for S. aureus. Fig. 5.4 

shows PACT activity of asymmetrically substituted complexes 1, 1Q-MeI, and their 

conjugates with MCH-Ag/CuFe2O4 NPs against S. aureus. The concentration of 2.5 μM was 

used since for the porphyrins alone there were still viable cells at this concentration (Fig. 

5.1(A)). Conjugates 1-MCH-Ag/CuFe2O4 and 1Q-MeI-MCH-Ag/CuFe2O4 showed dark toxicity, 

and this could be attributed to the presence of the NPs, however, >75% (p< 0.05) cell 

viability was observed which is still high (Fig 5.4 (A)). Upon irradiation (λ = 415 nm), complex 

1Q-MeI and its conjugate 1Q-MeI-MCH-Ag/CuFe2O4 completely obliterated the bacteria at 

time 30 min (Log = 9.27, p< 0.05), which signifies high PACT activity against S. aureus (Fig. 

5.4 (B) and Table 5.2). Phototoxicity of all the complexes was observed to increase with an 

increase in the irradiation time. Complex 1 and its conjugate 1-MCH-Ag/CuFe2O4 showed 

lower log reduction values (Table. 5.2) of 0.46 and 3.71, respectively, at time 30 min. The 

quaternized complex 1Q-MeI and its conjugate 1Q-MeI-MCH-Ag/CuFe2O4 showed a high 

PACT activity against S. aureus compared to their unquternized derivatives 1 and 1-MCH-

Ag/CuFe2O4, and this was attributed to their solubility. The higher Log reduction values for 

the conjugate 1-MCH-Ag/CuFe2O4 (Log = 3.71) compared to complex 1 (Log = 0.46) alone at 

time 30 min of irradiation could be ascribed to the cytotoxicity of the NPs in the 

nanoconjugate (Table 5.2). PACT activity of symmetrically substituted methylthio porphyrin 

complexes 4, 5, 5Q-MeI, and their corresponding conjugates with OLM-Ag/CuFe2O4 and 
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MCH-Ag/CuFe2O4 NPs was studies against S. aureus at a PS concentration of 1.5 μM (used as 

it showed activity for all) in a 5 min interval up to 25 min exposure (Fig. 5.5). The conjugates 

(5Q-MeI-MCH-Ag/CuFe2O4 and 5Q-MeI-OLM-Ag/CuFe2O4) were observed to have higher 

dark toxicity against S. aureus, which increases with an increase in exposure time (Fig. 

5.5(A)). The quaternized conjugate 5Q-MeI-MCH-Ag/CuFe2O4 completely obliterated the 

bacteria in 15 min of exposure (Fig. 5.5(B)). However 4, 5, 5Q-MeI, 5-OLM-Ag/CuFe2O4, 5Q-

MeI-OLM-Ag/CuFe2O4, and 5-MCH-Ag/CuFe2O4 showed viable colonies at 15 min (Fig. 

5.5(B)). The log reduction values for the methylthio porphyrins and their conjugates were 

recorded at 25 min (Table 5.2). The unquaternized complexes 4 (log = 0.26, p< 0.05) and 5 

(Log = 0.79, p< 0.05) showed the lowest log reduction values against S. aureus (Table 5.2). 

The highest log reduction values of 8.31 (p< 0.05) were observed for 5Q-MeI, 5Q-MeI-MCH-

Ag/CuFe2O4, 5Q-MeI-OLM-Ag/CuFe2O4 against S. aureus after 25 min of irradiation (Table 

5.2). 

The effect of the NPs upon conjugation brought slight improvement in PACT activity; as can 

be seen for complexes 5 (log = 0.79) compared to conjugates 5-OLM-Ag/CuFe2O4 (log = 2.76) 

and 5-MCH-Ag/CuFe2O4 (log = 2.76) (Table 5.2). PACT activity for MCH conjugates compared 

to OLM conjugates were observed to be the same by comparing 5-MCH-Ag/CuFe2O4 (log = 

2.76, p< 0.05) to 5-OLM-Ag/CuFe2O4 (log = 2.76, p< 0.05) and by comparing 5Q-MeI-OLM-

Ag/CuFe2O4 (log = 8.31, p< 0.05) to 5Q-MeI-MCH-Ag/CuFe2O4 (log = 8.31, p< 0.05) at time 25 

min (Table 5.2). No clear trend on the effect of the number of positive charges of 1Q-MeI 

(three) compared to 5Q-MeI (one) since the complexes have different meso-substituents. 

Axial modifications (4 to 5) showed an improved PACT, activity and this could be less 

aggregation. 
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5.2.3.2 Escherichia coli 

PACT photoinactivation of E. coli was studied using complexes 2, 3, 1Q-MeI, 5Q-HexI, 3Q-

MeI, and 3Q-HexI and their corresponding conjugates with MCH-Ag/CuFe2O4 NPs. Fig. 5.6B 

shows the photoinactivation of E. coli over time, where it can be observed that complexes 

1Q-MeI and 3Q-MeI have obliterated all the colonies at 30 min of irradiation, however, 

complexes 1Q-HexI and 3Q-HexI still have viable colonies remaining (Fig. 5.6 (A)). The 

higher PACT activity of complex 3Q-MeI and 1Q-MeI could be ascribed to their higher 

hydrophilicity character. The complexes quaternized with the alkyl halides of longer chain 

lengths 3Q-HexI (log = 7.34) and 1Q-HexI (log = 7.19) showed a relatively lower PACT activity 

against E. coli, compared to alkyl halides of short chain lengths 3Q-MeI (log = 9.58) and 1Q-

MeI (log = 9.58) (Table 5.3). This phenomena could be ascribed to the limited solubility of 

complexes 3Q-HexI and 1Q-HexI which reduces their ability to penetrate the bacteria cell 

membrane and becoming retained. Based on the log reduction values of the complexes, the 

number of positive charges on PACT activity against E. coli can be observed to be relatively 

the same by comparing complex 1Q-MeI (three charges, Log = 9.58, p< 0.05) to 3Q-MeI 

(four charges, Log = 9.58, p< 0.05) at time 30 min of light exposure (Table 5.3). However, 

complexes 1Q-HexI (three charges, log = 7.19, p< 0.05) to 3Q-HexI (four charges, log = 7.34, 

p< 0.05), suggesting a direct proportion between PACT activity and the number of positive 

charges through different substituents (Table 5.3). PACT activity of the axial modified 

complex 3 (log = 1.61, p< 0.05) was observed to be improved compared to complex 2 (log = 

0.87, p< 0.05) and this could be attributed to less aggregation for 3 (Table 5.3). PACT activity 

of the conjugates was observed to have increased compared to the porphyrin complexes 
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alone. Moreover, all the conjugates were observed to have 0% viable colonies at time 30 

min except complex 3Q-HexI-MCH-Ag/CuFe2O4 with only 5% viable colony (Fig. 5.6 (B)). This 

higher PACT efficacy of the conjugates compared to the complexes alone can be attributed 

to the presence of silver and copper which are well known to eradicate the bacteria cells by 

realising Ag+ and electrically charged copper ions in addition to the increased φ∆ in water 

(Table 5.2 and 5.3) [78,161]. Fig. 5.7 shows agar plated Petri dishes for colony control study 

(3.80 × 109 CFU/mL), dark study (3.93 × 107 CFU/mL), and phototoxicity (0.00 CFU/mL) 

against E. coli in the presence of complex 1Q-MeI using a concentration of 2.5 μM at time 

30 min, captured on colony counter after incubation for 18 h. 
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Fig. 5.4 PACT activity time study for 60 min of complexes 1, 1Q-MeI, 1-MCH-Ag/CuFe2O4, 

1Q-MeI-MCH-Ag/CuFe2O4 (A) dark studies (B) light studies;  concentration of  2.5 µM against 

S. aureus; Note: NPs = Ag/CuFe2O4. 
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Fig. 5.5 PACT activity time study for 25 min of complexes 4, 5, 5Q-MeI, 5-OLM-NPs, 5Q-MeI-

OLM-NPs, 5-MCH-NPs, 5Q-MeI-MCH-NPs, (A) dark studies (B) light studies; concentration of 

2.5 µM against S. aureus; Note: NPs = Ag/CuFe2O4. 
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Fig. 5.6 PACT photoactivity time study of complexes (A) 1Q-MeI, 1Q-HexI, 3Q-MeI, 3Q-HexI 

and (B) 1Q-MeI-MCH-NPs, 1Q-HexI-MCH-NPs, 3Q-MeI-MCH-NPs, 3Q-HexI-MCH-NPs; 30 min 

irradiation time and concentration of 2.5 µM against E. coli; Note: NPs = Ag/CuFe2O4. 
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Table 5.2 (A) Log reduction values upon photoinactivation of S. aureas and φ∆ values in 2% 

DMSO/PBS.  

Complexes/Conjugates  Time (min) Concentration 

(μM) 

Log reduction  φ∆ in water 

1  30 2.5 0.46 0.27 

1Q-MeI  30 2.5 9.27 0.32 

1-MCH-Ag/CuFe2O4  30 2.5 3.71 0.34 

1Q-MeI-MCH-

Ag/CuFe2O4 

 30 2.5 9.27 0.35 

4  25 1.5 0.26 0.24 

5  25 1.5 0.79 0.22 

5Q-MeI  25 1.5 8.31 0.25 

5-OLM-Ag/CuFe2O4  25 1.5 2.76 0.24 

5Q-MeI-OLM-

Ag/CuFe2O4 

 25 1.5 8.31 22 

5-MCH-Ag/CuFe2O4  25 1.5 2.76 0.24 

5Q-MeI-MCH-

Ag/CuFe2O4 

 25 1.5 8.31 0.26 

 

Fig. 5.7 Agar plates of showing mitigation of E. coli (A) control t = 0 min (no PS), (B) complex 

1Q-MeI (2.5 µM, Dark studies) at t = 30 min, and (C) complex 1Q-MeI (2.5 µM, Light studies) 

at t = 30 min. 

t = 0 min (Control) t = 30 min (Dark toxicity) t = 30 min (Phototoxicity)

A B C
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Table 5.3 Log reduction values upon photoinactivation of E. coli using 2.5 μM concentration 

of the PS and 30 min irradiation in 1% DMSO/PBS and φ∆ values in 2% DMSO/PBS. 

 

 

5.3 Summary of the chapter  

In vitro Photodynamic antimicrobial chemotherapy activity of the porphyrin complexes 1, 

1Q-MeI, 1Q-HexI, 2, 3, 3Q-MeI, 3Q-HexI, 4, 5, 5Q-MeI, and conjugates 1-MCH-Ag/CuFe2O4, 

1Q-MeI-MCH-Ag/CuFe2O4, 1Q-HexI-MCH-Ag/CuFe2O4, 3Q-MeI-MCH-Ag/CuFe2O4, 3Q-HexI-

MCH-Ag/CuFe2O4, 5-OLM-Ag/CuFe2O4, 5Q-MeI-OLM-Ag/CuFe2O4, 5-MCH-Ag/CuFe2O4, and 

5Q-MeI-MCH-Ag/CuFe2O4 were assessed on either S. aureus or E. coli. Both dark and light 

toxicity were assessed at different concentrations over a specific time. MCH-Ag/CuFe2O4 

Complexes/Conjugates  Log reduction φ∆ in water 

2  0.87 0.25 

3  1.61 0.26 

1Q-MeI  9.58 0.32 

1Q-HexI  7.19 0.27 

3Q-MeI  9.58 0.32 

3Q-HexI  7.34 0.30 

1Q-MeI-MCH-

Ag/CuFe2O4 

 9.58 0.35 

1Q-HexI-MCH-

Ag/CuFe2O4 

 9.58 0.30 

3Q-MeI-MCH-

Ag/CuFe2O4 

 9.58 0.34 

3Q-HexI-MCH-

Ag/CuFe2O4 

 7.67 0.28 
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and OLM-Ag/CuFe2O4 alone showed some PACT activity against S. aureus, and this was 

expected since the metals NPs are known to be cytotoxic against microbial. PACT activity of 

MCH-Ag/CuFe2O4 NPs and OLM-Ag/CuFe2O4 NPs were both >90% viable colonies after 30 

min of irradiation, signifying the insignificant effect brought by the capping agents on the 

NPs alone. The cationic porphyrins 1Q-MeI and its conjugate 1Q-MeI-MCH-Ag/CuFe2O4 

showed similar log reduction of 9.27 (p< 0.05) against S. aureus after 30 min of irradiation at  

concentration 2.5 μM, however, the log reduction for complex 1 and its conjugate 1-MCH-

Ag/CuFe2O4 were 0.46 and 3.71 against S. aureus after 30 min of irradiation at concentration 

2.5 μM, respectively . Log reduction values of 8.31 (p< 0.05) were observed for 5Q-MeI, 5Q-

MeI-OLM-Ag/CuFe2O4, and 5Q-MeI-OLM-Ag/CuFe2O4 against S. aureus after 25 min of 

irradiation at concentration 1.5 μM. The highest log reduction of 9.58 (p< 0.05) was 

observed for complexes 1Q-MeI, 3Q-MeI, and their conjugates against E. coli after 30 min of 

irradiation. 1Q-MeI showed a higher PACT efficacy on both S. aureus (log reduction = 9.27, 

p< 0.05, 30 min) and to E. coli (log reduction = 9.58, p< 0.05, 30 min) at a concentration of 

2.5 μM. The higher log reduction against E. coli shows a better PACT activity, which was not 

expected since E. coli is known to be less sensitive to PSs. 

All the cationic porphyrins and their conjugates used in this study showed a high PACT 

activity against both gram-positive (S. aureus) and gram-negative (E. coli) strain, rendering 

them as potential PS for PACT applications. 



 

 
 

 

 

 

 

 

 

Chapter 6 
Conclusions and recommendations 

This chapter outlines summarised results and conclusive remarks based on the studies 

conducted, and moreover, recommendations for further studies. 
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6.1 Conclusions  

This thesis reports for the first time asymmetrically and symmetrically substituted cationic 

porphyrins linked to bimetallic ferrite core-shell nanoparticles either through axial ligand or 

meso-substituents for in vitro PACT photoinactivation of gram-positive and gram-negative 

bacterial strains. Validation of the successful syntheses of the porphyrins, nanoparticles, and 

conjugates was assessed using appropriate analytical instruments. The porphyrins were 

either covalently linked (ester bonding) to the NPs or self-assembled on the NP’s exposed 

silver (Ag) surface via Ag-S or Ag-N bond formation. FT-IR and XPS were employed to prove 

the conjugations and bond formations.   

All the porphyrin complexes were metalated with indium metal to improve the 

photophysicochemical properties. Pyridyl meso-substituents and axial ligands were 

employed to improve the water solubility of the complexes and the thiol meso-substituents 

were used since they are known to have higher toxicity against a broad spectrum of 

microbials. All the metalated porphyrins were observed to have relatively improved singlet 

oxygen quantum yields compared to the free-base porphyrins, and this was expected since 

the heavy indium metal atom is known to facilitate the intersystem crossing of the singlet 

excited PSs to the triplet excited states which positively impact the singlet oxygen 

generation. Upon the formation of the conjugates, overall improved singlet oxygen 

quantum yields were observed, and this was attributed to the presence of the NPs which 

brings heavy atom effect. Axial modifications had unclear trends on the singlet oxygen 

quantum yields. However, higher fluorescence quantum yields were observed after axial 

modification, and this could be ascribed to the replacement of heavy chloride axial ligand by 

either amino or pyridine linked through phenoxy to the metal. The highest singlet oxygen 
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generation in DMF was observed for 1Q-MeI-MCH-Ag/CuFe2O4 (φ∆ = 0.62) conjugate 

followed by 1-MCH-Ag/CuFe2O4 (φ∆ = 0.61), 3Q-HexI-MCH-Ag/CuFe2O4 (φ∆ = 0.60), 1Q-MeI 

(φ∆ = 0.59), 5Q-MeI-OLM-Ag/CuFe2O4 (φ∆ = 0.59), and 5Q-MeI-MCH-Ag/CuFe2O4 (φ∆ = 0.59). 

The singlet oxygen generation for all the complexes and the conjugates were relatively low 

in water (containing 2% DMSO), where the highest φ∆ was observed for 1Q-MeI-MCH-

Ag/CuFe2O4 (φ∆ = 0.35 in water). It can be observed that the quaternized conjugates possess 

improved singlet oxygen in both organic solvents and aqueous media.  

The amphiphilic porphyrin complexes quaternized with alkyl halide of shorter chain length 

(methyl iodide) were observed to be more hydrophilic compared to complexes quaternized 

with alkyl halides of longer chain length (hexyl iodide). Log Po/w of -1.65 was observed for 

1Q-MeI which is more negative relative to 3Q-MeI (Log Po/w = -0.95), and the negative log 

Po/w value signifies hydrophilicity character which consequently suggests a better cellular 

uptake. Upon in vitro PACT studies, impressive PACT activities were observed for most of 

the quaternized complexes and their conjugates. All the studied quaternized complexes 

showed log reduction values >7 against both S. aureus and E. coli upon light exposure for 

the duration of the studies. Upon photoinactivation of E. coli, complexes 1Q-MeI, 3Q-MeI, 

1Q-MeI-MCH-Ag/CuFe2O4, 3Q-MeI-MCH-Ag/CuFe2O4, and 1Q-HexI-MCH-Ag/CuFe2O4 were 

observed to have completely obliterated the bacteria after irradiation for 30 min with 415 

nm LED. Complexes 1Q-HexI and 3Q-HexI showed >10% viable colony after irradiation for 

30 min. These phenomena could be ascribed to the higher water solubility and φ∆ for 

complexes 1Q-MeI and 3Q-MeI compared to 1Q-HexI and 3Q-HexI. It was observed that the 

complexes with shorter alkyl chains gave a better PACT activity against either S. aureus or E. 

coli, based on the comparison of 1Q-MeI, 3Q-MeI, 1Q-HexI, and 3Q-HexI. PACT activity was 
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improved upon conjugation; where log reduction of 3.71 (p< 0.05) was observed for 

conjugate 1-MCH-Ag/CuFe2O4 after 30 min of light exposure compared to 0.46 (p< 0.05) for 

complex 1 and log reduction of 9.58 (p< 0.05) was observed for conjugate 1Q-HexI-MCH-

Ag/CuFe2O4 compared to 7.19 (p< 0.05) for complex 1Q-HexI. Moreover, the NPs capped 

with 6-mercapto-1-hexanol (MCH) showed a relatively similar PACT activity compared to 

oleyamine capped NPs, suggesting the capping agent played had a minimal to no impact on 

PACT activity of the NPs. The difference in PACT activity of complex 1Q-MeI against S. 

aureus and E. coli could be ascribed to the difference in cell walls of the bacteria. E. coli is 

known to be less sensitive to neutral and anionic PSs than S. aureus. For the first time high 

log reduction values were observed against E. coli compared to S. aureus. 

6.2 Recommendations 

Towards the development of potential photosensitizers for PACT, it is imperative not only to 

study photophysicochemical properties of the complexes, however, to also take into 

consideration the stability and solubility of the complexes. In this work it was observed that 

singlet oxygen generation alone was not a distinct factor on the PACT efficacy of the 

complexes, since some of the complexes have practically the same φ∆ but different PACT 

activity. Solubility of the complexes plays a major role on antimicrobial efficacy of the 

photosensitizer. An ideal photosensitizer would have a more balance between hydrophilicity 

and hydrophobicity character. Synthesis of a photosensitizer with more positive charges and 

shorter alkyl halide chain lengths quaternizing agent gives a better hydrophilicity character 

and consequently a higher cellular uptake. As delineated in this thesis, symmetrically 

substituted porphyrin complexes with unquaternizable meso-substituents can be made 

positively charged by the use of quaternizable axial ligands such as hydroxypyridine or 
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aminophenol. Nanoparticles with more exposed metal surfaces can be employed to allow 

more release metal ions (e.g. Cu2+ or Ag3+) which are known to eradicate microbial. It is also 

imperative to conjugate the photosensitizers to nanomaterials in order to facilitate synergy 

PACT activity between the PSs and the nanomaterials, and moreover recovery after use. 
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Fig. A1 MALTI-TOF mass spectra for complex a. 

 

 

Fig. A2 MALTI-TOF mass spectra for complex c. 
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Fig. A3 MALTI-TOF mass spectra for complex 1. 

 

 

Fig. A4 MALDI-TOF MS data for complex 2. 
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Fig. A5 MALDI-TOF MS data for complex 3. 

 

Fig. A6 MALDI-TOF MS data for complex 4. 
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Fig. A7 MALDI-TOF MS data for complex 5. 

 

Fig. A8 H1-NMR spectra for complex 1 in CdCl3 
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Fig. A9 H1-NMR spectra for complex 1Q-MeI in DMSO-d6 

 

Fig. A10 H1-NMR spectra for complex 1Q-HexI in D2O 
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Fig. A11 H1-NMR spectra for complex 3 in CdCl3 

 

Fig. A12 H1-NMR spectra for complex 3Q-MeI in D2O 
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Fig. A13 H1-NMR spectra for complex 3Q-HexI in DMSO 

 

Fig. A14 H1-NMR spectra for complex 5 in CdCl3 
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Fig. A15 H1-NMR spectra for complex 5Q-MeI in DMSO 
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Fig. A16 TGA curves and corresponding DTG analysis of (A) complex 3Q-MeI, (B) MCH-

Ag/CuFe2O4 nanoparticles, and (C) 3Q-MeI-MCH-Ag/CuFe2O4 conjugate. 
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