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ABSTRACT

In recent times, microbial pathogens have increasingly shown multi-drug resistance leading
to a growing concern. Analysis of 624 isolates from Kenya revealed 88% of isolates tested
were multi-drug resistant. It is estimated that about 4,150,000 deaths will be attributed to
antimicrobial resistance (AMR) in Africa by 2050, Therefore, current research is
increasingly focusing on antimicrobial photodynamic therapy that utilizes non-toxic photo-
sensitizer exhibiting visible light activity towards the generation of free radicals and singlet
oxygen which kill pathogens. The photo-sensitizer may be conjugated to visible-light
responsive nanoparticles to further increase their photochemical activities. Phthalocyanine
(Pc) is one of the promising dyes that have shown notable photochemical stability, a hi gh
degree of aromaticity and ease of structural modification resulting in increased activities,
Despite these attractive properties, its antibacterial propertics remain under researched.
Therefore, this study aimed to tuning the photodynamic antibacterial activity of Pc by using
electron withdrawing and electron donating group, conjugating the obtained compounds to
silver nanoparticles (AgNps) and zinc oxide nanoparticles (ZnO-Nps) and evaluating the
activity of the resulting composites against drug resistant strains Escherichia coli,
Staphylococeus  aureus, Bacillus subtilis and Salmonella typhi. 2.9,1 6.23-tetra-10do-
3,1 I},I‘?.24-letra-(3—m::thnx:rpmp—l-n}rI} Fe (6) and 2,9,16,23-tetra-iodo-3.10.1 7,24 tetra
ethylsulfonyl Pc (10) were synthesized respectively. The Pc derivatives were synthesized
upon exposure to microwave radiation under solvent-free conditions. Both Pc 6 and 10
were B-form in nature with monoclinic structure confirmed by powder XRD. Pc (6) had
twa absorption bands between 345-364 nm for B-band and 660-680 nm for Q-band while
Pe (10) indicated two major absorption bands between 354-360 nm for B-band and 683-
689 nm bands for Q-band of UV-Vis absorption in different solvents. FTIR confirmed the
presence of attached substituent groups to the Pes. Pc 6 and 10 showed singlet oxygen
quantum yield (®A) values of 0.53 and 0.63 and fluorescence quantum yield (OF) value of
0.14 and 0.13 respectively. The Pe 10 exhibited zone of inhibition >23£0.12 pg/ml for all
the strains, making it more effective as compared to Pe 6. In addition, all strains of tested
bacteria were susceptible to Pc 10 at a concentration > 31.25 pg/ml. This implies that
substituting Pe with electron withdrawing allows it to release more singlet oxygen in
presence of light and which results to oxidation of the bacterial wall. AgNp and Zn0O-Np
were synthesized by microwave assisted extraction, The UV-Vis was used to confirm the
formation of nanoparticles and also characterization done using FTIR, TEM and SEM.
AgNps were of diameters < 58.5 nm that easily conjugated to P¢ while Zn0-Nps were of
large grain size > 95, the particles aggregated making it difficult to conjugate with Pes.
Conjugation of Pc 10 with AgNp < 10 nm resulted to a more superior antibacterial as
compared to unconjugated Pc 10. There was no significant different for zone of inhibition
for Pe 10 conjugated to AgNp when compared to positive control ciprofloxacin at 500
pg/ml for all the strains except for B subiilis. It had minimum inhibitory concentration
(MIC) values of 3,91, 1.96, 1.96 and 15.63 pg/ml, for £ coli § aureus, B subtilis and §
yphi respectively. Both Pc showed no toxicity on Vero cells at concentration of 600 pg/ml,
In overall, this work reports the successful tuning of the photo-chemical and antibacterial
photodynamic properties of Pe using electron withdrawing and donating substituent, The
Pc 10 with electron withdrawing group exhibit superior antibacterial activity which is
further enhanced by conjugation with AgNp of < 10 nm,




CHAPTER ONE

INTRODUCTION

1.1 Background

Antibiotics medicines are important both in preventive and curative measures to stop
infections caused by microbes by preventing them from reproducing or killing them. For
decades, these medicines have been successfully used against a host of microbial
infections. However, in the recent past there has been a frightening increase in antibiotic
resistance by different bacteria (Wang er al., 2018). Even with extensive research on
areas of microbial infections and new arrivals of antibiotics drugs, the morbidity and
mortality connected to microbial infections keeps on increasing. In Europe and US alone
50,000 lose their lives cach year because of antibacterial-resistant infection, In the United
States statistics indicates that more than 2,000,000 people are infected every year with
antibiotic resistance diseases with at least up to over 1 % dying as a result of microbial
infections (Consumption, 2018), Internationally, there is a growing concern over
antimicrobial resistance (AMR) which is currently estimated to account for more than
700,000 deaths per year worldwide. If no appropriate measures are taken to halt its
progress, it will cost approximately 10 million lives and about US$100 trillion per year

by 2050 (Tadesse ef al., 2017)

In Africa, World Health Organization estimates that 45% of total deaths per year are

caused by microbial infections (Okeke and Sosa, 2010), It has been estimated that about

4,150,000 deaths will be attributed to AMR in Africa by 2050, (Taiwo. 2017). Antibiotics




[ %)

are commonly inaccurately used in Africa resulting in antibiotic drug resistant. Statistics
indicate that 36.2% of all patients who seek medication in Africa receive antibiotics,
37.7% of these do not utilize a doctor’s prescription with 26.4% relying on self-
medication to directly acquire the antibiotics over the counter (Okeke and Sosa. 2010).
Isolates obtained from Kenyan patients indicated about 71% of the strain Staphylococcus
aureus (5. aureus) demonstrated multiple resistance to antibiotics (Kimang'a, 2012).
Analysis of 624 isolates from Kenyva (Kenyatta National Hospital) revealed 88% of
isolates tested were multi-drug resistant whereas 26% were extensively-drug resistant
(Wangai er al., 2019). Kiebsiella pneumoniae (K. priewmonia) and Escherichia coli (E.
coli) had poor susceptibility to penicillins, (16-43%), monobactams {(8—48%),
cephalosporins (22-44%) and trimethoprim-sulfamethoxazole (7%) (Wangai er al.,

2019).

In Uganda S. aureus and Pseudomonas aeroginosa are reported to be resistant to
amoxicillin and ampicillin (Frére and Rigali, 2016), Table 1.1 summarizes some African
countries depicting high levels of resistance to commonly used antibiotics and the
causative agent or disease. For instance, methicillin resistant (B0%) S, aureus continues
to be a problem in most African countries inc luding Kenya. In Mozambique, increasing
resistance to ceftriaxone, tetracycline and chloramphenicol has been observed. In

Zimbabwe, over 90% of Neisseria gonococei (N, gonococei isolates are resistant to
: b

trimethoprim and sulfamethoxazole (Kimang'a, 2012).




Table 1.1: The antimicrobial resistance in selected Africa countries

“Country Causative Antibiotic resistance Ref
organism/disease
“Guinea Vibrio cholerae  Erythromycin, sulfamethoxazole, ampicillin, 3
Bissau nalidixic acid, tetracycline, trimethoprim and
aminoglycosides
Kenya V. cholera Ampicillin, cotrimoxazole, tetracycline and 3
chloramphenicol
S. aureus Methicillin 1
E. coli Streptomycin, cephalosporins, tetracycline, |
streptomycin, quinelones and ampicillin
Haemophilus Amoxicillin, chloramphenicol and 2
influenzae sulfamethoxazole
Somali E. coli Ampicillin, cotrimoxazole, tetracyeline,
chloramphenicol
South Africa  Neisseria Chloramphenicol 1
meningifides
Mozambique N gonococci Ceftriaxone and tetracycline I
Rwanda Shigella flexneri  Ampicillin, chloramphenicol and 2
trimethoprim
Zimbabwe N. gonocecci Sulfamethoxazole and trimethoprim I

Source : ('Kimang'a, 2012,

*Kirika, 2009, "Okeke and Sosa, 2010)

Due to these increase in drug-resistant microbes there is need for more research for new

antibiotics capable to minimize mortal

ity.

Extensive studies are being carried out on photosensitizer and ways lo increase their

potent activities against microbes have been ongoing (Patir ef al., 2018). Tt is worth

noting that effective photosensitizers should have high potential be toxic to bacteria cell

when illuminated with light and a decrease in toxicity in the dark, it should be readily

soluble in water and high quantum yields culminating in the generation of sufficient

singlet oxygen ( Belfield ef al., 2006: Ragas ef al., 2013),




Different tetrapyrole structures such as photofrin, phenothiazines, porphyrins, chlorins,
bacteriochlorins and phthalocyanine (Pc) with appropriate functionalization have been
widely explored as antimicrobials (Abrahamse and Hamblin, 2016a), but most of them
exhibit limitations. For example, photofrin which is frequently used as a photosensitizer,
has been found to have disadvantages such as limited absorbance at 630 nm reducing its
photosensitizing capabilities, it also shows prolonged photosensitivity to the skin which

affects the patients (Abrahamse and Hamblin, 2016a).

Current studies are focusing on porphyrins, phenothiazines and phthalocyanine (Pc) as
they show high efficiency against microbes (Ghorbani et al., 2018). Amongst these
compounds, Pc dyes are potential photosensitizers in photo antibacterial therapy owing to
their red light absorption, and the generation of more singlet oxygen due to their high
quantum yield (Kaya, 2015). Unsubstituted Pc inherently shows low solubility in most
solvents while substituted ones are soluble in water and have notable activity against
microbes when irradiated with UV-Vis light (Ozdemir er af., 2016). Azo substituted Pc
dyes have been reported in most literature as effective pesticides or antimicrobials
(Ozdemir et al., 2016). Substituting Pc selectively with electron donating or withdrawing
groups and conjugating them with metal nanoparticles has been shown to enhance their
photo activity under UV-Vis light irradiation (Ghorbani et al., 2018: Rapulenyane, 2013).

Their solubility also improves upon substitution with various functional groups at the

peripherial position (Meci and Hamuryudan, 2014),




The field of nanotechnology has also found application in medicine in areas such as drug
delivery (Nikalje, 2016), diagnosis of diseases (Agnihotri ef al., 2014), and dealing with
diseases such as diabetes and cancer (Nikalje, 2016). Nanotechnology is also a promising
approach towards finding solutions to AMR (Ashe, 2011). Thus necessitating the need
for more robust research in this area, in an effort to develop more effective

nanotechnologically derived antibacterial agents (Franci er al., 2015).

This study aimed at synthesizing substituted Pc with electron withdrawing and electron
donating group, conjugating the obtained compounds to size-dependent Ag nanoparticles
and evaluating the activity of the resulting composites against drug resistant strains

Escherichia coli, Staphylococcus aureus, Bacillus subtilis and Saimonella (iphi

1.2 Statement of the problem and justification

The alarming increase in antibiotic resistance by pathogenic microbes has been regarded
as one of the main clinical problems facing the modern world (Wang et al., 2018). Over a
period of time, antibiotics have been used fight infectious diseases caused by microbes.
The fight against infectious diseases has been affected by the emergence of microbes
resistant to all classes of antibiotics drugs in use for the past 20 vears ( Li and Webster,
2018). The spread of these microorganisms all over the world due to movement of
people, biochemical changes and mutation may lower the effectiveness of antibiotics
against the microbes (WHO, 2014; Consumption, 2018). Resistance of these microbes to

drugs has been reported ranging from single to multi-drug resistance, The strain £ coli

have shown drug resistance to fluoroquinelones and cephalosporins. Methicillin-resistant




exhibited by S. aureus, and 8. flexneri demonstrated drug resistance to fluoroquinolones
(Consumption, 2018). As such AMR is a global threat to humanity and a growing

concern to researchers from various felds.

The current efTorts in research for new antibiotics are not adequate enough to face the
increasing rate of drug resistant microbes. To fight this new global health challenges
studies are focusing in developing non-toxic, stable, and new antimicrobial therapy that
are efficient in fight of drug resistant microbes. The use of photosensitizers dyes are
finding use in photodynamic treatment of infection caused by bacteria (Amos et al,
2019). The photosensitizer absorbs visible light in the process they generate reactive
oxygen species that destroy pathogenic cells. Their antibacterial properties further
increase upon substitution with functional groups at peripheral positions and conjugation
to light-responsive metal nanoparticles. Therefore, this study focused on the synthesis
and the spectrophotometric activities of Pc substituted with electron donating and
withdrawing groups. The compounds were further conjugated to size-depended AgNp
and ZnO-Np and their activity against drug-resistant microbial B sublilis, E. coli, S.typhi

and 8. gureus evaluated.

1.3 Hypothesis
i.  Substituting phthalocyanine with clectron-withdrawing and donating groups
enhances its photo chemical properties.

. Substituting phthalocyanine with electron-withdrawing and donating groups

increases its antibacterial properties.




ifi. ~ There is a significant difference in size of AgNps and ZnO-Nps synthesized using
different concentration of the precursors.

iv.  Conjugating phthalocyanine with metal nanoparticles enhances its antibacterial
properties.

v.  The conjugated phthalocyanine has no cytotoxic effects on Vero cells,

1.4 Objectives

1.4.1 General objective

To synthesize and characterize phthalocy.laninc, conjugate the obtained compounds to
size-dependent silver and zinc oxide nanoparticles and subsequently determine the

composites” antibacterial activity against drug resistant human pathogens.

1.4.2 Specific objectives

i.  To synthesize and characterize phthalocyanine with substituted electron donating
and withdrawing groups on the benzene ring.

ii.  To determine the effect of substituting the phthalocyanine with electron donating
and withdrawing group on its photodynamic antibacterial activity against drug
resistant bacteria Bacillus subtilis, Escherichia coli, Salmonella typhi and
J‘:'Iﬂpi:_vfncaé?cm aureus.

iii. To conjugate the size-dependent zinc oxide and silver nanoparticles to Pe
substituted with electron donating and withdrawing group and to evaluate the

activity of the resulting composites as photodynamic antibacterial agents against

Bacillus subiilis, Escherichia coli, Salmonella typhi and Staphylococcus aureus,




iv.  To determine the cytotoxic effects of the compounds against the Vero cells.

1.5 Significance and anticipated output

This work fundamentally contributes to the field of medicine by use of photosensitizers
as antibacterial. Pcs have been used in many applications such as in nonlinear optical
materials and as photosensitizers for photo dynamic therapy (PDT), and recent advances
in photodynamic antimicrobial therapy (PACT). These uses require Pes to have high
triplet state and be able to generate singlet oxygen. Studies have shown Pcs generates
singlet oxygen quantum yields by introduction of different substituents and central metal
attached to it. A key limitation of the Pe is the poor water solubility and aggregation in

atueous environment (Nwahara, ef al., 2017).

Inclusion of electron donating or withdrawing group on peripheral of the Pc may increase
singlet oxygen production and solubility, which is impertant for Pc as photodynamic
effects. We thus combined Pc with electron donating (methoxyprop-1-nyl) and
withdrawing group (ethylsulfonyl) for possible enhancement of singlet oxygen generating
capacity. The study also explored the effects of combining metal nanoparticles on the
photo physical behavior of Pe substituted with electron donating and withdrawing group.
Metal nanoparticles particularly AgNps and ZnO-Nps have been very effective in
supporting antimicrobial activities (Mondal and Bera, 2014). The metal nanoparticles can

potentiate antibacterial Pc by improving photosensitizer solubility, and photochemistry

optimizing the rate of production of singlet oxygen.




Therefore, this study focused on the synthesis and the spectrophotometric activities of Pe
substituted with electron donating and withdrawing group, The compounds were further
conjugated to size-depended AgNps and ZnO-Nps and their activity against drug-
resistant microbial B. subtilis, E. coli, S. typhi and 5. aureus evaluated. The tuned Pe is
anticipated to generate more singlet oxygen that will generate oxidative stress induction
against microbes. This action in turn will make it difficult for bacteria cells to become
resistant to Pe thus finding use in antibiotic delivery, wound healing, implantable devices

and antibacterial coatings.

1.6 Scope and Limitations of the Study

Substituent groups that are either electron-donating (like alkoxy, alkylthio, arylox,
thioalkyl and hydroxyl) or electron-withdrawing (such as nitro, halo, carboxvlic and
arylsulfonyl) successfully attached to Pc increases the photo-physical and chemical
activities. This study only used an alkoxy as an electron-donating group and arysulfonyl
as an electron-withdrawing group attached substituted to the Pe. Antimicrobial propertics
of phthalocyanine can also be improved by conjugating it with nanoparticles, this study
was selective and only used zinc oxide and silver nanoparticles shown in literatures to
have antibacterial activities though underutilized, The study also only focused on the

susceptibility of bacteria on synthesized Pe conjugated to the nanoparticles, the

mechanism for antibacterial activity was not determined
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CHAPTER TWO

LITERATURE REVIEW
2.1 Introduction
This section covers relevant literature on antimicrobial photo dynamic therapy (PDT) and
using Pc as photosensitizers. Additionally, the principles of complementary analytical
techniques including scanning electron microscopy (SEM), transmission electron
microscopy (TEM), powder X-ray diffraction (XRD), ultraviolet-visible (L/V-Vis),
fourier transform infrared (FTIR) and nuclear magnetic resonance (NMR) are

summarized

2.1.1 Structure of P
The chromogen metal free Pe Figure 2.1, first came in limelight in 1930s after being
discovered by Linstead (Denekamp ef al., 2019) and reported as a vital chromogen. Since

then, numerous accounts has reported its usage in diverse fields (Wohrle ez al., 2012).

7N
LA

Phthalocyanine

Figure 2.1: Structure of metal free Pec




The name Pe is coined from two words ‘phthalic’ acid as a precursor and ‘cyanine’
because of its color. Pc has a structure that resembles that of porphyrins, with 4 isoindole

units joined by nitrogen atoms.

The basic structure of Pc consists of tetrapyrolic and macrocyclic rings attached to planar
shape aromatic compounds. They have 18 delocalized n-electrons that alternate between
the nitrogen and carbon atoms (Denekamp et a/,, 2019). Owing to their extensive 18- x
electron cloud conjugation, Pe exhibit strong absorptions towards the red region of the
visible spectrum. Numerous methods have been developed to synthesis Pes with a great
part of them involving cyclotetramerization of small molecules {(Mohammed and

Kareem, 2017).

2.1.2 Metal-free and metallo-Pes

Synthesis of unsubstituted metal-free Pe has been achieved using the ortho-substituted
benzene precursors depicted in Figure 2.2. These precursors include phthalimide, phthalic
acid, 1,3-diiminoisoidoline, phthalonitrile amongst other compounds (Mohammed and
Karcem, 2017). The most commonly used precursors are phthalonitrile and phthalic
anhydride. Phthalonitriles are mostly used due to their good yields of Pes (Staicu et al.,

2013). On the other hand, phthalic anhydride is chosen in bulk production of Pcs since is

relatively affordable (Salia et al., 2012)
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Figure 2.2: A selection of Pe synthesis precursors
Scheme 2.1 shows various routes used to prepare metal-free Pe. Firstly, 1,3-
diiminoisoidoline or phthalonitrile as precursor following route i involves a condensation
reaction. This is done by refluxing with lithium to form dilithium Pe. Reaction of
dilithium Pe with dilute HCI via route iii ends up forming metal-free Pc. Alternatively, Pe
can directly be synthesized from the two precursors (1,3-diiminoisoidoline and
phthalonitrile) by heating via route iv at 160°C-170°C for 24 h in the presence of
pentanol and 1,8-diazabicyclonon-5-ene (DBN). Phthalonitrile can be converted to 1.3-
diiminoisoindoline via route v by bubbling ammonia through a solution of phthalonitrile.
Then 1,3-diiminoisoindoline can then be condensed to phthalocyanine by heating to
reflux in dimethylaminoethanol. Lastly, Pc can also be synthesized by the direct heating
of phthalic anhydride or phthalamide in a solvent with high boiling point containing urea
a8 depicted in route ii (Chauhan er of., 2003). A greener approach towards synthesizing
metallo-Pe is the solvent-free reaction of hydrated metal salts and phthalonitrile under

microwave irradiation (Staicu ef ai, 2013). Compared to reaction in solvents, solvent-

free reactions are environmentally benignant, require shorter reaction periods and
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simplify the product isolation procedures (Ombaka, er al, 2014), Metallo-Pes are
prepared using a procedure similar to that of metal-free Pe with the exception that the

condensation is achieved by the direct addition of the required metal salt.

O
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Scheme 2.1: Schematic routes for synthesis of Pe from precursors

Synthesis of substituted Pc can be done vig the peripheral (B) or non-peripheral ()
positions of the planar macrocycle structure of Pe, or at axial center position where
metals can attach (Kim et al., 2015). Such substituents greatly increases the optical and
chemical properties of the Pc increasing their applicability in the field of science

(Nemykina and Lukyanets, 2010).
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2.1.3 Mechanism of phthalocyanine formation

A proposed mechanism for formation of phthalocyanine was proposed by Linstead. It
involves nucleophilic attack of phthalonitrile by an alkoxide ion to form monomeric
alkoxyiminoisoindolenine intermediate. The intermediate reacts with another
phthalonitrile to form dimeric intermediate, which may undergo self-condensation to
form tetrameric intermediate. This latter undergoes ring eyclization with a two electron
reduction to form phthalocyanine as shown in scheme 2.2 (Staicu ef al., 201 3).
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Scheme 2.2: Mechanism of phthalocyanine formation




2.1.4 Peripheral and non-peripheral substitution in Pe

Research has shown that substitution of a functional group on the macrocyclic ring of Pe
can happen at peripheral position or at non-peripheral position (Isci and N-bridged,
2013). As such, the Pe has 16 positions where substituent functional group can occur on

the macrocyclic ring as shown in the Figure 2.3 (Jianjun, 2006).

ba 24
294 " 25

Figure 2.3: Positions where functional group can attach on Pe

Substitutions happening at 2,9,16, and 23 or 2.3.9.10,16,17,23 and 24 are termed as
peripheral substitutions (B-position) while those at 1,4,8,11,15,18,22, and 25 or 1,8,15,
and 22 positions are termed as non-peripheral substitutions (@-position) (Kim er al.,
2015). Substituent groups successfully attached to Pc 1o increase the photo-physical and -
chemical activities include amines, ethers, alkyls and thiols among others. These
functional groups also help to increase the solubility of Pe in polar solvent (Chernonosoy
et al., 2014). Spectral properties of metal-free Pc and metallo-Pc are determined mostly

by the Q-band which originates from m-n* transition within the macrocyclic ring. The

absorption of Q-band is important in forming new Pcs derivatives for particular




applications. The peripheral or non-peripheral substitution, nature of central metal and
conjugation with metal nanoparticles affects the spectra and hence the properties of Pes

compounds.

2.1.5. Spectral properties of Pcs

The spectral properties of Pes originate from their 18x electron system. The UV-Vis
spectra of metallo-Pc have an intense Q-band between 650-720 nm appearing in the red
region in the electromagnetic spectrum. Another weaker band is observed between 300-
400 nm representing the B-(SORET) band (Figure 2.4) (Tavfuroglu er al., 2018). The
positioning of the B- and Q-bands is based on the Gouterman's four-orbital model

(Figure 2.4) (Fukuda er al., 2010).
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Figure 2.4: Absorption spectrum of Pe showing the B- and Q-band in DMSO

The model explains the transitions from a;,. az, and by,. where the mentioned bands

originate. The transition happening at a,, highest occupied molecular orbital (HOMO) to
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a doubly degenerate transition e; of the lowest unoccupied molecular orbital (LUMO)
results to Q-band while the shift from the ay, or by, of the highest occupied molecular

orbital to the e; of the lowest unoccupied molecular orbital result in the B-bands (Figure

2.5)
blu e
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Figure 2.5: Electronic transition in metallo-Pc

The intensity, position and appearance of B- and Q-bands depend on axial metal,
peripheral substitution, and the solvent used (Furuyama et al., 2019), Symmelric
substitution of Pc alters the optical properties of Pc and may cause a red or blue shift of
the B- and Q-band depending on the type of substituents. When substitution of a

functional group occurs at a-positions Pes are usually more red-shifted compared to the

B-position substituted (Furuyama et al., 2019). Substitutions with electron withdrawing
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and donating group at the a and [ affects the Q- and B-band (Gizel er al., 2019). The
attachment of electron-donating functional group, like alkoxy, alkylthio, arylox, thioalkyl
and hydroxyl at the four a-positions moves the Q-band to longer wavelengths because it
raises the energy level of the HOMO. Electron-donating functional groups at the -
positions results to Q-band getting blue shifted. Substitution with electron-withdrawing
groups such as nitro, halo, carboxylic and arylsulfonyl functional groups at the four o-
positions, results in a blue shift of the Q-band, while substitution of the functional group
at P-position leads to a red shift of the Q-band. The energy level of the a-carbons in the
HOMO level are larger than those at the f-carbons (Nemykina and Lukyanets, 2010).
The Pes are most used compounds as photosensitizers since they have suitable photo-

physical and photo-chemical properties.

21.1.6 Photo-physical and photo-chemical properties of Pe
The photo-physical processes in a molecule have the potential to influence its chemical
properties. The mechanism of photo-physical and photo-chemical of Pe occur during

relaxation processes are described using Jablonski diagram Figure 2:6 (Sakamoto and

Ohno-okumura, 2009).
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Figure 2.6: Jablonski diagram of processes in photosensitive molecules
Following absorption of a photon of a specific energy the Pc gets excited from ground
level (Sq) to the first excited state (S;) In terms of molecular orbital (MO)., The
excitations can be explained by elevation of electrons to upper MO (z—a* transitions).
Once excitation has taken place, the excited Pc (Pc*®) transit back to the ground states
{(Sakamoto and Ohno-okumura, 2009). This may happen by vibrational relaxation and
internal conversions viag the first excited state (Staicu et al., 2013). The de-excitation
occurs by fluorescence (radiative) or heat emission (non-radiative) (Nombona, &f al.,
2012). It can also undergo a spin change through intersystem crossing to the triplet state,
a process thal occurs because of spin inversion (Jianjun, 2006). In the triplet excited state,
Pc* follow the route to the ground state vig radiative or non-radiative a process termed
as phosphorescence. The “Pc* can undertake two types of reactions; type | and type 11
mechanisms Figure 2.6. Therefore, Pes undergoing through these photodynamic reactions

will undergo intersystem crossing to the triplet state or fluorescence emission and as a

result brings about photochemical reactions (Tahershamsi ez al., 2019)




2.1.6.1 Fluorescence emission

Fluorescence can be defined as release of light energy by a compound that has absorbed
light. It happens when excited molecule, relaxes to a low energy state through emission
of a photon Figure 2.6. It may have been directly excited at the ground state (5;) and
taken to singlet state by absorption of a photon of energy and subsequently emits a
photon of a lower energy as it relaxes to ground state. Fluorescence emission oceurs
between 550-800 nm sue to conditions such metal attached to Pe, solvents used and
macrocycle substituents (Jianjun, 2006). The effectiveness of fluorescence mechanism
can be calculated by the ®F, given by dividing the number of emitted photons by the

number of absorbed photons (Giimritkgll ef al., 2014).

B Numbers of photons emmited
" Numbers of photons absorbed

ceneennen Equation 2,1a

FRA(Std)xn’ ‘
Flstd) xA xen(sed) ' o rrree e nnesnainnnanen... Equation 2.1b

PF = ¢F(std) x

The @F of unknown Pe can be calculated vig a comparative method as depicted in
Equation 2.1 (a and b), Where A and A(std) represents absorbance of sample and
standard respectively. The ®F(std) represent fluorescence quantum yield of the standard,
Fand F(std) represent areas of fluorescence emission curves covered by the P¢ and
standard respectively (Sakamoto and Ohno-okumura, 2009). The n and n(std) represent
the refractive index of the solvent used to dissolve the sample and standard (Giimriiket ef

al., 2014). Another route Pe can follow to bring about photochemical reactions is

intersystem crossing,




2.1.6.2 Intersystem crossing

The Pe may undergo transition through intersystem-crossing to triplet state ( *Pc*). The
*pc* always has a much lower f:ﬁf:rgy compared to that of singlet state, but has longer
lifetime (107 s), The Pes in the 'Pc* can transit to the ground state Via phosphorescence
route or interacts with oxygen in either of the two reactions by type | or type Il
mechanism Figure 2.6.

The type | reaction mechanism, the “Pe*can transfer electrons to surrounding substrate to
generale free radical, like hydroxyl radical (HO") and superoxide anions (OF) (Liang et
al., 2016 ; Janjun, 2006). In the presence of oxygen, the radicals can reacts further to
form an oxygenated product like hydrogen peroxide (H-0.). These generated products
affects the functionality of the microbial cells when they come into contact with cell wall
(Cieplik er al., 2014; Sakamoto and Ohno-okumura, 2009). In type II reaction mechanism
the excited P¢ release energy from the *Pc* to the oxygen, forming electronically excited
and highly reactive singlet oxygen ('0,) Figure 2.7 (Rapulenyane, 2013). The formed
singlet oxygen is very toxic to cell tissues of the targeted microbes resulting to their

death.
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Figure 2.7: Type I and 11 mechanism
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- 2.1.6.3 Singlet oxygen

B he singlet oxygen quantum yield (@A) can be defined as the efliciency of a compound
- m]m]e to produce 'O.. This happens when 'O, is produced mainly vie type 11
photosensitization methods whereby energy transition happens from the *Pe* 1o ground
oxygen. The value of the @A i3 determined either by a photophysical method or by
a photochemical method. The photochemical method uses g singlet oxygen scavenger
. L.' h is acompound that reacts with a released singlet oxygen. Examples of scavengers
include furan, guanine and ],3—diphnnyliaobe]1mfumn (DPBF). To measure the @A of Pe
via photochemical method, the Pc under investigation is mixed with a scavenger like
'DPBF and decay monitored for an irradiation period using a UV-Vis spectrophotometer.
The release of '0; is inferred from disapearance of the DPBF scavenger absorption band
81417 nm as depicted in Figure 2.8 (Rapulenyane, 2013).

Figure 2.8: Absorption spectra band observed during the generation of singlet

oxygen
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The DPBF is preferred since its decomposition products do not affect the detection of the
quencher or react with either the Pc or the 'O, generated. It also reacts immediately with
the 'O in organic solvents without any side reactions, The value of ®A is then

determined using Equation 2.2 (Giimriiked er al., 2014).

d
— gp5td o _RIgh
P4 = .pﬂ X R:r:r,ﬂm................,............,........,......Equntiun 22

Where I, and I®!8 are the rates of light absorption by the Pc being determined and the
standard respectively. The @ is the 'O; quantum vield of the standard 0.56 in
dimethylformamide (DMF), R and R*** are quencher DPBF photo bleaching rates in the

presence of the respective Pc being determined and the standard respectively. Table 2.1

shows various singlet quantum yield and quantum fluorescence yield generated by

different Pc either attached to functional groups or metal cations.




Table 2.1: Fluorescence (@F) and Singlet

dimethyl sulfoxide (DMSO)

oxygen (PA) quantum yield of Pes in

Metal Substituents DA F Ref
Pe
InPc - 0.67 (Staicu et al., 2013)
ZnPc Fluconazole 0.14 0.19  (Cormick and Durantini,
2018)
ZnPc 1-{4-bromophenyl)ethanol  0.67 0.10  (Manieri et al., 2015)
ZnPc Enantioenriched (R) 1-(4- 0.76 0.12  (Manieri et al., 2015)
bromophenyl)ethanol
ZnPc Enantioenriched (S) 1-(4- (.65 0.10  (Manieri ef al., 2015)
bromophenyl )ethanol
ZnPc (1,2- 0.26 0.10  (Rapulenyane, 2013)
diethylaminoethylthiol)-2-
(captopril)
ZnPc (1,2- 0.57 0.06  (Rapulenvane, 2013)
diethylaminoethylthiol)-2-
(captopril) with AgNp
ZnPc Tetra sulfonyl 0.30 0.36  (Nyokong, 2007)
ZnPc Phenoxy 0.60 - (Nvokong, 2007)
ZnPc Tertbutyl phenoxy 0.73 - (Nyokong, 2007)
FePe - 0.90 - (Staicu ef al., 2013)
AlPc Hydroxyl D.41 - (Staicu ef al,, 2013)
AlPc Tetra sulfonyl 0.36 0.35  (Nyokong, 2007)

1.1.7 Recent applications of Pes

The macrocyclic nature of Pcs enables their application in different fields that take

advantage of their distinctive chemical and optical properties that can be modified to

absorb into near infrared. The uses of the Pes due to the special chemical and optical

properties are diverse and entail many applications, such as catalysis, data storage,

pigments, photodynamic therapy, chemical sensors and solar cells (Figure 2.10).
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Figure 2.10: Application of Phthalocyanine

Amongst the numerous uses of Pes (Figure 2.10) arc increasingly being used as liquid
crystals applicable as organic semiconductors of high viscosity and bulk mobility (Hanna,
2005). Derivatives of Pc such as copper Pcs are also being used in solar cells due to their
longer exciton, wide spectral range high hole mobility (Walter ef al., 2010; Linares-flores
ef al., 2015). In catalysis; metallo-Pe are widely used to degrade industrial waste by
catalytic oxidation over a metallo-Pc complex catalyst (Bata, 2014). Pcs also shows
promising applications in chemical sensors. For instance, Braik ef al, (2015) used a Co
(IT) Pe acrylate polymer to detect perchlorate anions. It is also used in photodynamic
therapy of cancer in the field of medicine because they can be tuned to have long-

wavelength absorption in the near-infrared. Pc derivatives are also promising

photosensitizers applicable as antimicrobials (Ghammamy er al., 2012).




2.1.8 Phthalocyanine as photosensitizers in photodynamic inactivation of microbes
Certain accounts report the development of novel Pc with improved inactivation
properties against microbial pathogens both for gram-negative and gram-positive-bacteria

(Rapulenyane, 2013).
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Figure 2.11: Gram-negative (left) and —positive (right) cell walls (Amos-Tautua et
al., 2019)
Various research done have shown gram-positive bacterial are more susceptible to Pe
compounds as compared with gram-negative. This is because gram-negative bacteria

| have lipopolysacharides as the main constituent in their outer membrane surface

(Beveridge, 1999). Tt act as a barrier for the bacteria against chemicals and other
materials that may penetrate the cell membrane interfering with internal make up such as
the lipid bilayer Figure 2.11 (Liu er al, 2015). The anionic in nature of the

lipopolysacharide cell wall makes it an vital for pathway for cationic Pcs compound

(Friednich er al., 2000). Another constituents of outer layer of gram-negative bacteria is
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phospholipid layer (Cieplik er al,, 2014: Ruiz-gonzalez er al.. 2015). It is an effective
barrier for bacteria against toxic substance from outside. rendering gram-negative
bacteria to be resistant to various antibiotics drugs (Manieri er al, 2015). This
phospholipid lining comprises of bio-membranes that are hydrophilic in nature, making
them permeable to water-soluble Pcs compounds (Liu er af., 2015). Permieability to water

soluble compounds decreases toward the center of the bilayer (Nikolié er af., 2014).

Although Pes have shown promise in the fight against microbes, improvements are still
necessary to enhance their antimicrobial performance, Photodynamic inactivation of
bacteria is based on photosensitizers which absorb light and generate reactive oxygen
species, killing cells via oxidation. Photodynamic inactivation is evaluated by comparing
viability with and without irradiation, where reduction of viability in the presence of the
photosensitizer without irradiation is considered us dark toxicity. Good Pes
photosensitizers that are effective against microbes should have the following properties,
first it should show no or minimal dark toxicity towards a given cell or tissues. Secondly
it should be readily removed from normal tissue in order to reduce phototoxic side effects
(Abrahamse and Hamblin, 2016a). Another property it should possess is to have high
long-wavelength absorption in the near-infrared to enable the formation good yield of 'O,
in presence of light. It should have quantum yields ®A > 0.4 to be effective against
microbes. In addition, it should also possess high microbe binding affinities and low
binding affinity to mammalian cells (Cieplik er al., 2014; Ragas ef al. 2013). A

significant amount of research has also been dedicated to develop Pes with the following

modified properties, solubility in waler, nature of charge, central metal atom, charge




distribution, amphiphilic character, functional groups, and conjugation with metal-

nanoparticles.

A major drawback in the utilization of potent Pes as antimicrobials is their hydrophobic
nature resulting in low water solubility (Meci et al, 2014). The solubility of Pcs is
important in determining its photo-physical and photo-chemical parameters (Kirika,
2009). This has prompted modification of the Pcs macrocyclic structure to improve its
efficiency and optimize its performance as antimicrobial (Denis and Hamblin, 2011). The
solubility of Pcs compounds can be enhanced by attaching substituent groups such as
ethers, sulfonyls, amines, alkyls and thiols chains at the P-region in macrocyclic of the Pe

(Staicu er al., 2013).

Another factor that contributes to antimicrobial property of a P¢ is the nature of charge
atlached to it. The cationic Pes work by competing with positively charged ions like Ca®*
and Mg ions found on the surface of microbes that helps to stabilize the ¢ell membrane
(Liu ef al., 2015). These cationic ions Pcs deteriorate the outer cell membrane of the
microbes allowing the intake of Pe that will incapacitate the bacteria metabolic activitics.
Rapulenyane worked on tetrasulphonate and tetrapyradin zinc Pe as antimicrobials
(Rapulenyane, 2013). From these work it is clear that balance between charge and
hydrophobicity is significant function in deactivation of microbes (Rapulenyane, 2013).
Synthesized Pes with different cationic charges have been effective against gram-

negative bacteria, the E. coli were found to be susceptible when subjected to water-

soluble Pes made synthesized with different cationic charges (Rapulenyane, 2013).
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A chromium (I1I) Pe chloride complex synthesized by Mugdad, 2016 had a high activity
against Psendomonas aeruginosa, E. coli and S. qureys with zone of inhibition of 12, 10
and 9 mm respectively, The complex had negligible activities against the fungal
Aspergillus flavus and Candide albicans species (Mugdad, 2016). The sensitivity of this
complex against the bacteria may be as results of hydrogen bonds and the tertiary
nitrogen of the macrocyclic ring of Pe with that of bacteria cell, The whole process
interferes with the metabolic processes ol the normal cells in microbes (Mugdad, 2016).
Furthermore, the § auwres and Cryptococcus neaformans were succesful photo

inacativated with nanoemulsion of chloroaluminium Pe (Zafar er al., 201 6).

Kalhotka er al worked 1o find out the effects of different charged Pes on gram-positive
and gram-negative bacteria, They found out that negatively changed and neutal Pes were
only effective against gram-positive strains of bacteria, The gram-negative bacteria were
found be susceptible when subjected (o cationic Pc (Kalhotka ¢/ af,, 2012- Friedrich et
al., 2000; Ragas er al, 2013). The reason is because the walls of gram-negative bacteria
are made of negatively charged cell wall and therefore allow cation to pass through the
cell membrane (Vallemolinares er /., 2015). Phthalocyanine synthesized with aluminum
cation was found to have g antiviral action towards vesicular stomatitis and herpes

simplex virus type 1 as compared to the equivalent anjonic nanoemulsion (Zafar er al.,

2016).




Photosensitizers with more than one cationic charge have been found to be active in the
photodynamic inactivation of both gram-negative and gram—positive strains of bacteria
(Ince er al., 201 ‘TJ; The increase in cationic charge directs the Pes toward weakening cell
metabolism of the microbes (Ragas ef al., 2013). Mantareva, (2010) used different
numbers of cationic charges in their synthesized Pes which resulted to varying degree of

microbial deactivation.

Tetra-N-methylpryridyloxy Pes with cationic charge I, 111 and IV was found to have a
higher singlet oxygen and fluorescence quanium yields as compared to monocationic
(Mantareva, 2010). Zinc (II) and Silcon (IV) Pes were found to have singlet oxygen
yields of 0.41 and 0.68 respectively due to the number of cationic charges attached to
them (Mantareva, 2010), With the high generation of singlet oxygen, S aureus was found
to be susceptible to these Pes. The high singlet oxygen generated through type II kind of
reaction proved to be phototoxic to microbes (Mantareva, 2010). The distribution of

charge in a photosensitizer influences its activities against microbial.

Work done by Cells er al, (2011) revealed an increase of amphiphilicity. property when
di-cationic Pes had their charge occur at adjacent meso-phenyl position meking them to
have a polarized charge distribution. This in turn accounts to the photo sensitizers’ high
intake by the microbial cell (Cells er al., 2011). Cationic charges at adjacent position of a
Pe increases its infiltration into the cell membrane of a bacteria as compared to di-

cationic Pc with charge in the opposite position of a Pe (Cells et al., 2011). The

penetration may be attributed to upsurge affinity to the lipids by such Pes. Simdes and the
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group also demonstrated dicationic porphyrins photosensitizer with trimethyl ammonia
having the positive charges being at adjacent position increased its activeness against E-
coli. when compared to the same positive charges being at the opposite sides of the
macrocylcic ring (Simdes et al., 2016).

The high efficient antimicrobial properties of the cationic charges being in adjacent
position in a pc is because of electrostatic repulsion that occurs between the nearby
charged particles (Liu ef al., 2015). The number of cationic charges and their distribution
in a Pe determines its amphiphilic character, which is a significant property in synthesis

of antimicrobial.

The amphiphilic property plays a big role in fine tuning a Pe to be used as an
antimicobial (Revuelta-maza ef al., 2019). This amphiphilic character may be increased
via distribution and increasing number of cationic charges on the surfice of a Pc (Ragds
ef al., 2013), The cationic substituted group attached to the Pc is of significance in aiming
at the intracellular and cellular constituent of bacterial cell like milochondria where
activities take place. The axial center where a metal can attach to Pe is also a si gnificant

factor in increasing the antimicrobial property of Pc (Nwahara ef al., 2017).

Attached metal at axial position of a Pc helps to increase the lifetime of the triplet oxygen
and quantum yield which results to generation of singlet oxygen that destroy pathogenic
microbes (Friedrich er al.. 2000; Manieri er af., 2015). Vallemolinares er al (2015) had

their Pe activities against microbes increased when they synthesised Pc with attached

metal at axial position (Vallemolinares ef al., 2015). Enhanced antimicrobial activities




were observed with Pes attached to diamagnetic metals such as zine compared (o their

paramagnetic counterparts such as iron and vanadium. A high zone of inhibition

percentage (100 %) on E. coli strain was observed using Pe linked to ziuc (Table 2.2)

(Vallemolinares er al., 2015). This was because of produced singlet oxygen that are toxic

to microbial cells wall membrane and also the reactive radicles generated due to type |

chemical reaction (Cieplik et al., 2014).

Table 2.2: Antibacterial effect of Pe derivatives on different microbes

Pe Concentration Target microbes Efficacy  Inhibition Ref
reduction zone %
) reduction
Zinctetra(4- 39.50 pg/mL E. coli 100.00% 1
carboxyphenyl) Pe 22,02 pg/mL Enterococcus 3291% 1
Sfaecalis
10.43 pg/mL K. preumonia 100.00% 1
22.48 pg/ml P. aeruginosa 12.25 % 1
16.03 pg/mL 8. aureuy 72.22 % 1
Cobalt 2,9,16,23-tetra- Xanthomonay 1600 mm 2
phenylimino Pc 500.00 ppm campesiris
Xanthomonas 17.00 mm
citri
500.00 ppm X compstris 1900 mm 2
X citri 19.00 mm
Nickel 2,9,16,23-tetra- 500,00 ppm X compsiris 18.00mm 2
phenylimino Pe X citri 18.00 mm
Zing 2,9,16,23-tetra- 500.00 ppm X compsiris 19.00 mm 2
phenylimino Pe X eitri 19.00 mm
Zine Pe (neutral) 2.00 mM Aeromonas <0.5log - 3
hydrophila
Tetra zine (I1) Pe 64.00 pg/ml. S, aureus 5-6 logs - 3
Cationic zinc (II) Pc 13.00 uM S. aureus 4 logs - 3
substituted with triamino
Neutral uncharged zinc 10.00 uM E. coli 0.5 logs - 3
(II) pyridyloxy Pc
Chromium (111) Pe 37.03 pg/mL  E coli 1200 mm 4
chloride complex 37.03 pg/mL P. aeruginosa 900mm 4
37.03 pg/mL S. aureus 10,00 mm 4




37.03 pg/mL Bacillus cereus 110D mm 4

2,9,16,23-tetra-N-[4-(5- 40.00 pg/mL 5. aureus 23.00 mm 5
phenyl-1,3 4-oxadiazol-2- P. aeruginosa 27.00 mm

‘ yl)phenyl]benzamido- K. pneumenia 28.00 mm
nickel Pe
2,9,16,23-tetra-N-[4-(5- 40.00 pg/mL & aureus 2600 mm 35
phenyl-1,3, 4-oxadiazol-2- P. aeruginosa 27.00 mm
yh)phenyl]benzamido- K. preumonia 28.00 mm
cobalt Pc
Zinc Pe with sulphamidic 50 mg/100 ml P, aeruginosa blog - 6
substituents E. coli 4log

E faecalis < 0.5log

Tris{11,19,27-(1,2- 20,00 uM E. coli 90.00 % 7
diethylaminoethylthiol)-2-
(captopril) Pe Zn
Tris{11,19,27-(1,2- 20.00 uM E coli 95.00 %
diethylaminoethylthiol)-2-
(captopril) Pc Zn
conjugated to silver

nanoparticles -
(Vallemolinares er al., 2015'; Khan, ¢/ o/, 2018% Abrahamse and Hamblin, 2016b -
Suriati, et al., 2014"; Mantareva, 2010%; Berad er al., 2012% Ragas et gl., 201 37]

Work done by Kalhotka ef al. (2012) indicated that bacteria’s becomes more susceptible
when the Pe is tuned by attaching a substituent group at peripheral position of P¢
macrocyclic ring. This helps in enhancement of its photophysical and of photochemical

parameters such as intersystem crossing and increased generation of singlet oxygen.

Khan er al 2018 synthesised Pe 2,9,16,23-tetra-hydroxyphenylimino synthesized that

revealed a maximum zone of inhibition against Aspergillus niger. They attributed its

sensitivity to cytoplasmic membrane and nuclei damage by the Pe (Khan ef al., 2015;
Paschoal and Duarte, 2017). Tetracarboxi Pc synthesized by Vallemolinares er al. (2015)

had zones of inhibition of > 80 % when tested against drug resistant E coli, S, aureus and

K. pneumoniae, (Table 2.2). The activeness of this Pc against the strains of bacteria tested
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is because of the substituents group carboxyl attached to the Pc macroeyclic structure that
caused adhesion of the Pe to the surface of the bacteria, The sensitivity of the Pc against
these strains of bacteria was also due to the carbonyl functional group increasing Pe
wavelength towards the red region. This in turn stimulate generation of reactive singlet

oxygen (Vallemolinares et al.. 20135).

The synthesized 2,9,16,23-tetra-phenylimino Pc by Khan ef al. (2018) had high zone of
inhibition against strains of X compstris and fungi 4. piger. The imino functional group
substituted to the Pe makes it to be more potent against microbes. This is due to imino
functional group increasing chemical properties and thermal stability ol Pe. It improves
the Pe to absorb light into near infrared for effective generation of singlet oxygen and
reactive oxygen species (Khan er al,, 2018.). Metal nanoparticles also play a major role in

improving photophysical properties of Pes to be used as antimicrobials.

The specificity, photophysical and photochemical properties of Pe such as singlet oxygen
quantum yield can be increased by coupling it with metal nanoparticles such as Zn, Ag,
Fe, Co, and others (Staicu er al., 2013). Rapulenyane (2013) indicated an enhanced Pe
with an increased singlet oxygen quantum yield with a value of 0.26 to 0.57 after
coupling AgNps to ZnPc (Table 2.1). Conjugation of metal nanoparticle 1o Pe improves

the photochemical and photo physical properties such as reducing the aggregation,

increasing permeability and retention effect (Zafar ef al., 2016),




2.2 Metal nanoparticles

2.2.1 Synthesis of metal nanoparticles

Nanotechnology involves the synthesis, characterization, investigation and application of
nanosized (1-100 nm) substances for the progress of science (Lu et al., 2013).
Nanotechnology has proved potential to develop new materials and provide positive
solution to increased world's problems related to water, nutrition, health, energy and
agriculture (Hassan er al, 2018). Metallic nanoparticles have different chemical and
physical properties from bulk metals such as lower melting points, mechanical strengths,
specific magnetizations, optical properties and higher surface areas. These improved
properties of metal nanoparticles might demonstrate attractive use in generation of
various industrial products (Khan et al, 2017). The key properties of such metal
nanoparticles are determined by composition, shape, size, crystallinity and morphology

(Lueral., 2013).

Various approaches have been documented for the synthesis of metal nanoparticles such

as physical, chemical and biological methods. These methods can be classified into two

broad approach; bottom-up and top-down (Figure 2.12) (Soni ef al., 2018).
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Figure 2.12: Various approaches for synthesis of metal nanoparticles
The Top-down technique involves breaking up of a bulk solid substance into small
particles by size reduction. This is done by grinding system methods. The methods
include techniques such as grinding, sputtering milling and laser ablation (Soni e/ al.,
2018). In bottom-up, technique the particles are formed by use of biological or chemical
ways by atoms joining to form nuclei which forms into a particle of nano scale. Bottom-
up method is classitied into liquid and gaseous phase. Gaseous phase includes chemical
vapor deposition that is caused by a chemical reaction. The physical vapor deposition on
the other hand involves use of cooling of the evaporated material. Bottom-up technique
may in the process be either nontoxic or toxic. For toxic processes it is classified into sol-
gel process, chemical precipitation, spray pyrolysis, laser pyrolysis, vapor deposition and

acrosol pyrolysis (Soni ef al., 2018). Nanoparticles have found use in manufacturing

industries, agriculture, food technology, medicine electronic and environment.
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2.2.2 Applications of metal nanoparticles

When materials are transformed from bulk materials to form nanoparticles, they also get
transformed significantly their chemical and physical properties. Percentage of surface of
nanoparticles compared to that of bulk molecule is high and this in tum increases the
activities of the metal particle in nano form. This makes metal nanoparticles to be used in
various fields such as catalysis (Ombaka et al., 2015), biosensors, biomedicine, magnetic
resonance imaging (MRI) (Khan ef al., 2017), Water treatment, painting, fuel cell,

electronics, cosmetics and as antimicrobials (Figure 2.12) (Hoet et af., 2004)

; : i Antimicrobials
Bio-engineering

Sn:mluuuduulurs\ Fuel calls
Electronics \ /

Catalyst

Water treatment

Paints /

Cosmetics Target drug delivery

Sensor

Biomedical

Figure 2.12: Application of metal nanoparticles

Literature has documented use of metal nanoparticles as catalyst for various kinds of
chemical reactions (Ombaka et al., 2015), The metal nanoparticles have catalytic sites
tocatea on their surfaces. Small nanoparticles ranging between 1-10 nm have effectively

been used as catalysts. Decreasing particle size helps increase the ratio of surface atoms

improving its catalytic properties.
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The advantages of metal nanoparticle as catalysts are that, nanoparticles dispersed in
solutions have potential to be used as photo catalysts since they are transparent to light,
Secondly, metallic nanoparticles dispersed in solution helps lower the temperature below
the boiling point of the solvent. Last but not least the preparation of nanoparticles shape
and size and can be controlled easily. The Pd, Ni, Pt, and Ag, have found application in
catalysts in certain chemical reactions in industries and laboratories. However, for certain
metal like Au, the dissociative adsorption of oxvegen or hydrogen molecules prevents
reaction to be done on their smooth surfaces and at a temperature below 200 °C. This
therefore, makes such metal to be inactive as a catalyst due to oxidation and
hydrogenation reactions, There catalytic properties may only be initiated by synthesizing

their nanoparticles,

Nanoparticles are also being used in painting/Coatings industry, This has developed to be
an important area for protecting existing infrastructure from corrosion and erosion,
improving surfaces such as smart coating and improving the performance of equipment.
The functionality of metal nanoparticles depends on their optical properties which are
strongly enhanced by size and shape of particle. For example. Au appears yellow when
reflected with light, while Au nanoparticles appear blue in presence of light. As the

particle size decreases further a characteristic change of color is observed from blue to

orange, steadily to purple and finally to red (Sadiku e al., 2018).
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Metal nanoparticles are becoming more useful in human medical application such as in
drug delivery and imaging organs. Nanoparticles are currently used to transport drugs to
the targeted organs and tissues where they are absorbed by cells. Distribution of drugs
into various cell. tissue, or even organelle may be improved or controlled by being
enclosed in colloidal nano sized materials (Khan et al., 2017). Another area being studied
extensively in medicine is use of nanoparticle to deliver drug into target cells or organs.
In current use is in drug delivery is polymer—drug conjugaies. The small-molecule drug
delivery agents, for example anticancer chemotherapeutic compounds, have two
properties that make them not to be effective: non-site-specific targeting and short
circulation half-life, which leads to frequent administrations. These factors cause
systemic side effects in the body. The coupling of drugs molecules to polymeric

nanoparticles carries can eliminate the adverse side effects (Zhang, el al., 2007)

Among the many uses, nanoparticles have shown potential o be used as antimicrobials.
Nanoparticles may be chiefly beneficial in combating microbial infections (Wang and
Shao, 2017). Such areas where nanoparticles are being used is antibacterial coatings of
surfaces, promote wound healing, for medicinal materials, implantable devices, In
antibiotic delivery systems to treat disease, in antibacterial vaccines to control bacterial
infections and in bacterial detection systems to generate microbial diagnostics. The
antimicrobial mechanisms of nanoparticles is not well understood, the currently
mechanisms explained involves metal fon release, oxidative and non-oxidative stress

mechanisms (Wang and Shao, 2017). Currently, the AgNp and ZnO-Np are thoroughly

being explored and extensively investigated as potential antimicrobials.
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2.2.3 AgNps and their antibacterial activity

Studies done in the past have shown that AgNps exhibit excellent combination of
properties such as high electrical double layer capacitance, well-developed surfaces,
catalytic activity and unique optical properties associated with the surface plasmon
resonance. All these properties help in development of new-generation optical,
antiseptics, in the field of photography catalysis (Khan er al., 2017). electronic and sensor
devices (Wéhrle ef al., 2012). AgNp is widely used in catalytic conversion of methanol to
formaldehyde and ethylene to ethylene oxide by oxidation. Colloidal AgNp is of
particular interest because of its distinet antibacterial activity (Baptista et al., 2018),

The alteration of energy level by changing from continuous band to discrete band of
AgNps in correspondence with nano-size particles results to size dependent physical and
chemical properties. The AgNp have shown low toxicity to human cells with high
toxicity to microbial cells making it useful for antimicrobial application (Wahrle er al..

2012).

The optical properties of AgNps are determined by size, shape, composition, environment
and structure of adsorption materials. The main feature of an absorption spectrum of
AgNps with particle size above 2 nm is the presence of a strong band in the visible range.
This band is referred to as surface plasmon resonance, it occurs when light falls on the
surface of AgNps releasing conduction electrons. Surface plasmon for spherical AgNps
with particle size between 2-100 nm, their absorption band appears at around 400 nm,

Silver nanoparticles produces highest plasmon resonance band as compared to other

metal nanoparticles (Wihrle ef al., 2012),
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The mechanism of how AgNps works on bacteria has been explained by various
scientific reports. The solution of AgNps contain Ag” ions that are bactericidal when it
comes in contact with bacteria metabolism destroying it (Li er af., 2010). The Ag' ions
have high affinity towards sulphur and phosphorous, The Ag' ions get attached to these
atoms that make up proteins molecule of the bacteria causing destruction to the cell
membrane. AgNps with diameter < 10 nm can infiltrate the proteins of bacteria and
attach to sulphur and phosporous leading to penetrability of the cell membrane by foreign
substance. This in long run leads to death of bacteria. Most studies show that AgNp act
by physically interacting with bacterial cell surfaces (Baptista ef al., 2018). This property
is propelled by the shape, size and concentration of the AgNps (De Matteis et al., 2008;
[ravani et al., 2014). AgNp of dimension < 30 nm have been found more active against K
pnewmonia as they are able to infiltrate through the cell wall of the microbes (Baptista ef
al., 2018). AgNp have been synthesized using various approaches which can be
categorized into two namely chemical and physical techniques. The Chemical process
involves use of hydrazine, and sodium borohydride (Preetha er al., 2013). While the
physical process includes condensation, laser ablation and evaporation (Noroozi ef al.,

2012)

2.2.4 ZnO-Np and their antibacterial activity
Most studies have been done on Zinc oxide (ZnO) for its potential of ultra violet
absorbance, luminescence at high temperatures, wide chemistry and piezoelectricity

(Hassan er al, 2018). ZnO has found use in electronics, plastic, paints, cosmeties,

pharmaceuticals and rubber manufacturing (Ashe, 2011). The obstacle for these




applications is that for bulk ZnO properties are mostly not stable and therefore, cannot be
developed to meet modern necessities. ZnO-Np rooted on the surfaces of polymer for
example starch enhances its functional properties making it to have prospective uses such
as UV-protection ability in sunscreens, textiles and as antimicrobials. Studies done by
Hassan er al. (2018) indicated the excellent antimicrobial properties of ZnO-Np
impregnated onto cotton fabrics against, K. preumoniae and S aurews (Hassan ef al.,

2018).

Although the exact antimicrobial mechanisms of how ZnO-Nps works to cause bacterial
death is not yet well understood, scientific works reports on toxic action of reactive
oxygen species, These reactive oxygen species are produced on the surface of the
nanoparticles causing antibacterial effect. Zinc ion released infiltrate in cell membrane of
bacteria interfering with bacteria metabolism and membrane dysfunction leading to cell
death (Hassan et al., 2018). The work done by Hassan er al. (2018) revealed ZnO-Nps
had potent properties in fighting both positive and gram-ncgative bacteria. It had high
zone of inhibitions against S. awreus and K preumonia. Its effectiveness against bacteria
depended on concentration and size of ZnO-Nps while the particle shape and crystallinity

showed no correlation (Hassan ef al., 2018).

ZnO-Nps have been synthesized following various approaches such as precipitation,

spray pyrolysis, sol-gel synthesis, thermal decomposition, micro-wave irradiation,

chemical vapor method, vapor condensation method and laser synthesis techniques




(Aneesh er al, 2007). The surfaces of AgNps and ZnO-Nps can be easily functionalized

in order to conjugate them with Pes.

2.3 Conjugation of Pcs to metal nanoparticles

The conjugation of nanoparticles (gold, zinc oxide, silver and others) to Pes is currently
being investigated to determine their effectiveness as antibacterial. Their photochemical
activity when irradiated with UV-Vis increases the when conjugated with Pcs. Their
quantum size eflfect, electrodynamics interactions and surface-to-volume ratio due to their
small size allows application of nanoparticles to the field of antimicrobials (Mondal and
Bera, 2014), Metal nanoparticles have been conjugated with different compounds such as

antibodies, photosensitizers, amino acids and bio-polymers (Hoet er al., 2004).

Rapulenyane 2013 explored the effectiveness of conjugating Pes to enhance their biocidal
activities. The work entailed coupling AgNps with Pes with the aim of increasing its
photosensitizing abilities. The conjugation of metalloPc to AgNps led to an enhanced
photochemical and photophysical activities (singlet oxygen, triplet state and fluorescence
quantum yields) of the Pcs. This led to improved antimicrobial properties when the Pcs
were irradiated with light of certain wavelength. The coupling of this Pc and AgNps led
to improved light toxicity at 5-10 mM, with potent antimicrobial sensitivity against £.
coli m the presence of light. The synthesized metal nanoparticles are examined using
various spectroscopic and microscopic techniques: UV-Vis spectroscopy, SEM, TEM,

energy dispersive spectroscopy (EDS), atomic force microscopy (AFM), dynamic light

scattering (DLS), powder XRD, FTIR, and Raman spectroscopy.
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2.4 Characterization of Pes compounds and metal nanoparticles

The choice of characterization methods for compound or element is subject to the
properties of the compound being investigated. Different methods are used to analyze the
morphology, structure, size, chemical and physical properties, optical properties and

elemental composition.

2.4.1 Scanning electron microscopy (SEM)

The SEM instrument is used for observation of sample surfaces. It was first invented by
Knoll in the 1930s and thereafter a new model was developed by Jeol in Japan (Akhtar er
al.,, 2019). It involves scanning of the surface of material using a focused beam with
highly energetic electrons that genecrate secondary electrons from the sample surface
(Seyforth, 2015). Topography of the surface which includes texture, crystalline structure,
and chemical composition can be observed from the image obtained from detected
secondary electrons (Akhtar er al, 2019). Figure 2.13 shows the basic schematic

construction of SEM instruments and an image of ZnO-Np (right) reported by

Midatharahalli er a/., 2019,
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Figure 2.13: Basic schematic construction of SEM (left) and SEM images of ZnO-Np
reported by Midatharahalli ef al., 2019 (right)

The working principle of SEM begins by the gun emitting the electron beam enclosed in

& vacuum. The beam follows a vertical path between electromagnetic fields and through

the lenses. Electron beam is directed to the sample by objective lens. The beam scans the

targeted surface area of the sample by sweeping across with the help of deflector coils.

The coil is controlled using scan generator.

2.4.2 Transmission electron microscopy (TEM)
A TEM is an imaging technique that uses an accelerated beam of electrons transmitted
through a sample, an image is formed, magn'il'led and displayed on a flurorescent screen

or layer of photographic film (Shieh, and Qiao, 2006). The technique was invented by

German scientists Ernst Ruska and Max Knoll in 1931 (Lambert and Mulvey, 1996).
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Since then it has developed to become an important tool in the field of science study the
surface of micro and nanoparticles (Shieh, and Qiao, 2006), The application of TEM in
nanoparticles is to study the morphology and distribution of particle size of the materials
being analyzed. Though, TEM requires very thin sample that electrons are able to
penetrate through, it takes a longer time to prepare the sample. In a TEM, an ¢lectron
gun, fires a beam of fast moving electrons (Akhtar er al., 2019). High voltages and
slectromagnetic coils are used to accelerate the electrons to high speeds. The high
accelerating voltage makes it possible to achieve far greater resolved images compared o
SEM. Figure 2.13 shows various components of a TEM instrument and a sample

micrograph of AgNp produced by the instrument.
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Figure 2.13: Diagram of a TEM instrument (left) and TEM micrograph of AgNp
reported by Santra ¢t al. (2015) (right)
The electron beams generated are converged by a condenser lens into a thin beam of

required electrons. The condenser lens is made up of an aperture that eliminates high

angle electrons. When these electron has enough acceleration, they move through the
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ultra-thin specimen and reflection beam are conveyed subject to how transparent the
material is to electrons (Akhtar ef al., 2019). The micrograph generated by the TEM, is

reflected onto a screen that is phosphorescent,

2.4.3 Powder XRD

The use of X-rays was first discovered by Roentgen in 1895 {Tubiana, 1996). The
technique was latter developed over the years and in 1947 Phillips introduced the first
commercial powder diffractometer (Etter and Dinnebier, 2014). Powder XRD belongs to
the family of X-ray crystallography and although it is an established technique for bulk
materials, it has now become a routine tool to nondestructively characterize
nanostructures as well. It helps to interrogate the crystal orientations, preferred phases,
average grain size and crystal defects among others (Bunaciu ef al., 2015). Diffraction
occurs when a wave interferes with monochromatic beam of X-rays leading to
constructive interference or by cancelling each other leading to destructive interference.
An X-ray from a copper cathode ray tube passes through a nickel filter. The filter allows
monochromatic radiation to pass through. It is then passed onto the sample in the sample
holder. The detectors detect diffraction beams from the sample (Figure 2.13) (Bunaciu er

af., 2015),
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Figure 2.13: Schematic diagram of the powder XRD components
The X-ray wavelengths generated are of the order of inter planer spacing in a sample
material. This information is obtained using Bragg’s diffraction Equation 2.3,

nA = 2dsinf Equation 2.3

Where A is the wavelength of X-rays, d is the inter planar distance, n is the order of

diffraction and © is the angle of diffraction.

X-ray spectral pattern is of importance in determining crystal size in a powder sample.
i|'|'!f.‘ lines in a diffraction pattern are of finite breadth, but for small particle sizes there is
an increased broadening due to decreasing particle size. The reason for broadening is
because of incomplete destructive interference. The XRD pattern of a sample obtained

confirmed by comparing it with diffraction pattern of known standard files stored in the

software of the instrument that is Joint Committee on Powder Diffraction Standards

(JCPDS) or the International Centre for Diffraction Data (ICDD) (Bunaciu et al., 2015).




49

2.4.4 Fourier-transform infrared spectroscopy (FTIR)

The genesis of FTIR can be traced back as early as 1880 when Albert Michelson invented
interferometer (Svedberg, 2004). The FTIR instrument helps to obtain infrared spectrum
generated by emission or absorption of a gas, liquid or solid. The infrared region lies
between the visible and microwave regions (700 nm to 0.1 cm) in the electromagnetic
spectrum. The infrared spectrum has three regions, that is near-IR spectrum (4000-13000
em™), mid-IR spectrum (400-4000 em™) and far-IR spectrum (< 400 em™). The mid
infrared is mostly used due to the presence of characteristic vibrational modes
iNandiyanto e al., 2019). The spectrum reads percent transmittance or absorbance in the
vertical axis as a function of wave number (cm') in horizontal axis. It helps identify
functional groups in the Pcs and absence or presence of functional groups in metal
nanoparticles (Nandiyanto ef af., 2019). The instrument i1s made up of an interferometer,
an IR source, a detector, an analytical cell, and a computer for running the instrument and

processing of data (Figure 2.14) (Svedberg, 2004).
.' IR source
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Figure 2.14: Schematic diagram of the FTIR components
The technique of FTIR involves, light source generates infra-red light that that is
transmitted to interferometer via the optical path. Interferometer is made of a fixed

mirror, beam splitter and the moving mirror. The beam splitter separates the beam of light

into two which gets reflected by moving mirror and fixed mirror. It is then converged
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together by the beam splitter. The strength of the interference of light is recorded in an
interferogram and the x-axis is recorded optical path difference (Svedberg, 2004). The
interference pattern, detected by the infrared detector as variations in the infrared energy

level, is what vields spectral information.

The FTIR spectra of metallo-Pc and metal-free Pe both show strong absorptions
associated with C-H bending in the wavelength range of 750-800 cm™. Absorption of C-
C bond stretching is between 1450-1600 cm™, while the absorptions of C-H bond
I stretching are evidenced between 3000-3050 em™ (Tayfuroglu er al,, 2018). Difference
between metal-free Pc and metallo-Pc is strong absorption evidenced at 3289 em”
associated with N-H bond stretching in metal-free Pe (Ziminov ef al., 2006); Gorduk ef
al., 2017). For both metal-free and metallo-Pc, C-H stretching bond appears between

3000- 3050 cm™ (Ziminov et al., 2006),

2.4.5 UV-Vis spectroscopy

UV-Vis spectroscopy is an instrumental method that helps record absorption spectra of a
sample using ultraviolet (UV) and visible (Vis) of the spectrophotometer (Moeur e al,
2006). Analyzing of solids, liquids and gases is made possible by use of radiant energy
that occurs in the visible, near and far ultraviolet and near infrared regions of the

electromagnetic spectrum.

In the electromagnetic spectrum, near infrared is between 765 to 3200 nm, for Vis is

between 400 to 765 nm and for for UV is 300 to 400 nm (Moeur et af, 2006). The

'I'
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instrument UV-Vis is made up of light source from a tungsten filament, compartment for
holding sample, detector system, signal processor for interpreting the data and readout

system (Figure 2.15) (De Caro, 2015).

T ,.I'I. D.368 !

Detection system - Recorder
Sample holder

1 Figure 2.15: Basic components of UV-Vis

The working of a UV-Vis involves a beam of light from light source passing through a
sample solution placed in a cuvette. The sample absorbs a given amount of light cnergy
from the beam of light passing through it. The remaining amount light energy that has not
been absorbed is then measured using a photo detector, the results gives the absorbance
of the sample (De Caro, 2015). Information is represented inform of transmittance or
absorbance(Moeur ef al, 2006). The intensity is related to the concentration of the sample

being analyzed.

2.4.6 Nuclear magnetic resonance ('H NMR and “C NMR)

Edward Mills in 1946 first described NMR phenomena, as absorption of radio-frequency
energy (4 to 200 MHZ) due to energy transitions corresponding to different states of
nuclear spins in a strong, constant applied magnetic field {Gerothanassis ef af, 2002), In
NMR it is the nuclei that are sensitive towards the surrounding electronic environment.

Therefore, the nuclei will resonate at different frequencies depending on the local

—




electronic environment surrounding the atom. The nuclei consist of spin that are
electrically charged. External magnetic field causes an energy transfer to takes place from

the base energy to a higher energy level.

Transmission of this energy happens at wavelengths comparable to radio frequencies.
Therefore, when the spin returns to its ground level, it produces energy that corresponds
to a given frequency. The frequency signal is measured in order to vield an NMR
spectrum for the nucleus being investigated. Structural components and functional groups
of organic compounds can be identified based on the observed spectrum (Gerothanassis
et al, 2002).The NMR instrument consists of a number of components which includes
sample holder, magnetic coils for inducing magnetic field when current flows through
them, permanent magnet to provides homogeneous magnetic field at 60-100 MHZ, radio
frequency transmitter (RF) that produces a short powerful pulse of radio waves, radio
frequency receiver (detector) that detects radio. frequencies emitted as nuclei relax to a

lower energy level and read out systems for analvzing and record the data (Figure 2.16).
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Figure 2.16: Basic components of NMR
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Materials to be analyzed are introduced to an area with magnetic field though sample
holder. A frequency signal is generated by excitation of the nuclei of a sample with radio
waves into nuclear magnetic resonance. The signal is received by detector with sensitive
radio receivers for interpretation. The information of a structure of a molecule is
determined when the intramolecular magnetic field changes the resonance frequency. The
frequency generated will give the information of electronic structure of a molecule and
the functional groups of the molecule, Apart from identification, NMR provides

information about the chemical environment of molecules (Gerothanassis er al, 2002).

The “NMR and '"HNMR are the most common types of NMR used in spectroscopy. The
proton ('H) peaks and their arcas help to give the number of protons that are responsible
for these peaks. Chemical shifts of ""C and 'H nuclei are measured (in ppm) using
Trimethylsilane (TMS) as reference. It ranges from 0 to about 250 ppm for *C and 0 to
12 for 'H, As in proten spectra, the accurate chemical shift of a nucleus depends on the
alom or atoms atlached to it and there are correlations with the electronegativity of

substituents,

The NMR spectra’s of unsubstituted Pes portrays similar signal intensities for protons in
the non-peripheral and peripheral positions. Octa-substituted Pe is monoisomeric while
tetra-substituted Pc shows various isomers. This makes NMR s gnals of tetrasubstituted
Pe to be broad compared to that of octa-substituted Pe (Kim et al., 2015), Depending on
the substitution and its position, the signals of the magnetic fields are either shifted

downfield or on up field. The NMR signals of ¢lectron-withdrawing substituents are

—
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preferentially shifted up ficld while electron donor groups commonly result in a

downfield shift (Sergeyev er al., 2007).

2, 5 Antimicrobial susceptibility tests

2.5.1 Disk diffusion method

Susceptibility of microorganisms to certain antimicrobial compound can be determined
using various techniques and disk diffusion is one of them. Disk diffusion was first
developed in 1940 by Kirby and Bauer (Hudzicki, 2016). The method involves
moculating a sterile agar plate with known bacteria. Filter paper disk 6-mm in diameter
containing a known amount compound to be tested against bacteria is placed on a

Mueller-Hinton (MH) agar plate.

The antimicrobial compound is capable to infiltrate through the agar layer. Disk plates
are then stored for incubation for 18-24 hours. Diffusion through the agar takes a longer
time as compared to release of the antimicrobial compound out of the disk. This makes
concentration of the test compound to be highest near the disk and reduction is
experienced far away from the disk. The time of incubation the microorganism diffuse
through the agar impregnated with the test compound. The test compound if it has
antimicrobial properties it inhibits the growth of these microorganisms, The region where
there is no growth of the microorganism is referred to as zone of inhibition, it is measured

and compared to known standards (Figure 2.17) (Hudzicki, 2016)
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Figure 2.17: Di5k.diffusi~un method

2.5.2 Minimum inhibitory concentration (MIC)

The MIC determines the lowest concentration of a test compound that inhibit the growth
of a hacteria after 24 hours of incubation (Owuama, 2017). MIC is obtained using disk
plates with solid growth medium by Kirby-Bauer disk or through the use of broth dilution
technique after a pure culture is isolated (Toray ef al., 2015; Owuama, 2017). Fia broth
dilution method the MIC can be determined by adding culture of bacieria to wells of
liquid with decreasing concentrations of test compound. The MIC is the value between
concentrations of the last well where there was no visible growth and the next lower dose

that allowed bacterial to grow (Owuama, 2017).

2.5.3 Minimum bactericidal concentration (MBC)

The MBC helps to get the value of the lowest concentration in which the test compound
is able to kill a particular bacteria (Owuama, 2017). MBC is obtained by carrying out
broth dilution to MIC concentration. While the MIC test reveals the lowest level of a
compound to be used as an antimicrobial to prevent growth of a bacteria, MBC shows the

lowest concentration of the test compound that results to microbial death (Owuama,

2017).
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2.6 Cytotoxicity test

The 3-(4,5-dimethylthiazol-2-y1)-2 5-diphenyltetrazolium bromide (MTT) calorimetric
test is commonly applied technique for the evaluation of cell viability and cytotoxicity for
substances to be used as drugs (Mosmann, 1983). The test method involves the reduction
of MTT salt (yellow) as a result of cellular metabolic activities brought about by
nicotinamide adenine dinucleotide phosphate (NAD(P)H) by oxidoreductase enzymes to
form an insoluble (E,Z)-5-(4,5-dimethylthiazol-2-y1)-1,3-diphenylformazan purple in

color (Bahuguna et al., 2017).

Cells that are healthy reduce MTT salt to form formazan (Figure 2.18), cells that are
inactive will fail to convert MTT to formazan. Cell viability in MTT test is carried out by
analysis of formazan soluble in DMSO at a wavelength between 490 nm to 720 nm. The
results 1s linearly associated with the enzyme activities and related to the number of
viable cells (Nasr et al., 2018). The high intensity of purple color indicates higher cell
viability and the reduction in purple color intensity shows decreases in cell number due to

cytotoxicity effects of the test compound (Bahuguna ef al., 2017).
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Figure 2.18: Conversion of MTT to formazan
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CHAPTER THREE

MATERIALS AND METHODS
3.1 Introduction
This chapter presents the materials and chemicals used to synthesize ZnPc, AgNps, ZnO-
Nps and Pes conjugated to ZnO-Nps and AgNps In addition, the techniques used to
characterize the synthesized compounds and materials, conduct photochemical and

antimicrobial analysis are outlined.

3.1.1 Reagents and chemicals

All solvents and reagents used were of analytical grade and were obtained from Merck
chemicals (German). These included ammonium chloride 99%, ammonium molybdate
99%, copper (I) lodide 99%, dichloro-bis(tripheny!phosphine)-palladium(II)
(PACI2(PPh3)2) 98%. dichloromethane 99%, dicyclohexylearbodiimide 99%,
diisopropylamine 99%, 1,3-diphenylisobenzofuran (DPBF) 99%, dimethylformamide
99%, ethanethiol 97%, ethyl acetate 99%, fuming sulphuric acid 30%, hexane 95%,
todine 99.99%, L-glutathione 98%, methanol 96%, 3-methoxypropyne 97%, MTT (3-
(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide), phthalimide 99%, potassium
carbonate 99%, silica gel 60 A (average pore diameter) 70-230 mesh, silver nitrate 99%,
sodium borohydride 99%, sodium hydroxide pellets 98%, sodium thiosulphate 98%,
starch (soluble GR for analysis 1.01252 Millipore), tetrahydrofuran 99% (THF), urea

ACS reagent 99%, Whatman filter papers No-1, zinc acetate 99%, zinc chloride 99%,

Zine phthalocyanine dye content 97 % (ZnPc*) and, zinc nitrate tetrahydrate 99%.
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3.1.2 Cleaning of glassware apparatus

Glassware were cleaned by first soaking them in nitric acid (2 M) overnight to remove
stains, washed with distilled water using a detergent and rinsed three times with distilled
water. They were then dried in an oven at 100 °C for a period of 2 hour and stored for

subsequent use.

3.2 Instrumentation

The UV-Vis absorption spectra were recorded on a Shimadzu 2550 spectrophotometer.
Micrographs of SEM were obtained using a JEOL JSM 6100 (Institute de Ciencia
material-Madrid Spain). The TEM micrographs obtained using JEOLTEM 1210 at an
accelerating voltage of 100 KV (Institute de Ciencia material-Madrid Spain). FTIR
spectra were acquired using a Shimadzu IRT racer-100 (Chemistry labs Kenyatta
university), mass spectrum was measured using HR-MS Shimadzu QP-2010 plus mass
spectrometer at 70 ev. X-ray diffraction patterns were registered on a D8 Advance
diffractometer supplied by BRUKER AXS, Germany. Measurements were done using Cu
Ka radiation (A = 1.54060 A). The patterns were recorded in the 20 range between 10 and
90° with increment of 0.028°, "C CP MAS-NMR spectra obtained using a Bruker
Avance 400 spectrometer with an external magnetic field of 9.4 Tesla. 'H NMR spectra
recorded with Bruker AMX 400 MHz or a Bruker Advance I+ 600 MHz NMR
spectrometer (Institute de Ciencia material-Madrid Spain). Microwave oven (Domestic
model RM 240, output 800W and 2450 MHz) was used for heating purpose to take

advantage of rapid synthesis and reduce use of solvent (Chemistry labs Kenyatta

university). Photo-irradiations for singlet oxygen and bacterial inactivation studies were
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carried out through the use of a general electric quartz line lamp (GE EXR 300 W 82 V),
A 600 nm glass filter (Schott) was used to filter off infrared and ultraviolet radiations
respectively. An interference filter (Intor, 670 nm with a band width of 40 nm) was also
placed before the sample. Stirring was done on a Lab Smart MSH-Pro+ model hot plate

(Chemistry labs Kenyatta university).

3.3 Synthesis of precursors and Pes

3.3.1 Synthesis of 4,5-diiodophthalimide (1)

Synthesis of compound 1 was done following the method described by Yamamoto (2016)
with some modifications. Briefly, the procedure involved adding 15 g (102 mM) of
phthalimide to 100 ml of 30% fuming sulphuric acid followed by 25 g (198 mM) of
iodine as shown in scheme 3.1, The resulting solution heated at 70 °C for 10 hours in a
fume chamber. The formed compound was slowly poured into 500 g of ice and left to
seltle for 30 minutes. Precipitated solid was filtered using a glass frit funnel. and washed
with 200 ml distilled water, The solid was then washed with 100 ml of 2 % potassium
carbonate (K2CO3), 50 ml saturated solution of sodium thiosulphate (Na;$,0;5) and dried
at 100 °C in oven for 3 hours. The Soxhlet extractor was used to extract the solid using
150 ml of acetone. The formed precipitate was a mixture of two compounds with bright

yellow in color. The mixtures were isolated using column chromatography using ethyl

acetate and chloroform in the ratio 1:4 as the eluent.
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Scheme 3.1: Formation of 4,5-diiodophthalimide (1)

3.3.2 Synthesis of 4-iodo-5-(3-methoxy prop-1-ynl) phthalimide (2)

The method by Isci ef al. (2014) was adopted to synthesis of compound 2 with some
madifications. The steps employed included mixing 2 g of the prepared 1, 0.18 g (0.25
mM) of dichloro-bis(tripheny 1 phosphine)-palladium (11} (PdC1,(PPhs),), 1.2 g (0.02 mol)
of 3-methoxypropyne, 20 ml of diisopropylamine and 0.03 g (0.16 mM) of copper (I)
1odide in 50 ml two necked round bottom flasks as shown in scheme 3.2, This mixture
was left to stir at 70 °C for two hours. The resultant was cooled to 25 °C by stirring using
a glass rod followed by vacuum filtration and the residue washed with 20 ml of
dichloromethane. The filtrate obtained was concentrated using rotary vapor at 38 °C to
obtain a crude solution. This was then purified by using silica gel column

chromatography with solvent mixture hexane: ethyl acetate as eluent in the ratio 3:1.
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Scheme 3.2: Formation of 4-iodo-5-(3-methoxy prop-1-ynl) phthalimide (2)
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3.3.3 Synthesis of zine Pe (4)

Compound 4 was synthesized following the protocol described by Shaabani, 1999 with
modifications. The procedure invelved grinding (clean pestle and mortar) into fine
powder a mixture of 9 g of phthalimide, 18.0 g (299.70 mM) of urea, 3.0 g (56 mM) of
ammonium chloride, 0.05 g (0.26 mM) of ammonium molybdate as catalyst and 1.0 g
(7.35 mM) of zinc chloride (scheme 3.3). The resultant homogencous mixture was
transferred to a 250 ml beaker, covered with an evaporating dish and subjected to
microwave oven heat at high power (800 W) for 4 minutes. After the 4 minutes, the
power of the oven was turned to medium power for another 2 minutes, The product was
washed with 300 ml hot H:O (70-80 °C) and oven-dried at 70 °C for 4 hours. Crude 4
was subsequently purified two times by subsequent recrystallization by transferring it in
15 ml concentrated H:SO4 and pouring it in 250 ml of distilled water Soxhlet extraction

was used for purification using 150 ml acetone and then oven-dried at 50 °C for 6 hours.
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Scheme 3.3: Formation of zinc Pe (4)
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3.3.4 Synthesis of 2,9,16,23-tetraiodo-3,10,17,24-tetra{3-methoxyprop-1-nyl)Pe (5)

The protocol described by Yogesh er al. 2014 was used to synthesis compound 5 with
some modifications. The steps employed included mixing 0.50 g of compound 2, 1 g
(16.65 mM) of urea and 0.09 g (0.46 mM) of ammenium molybdate as shown in scheme
3.4. The mixture was crushed thoroughly to form a homogeneous mixture using clean
pestle and mortar and transferred to a 250 ml glass beaker then covered with an
evaporating dish. The beaker and its contents were placed in a microwave oven and
heated (high power-800 W) for 3 minutes and thereafter cooled to 25 °C by stirring using
a glass rod. After cooling, the formed blue solid was transferred to a filter-funnel and
washed 3 times with 50 ml of distilled water, 20 ml of 0.1 M NaOH and, then followed
by rinsing with 20 ml 0.1 M HCI respectively. The insoluble impurities were removed by
washing the Pc through silica gel column chromatography with tetrahydrofuran (THF).
The obtained Pc from the column was dissolved in 40 ml of THF. The P¢ was

precipitated by the addition of 20 ml methanol and separated by centrifugation at 2000

rpm for 4 minutes
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| Scheme 3.4: Synthesis of 2,9,16,23-tetra iodo-3,10,17,24-tetra (3-methoxy prop-1-
nyl) Pe (5)

3.3.5 Synthesis of 2,9,16,23-tetraiodo-3,10,17,24-tetra(3-metho xyprop-1-nyl) ZnPe¢
(6)

The protocol described by Yogesh er al. (2014) was used to synthesis compound 6 with
some moditfications. The steps employed included mixing 0.50 g of compound 2, 1.00 g
(16.65 mM) of urea, 0.09 g (0.46 mM) of ammonium molybdate and 0.5 g (2.73 mM) of
zinc acetate as shown in Scheme 3.5, The mixture was crushed thoroughly to form a
homogeneous mixture in a motor with a pestle, transferred to a 250 ml beaker then
covered with an evaporating dish. The beaker and its contents were placed in a
microwave oven and heated (high power-800 W) for 3 minutes at one-minute interval
then left to cool to 25 °C for 20 minutes. After cooling, the formed blue solid was

transferred to a filter-funnel washed with 30 ml of distilled water. 20 ml of 0.1 M NaOH

and, then followed by rinsing with 20 ml 0.1 M HCIL. The insoluble impurities were
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removed by washing the Pc through silica gel column chromatography with
tetrahydrofuran (THF). The obtained Pc from the column was dissolved in 40 ml of THF.
The Pc was precipitated by the addition of 20 ml methanol and separated by

centrifugation at 2000 rpm for 4 minutes
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Scheme 3.5: Synthesis of 2,9,16,23-tetra iodo-3,10,17,24-tetra (3-methoxy prop-1-

nyl) ZnPe (6)

3.3.6 Synthesis of 4-iodo-5-ethylsufonyl phthalimide (7)

The method by Isci er al. (2014) was adopted to synthesis of 7 with some modifications.
The procedure involved mixing 2.00 g of 1, 0.18 g (0.26 mM) of PdCL(PPhs). 10 ml of
ethanethiol, 20 ml of diisopropylamine, 0.03 g (0.16 mM) of copper (1) iodide and 3.0 g
(21 mM) of K2CO; and placed in a 50 ml two necked round bottom flask as shown in

Scheme 3.6. This mixture was left to stir at a speed of 100 rpm at 70 °C for two hours

under nitrogen atmosphere. The mixture was cooled to 25 °C by stirring using a glass rod
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followed by gravity filtration and residue washed with 20 ml of dichloromethane. The
filtrate solution was concentrated by rotary vapor at 40 °C to give a crude product which
was purified by using silica gel column chromatography with solvent mixture hexane:

ethyl acetate as eluent in the ratio 3:].
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Scheme 3.6: Synthesis of 4-iodo-5-cthylsufonyl phthalimide (7)

3.3.7 Synthesis of 2,9,16,23-tetraiodo-3,10,17,24-tetraethylsulfonyl Pe (9)
Synthesis of 9 was carried out following a protocol described by Yogesh et al. (2014)

with some modifications by use of microwave. 0.5 g of compound 7, 1 g (16.65 mM) of

urea and 0.09 g (0.46 mM) of ammonium molybdate were mixed (scheme 3.7). The
| mixture was crushed thoroughly to form a homogeneous mixture using clean pestle and
mortar and transferred to a 250 ml glass beaker then covered with an evaporating dish.
The reactants were placed in a microwave oven and heated (high power-800 W) for 3
| minutes at one-minute interval and thereafter cooled to 25 °C by stirring using a glass

rod. After cooling, the blue solid was transferred to a filter-funnel and washed 3 times

with 20 ml of 0.1 M NaOH and, then followed by rinsing with 20 ml 0.1 M HCI

respectively, The impurities were removed the formed solid by washing it using
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tetrahyydrofuran (THF) through silica gel column chromatography. The obtained Pe from
the column was dissolved in 40 ml of THF. The Pc was precipitated by the addition of 20

ml methanol and separated by centrifugation at 2000 rpm for 4 minutes
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Scheme 3.7: Synthesis of 2,9,16,23-tetraiodo-3,10,17,24-tetraethylsulfonyl Pc (9)

3.3.8 Synthesis of 2,9,16,23-tetraiodo-3,10,17,24-tetracthylsulfonyl ZnPc (10)

The protocol described by Yogesh e al. 2014 was used to synthesis compound 10 with
some modifications A mass of 0.5 g of compound 7, 1 g (16.65 mM) of urea, 0.09 g (0.46
mM) of ammonium melybdate and 0.5 g (2.73 mM) of zinc acetate were mixed for a
reaction as shown in scheme 3.8, The mixture was crushed thoroughly to form a
homogeneous mixture using clean pestle and mortar and transferred to a 250 ml glass
beaker then covered with an evaporating dish. The beaker and its contents were placed in
a microwave oven and heated (high power-800 W) for 3 minutes at one-minute interval

then cooled to 25 °C by stirring using a glass rod. After cooling, the green solid was

transferred to a filter-funnel and washed 3 times with 20 ml of 0.1 M NaOH and, then
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followed by rinsing with 20 ml 0.1 M HCI respectively. The residue was further purified
by washing it using tetrahydrofuran (THF) through silica gel column chromatography.
The obtained Pc from the column was dissolved in 40 ml of THF. The Pc was
precipitated by the addition of 20 ml methanol and separated by centrifugation at 2000

rpm for 4 minutes
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Scheme 3.8: Synthesis of 2,9,16,23-tetra iodo-3,10,17,24-tetra ethylsulfonyl ZnPc (Pc

10)

3.4 Synthesis of metal nanoparticles

3.4.1 Synthesis of AgNps

AgNps were synthesized by chemical reduction protocol described by Wicramarachchi
and Hettiarachchi, (2011) with some modifications. In brief, AgNps were synthesized by

varying the concentration of silver nitrate from 0.5 to 4 mM to yield AgNp0.5, AgNpl,

AgNp2, AgNp3 and AgNp4 nanoparticles as shown in Table 3.1
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Table 3.1: Different precursors concentration for synthesis of AgNps

Nanoparticles AgNO; (mM) NaBH, (mM)
samples i
AgNp0.5 0.5 2
AgNpl 1 2
AgNp2 2 2
AgNp3 3 2
_AgNpd i 2

The nanoparticles labeled AgNp0.5 was synthesized by dissolving 7.57 mg AgNO; in
200 ml of ice-cold distilled water, to give a (1.5 mM solution. At the same time, a 2 mM
aqueous solution of sodium borohydride (NaBH,) was prepared by dissolving 33.99 mg
of NaBH, to 200 ml of ice-cold distilled water. Thirty millilitre of 2 mM NaBH,
(reducing agent) was transferred in 250 ml conical flasks followed by the addition of 4 ml

of 0.5 mM AgNO; drop wise while stirring with glass rod.

The conical flask with the content was irradiated in microwave for 30 seconds al high
power (800 W), The formed yellow colloidal solution of AgNpl was allowed to cool to
50 °C, subsequently ‘10 ml of 10 mM L-glutathione was added while stirring with glass
rod for 3 minutes to stabilize the nanoparticles. The powder precipitate of AgNpl was
collected by centrifugation at speed of 5,000 rpm for 10 minutes, and then washed twice
with a 100 ml mixed solution of water and ethanol in the ratio of 20: 80 to remove by-

products. The final product was oven-dried for 7 hours at 80 °C.

The same procedure was repeated for preparation of other nanoparticles samples labeled

AgNp2. AgNp3 and AgNp4 by varying the concentration of AgNO; while that of
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reducing agent NaBH; was maintained constant at 2 mM. The formed AgNps were

characterized using UV-Vis and analyzed using FTIR, SEM, TEM and powder XRD.

3.4.2 Synthesis of zinc oxide nanoparticles (Zn0O-Nps)

ZnONps were synthesized via a modified wet chemical approach using sodium hydroxide
(reducing agent) and zine nitrate tetrahydrate (Zn(NO:);*4H;0) (Hassan er al., 2018). In
brief, ZnONps were synthesized by varying the concentration of zinc nitrate tetrahydrate
from 10 to 80 mM. Starch (5 g) (soluble GR for analysis 1.01252 Millipore) used for
stabilization was dissolved in 500 ml of distilled water and heated in microwave at high
power (800 W) for 2 minutes to obtain a starch solution (0.5 %) and left to cool for 30

minutes to 25 °C.

The synthesis ZnO-Nps involved mixing 20 ml of IM NaOH with 20 ml of
Zn(NO3)2*4H;0 (10 mM) solution in a conical flask, followed by the addition of 10 ml of
the prepared starch solution for stabilization. The flask and its content were then heated
in a microwave oven (high power- 800W) for one minute to form a white colloidal
solution, and then cooled to room temperature 25 °C while stirring with a glass rod. The
powder precipitate was collected by centrifugation at speed of 1,500 rpm for 15 minutes,
and then washed twice with distilled water followed by 10 ml of ethanol to remove by
product. The precipitate was then oven-dried at 105 °C for 5 hours. The formed ZnO-Nps

powders were then treated by calcinations in the furnace at 500 °C for 5 hours and

labeled ZnO-Np10. The procedure was repeated for preparation of other nanoparticles
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labeled ZnO-Np40 and ZnO-Np80 with increasing concentrations of Zn(NQO;):*4H-0 as

shown in Table 3.2.

Table 3.2: Synthesis of ZnO-Nps of different particles size by varying concentration

_Solution ~ Zn(NO;)z+4H;0 (mM) NaOH (M)
ZnO-Np10 10 1
Zn0O-Np40 40 1
ZnO-Np8§0 80 1

3.5 Conjugation of metal nanoparticles to phthalocyanine

The synthesized Pcs were conjugated only with AgNps because it formed the desired
particles (5-10 nm), (15-20 nm) and (50-80 nm). ZnO-Nps were not used for conjugation
since they formed big particles > 100 nm and aggregated forming secondary

nanoparticles.

3.5.1 Conjugation of AgNps with Pe (6) and (10)

The conjugation of metal nanoparticles with Pcs were done following a protocol
described by Rapulenyane, (2013). Conjugation was done by taking 0.02 g of AgNps and
dissolving them in 20 ml of DMF in a 250 ml beaker. To the solution 0.017g, (0.082
mM) of dicyclohexylcarbodiimide (DCC) was added to activate the carboxylic acid
functional groups. The resulting solution was stirred at a speed of 500 rpm for 24 hours at
room temperature. Later 10 mg of Pe (6) or (10} in 15 mg (8.5 pmol) of DMF was slowly
transferred to the content in the beaker while stirring with glass rod for 15 minutes and

left fortnight at room temperature. The Pe-conjugates were obtained by precipitation

using methanol, then separated by centrifugation at a speed of 2000 rpm for 10 minutes
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and washed three times using ethanol. The formed blue and green solid were then oven-
dried at 80 °C for 5 hours and labeled Pc SAgNp and Pe 10AgNp respectively, The

complexes were analyzed using UV-Vis, FTIR and TEM.

3.6 Complementary analytical techniques
The Pcs and nanoparticles were analyzed using the following characterization technigues

UV-Vis, FTIR, mass spectroscopy, TEM, SEM, XRD, 'H NMR and “C NMR.

3.6.1 UV-Vis absorption studies

The UV-Vis was used lo successful analyze the synthesized Pes and nanoparticles
spectroscopically, by observing Q-bands and the surface plasmon resonance respectively,
The Pcs were accurately weighed and used to make Standard solutions. Solutions
containing different concentration (ranging between 1.00 x 10 -5 to 8.000 x 10™ M) in
DMF, DMSO or DCM were prepared under ultrasonje oscillation for UV-Vis analysis
using 4 mL cuvettes, The prepared AgNps and ZnO-Nps solution was diluted 3 times
with distilled water then putin 4 mL cuvette for UV-Vis. Distilled water was used as the

blank. Scanning for metal nanoparticles and Pc was done between 300 to 800 nm.

3.6.2 Determination of functional groups using FTIR

The FTIR analysis was carried out to confirm presence of functional groups in Pes and
the respective functional groups used to stabilize the meta nanoparticles. For Pes, 0.1500
& was mixed with 15 g of KBr then ground into homogeneous powered and pressed into a

pellet at pressure of § tons for 5 min ina hydraulic press, the pellet disks were scanned at
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wavelength ranging from 350 — 4500 cm™. The AgNps and ZnO-Nps solution were
centrifuged at 5,000 rpm for 10 minutes then filtered. Residue obtained was mixed with
KBr in the ratio 1:200 (nanoparticles: KBr) then ground for 2 minutes to form a
homogeneous mixture. The formed mixture was compressed into a pellet then subjected

for FTIR scanning from 350 - 4500 cm’™

3.6.3 Mass spectroscopy studies

For mass spectral data of Pcs, the stock solution was dilured prior to analysis to a
concentration of 5 — 10 pg/ml using a mixture of acetonitrile/DMSO (10:1). ESI-MS data
was acquired in the positive ion mode on a QP-2010 plus spectrometer equipped with an
ion trap and an electrospray source. All samples were introduced into the electrospray
source at flow rate of 3 pl/minute. The mass range was 50 — 3000 amu (standard mode)
and up to 6000 amu for maximum value. The lon source voltages were set at 16.7 and 19
kV, while the lens was set at 8.50 kV. The voltages for reflector 1 and 2 were set at 21

and 9.7 kV, respectively for positive ion mode.

3.6.4 Determination of morphology analysis using TEM

The morphology of the samples was investigated using TEM and SEM analysis. TEM
micrographs were taken using JEOLTEM 1210 at an accelerating voltage of 100 KV
using carbon-coated copper grids for analysis. Sample preparation for TEM was as
follows; a drop of the dispersion was diluted with 4 ml of ethanol and subjected to
ultrasonic water bath treatment for 5 minutes. A drop of the sample was placed on 230

mesh carbon-coated grids and allowed to air dry at room temperature for 20 minutes then

e —————
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placed in machine for analysis to generate micrograph. From the micrograph, Image J
software was used to compute the particle size of Ag and ZnO-Nps (Granbohm et al.,

2018)

3.6.5 Determination of morphology analysis using SEM

SEM analysis was conducted on a JEOL JSM 6100 field emission scanning electron
microscope operated at 10-20 kV. Double-sided coated carbon stubs, were used as
sample holders. The preparation of the sample was as follows; one gram of the solid
sample was placed in 5 ml of ethanol and sonicated for 5 minutes then followed by
dilution with 5 ml of water. A drop of the diluted sample was sprinkled on top of a
carbon tape, allowed to air dry at room temperature for 30 minutes then subjected for

analysis

3.6.6 XRD analysis

Phase purity and the crystallinity nature of Pes and nanoparticles were determined by
powder XRD spectrometer. Prior to the analysis the Pes and metal nanoparticles were
oven-dried at 60 °C overnight, then ground to a fine powder using a pestle and motor.
The powder sample mounts were prepared for XRD using front loading by pressing the
powder into sample holder cavity (steel rings) with a frosted glass slide to make the
surface of the powder mount smooth and flat, The diffractograms were collected at
scanning of 1° min”', filter time was constant at 2.5 s per step, width slit of 6.0 mm and at

20 ranges recorded with ELISA reader. The XRD pattern of a sample obtained confirmed
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by comparing it with diffraction pattern of known standard files stored in the software of

the instrument (Bunaciu ef al., 2015).

3.6.7 "H NMR and "C NMR spectra studies

For ?C NMR spectra, synthesized Pes samples were placed in zirconia rotors sample
holders. Mono-dimensional spectra obtained at 25 °C and the samples spinned at 10 kHz
around the magic angle with a standard cross-polarization pulse sequence. Spectrometer
frequencies were set at 100.62 and 400 MHz for "*C and 'H NMR respectively. A contact
time of 2 milli-seconds was set with a period between successive accumulations
maintained at 5s to reduce saturation effects and the number of scans maintained at 360,

Chemical shift values were referenced to trimethyl silane.

3.7 Determination of photochemical parameters

3.7 1 Determination of fluorescence quantum yield (®F)

The ®F was determined following a protocol described by Manieri ef al., 2015. The
fluorescence spectra of the ZnPe* standard together with synthesized Pcs were obtained
by ensuring the absorbance of each at their excitation wavelength was not more than 0.05
to prevent filter effects. ZnPe standard and Pes were measured in DMSO solvents. The
area covered by emission curves were determined to calculate the fluorescence quantum

yields using equation 2.1 (chapter 2). ZnPc* was used as a reference standard with OF =

(.20 and refractive index (np) = 1.479 in DMSO (at 20 °C and 589 nm)




3.7.2 Determination of singlet oxygen quantum yield (DA)

The ®A was determined following a protocol described by Manieri er al., 2015. The ®A
determinations for Pcs were done by using 1,3-diphenylisobenzofuran (DPBF) as an
oxygen quencher. The reaction of '0; with DPBF leads to decreasing absorption band at
around 420 nm. Briefly, 400 mg of DPBF was dissolved in 20 ml of DMSO, 24 hours
before analysis and stored it in the dark. Sample solution was prepared by mixing 14 pl
of DPBF with 20 pul solutions of either of the synthesized ZnPc, Pc 5, Pc 10, or the Pc
conjugated to nanoparticles (Pe-3AgNp and Pe-10AgNp). The irradiation (from 0 s up to
maximum 60 s) was carried out in 1 cm path length stoppered cuvette cell and then
photolysed at the Q-band (600-700 nm) using a general electric quartz lamp (300 W), A
600 nm glass filter (Schott) was used to filter off infrared and ultraviclet radiations
respectively. An interference filter (Intor, 670 nm with a band width of 40 nm) was also
placed before the sample. Intensities of light were measured with a POWER MAXS100

power meter and were found to be 4.12 x 1016 photons s-1 ecm-2 for @A studies Figure

3.1,
Lens .
Filters Cuvette with
/ s-amk
<~ | hv
s ,‘*\x
Light source

Figure 3.1: Illustration of experimental setup for measurement of singlet oxygen

generation,
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A UV-Vis graph was plotted for the mixture solution showing maxima absorption bands
registered in DMSO. Monitoring of the decay of DPBI was done spectrophotometrically
by use of UV-Vis at a wavelength of 420 nm. The equation 2.2 was used to evaluate
singlet oxygen quantum yield for the synthesized ZnPc, Pc 5, Pc 10, Pc 5AgNp and Pc

10AgNp. ZnPc* was used as a reference standard in DMSO with ©A=0.56.

3.8 Antibacterial studies
The biological strains namely Escherichia coli (ATCC 25922) (gram negative), Bacillus
subtilis (ATCC 6633) (gram positive), Staphylococcus aureus (ATCC 25923) (gram

positive), and Salmonella typhi (ATCC 700623) (gram negative) were obtained from the

Center for Microbiology Research (CMR) in Kenya Medical Research Institute

| (KEMRI).

3.8.1 Determination of zone of inhibition

The method of determining the zone of inhibition of antibacterials was adopted from the
National Committee for Clinical Laboratory Standards (NCCLS) (CLSI, 1999). Pure
bacterial cultures B. subtilis, S. typhi, E. coli, and S. aureus were sub-cultured for 24
hours. Inoculum suspension was prepared for bacteria species using a sterile inoculation
loop to select independent similar colonies to be added to a saline solution. The turbidity
bacterial suspension mixed with of 0.5 MacFarland was analyzed against a white
background with a contrasting black line. A spectrophotometer (microplate reader-
Biochrom,MA, USA) helped to make sure each bacterium suspension was of equal

turbidity with absorbance reading of 0.08-0.1 at 625 nm (Eleonor, 2004). Afer

—
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S. typhi or 8. aureus) was added to all the wells from column 1 to 11. Positive control
consisted of antibiotic, Mueller-Hinton broth and test organism. Sterility control (column
12) consisted of Mueller-Hinton broth and DMSO. The well plates were covered and
incubated in the dark and another set irradiated using a general electric quartz line lamp
(300 W) both for a period of 24 hours at 37 °C. The highest dilution of the tested Pes to
inhibit growth (no turbidity in the tube) was considered as the MIC value of this Pcs

batch against the tested bacterial species.
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Figure 3.2: Layout of 96 well microtitre plate

The MBC were determined by a method based on the CLST standard (CLSI, 1999). This
was done by taking the tubes that showed no growth signs or with no visible signs of
turbidity in MIC, loopfuls were innoculated by streak plate method onto sterile Mueller

Hinton agar plates. The plates were then incubated overnight at 37 °C. The least
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confirmation the inoculum formed was of correct turbidity, it was smeared onto growth
medium using a sterile cotton swab, Stock solutions of the respective test compound were
prepared by dissolving grounded compound in DMSO to a final concentration of 1000
pg/ml. The serial dilutions from the stock solution were made ranging from 500-3.91
pg/ml. The dissolved dises paper (6 mm) in AgNps, Pc 5, Pe 10, conjugated Pcs,
ciprofloxacin, and DMSO (in the prepared dilutions) were put on the petri dishes with
spread bacleria and incubated in dark and another set irradiated using general electric
quartz line lamp (GE EXR 300 W) for 24 hours at 37 °C. Ciprofloxacin was used as a
positive control and DMSO as a negative control. Zones of inhibition caused by the lest
compounds were determined after 18 hours of incubation by measuring it from the back
of the agar dish, against a dark background using reflected light. All tests were replicated
three times and the results are given as the means and standard error of the means (SEM)

of the diameters of the zones of growth inhibition.

3.8.2 Determination of Minimum inhibitory concentration (MIC) and minimum
bactericidal concentration (MBC)

The MIC for each test compound was determined by broth microdilution method
according to CLSI standard (CLSI, 1999), The synthesized Pcs were dissolved in DMSO
to give a stock solution of 1000 pg/ml. The prepared serial dilutions from the stock
solutions of Pcs ranging from 500-3.91 pg/ml were used to determine the MIC. Firstly.
90 ul of Mueller-Hinton broth was dispersed in ecach well of microtitre plates (Figure

3.2). An aliquot of 100 pl from solution of P¢ was added into the wells from column 1 to

10. Finally, 10 pl from each microbial suspension (1 x 10* CFU/ml of B, subtilis, E. coll,
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concentration that did not show any growth of tested bacteria’s was considered as the

MBC value of the tested Pcs compound against the tested bacterial species.

3.8.3 Cytotoxicity test

Vero cells (African green monkey kidney cell lines) were obtained from the Center for
Microbiology Research (CMR) in Kenya Medical Research Institute (KEMRI). The
cytotoxicity of compound § and 10 were evaluated on Vero cells using 3-(4,5-
dimethylthiazol-2-y1)-2.5-diphenyl tetrazolium bromide (MTT) test following the
protocol by Mosmann (1983). The test compounds were prepared by dissolving 10 mg of
each compound in 100 pl DMSO followed by the addition of 9900 pl of phosphate
buffered saline (PBS) to make 10,000 pg/ml of stock concentration. The MTT stock
solution was prepared by dissolving 500 mg of MTT powder in 10 ml PBS. The resulting
mixture was stirred with a magnetic stirrer at 500 rpm for 10 minutes at room
temperature. The mixture was filtered using a 0.22 mm syringe filter (MF-millipore

membrane filter) then stored in the dark

Vero cells (100 pl/well) were put in 96-well culture plates ensuring concentration of
2x10* cells in columns 1, 2, 4, 5, 7, 8, 10 and 11 while columns 3, 6, 9 and 12 served as
control. The cells were allowed to incubate for 24 hours to culture at 37 °C in a
humidified atmosphere with 95% O; and 5% CO; to maintain the pH. After 24 hours

I incubation, the test compounds with two-fold serial dilution were added starting with

high concentration in the first row (500-3,91 pg/ml). The whole set was carried out in

duplicate and the cell together with the test compounds incubated for 48 hours for

—
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interaction. After 48 hours, 10 pl of MTT dye was added to all the wells and incubated
for 3 hours for crystals of formazan to be formed (purple in color) (Figure 3.3). At the
end of the third hour, the formed formazan crystals were dissolved in 100 pl of DMSO.
The absorbance intensity of each well was measured using a standard microplate reader

set at a wavelength 540-720 nm. Cell viability was calculated using Equation 3.1

Absorbance of the sample

Absorbance of control

04 Cell viability = LA, ... oo coismranmants Equation 3.1

Figure 3.3: Conversion of MTT into a purple colored formazan for compound 5 and

10 with Vero cells

3.9 Data analysis
Mean values, standard deviation (SD) and ANOVA analysis was done using the SPSS
data software version 19.0. Post hoc analysis was done using Turkey at 95% confidence

level, Results were significant when P > 0.03.
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CHAPTER FOUR

RESULTS AND DISCUSSION

The chapter reports on the results of synthesis and characterization of precursors, Pes,

AgNps, ZnO-Nps and Pcs-nanoparticle conjugates. Photochemical and antibacterial

gtudies are alao discussed.

4.1 Synthesis and characterization of precursors and Pcs

4.1.1 Synthesis of 4 5-diiodophthalimide (1)

| The synthesis of compound 1 vielded a white powder with a mass of 22.00 g. The
compound had a melting point of 298-300 °C at | atmospheric pressure. It was soluble in
DCM, CHCIs, THF, acetonitrile, toluene, DMF and DMSO, FTIR spectrum of compound

1 displayed peaks of strong intensities at (KBr) 3438 (N-H). 2270 (C-N), 1870 (C=0)),

1760 (C-H), 570 (C-1) em ! as shown in Figure 4.1, The results are in agreement with

ihat obtained by Andrew et al. (2016).

Figure 4.1: FTIR spectrum of 4.5-diiodophthalimide (1)
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UV—Vis spectrum of compound 1 was recorded with values between 300-800 nm. It had
a remarkable characteristic absorption at the wavelength 360 nm (Figure 4.2), due to
aromatic n system and C=0 in the carboxylic structure. The results were comparable to

that obtained by Nayab ef al. (2015).

L

Wingwg b

Figure 4.2: UV-Vis spectrum of 4,5-diiodophthalimide (1)

The "H NMR spectrum of compound 1 gave 3 protons, a single peak at$ = 8.31 (s, 2H,
ArH) depicted for the aromatic protons and another single peak at 11.50 (s, 1H) for -NH
as shown in Figure 4.3. The two protons that were chemically equivalent suggests that
compound 1 was symmetrical, The “C NMR spectrum displayed 8 C-atoms with peaks
between 70 and 160 ppm representing carbon in aromatic rings as shown in Figure 6.1
(Appendix 1) with the following chemical shifts e NMR (100.62 MHZ, d-DMSO,
25°C) & C 167.50, 137.90, 131.70, 127.95, 120.12, and 70.08 (Ar-C) ppm. The HR-MS
spectrum of compound 1 gave m/z ratio of 398.8253 while the m/= ratio calculated

molecular ion CgHsLENO- [M+] was 398.9113 as shown in Figure 6.2 (Appendix 1).

These values were in agreement with data reported by Doldadalova et af. (2014) of a 4.5-
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diiodopthalimide with molecular formulae CeH3lsN20; therefore confirming formation of

compound 1

i,
S I, .M
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H 1
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Figure 4.3: '"H NMR specirum of 4,5-diiodophthalimide (1)
Substituted phthalimide 2 and 7 precursors 4-iodo-5-(3-methoxy prop-1-nyl) and 4-iodo-
5-ethylsuphonyl phthalimide respectively needed for synthesis of Pes were derived from

4 5-diiodophthalimide (1).

4.1.2 Synthesis of precursors 2 and 7

Mono-substituted phthalimide 2 and 7 used as coupling agents for Pe precursors was
carried out by nucleophilic substitution reactions using compound 1. Formation of
sompound 2 vielded a white solid with a mass of 10.20 g. The compound had a melting
point of 86-88 °C at 1 atmospheric pressure. While compound 7 yielded a white solid
with a mass of 18.50 g with a melting point of 77-80 °C at 1 atmospheric pressure, Both

solids were soluble in DCM, CHCl;, THF, acetonitrile, acetone, toluene, DMF and

DMSO.
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The FTIR spectrum of compound 2 and 7 had characteristic peaks at around 3270-3400
representing N-H, 2740-3010 for C-H stretch and 2020-2580 (C=0) all attributed to
phthalimide, Precursor 2 had an extra band at 1890 representing C=C due to propynyl
while precursor 7 showed a distinct peak at 2480 due to suphonyl group (S-H) (Table
4.1). These values were in agreement with data reported by Yang, 2006 for substituted

phthalimide,

Table 4.1: FTIR bands for precursors 2 and 7

Precursors FTIR (KBr) (em-") Figure
Characteristic bands | Other bands

2 3350, 3270, (N-H), 2890, 2740, 1890 C=C 1430, 1240 | 6.3
2680 (C-H stretch), 2580, 2440, (C=C), 1100, 1020 {Appendix)
2380, 2020 (C=0) (C=0)

7 3400, 3290 (N-H), 3010, 2980 (C-H | 2640, 2600, 2480 (S- | 6.4
stretch), 2430, 2330, 2200, 2100 H), 1330 (C-N), 1000, | (Appendix)
(C=0) 840

"H NMR spectra of the precursors 2 and 7 were recorded in d-DMSO and the values are
given in Table 4.2, Both precursors gave a total of 8-protons, two of which are aromatic
proton peaks attributed to phthalimide. The *C NMR spectrum of precursor 2 displayed
12 carbon atom peaks while precursor 7 had 10 C-atoms peaks with peaks between 128
and 158 ppm representing carbon in aromalic rings for both. The values were in
agreement with that reported by Eissa, (2014) for "C-NMR of phthalimides compounds

with peaks at 120-160 ppm due to aromatic carbons
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Table 4.2: "H NMR and "*C NMR chemical shifts for precursors 2 and 7

Precursor "H NMR “CNMR
| Figure Aromatic substituents Figure
| i carbon | )
2 8.54 (1H; Ar- | 6.5 dc 158.50, | 125.00, | 6.7
H); 8.43 (1H; | (Appendix) | 151,00, 120.90, (Appendix)
Ar-H): 6.89 139.00, 116.00,
(1H; s; -NH): 136.90, 110.90, 78.83,
4.07 (2H; s; - 135.50 Py-C 27.30
CHa-), 2.96 (OCHa3), 22.90
(3H; 5;-CH3). ,
7 8.22 (1H; Ar- | 6.6 §ec 157.80, |116.20, 6.8
H); 7.97 (1H: | (Appendix) | 155.40 115.90, 40,08, | (Appendix)
Ar-H}); 6.97 144.40, 23.80, 18.30
(1H; s; -NH); 136.80, Py-C
4.50 (2H; s; - 128.10
CH:-); 2.69
{3“; 5;-—CH3]. __{

The HR-MS spectrum of precursor 2 gave m/z ratio of 341.439 while the m/z ratio
calculated molecular ion, C1aHgINOy [M'] was 341.109 (Figure 6.9). Precursor 7 gave
m/z ratio of 332.9320 while the m/= ratio calculated molecular ion, CgHsINO;S [M'] was

333.1500 (Figure 6.10)

4.1.3 Synthesis of un-substituted ZnPc¢ (4)
Formation of compound 4 gave 7.5 g of the desired pure product as deep blue powder.
The compound had a melting point of 397-400 °C at | atmospheric pressure. It was found

soluble in DMF, DCM, DMSO and THF

The FTIR spectrum of 4 had strong absorption peak at 3580 representing N-H stretch, a

at 3080 cm™' peak represent C-H stretching vibration of the aromatic ring. The C=C and

—




oL

C=N bond have similar bond lengths which appeared al around 1730 ¢!

1 - Ell'ld 1460 em!
Figure 6.11 (Appendix 1). The UV- Vis spectrum of 4 showed Q band a¢ 67

3 . o ; . h nm and B or
Soret band appeared at 353 nm in DMSO Figure 6.12 (Appendix 1), Both 5

, . . - OTmatjons of
Q and B band confirmed the formation of 4 (Tayfuroglu et al., 201 8),

The formed spectra of 4 showed distinctive 'H chemical shifts (8) in the i
=il

S ; Phatic (1.23.
4.10 &) and aromatic (7.70-9.30 3) regions of the spectra Table 4.3 ang

. . :ils’.urc B5.13
(Appendix 1). The chemical shift of *C NMR aromatic carbon atoms .

range of & 120-150.90. The results are comparable to that obtajneg b

: . . (Burat and
Karao glu, 2020) with aromatic carbons of the Pes appearing in the regiop b
E'Lh'\-'ﬂe A
né 120

— 160 ppm Table 4.3 and Figure 6.14 (Appendix 1). The HR-MS Spectrum

. ta Eave m/z
catio of 578.20 while the m/z ratio calculated molecular ion, C-’-lll!ﬁNEg
576.08
Table 4.3: "H NMR and *C NMR bands for precursors 4
Precursor "H NMR i —_TIF_N‘PL?&“-—___
4 3 ppm 0.84 IL:S, 2 H) 1.23“Figurc d¢ lmaﬁhtmm
(s, 3 H) 1.73 (ddd, J=9.98, | 6.13 127.58, 127.82 | Figure
7.05. 3.05 Hz, 1 H) 2.16 | (Appendix) | 129.24, 130.67. 6.7
(s, 9 H) 2.54 (s, 1 H) 3.58 131.16, 132,17, {A‘Fpﬂndix]
(s, 4 H) 3.81 (s, 2 H) 4.10 136.77, 150,62,
(s, 1 H) 7.70 (d, J=1.52 152.90 (ar ¢y
Hz, 1 H) 7.74 (d, J=1.78
Hz, 1 H) 8.07 (s, 4 H) '
9.04 (s, 1 H) 9.30 (s, 4 H)
_ S
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4.1.4 Synthesis of metal-free Pe 5 and Pc 9

Self-condensation of compound 2 and 7 after purification yielded a blue solid Pe 5 and 9
respectively. Pc § had a mass of 4.50 g and a melting point of 327-330 °C while P¢ 9 had
a mass of 3.12 g and melting point of 350-352 °C. Both the metal-free Pcs were found to

be soluble in DCM, DMF, CHCl3;, DMSO and THF

The FTIR spectrum of Pc 5 and 9 gave peaks that depicted skeletal vibration of Pc as
shown in Table 4.4. The disappearance of C=0 peak in the spectra of pe 5 and 9, proved
the cyclotetramerization of phthalimide 2 and 7 respectively to form metal free Pc 5 and
9. The result are comparable to that obtained by Ziminov ef a/. (2006). Peaks at 980 and
1040 represents CH due to pyrrole rings formed due to formation of Pe. Sakamoto and
Ohno-okumura, 2009 indicated that peaks around 1,600 ¢em™ are represemt C=C of
aromatic ring of the Pc while those between 1,200 em ~' and 950 cm™ region represent

absorption due to out-of-plane bending for N-H and C-H in pyrrole rings of Pcs.

Table 4.4: FTIR bands for 5 and 9

Pe FTIR (KBr) (em-') Figure

_Characteristic bands Other bands

5 | 3450 (N-H stretch), 2870, 2840, 2790, (C-H | 2580, 2470, 2350, 2200. | 6.15
stretch), 1790 (N-H bending), 1560 (C=C), | 2060, 1950 (C=C), 1100
1330 (C-H bending), 1190 (C-N), 980 CH in | (C-O ’

pyrrole ring
9 3420 (N-H), 2700 (C-H stretch), 2390, 2320, | 2640, 2550 (S-H), 1190, 6.16
2260, 2080, 1910, 1860, 1790 (N-H 1130, 700, 580

bending), 1580 (C=C), 1460 (C-H bending)
1190 (C-N), 1040 CH in pyrrole ring
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4.1.5 Synthesis of Pc 6 and Pe 10
Substituted Pc 6 and Pc 10 were successfully synthesized by cyclotetramerization of

purified substituted pthalimide 2 and 7 in presence of zinc acetate to form respective
metal Pes. The use of 4,5-disubstituted phthalimide lead 10 3.9.16.23-identical substituted
Pcs without forming isomeric mixtures of Pgs.

Formation of Pc 6 yielded 3.47g of the desired pure product as blue solid with melting
point of 350-352 'C, while Pc 10 yielded a green solid with a mass of 2.89 g and melting

point 327-330 °C. Table 4.5 shows solubility of Pe 6 and Pc 10 in different solvent, Most

alkylated compounds have been found to be soluble in organic solvents such as DMSO

and DMF. Solvents that are able to dissolve Pes are important in reducing aggregation of

the Pes. Pe 10 was very soluble in water as Ci}Tﬂpﬂ.l‘ﬂd to Pes 6 this may be because of the
attached sulfonyl group. Because of the high solubility of Pe 10, it makes it to have
stronger absorptions in the Q band as compared to Pe 6. Figure 4.4 shows the blue-and
green color of Pc 6 and 10 respectively dissolved in DMSO

Table 4.5: Solubility of Pc 6 and 10 (+++ soluble, ++ sparingly soluble, - not soluble)

Pc = Solubility

H,0 DMEF DMSO THF Acetone DCM
Pc 6 ++ ++ [ i - H
Pc 10 it +H -+ + = P

Figure 4.4: Color of Pc ﬁa—ntﬁﬁhnn dissolved in DMSO
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Pc 6 and 10 had FTIR peaks shown in the Table 4.6 The disappearance of the C=0
stretching vibration (in precursor 2) and not appearing in the spectra of P¢ 6 and 10,
proved cyclotetramerization of compound 2 and 7 to form substituted metal-Pes. The
result are in agreement with that obtained by Ziminov et al. (2006). From Saravanan ef
al. (2006) work, peaks between 1400 em™' and 1250 em ™' are represent stretching
vibrations of C-N of benzene ring forming Pe. The results are also comparable to that
reported by Georgescu ef al. (2015) in which most intense bands of their Pe compound

could be seen in the range 1300-1600 cm™ which is generally due to the C-C pyrole.

Table 4.6: FTIR bands for 6 and 10

Pec FTIR (KBr) (cm-") Figure
Characteristic bands Other bands

6 3430, 3400 (N-H), 2710, 2640, 2400 | 2320, 2130, 1940 (C=C), 6.17
(C-H stretch), 1810, (N-H bend), 1610 | 1160 (C-N), 1090 (C-0), 990,
(C-C), 1480 (C-H bending) 500 (skeletal vibration of Pe

10 | 3530, 3450, 3380 (N-H), 2800 (C-H), | 2580, 2480 (S-H), 1360, 1230 | 6.18
1980, 1840 (N-H bending), 1680 (C- | (C-N), 1140, 1020
C), 1540 (C-H bending)

The UV-Vis spectrum of compound 6 and 10 showed Q band at around 600-700 nm in
different solvents (Table 4.7). This may be because of transition of & n* from the highest
oceupied molecular orbital to the lowest unoccupied molecular orbital of the Pes ring
(Tayfuroglu et al., 2018). The B-band for both Pcs was also observed between 300-370
nm in various solvents (Table 4.7), occurring due to deeper 7 levels to lowest unoccupied

molecular orbital transition. The formations of Q- and B-band confirmed the formation of

Pcs, as the starting precursor (2) had only one elaborate peak at around 360 nm
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representing a B-band. The results were comparable to that done by Kantekin er al.
(2008) which showed B- and Q-bands for their substituted metal-Pe. The absarption B-
and Q band of the Pc varied with the solvent used which was in consistency with the

work done by Furuyama ef ai. (2019).

Table 4.7: UV-Vis absorption of Pe 6 and 10 in different solvents

Pe 6 (Figure 6.19 Appendix 1) Pe 10 (Figure 6.20 Appendix 1)
Solvent A max nm (log §) A max nm (log §)
B Band () Band B Band () Band
DMF 345 (4.71) 613 (4.75), 680 (5.40) 365 (5.07) 620 (4.35), 685 (5.04)
DMSO 350 (4. 80) 622 (3.99), 680 (4.71) 354 (4.26) 625 (4.40), 698 (5.08)
DCM 364 (4.06) 622 (4.34), 680 (4.70) 360 (4.59) 625 (4.07), 689 (4.41)

A comparison of the position of the Q-band maximum of ZnPe, Pc 6 and 10 (Figure 4.5)
revealed that Pe 10 exhibited a red shift in Q-band with comparison to ZnPc and Pc 6 in
all solvents, due to the electron withdrawing nature of sulfonyl groups in the compound
(Ogata ef al., 2003). This was in agreement with the work done by Nemykina and

Lukyanets (2010) that revealed substitution with electron-withdrawing groups at

peripheral position leads to a red shift of the Q-band.
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Figure 4.5: UV-Vis spectrum of ZnPc, Pc 6 and Pc 10 in DMSO
'H NMR spectra of the Pc 6 and 10 were carried out in d-DMSO (Table 4.8). The formed
spectra of Pc 6 and 10 showed distinctive 'H chemical shifts (8) in the aliphatic (1.39-
4.52 6) and aromatic (7.59-9.04 &) regions of the spectra. Absorptions in the aliphatic
region are attributed to methoxy prop-1-nyl and ethylsulfonyl substituents. In the
aromatic region the peaks are as a result of Pc ring. The results were in agreement to that
obtained by Tayfuroglu et al. (2018), they found out that protons for aromatic Pe ring for
peripherally tetrasubstituted complexes were observed in the range 8.70 to 6.50 ppm and

5.00 to 1.30 for O-CH; affiliated to aliphatic protons.

Table 4.8 shows values obtained for "C-NMR for Pc 6 and 10. The results in the region
1379 - 48.69 ppm are associated to unique carbon of aliphatic substituents while

aromatic carbons of the Pcs are unique in the region with chemical shift between & 120

160 ppm. Absorptions from the carbons of the synthesized Pc 6 and 10 can be seen as
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carbons between the region & 120-160 ppm.

Table 4.8: 'H NMR and "*C NMR spectral data of Pe 6 and 10

four tall peaks at this region representing aromatic carbons of the Pes. The results are
comparable to that obtained by Burat and Karaoglu, (2020) for their synthesized Pe, the
chemical shift of "C NMR aromatic and aliphatic carbon atoms appeared between the
values § 146.6-104.5 ppm and & 76.0-14.0 ppm, respectively, The results were in

agreement to those obtained by Kantekin es al. (2008) for nickel Pe with aromatic

Pe 'H NMR BCNMR
Aromatic proton | Substituents Figure | Aromatic carbon | Substituents Figure
6 |7.66-7.72(s,4H, |3.80(s, I12H,- |6.21 121.57 (Ar, CH), | 15.03 (Al 6.23
Ar-H), 8.07 (s, CHs), 4.14 (s, 121.90 (Ar, CH), | CHy), 35.62
2H, Ar-H), 9.04 8H, -CH2) 123.50 (Ar, CH), | (N-CH3), |
(s, 2H. Ar-H) 127.50 (Ar, CH). | 40.00, 44.05
136.12, 140.04 (N-CH3),
(Ar, CH), 154.14
(Ar, CH) )
10 | 7.59(1H, d, /= 1.39 (3H,d,J |6.22 154.14 (Ar, CH; | 48.69,40.07, | 6.24
0.5 Hz-ArH), = 7.1 Hz-CH3), Pc), 140.07 (Ar, | 35.68, 30.48
| 7.70(1H, d, J= 1.45 (3H,d, ./ CH; Pe), 136.41, | (AICH.,),
0.5 Hz-ArH ), =74 Hz - 127.50 (Ar, CH; | 29.25 (Al-
8.37(1H,d,J= CHj), 1.47- Pe), 123.54, CHy), 25.07
0.5 Hz-ArH ), 1.57 (6H, 1.50 122.18 (Ar, CH; | (Al-CHy),
8.46 (1H, d, J= (d,/=73 Hz- Pe) 21.81 (Al-
0.5 Hz-ArH), CH3), 1.54 (d, CH,), 13.79
8.54 (IH,d, /= =73 Hz)), (Al-CH»
0.5 Hz-ArH), 3.59 (s, 2H),
8.63 (IH,d, J= 3.81 (s, 2H),
0.5 Hz-ArH), 444 (1H, g, J
8.70 (1H, d, J= = 7.3 Hz-CH),
(0.5 Hz-ArH), 4.48-4,55 (3H,
8.93 (1H,d, J= 453 (q, /=74
0.5 Hz-ArH). Hz-CH), 4.50
(g, /=17.1 Hz),
4.52(q, /=73
— Hz))
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The powder X-ray diffraction pattern for the synthesized Pc 6 and 10 obtained is shown
Figure 6.25 and 6.26 respectively (Appendix 1). The diffraction patterns for the Pcs are in
the range 2 0 angles 15-40. It showed that they are a p-form with monoclinic structure.
For amorphous compound the non crystalline portion always scatters the X-ray beam to
give a continuous base line (Eissa, 2014). The X-ray diffraction patterns were comparable
to results obtained by Varghese ef @l (2017). The XRD pattern for Pc 10 was notably
different from that of Pc 6. The peaks for Pe 10 are scattered upto 38 " while for Pc 6 the
last peak is at 28 . The highest peak for Pc 10 appeared at 25.8" and this may be attributed

to the attached functional group ethylsulfonyl.

Mass spectrum of Pc 6 gave m/z ratio of 1288.45 while the m/z ratio calculated molecular
ion, CqgHaglsNgO4 [M'] was 1288.40 (Figure 6.17 Appendix 1). The Pe 10 mass spectrum
gave m/z ratio of 1256.8015 while the m/z ratio calculated molecular ion, CioHaglsNgS,

[M7] was 1256.5800 (Figure 6.28 Appendix 1}.

4.2 Synthesis and characterization of ZnO-Nps and AgNps

ZnO-Nps and AgNps were synthesized by chemical method through microwave-assisted
synthesis, During the synthesize process metal nanoparticles was visually monitored by
the color change of the formed solution and through UV-Vis spectrophotometer, The
analysis of the synthesized ZnO-Nps and AgNps was carried out using FTIR, Powder

XRD, SEM and TEM. The characteristic change of color of AgNp was from cream in

low concentration 1o yellow then to brown in higher concentration as shown in Figure
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4.6. This is because of excitation of metal nanoparticle lattice that occurs during

formation bringing about surface plasmon resonance (Chhatre et al., 2012),

Figure 4.6: Distinctive colour of dillerent sized silver nanoparticles

4.2.1 FTIR spectrum of ZnO-Np and AgNp

The FTIR analytical method was used in order to show the presence of functional groups
in the metal nanoparticles. Broad peak occurring at 3430 em™ for ZnO-Np spectrum
represents the OH stretching band brought about by water adsorption on the surface of

ZnO-Np while the peak at 670 cm™' represents Zn-O stretching vibration (Figure 6.29

Appendix 1).

Glutathione was used to stabilize AgNp in solution, the FTIR peak at 1840 em ' represent
~SH stretch for thiol group in glutathione. Peak at 1400 cm™ is due to a COO’ functional
group and a peak at 3150 em’' represents NH.' stretches due to glutathione (Figure 6.30
Appendix 1). After addition of glutathione as stabilizing agent to AgNps solution, the
FTIR spectra revealed no shift of peak for COO" functional group, The new spectra had

stabilized AgNps had no peak for —SH proving thiol had interacted with the surface of
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AgNps. The —SH functional group ends up forming a weak bond with the AgNps due to
positive ion charged. This makes stabilization of AgNps with glutathione possible as the
positive Ag ions get surrounded by the negatively charged —SH functional group reducing

chances of aggregation (Murariu ef al., 2014).

4.2.2 Powder XRD analysis of ZnO-Nps and AgNps

Synthesized ZnO-Nps and AgNps crystallinity were analyzed by use of Cu-K a X-ray
diffractometer. The XRD diffraction patterns are given Figures 6.31 and 6.32
respectively. The peaks for ZnO-Np appeared at 31.77°, 34.44°, 36.28°, 47.60°, 56.52°,
62.88°, and 67.96°. These peaks were comparable to that reported in the literature report
by Pelicano et al. (2017) and also well in consistent with standard file (number 01-075-

0576) indicating similarities to hexagonal phase of zinc oxide (Pelicano er al., 2017).

The X-ray diffraction of AgNps had the following diffr-actiun angles at 26 = 38.20°,
44.40°, 64.59° and 77.50° as shown in Figure 6.32 (Appendix 1). These peaks are in
agreement with faced center cubic laitice planes of Ag at (111), (200), (220) and (311)
respectively (Bhatte er al., 2012). This correspond to the standard file of AgNps JCPDS

file no. 00-001-1167 (Mehta et al., 2017).

4.2,.3 SEM and TEM analysis of ZnO-Nps and AgNps
The SEM and TEM characterization were done to find the surface morphology of ZnO-

Nps and AgNps. The SEM micrographs confirmed the information derived from the

XRD diffraction patterns of synthesized ZnO-Nps and ApgNps. From the SEM
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micrograph (Figure 4.7 a-d) it can be seen that AgNps are almost spherical in shape and

monodispersed.

The AgNps particles formed were of average size 9.94 = 1.34 nm, 18.45 + 2.93 nm,
34.96 + 6.34 nm, 52.40 £ 2.64 nm and 58.5 £5.83 nm. ZnO-Nps were of the mean size 95
+ 6,75 nm, 127 = 11.75 nm and 152 + 14.75 nm as shown in Table 4.9. For sample
AgNpl, spherical particles were found to be much smaller with mean particle size of 9.94
nm as shown in Figure 4.7 (a). In the case of AgNp5, AgNps had large particle size of
58.5 nm. In all samples there were near-spherical and large particles appearing, which
could be as a result of agglomeration of particles. The TEM morphological structure and
distribution of particles are comparable to that obtained by Hebeish and El-naggar,

(2013).

Table 4.9: AgNps and ZnO-Nps of different size under different concentrations

CAgNps Znl-Nps

Concentration Absorbance Average Concentration Absorbance Average

peak (nm)  AgNps size peak (nm)  ZnO-Nps

(nm) size (nm)

AgNp0.5 394 9.94 + 1.34° ZnO-Npl0 358 95+ 6.75'
AgNpl 308 18.45+293"  ZnO-Npd0 360 127 + 11.75%
AgNp2 406 3496+ 6.34°  ZnO-Np80 365 152 + 14.75"
AgNp3 411 5240 +2.64° - - -
AgNpd 420 58.5 +5.83" . . .

Note: Mean value of three replicates with different letters in the same column show a
significant difference at a = 0.05.

ZnO-Nps had large grains size of > 95 nm with particles being semi- spherical in shape.

The particles observed by SEM images secem aggregated and crowded, consisting of

_




a7

primary ZnO-Np Figure 4.7 (¢). The primary nano crystallites are combined to form a
larger particle (secondary particles). The secondary particles are formed as the results of
aggregation of the primary crystallites or by fusion of one primary crystalline into
another. This made it not possible for it to be conjugated with the synthesized Pc (Suber.

2018).
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Figure 4.7: TEM images of AgNps of various size ranges (a) 9.94 + 1.34nm; (b) 18.45
+2.93; (¢) 34.96 + 6.34; (d) 52.40 + 2.64 nm; For Zn0-Nps (e) 95 = 6.75 nm and (f)
127 + 11.75. For each image, the corresponding SEM micrograph is shown. The

histograms show the range of particle size distribution for each.

4.2.4 UV-Vis spectroscopy of AgNps and ZnO-Nps
The UV-Vis spectrums of the AgNps are shown in Figure 4.8. The samples prepared of

the AgNps showed characteristic surface plasmon (De Matteis ef al., 2018). The AgNps
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of mean 9.94 = 1.34 nm, 18.45 £ 2.93 nm, 34.96 + 6.34 nm and 52.40 + 2.64 nm had a
narrow band with maximum occuring at 394 nm, 398 nm, 406 nm and 411 nm
respectively. The AgNps of mean size 58.5 =5.83 nm had a wider band with a maximum
at 420 nm. De Matteis ef al. (2018) revealed that spherical AgNps had a maximum
absorption band at around 400 nm with a blue or red shift when particle size decreases or
increases, respectively. For this reason, 9.94 + 1.34 nm AgNps (AgNp(.5) had a plasmon
band, which is blue shifted when compared to that of 58.5 £5.83 nm AgNps (AgNp4).

The width of absorption plasmon is related to the size distiibution of the nanoparticles.
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Figure 4.8: UV-Vis spectra of AgNps under different concentration labeled AgNpl.5

AgNpl, AgNp2, AgNp3, and AgNp4




Reduction of zinc ions to ZnO-Nps and its formation were confirmed by the use of UV-
Vis spectrum obtained in the range of 200-700 nm. The spectrum showed a distinet peak
at around 358 nm as given in Figure 4.9. The formation of ZnO-Nps causes excitation of
from ground state to excited state indicating they arc sensitive in UV-Vis region. These

results were comparable to that done by Ullangula and Ganganaguta (2016).

/_,—r"\ ~—ZIn0-Npl0
——LnO-Np40

—— ZnO-Np80

Wavyelangth (nm)

Figure 4.9: UV-Vis specra of ZnO-Np formed from solution ZnO-Np10, ZnO-Np40

and ZnO-Np&0

4.3 Conjugation of AgNps to Pcs

Pc 6 and 10 were covalently linked to AgNps due to an amide coupling agent
dicyclohexylearbodiimide (DCC) to form conjugated Pes. AgNps have allinity to sulphur
and nitrogen. This makes it possible to couple Pes with compounds having nitrogen and
sulphur atoms. For Pc 10 conjugation to AgNps is likely due to Ag-S bonding that occurs

due to ethylsulfonyl functional group that has sulphur at the periphery of the Pc ring
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Figure 4.10. While Pc 6 conjugation may be due to interaction of Pe metal center with

AgNps via donating charge to the silver surface (Masilela, et al., 2013).
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Figure 4.10: Representation of conjugation of Pc to AgNp
On conjugating Pcs with AgNps complexes, TEM images showed ordered arrangement

of particles with aggregation forming particularly for conjugated Pe 10 suggesting

conjugation has taken place (Figures 4,11)

Figure 4.11: TEM images of (A) Pc 6-AgNps and (b) Pe 10-AgNps

The coupling of nanoparticles and Pes was also confirmed using FTIR spectra (Figure
4.12). The spectra for Pc 10 show the presence of the S-H stretching band at around 2480
em’ for the free Pc which shifts to 2260 cm™ in the conjugated Pe 10 with AgNps. The

conjugation was further proved by sharp peaks corresponding to the N-H stretching band
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around 3250 em”’ decreasing in size for the conjugated Pc indicating some activities has
taken place during bonding with AgNps.
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Figure 4.12: Infrared spectra of Pc 6, Pc 10 and their respective AgNps conjugates

The absorption spectra of the Pc 6 and Pc 10 together with their conjugates are shown in
Figure 4.13. Pe-AgNps conjugates shows broadening of the B- and Q-band absorption.
This is because of tight packing of AgNps and Pes that tend to make them aggregate as
evidenced by TEM images (Khoza and Nyokong, 2015). Apart from broadening of
peaks, there is blue shift of band for Pc 6-AgNps conjugate. This shifting of peak is due

*o the zlectron deficiency brought about by the Pc 6 and AgNps coupling (Nombona, e

al., 2012).
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Figure 4,13: Absorption spectra of Pc 6, Pc 10 and their respective AgNps
conjugates

;I.al Ph.utuchemical analysis

4.4.1 Fluorescence quantum yield Pes

The Pes fluorescence and singlet oxygen quantum yield were determined using UV-Vis
spectrometer with as ZnPc a reference (OF=0.17 and ®A=0.56). The OF determined was
between 0.12-0.24 (Table 4.10), The values were higher when compared to that obtained
by Rapulenyane, (2013) with ®F ranging between 0.1 to 0.12. The ®F of the substituted
Pe in solvent solutions decreased from 0.24 for the ZnPc reference to 0.12 for the
conjugated Pc (Table 4.10). Lower ®F values are expected for substituted and conjugated
compounds. For example Pc 10 has the lowest value of 0.12 caused by the heavy Ag

atom effect that result to an enhanced rate of intersystem crossing to the T1 state and

hence reduces the fluorescence intensity. The results are consistent with those reported
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previously for Pes complexes conjugated to Pt nanoparticles, ®F decreased from 0.23 for

ZnPe to 0.14 (Bulgakov ef al., 2012).

4.4.2 Singlet oxygen quantum yield of the phthalocyanine (Pes)

The A was determined by the absomption decay DPBF measured at 417 nm. The
concentration of solutions used to determine ®A and photobleaching studies were made
to be in order 10™® mol dm™, where aggregation is less. Spectral changes occurred during
the photolysis of Pe 10 in the presence of DPBF for the determination of ®A (Figure
4.14). Changes in the spectra of DPBF could be scen without spectral changes happening
for the Pe 10. This proved Pes does not degrade during the process for '0, generation.
Figure 6.33, 6.34 and 6.35 (Appendix 1) indicates the spectral changes that occwrred for

Pc 5, Pc 10-ApNps and Pe 5-AgNp conjugates respectively.
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Figure 4,14: Absorption spectra for generation of singlet oxygen using

DPBF singlet quencher between 0 and the 60 seconds
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The ®A generation of ZnPc, Pc 6, Pe 10 and conjugated Pes are shown in Table 4.10. The
values ranged from 0.51 to 0.75. The Pc 6 and conjugated Pc 6 gave OA of 0.53 and (.56
respectively. Pc 10 and conjugated Pe 10 with AgNp gave the highest ®A of 0.63 and
0.75 respectively, Pc 10 had the highest quantum yield as compared to Pc 6 which was
attributed to the attached sulfonyl functional group that might have increased the
solubility.

Table 4.10: Photockemical parameters for synthesized Pes in DMSO

Compound A% nm DF DA

7ZnPe¢ 672 0.240+0.007" 0.510+£0.012°

Pe 6 680 0.140+0.009" 0.530£0.016°

Pe 10 698 0.130£0.008" 0.630+ 0.016%
Pc 6 conjugated with 680 0.130+0.010" 0.560+0.017¢

Ag-np

Pc 10 conjugated 698 0,120+0.009" 0.750+0,023°

with Ag-np

P value < 0.05

Means in the same' column within groups not followed by the same letter value of

superscript are significantly different; (P<0.05)

Other studied done had shown attachment of certain functional groups improved
photechemical properties of the Pes such as increased production of ®A and intersystem
crossing (Rapulenyane, 2013). In addition, coupling of Pes to metal nanoparticle
improved permeability and reduced aggregation in solution. Aggregation of the Pes in
solution results to decreased photochemical activity due to radiationless decay of excited
states. The @A of Pes with AgNps conjugates were significantly enhanced due to the

presence of the silver atoms. The Ag atoms helps to increase the energy transfer to the

triplet state by enhancing spin-orbit coupling via the heavy atom effect, this increases the
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potential of Pcs to be used as photosensitizer possible (Manieri et al., 2015), The QA

values for the complexes synthesized in this work are within the range of ©A for

complexes currently in use of antibacterial (Manieri er al., 2015).

4.5 Antibacterial analysis

4.5.1 Antibacterial activities of silver nanoparticles (AgNps) using disc diffusion test

Effects of different particle sizes labeled AgNp0.3, AgNpl, AgNp2, AgNp3 and AgNp4
on bacteria were determined. The zones of inhibitions for size dependent AgNps against
the selected strains 5. typhi, B. subtilis; 5. qureus and E. coli are given in Table 4.11.
Ciprofloxacin was used as the positive control. Figure 4.15 is part of the images showing

zones of inhibition of AgNps of different particle size against B. subtilis.

Figure 4.15: Zones of inhibition for AgNps with different particles size against B.

subtilis done in triplicate

The AgNps with different particles size showed significantly lower value of zone of
inhibitions as compared to the positive control ciprofloxacin (£ < 0.05). Small AgNps
particle size with mean value 9.94 nm showed significantly high zone of inhibition as

compared to big particle size with mean value 58.50 nm against S. fyphi, B. subtilis, S

—
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aureus and E. coli (P < 0.05). In conclusion AgNps of small sizes had high zone of
inhibition against all the tested bacteria strains as compared to AgNps with large particle
sizes. Metal nanoparticles with small mean size have increased surface area and also due
to their small particle size they are able to penetrate the cell membrane of bacteria casily
as compared to the large particles (Nzekwe et al., 2016). The results are comparable to
that obtained by El-Kheshen and El-Rab (2012) with a zone of inhibition ranging
between 18 and 25 mm for S, aurens. However the zone of inhibition of E. coli were

above that obtained by Khatoon and the group with average value of 6 mm (Khatoon ef

al., 2011).
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4.5.2 Antibacterial activities of ZnPc, Pe 6, Pe 10 and there silver conjugates against

selected hacterial strains

The antibacterial activities of Pcs against the tested strains of bacteria’s were carried by
means of disc diffusion method by determining zones of inhibition in triplicate. Figure
4.16 shows zones of inhibition for Pc 6 and 10 against S. typhi, E. coli and B. subtilis

respectively. Pc 10 had a higher zone of inhibition as compared to Pc 6 (P<0.05).

Figure 4.16: Zones of inhibition of inhibition for Pc 6 and 10 against 5. typhi, E. coli

and B. subtilis

The mean antibacterial activity of the ZnPe¢, Pc 10 and their conjugates against S. typhi,
B. subtilis, 5. aureus and E. coli are given in Table 4.12 It is notable that the antibacterial

activities of the test compound against the tested microbes increased with the increase in

—
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concentration (pg/ml) of the Pes with the exception of S. fyphi and E. coli that showed
limited activities in ZnPc and Pe 6. This therefore, implied that S. (yphi and E coli were
resistant to ZnPc and Pc 6 probably due to the fact that the two are gram-negative
bacteria, Gram-negative is made up of an extra layer of phospholipid as compared to
gram-positive bacteria (Cieplik er al, 2014; Ruiz-gonzilez er al, 2015). The
phospholipid layer protects gram-negative bacteria against any foreign materials from
outside, making it impermeable to a number of antibacterial (Manieri er al.; 2015). For B
subtilis and S, aureus they are susceptible due to the fact that they are gram-positive and

they do not have the phospholipid layer.

The Pc 10 and its silver conjugate exhibited higher zones of inhibition as compared o
other Pcs against the bacteria strains. This may be attributed to the attached sulfonyl
functional group that makes these Pes to release more singlet oxygen which causes
oxidation of the bacterial cell wall both for gram-negative and —positive bacteria thus
improving efficiency o inhibit the bacterial multiplication (Abrahamse and Hamblin,

2016a).

The sensitivity of Pes against bacteria was significantly enhanced when they were
conjugated with AgNps against all strains of bacteria Table 4.12. This is because the
generation of singlet oxygen yield was significantly increased for the conjugated Pe (Pc 6
conjugated and Pc 10 conjugated ®A=0.56 and 0.75 respectively). The enhanced

antibacterial effect of the conjugated Pc may also be as a result increased synergistic

factor brought about by coupling AgNps to the Pc. Studies done by Asharani, et al,
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(2009) showed that Ag’™ ions inhibit the phosphate uptake and exchange in bacteria hence

affecting it metabolism.
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There were significance increase in zone of inhibition for synthesized Pc against the
selected strain of bacteria under irradiation with electric Quartz line lamp (GE EXR 300
W 82 V) after 18 hours inhibition at 30 °C (Figure 4,17) It is notable that the antibacterial
activities of the test compound against the tested microbes increased with the increase in

concentration (ug/ml) of the Pes during irradiation with light.

From the data, the zone of inhibition of Pe 10 and its conjugates in presence of light are
higher than that of P¢ 6 and its conjugates. These differences indicate the crucial effect of
irradiation on the inhibition of bacteria by photosensitizer. A large zone of inhibition of
Pe 10 and its conjugates in light can be explained by the attached ethylsulfonyl functional
group which is an electron withdrawing group. From the results obtain in this work, Pc
10 and its conjugates exhibited a red shifted ) band compared to ZnPe and Pe 6 in all
solvents, because of electron withdrawing nature of sulfonyl groups in the compound
(Ogata er al., 2003). This resulted to it generating more singlet oxvgen when irradiated in
light as compared to other Pes, This observation is in agreement with Vallemolinares et
ai. (2015) studies who worked on attaching a carboxylic functional group on Pe to form
tetracarboxiphalocyanine against £, coli § aureus and Klebsiella pnewmoniae. Their
resuld showed a high zone of inhibition > 80% against the tested bacteria in presence of
light. They attributed the increased sensitivity of this Pc to attached electron withdrawing
carboxyl functional group in macrocyclic ring of the Pe structure. This increased
photochemical properties of the Pe increasing generation of singlet oxygen

(Vallemolinares er af.. 2015).

*
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Even in the dark, both Pc displayed antibacterial activity; this may be explained by the
interaction between the ionic bacterial membrane and the cationic Pes. The cationic Pes
work by competing with positively charged ions like Ca®" and Mg™* ions found on the
surface of microbes that helps to stabilize the cell membrane (Liu et al., 2015). These

cationic ions Pes deteriorate the outer cell membrane of the microbes allowing the intake

of Pc that will incapacitate the bacteria metabolic activities (Liu er af., 201 5).
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4.5.3 Bactericidal and inhibitory minimum concentration of Pes

The MIC and MBC for standard, ZnPec, Pc 6, Pc 10 and respective conjugate in different

concentration against the bacteria’s obtained using broth microdilution are shown in

Table 4.13.

Table 4.13: Minimum inhibitory concentration (MIC) and minimum bactericidal

concentration (MBC) of the Pecs

MIC and MBC .
Conc (pg/ml) 500 |250 | 125 |62.50 | 31.25 | 15.63 | 7.81 | 3.91 | 1.96
[ ZnPc E. coli + |+ [+ |+ + + |+ +

8. aureus 4 + i § + 4 + +

B.subtilis |_  |B |+ |+ + i Foo|+ -

8. typhi s - + + + # + 4 i
Pc 6 E. coli ~ B |+ |+ + + + + ra—

S. aureus _ _ N _ l_ + + +

B subtilis |_ |B |+ |4 + + + |+ +

Sophi |_ [N |+ [+ n TR U
Pc 10 E. coli - B — - B | + i

S. awreus | _ I [ B B

B. subiilis | _ i = B B - Y +

Sophi |_  [_ [ |- - [+ |+ +
Pc 6 E. coli o . + ] + ik + + +
conjugated to |"g" s | L T _ ® + + ¢
AgNp B. subtilis | _ _ - ] + + + + +

8, typhi B B l F + + -+ + +
Pc 10 E. coli = = I [ ~ - F +
conjugated to ['§ agyrens | . L a _ . ]
AgNp B.subtlis | | |_ | . - |-

S. typhi _ _ _ _ _ + + +
Ciprofloxacin | E. coli  IE r
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S. aureus ) BE

B. subtilis N - T [+ ]

' S. nyphi

NB: “+” indicates turbidity, and “-" indicates inhibition of growth

The MIC and MBC for Pc 6 were found to be (values indicated by blue) 250, 15.63, 250
and 250 pg/ml for E. coli, 5. aureus, B. subtilis and 5. typhi respectively. For Pc 10 it had
MIC and MBC of 7.81, 3.91, 3.91 and 15.63 pg/ml for E. coli, § aureiws, B, subtilis and S.
typhi respectively. We can deduce from the data, that Pc 10 was more effective with
lower MIC and MBC concentration as compared to Pe 6. There was no significant
difference between MIC and MBC of Pc 10 and the positive control ciprofloxacin

confirming that PC 10 was equally effective.

When the Pc 6 and Pc 10 were conjugated to AgNps their MIC and MBC were greatly
enhanced. The MIC and MBC for conjugated Pc 6 were 62.5, 15.63, 62.5 and 125 pg/ml
for E. cm’.:'. S aureus, B. subtilis and 8. typhi respectively. The MIC and MBC for Pe 10
were 3.91, 1.96, 1.96 and 15.63 pg/ml for E. coli, §. aurews, B. subtilis and 8. typhi
respectively. These results are comparable with those obtained by Hajra ef af (2018) for

- jrradiated zinc Pc with MICs values ranging from | to 4 pg/ml for E, coli, § aureus and

B. subtilis.
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4.5.6 Cytotoxicity test

Cytotoxicity evaluation was done using the MTT cell viability test. This test used
reduction of tetrazolium salt (yellow) to measure cellular metabolic activity in order 1o
determine cell viability. The cytotoxicity of the two compounds (compound 6 and 10
conjugated to AgNps) were assessed on the Vero cells, Figure 4.18 and 4.19 show Vero
cells before and after mixing with Pc 6 and 10. Viable cells turned MTT to a purple
colored formazan at absorbance at 590 nm. This is due lo active metabolism ol live cells.
The cytotoxicity response of the Pes compound was linear and dose-dependent Figure
4.20. The concentration associated with 50% cyloloxicity was calculated by linear
regression analysis and was found to be 600 pg/ml for compound & while compound 10
was found to be above 1000 pg/ml. The tested Pc 5 and 10 had no toxicity on Vero cells
as their MIC values were lower than the cytotoxicity concentration (CC 50%). These

results were in agreement with that done by Hajra ef af (2018) for zinc Pc done using

HEp-2 cells.

Figure 4.18: Image of Vero cell before and after being subjected to Pec 6 respectively
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Figure 4.19: Image of Vero cell before and after being subjected to Pe 10

respectively

% Ceoll survival
I|'
|
|
|

Concentration [pgfmdl)

Figure 4.20: Line graph of % eytotoxicity against concentration of compound 6 and

10 in pg/ml
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

Zine Pc complexes with electron donating and withdrawing functional group were
successfully synthesized starting with phthalimide as a precursor and subjected to
cyclotetramerization to form Pe 6 and Pe 10 respectively, They were fully characterized
and confirmed using FTIR, '"HNMR, “CNMR. XRD. HR-MS and UV-Vis. Pc 6
compound formed was a blue solid with a yield of 47 %, melting point of 350 °C and its
crystal nature confirmed by XRD as p-form in nature with monoclinic structure. It had
two absorption bands, 354-365 nm for B-band and 620-640 nm for Q band confirming

the formation of P¢ 5.

Pe 10 was a green solid with a yield of 55.5%, melting point 327°C and crystal in nature
confirmed by XRD as B-form in nature with meonoclinie structure, The UV-Vis spectra of
both Pes indicated two major absorption bands at 345-365 nm forB- band and 680-689
nm bands for Q band in different solvent. This also confirmed the formation of Pe 10,
The photo-chemical properties of these complexes were investigated, Pc 6 and Pc 10
showed the ®A values of 0.53 and 0,63 and OF value of 0.14 and 0.13 respectively, Pc 10

with electron withdrawing group had the highest ®A of 0,63,

The Pe discussed in this work demonstrates its potential to be used as antibacterial

against 8. typhi, B. subtilis, S, aureus and E. coli as they showed properties of a good
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photosensitizer. They produced reasonably high singlet oxygen yields, especially
complex Pe 10. For Pc 6 the highest zone of inhibition was exhibited in 5. gurens with a
value of 2420.26 indicating the bacteria were susceptible to the Pc 5. The Pe 10 exhibited
zone of inhibition >23+0.12 mm for all the strains making it more effective as compared
lo Pe 6. All the strains of bacteria exhibited zone of inhibition to Pe 10 at the
concentration > 15.63 pg/ml. This may be due to the attached sulfonyl functional group

which is an electron withdrawing group that makes the Pc to release more singlet oxypgen.

Zn0-Nps and AgNps were synthesized and characterized using XRD, TEM. FTIR and
UV-Vis. The AgNps had absorption at around 400 nm with low concentration of AgNO;
showing sharp peaks. The particles formed were crystalline, spherical shape and
monodispersed. The formed AgNp were of size 9.94 nm, 18.45 nm, 34.96 nm. 52.40 nm
and -58.50 nm. FTIR analysis revealed stabilization of glutathione as a capping agent to
AgNps. UV-Vis spectra of ZnO-Np showed a distinct peak at 358 nm. TEM results
indicated ZnO-Np had non uniform large grain size of size > 95 nm SEM showed
aggregation of particles due to primary nanocrystallites combining to form larger

secondary particles. This made it difficult to conjugate Zn0O-Np with synthesized Pes

Pe 6 and Pe 10 were successfully conjugated to AgNp and the phote-chemical properties
of these Pes conjugated investigated. Conjugated Pe 6 and Pe 10 to AgNp had ®A 0.56
and 0.75 respectively, This showed a significant increase in the produced singlet oxygen

generation and as a result improved the antibacterial propertiés of this compound.

_
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Conjugated Pc 10 had the best MIC and MBC with values 3.91, 1.96, 1.96 and 15.63

ug/ml for E. coli, 8. aureus, B. subtilis and 8. typhi respectively.

The tested compound has no toxicity in Vero cells (for Pc 10 CC50 >1000 and Pc 6
CC50 =600 pg/mL), The synthesized compounds could be considered a promising
antibacterial agent and a wvaluable building block for further design of more potent

biological activity against the resistant microbes.

5.2 Recommendations
1. Phthalocyanine substituted with ethysulfonyl as electron withdrawing group has

potentials to be used in photodynamic antibacterial therapies

il. Silver nanoparticles of < 10 nm conjugated to phthalocyanine with clectron
withdrawing groups could be considered a promising antibacterial agent and an
important building block for further derivatization to synthesis more potent

compound against drug-resistant microbes,

5.3 Areas for further research

i. Further studies to establish the safety profiles of the synthesized compounds in an

animal model (in-vivo studies) are recommended.
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ii. There is need to determine the mechanism of this compound against the tested
bacteria to determine how the singlet oxygen generated kills the microbes as it is

not well understood

iii. There is need to extend the studies to a range of other resistant strains of bacteria

and viruses,

iv, There is need to determine whether synthesizing ZnO-Nps <10 nm can conjugate

with the synthesized Pe to increase its antibacterial activities
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APPENDICES

6.0: APPENDIX I: Spectrums for synthesized compounds

5.5

Figure 6.2: HRMS spectrum of 4,5-diiodophthalimide (1)

e
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Figure 6.3: FTIR spectrum of 4-iodo-5-(3-methoxy prop-1-nyl) phthalimide (2)

Wavenumber rlfl..l

Figure 6.4: FTIR spectrum of 4-iodo-5-ethylsuphonyl phthalimide (7)
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Figure 6.5: "H NMR spectrum of 4-iodo-5-(3-methoxy prop-1-nyl) phthalimide (2)
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Figure 6.6: "H NMR spectrum of 4-iodo-5-ethylsuphonyl phthalimide (7)
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Figure 6.8: 3¢ NMR spectrum of 4-iodo-5-ethylsuphonyl phthalimide (7)
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Figure 6.9: HR-MS spectrum of 4-iodo-5-(3-methoxy prop-1-nyl) phthalimide (2)
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Figure 6.10: HR-MS spectrum of 4-iodo-5-Ethylsuphonyl phthalimide (7)
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Figure 6.11: FTIR spectrum of ZnPc¢ (4)

Figure 6.12: UV-VIS spectrum of ZnPc (4)
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Figure 6.13: '"H NMR spectrum of ZnPc (4)
; ;
_E @
oF E EH
g BB
L
i g [zz) ==
4 4 8 £5| BN
E 4 ‘
TZp @3¢ U THD 20 MR W M NE M M 133 tm (% j0¢ 3e @ 0 B0 S0 47 S0 ChemcarSed ioem

Figure 6.14: ’C NMR spectrum of ZnPc (4)



146

G ——
200

Figure 6.15: FTIR spectrum of 2.9,1 6.23-tetraiodo-3,10.17,24-tetra(3-methoxyprop-

1-nyl) Pc (5)
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Figure 6.16: FTIR spectrum of 2.9.16,23-tetraiodo-3,10,17,24-tetra ethylsulfonyl Pc
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Figure 6.17: FTIR spectrum of 2,9,16,23-tetraiodo-3,10,17 24-tetra(3-methoxy prop-

1-nyl) zine Pe (6)

Figure 6.18: FTIR spectrum of 2,9.16,23-tetraiodo-3,10,17,24-tetraethylsulfonyl

zinc Pe (10)
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Figure 6.19: UV-Vis spectrum of Pc 6 in different solvent
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Figure 6.20: UV-Vis spectrum of Pc 10 in different solvent
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Figure 6.21: 'H NMR spectrum of Pc 6
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Figure 6.22: 'H NMR spectrum of Pc 10
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Figure 6.24: "C NMR spectrum of Pc 10
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Figure 6.25: XRD spectrum of Pc 6
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Figure 6.28: HR-MS spectrum of Pe 10
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Figure 6.29: FTIR spectrum of ZnO-Np

Figure 6.30: FTIR spectrum of glutathione and that of AgNP stabilized with

glutathione
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Figure 6.31: XRD pattern of Zn0O-Nps
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Figure 6.32: XRD pattern of AgNps

.



155
B
wl? yom 00672+ 1171
12 12 R*=05%1
9 a
1 1 04 .
En.s
a - =i
E 0.8 1 [ H i} — () gec
a8 Tume (sech
=
E 06 4
{
04
~ &0 sec
02
] | ¥ : . . i
300 400 500 600 100 300
| Wavelength (nm)
Figure 6.33: UV-Vis spectrum changes of Pc 6 along with the singlet
oxygen guantum yield (Solvent: DMSO, C=1x1 0-5M).
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Figure 6.34: UV-Vis spectrum changes of Pc 6-AgNp with the singlet

oxygen quantum yield (Solvent: DMSO, C=1x10""M).
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Figure 6.35: UV-Vis spectrum changes of Pc 10-AgNps along with the

singlet oxygen quantum yield (Solvent: DMSO, C=1x10""M).




