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Abstract

ABSTRACT

The continuously rising cases of antibiotic resistance and pathogenic bacterial
mutations pose a serious medical problem. Microorganisms are ubiquitous because
they can adapt to conditions in any environment. They can colonize all types of
environments, including water, air, soils, and the bodies of plants and animals. When
pathogenic microorganisms are prevalent in such situations, they are harmful because
they promote degeneration and degradation of the matrix, which harms the ecosystem
and humans by harming individual health. This calls for environmental

decontamination efforts to protect the ecology and human health.

Several chemical and physical methods have been applied for the treatment of
different environments where pathogenic microbes have been contaminated. The use
of physical methods includes the employment of heat and filtrations, whereas
chemical methods include chlorination, antibiotics and photocatalyst. Although these
methods have been used more often, they are associated with limitations, including a
lack of effectiveness that contributes to the problem of the development of
antimicrobial-resistant strains. Furthermore, using physical agents does not eradicate
all the microbes since some are suitably adapted to extreme conditions through

mutation phenomena.

Due to these drawbacks, scientists and researchers have embarked on research to find
alternative methods and approaches that can eliminate the microbes while avoiding

mechanisms that can develop resistance within the strains.

However, photodynamic antimicrobial chemotherapy (PACT) has been reported to be
an attractive alternative method that can be employed to counter the limitations of the
classical approaches for dealing with microbial contaminants in the environment.
Among the pathogenic bacteria are Gram-negative bacteria. These Gram-negative
bacteria are less likely to be denatured by chemical treatment because of the intricate
construction of their bacterial cell membrane, it functions as an efficient barrier to the

penetration of many photosensitizing compounds like dyes. For them to be effectively



Abstract

denatured, only cationic dyes can cause effective photo-induced inactivation of Gram-
negative bacteria. In addition, nanostructures have been used as drug delivery
platforms for photodynamic therapy (PDT) and as strategies to improve
photosensitizers' efficiency in producing reactive oxygen species (ROS) when exposed
to light. Thus, in this dissertation, photodynamic antimicrobial chemotherapy has
been employed to study the photodynamic antimicrobial chemotherapy activities of

functionalized zinc oxide-based nanomaterials and nanoconjugates against E. coli.

This dissertation, thus, reports on the fabrication of zinc oxide nanoparticles (ZnO-
NPs) and nanoflowers (ZnO-NFs), their functionalized forms (GSH-ZnO-NPs and
GSH-ZnO-NFs), as well as the modified carbocyanine (SHBS-IR-791 iodide). It also
reports on the conjugations of GSH-ZnO-NPs and GSH-ZnO-NFs with SHBS-IR-791
iodide, labelled as follows: GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-
SHBS-IR-791 iodide conjugates. The analysis of the materials mentioned above using
various instruments is also presented in this dissertation. The resulting GSH-ZnO-
NPs, GSH-ZnO-NFs and SHBS-IR-791 iodide, as well as GSH-ZnO-NPs-SHBS-1R-791
iodide and GSH-ZnO-NFs-SHBS-IR-791 iodide conjugates, were used for PACT
against E. coli. The PACT activities of the as-prepared materials show that the ranking
of photo-inactivation depends on the attentiveness of the complex and the presence
of light. The results show that GSH-ZnO-NFs-SHBS-IR-791 iodide has higher
phototoxicity against E. coli than the other complex, with the trend observed as
follows: GSH-ZnO-NFs-SHBS-IR-791 iodide > ZnO-NPs-SHBS-IR-791 iodide > SHBS-
IR-791-iodide > GSH-ZnO-NFs> GSH-ZnO-NPs.

VI
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Chapter 1 Introduction

1.  Background of the study
1.1. Microorganisms

Microorganisms are acellular organisms that can only be seen through microscopes (1,2).
Various microorganisms include fungi, algae, protozoa, archaea, and bacteria. Some microbes,
such as certain species and strains of bacteria, are gaining attention as they play essential roles
in daily human life; for example, Lactobacillus acidophilus is beneficial in biological processes
such as digestion, neutralizing toxins, and in the defence against infections by invading
pathogens (3,4).

Bacteria are grouped based on various criteria (5). Among the criteria for classifying bacteria
include their shapes, such as streptococcus and other spherical bacteria are classified as cocci,
while rod-shaped ones are classified as bacilli, and an example of rod-shaped bacteria is
Escherichia coli (E. coli). A spiral shape characterises another bacterial type; thus, they are
classified as spirillas, for example, Campylobacter jejuni (6,7). Another way of classifying the
bacteria is by grouping them based on their reaction to Gram staining, with some classified as

Gram-negative while others as Gram-positive depending on the reaction to the Gram stain

89).

1.1.1. The Gram-positive and Gram-negative bacteria

The chemical and physical features of bacteria's cell walls determine their Gram classification.
Gram-positive bacteria have thicker cell walls than Gram-negative bacteria due to the presence
of several peptidoglycan layers (approximately 40 layers), whereas Gram-negative bacteria
have a single peptidoglycan layer, as shown in Figure 1.1. An example of Gram-negative
bacteria includes E. coli, while an example of Gram-positive bacteria includes Staphylococcus

aureus.
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Plasma
membrane

Periplasmic

space

Peptidoglycan

Quter membrane Gram-positive

Gram-negative bacteria

bacteria

Figure 1.1: Gram-negative and Gram-positive bacterial cell envelope (10).
Moreover, the Gram-negative and Gram-positive can be differentiated by colour using a
microscope (8,9,11,12). Table 1.1 depicts the difference between the Gram-negative bacteria

and the Gram-positive bacteria.

Table 1.1: The difference between Gram-negative and Gram-positive bacteria

Gram-negative-bacteria Gram-positive bacteria
Outer membrane present No outer membrane
Double Plasmic space present Single Plasmic space

They appear to be pink under the microscope | They appear to be purple under the microscope

after the Gram stain after the Gram stain

They are less susceptible to anionic detergents They are more susceptible to anionic detergents

1.1.1.1. The pathogenicity of bacteria

Despite the many beneficial roles bacteria play in human life, some species and/or
strains of bacteria are very pathogenic. Most pathogenic bacteria are capable of
causing illnesses, diseases and infections through air, food and water contamination
(13,14). In recent years, there has been a global increase in the incidence of illnesses
caused by Gram-negative bacteria, with diseases caused by these organisms

frequently being more widespread than Gram-positive infections (15).

The diseases and infections caused by Gram-negative bacteria include bloodstream

infections, wound or surgical site infections, pneumonia, and meningitis in healthcare
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settings (16). E. coli is one of the Gram-negative bacteria that has become a great
concern in health premises (17). Thus, it is important to develop systems that can help

to eradicate these pathogenic microbes.

The pathogenicity of Escherichia coli (E. coli)

E. coli is a member of the Enterobacteriaceae family, a widespread part of the normal
intestinal bacterial microflora in humans, and is thought to be a harmless commensal
in the caecum and colon mucous layer. This bacteria can also live in a variety of
biological niches, including abiotic ones, making it a very adaptable species. Although
E. coli persists as a harmless commensal, some of its strains have evolved into

pathogenic strains capable of causing different human diseases (17-19).

The pathotype of E. coli can be classified based on the clinical manifestation of diseases
such as meningitis-associated E. coli (MNEC), which is known to be the cause of
meningitis, particularly during the neonatal period. Uropathogenic E. coli (UPEC) is the
primary cause of urinary tract infections (UTIs), while Enterohaemorrhagic E. coli
(EHEC) is one of the E. coli strains that cause severe intestinal infections in humans

(19).

Since the spread of reports that microorganisms have the potential of becoming
pathogenic, there has been a campaign the awareness that controlling the bacteria will
help to reduce and prevent unwanted microbial contamination, the transmission of
diseases, and infection (20). In addition to the awareness campaign, scientists and
researchers have developed several methods to control infectious bacteria, especially

Gram-negative bacteria, to safeguard human health (21).

1.2. Strengths and weaknesses of methods to treat a bacteria-contaminated
environment

The methods developed for the treatment of environments contaminated by
pathogenic bacteria can be separated into two different types of groups, namely

physical and chemical-based methods. Physical-based methods refer to the methods
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used for microbial control that does not have specificity for controlling microbes and
include the employment of temperature (22), filtration (23), and radiation (24). On the
other hand, chemical-based methods imply the employment of disinfectants (25),

antibiotics (26), and chemotherapeutic antimicrobial chemicals (27).

1.2.1. Physical methods

For the past decades, humans have been applying physical methods to control and
minimize microbial contamination, and these methods have been applied in settings
such as laboratory experiments, water treatments, and food preservation. There is a
strong belief that applying physical methods kills microbial cells by changing the
membrane permeability and disrupting their membranes (24). Section 1.2.1.1 presents

the strength of physical methods.

1.21.1.  Strength of the physical methods

Physical methods, such as temperature, lead to the damage of microbial proteins and
nucleic acids by denaturation, degradation, or chemical modification (28).
Temperature, filtration, and desiccation (drying) are still used as today's most

common physical methods (29).

a. Temperature

Employing high temperatures is one of the oldest and most common forms of
microbial control, such as boiling water, cooking, and direct heat. These methods lead
to the alteration of microbial membranes and the denaturation of their proteins.
Higher temperatures have been demonstrated and reported to indicate that the
thermal death point (TDP) of microbes is low and that different microbial species
respond differently to temperature, such as thermophiles, which are high-
temperature tolerant microbes (30,31). Also, it has been mentioned that the thermal

death time (TDT) is determined by the period of microbial exposure to the given
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temperature (30). Moreover, applying temperature, such as direct heat, is one of the

most used laboratory sterilisation methods.

In the same way, applying high temperatures is effective, and similarly, employing
lower temperatures, such as refrigerators, has also been reported to be effective.
Several studies have reported that applying lower temperatures inhibits microbial
metabolism and delays their growth (32,33). This method is applied in households,
laboratories, and health premises. In places such as laboratories, this method is used
when culturing bacteria and medical specimens, which are normally frozen at an
ultra-low temperature of up to -10 °C degrees Celsius for long-term storage or
transportation. Figure 1.2 presents the application of both high and lower
temperatures (22,29,34-36).

(a)

Microbes
in
boiling water

Figure 1.2: The application of both high and lower temperatures for microbial control.
(@) Hlustration of the application of high-temperature and (b) presentation of the

application of lower temperature (29).

b. Filtration and desiccations

Filtration is among the physical methods that separate microbes from samples. This
method is mostly applied in water treatment sites, and airborne prevention through
high-efficiency particulate air (HEPA) filters with effective pore sizes of 0.3 pm (37,38).
The pores are reported to be small enough to capture and trap bacterial cells and many
viruses. HEPA is used mostly in clinical settings, laboratories, vacuum cleaners, and

aeroplanes (29).
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On the other hand, sand and soil have been employed as particulate entities to
separate bacteria in water treatment. The current development of platforms such as
sediment filtration, activated carbon block (ACB) filtration, granular activated carbon
(GACQ) filtration, reverse osmosis (RO) filtration, etc, is attracting more interest (39-
41). Figure 1.3 presents HEPA and sediment filtration as two of the filtration methods
that are mostly applied. This method is still considered among the most effective and
is still being researched; most reports state that filtration is effective and help reduce

pathogenic microbes (42).

@) (b) Column Water filter
/ purified air ~ Tap water
— (, o

e —
— < L
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Contaminated particles base
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Purified water

Figure 1.3: The application of both air and water filtration for microbial control. (a)
[lustration of the application of HEMA for air filtration (b) illustration of

sedimentation filtration for water treatment (29).

Also, desiccation is one of the well-known and often utilized physical processes,
particularly in biology and ecology. This method involves drying out the
microorganisms to inhibit their growth and multiplication. This method involves
drying out the microorganisms to inhibit their growth and multiplication (43). Other
businesses, such as pharmaceutical corporations, are using desiccation in the form of
freeze-drying instruments to extend the shelf life of items such as vaccines and other

injectables (44).



Chapter 1 Introduction

1.2.1.2.  Shortcomings of physical methods
Although the above-mentioned types of physical methods have been employed up to

this date, there are a few reservations about them, such as temperature, filtration, and
desiccation. Few reports have presented the shortcomings of physical methods, such

as the lack of microbial eradication.

a. Temperature

A few studies have criticized the use of warm temperatures, such as boiling water, to
destroy endospores, claiming that it is less effective since endospores may survive the
temperature of boiling water. Moreover, the water will evaporate if it is cooked for an
extended period (45). In addition, lower temperatures, such as the use of refrigerators,
have also been criticized for failing to denature bacteria such as psychrophiles, which

prefer and tolerate cold temperatures (29).

b. Filtrations and desiccations

The effectiveness of filtration and desiccation has also been questioned. Some single-
celled microorganisms, such as bacteria, are too small to pass through some filters;
thus, filtration does not completely remove bacteria but rather reduces their numbers

because some bacteria pass through the filter. (46).

On the other hand, as desiccation is recognized as one of the most often utilized
physical processes, it does not provide sterilization or eliminate microbials. It merely
keeps them from multiplying and growing. Bacteria such as Escherichia coli (E. coli)
can survive for extended periods in desiccating and osmotically difficult settings,
particularly sterile faces (44). Desiccation does not eradicate all the microbes and their

endospores. Thus, favourable conditions can resume microbial growth (29).
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1.2.2. Chemical-based methods

Just as with the physical methods, some methods are classified as chemical-based
methods and are used as disinfectants or antiseptics. Unlike the physical method,

chemical-based methods are chosen based on the type of microbes being targeted.

1.2.2.1.  Strength of chemical methods

The use of chemical methods is mostly in the laboratories and clinical premises. They
are also applied in households. The application of chemical methods such as
disinfectants has been favored because of their safety for the environment, animals,
and humans, their expense, and their ease of use (47). Disinfectants are chemicals
extensively used for microbial control in hospitals, laboratories, and other healthcare
settings for topical and hard surface applications (48,49). Disinfectants used frequently
include phenols, alcohols, halogens, and heavy metals, which include Hg and Ag
metals (42). These agents are mostly used for cleaning the surface areas of operation
wounds and different types of equipment (25,50). Some of the most applied

chemotherapeutic agents are antimicrobials, such as antibiotics (51).

a. Antibiotics

Antibiotics are one of the chemotherapeutic agents under the chemical method.
Antibiotics were first discovered in 1928 by the Scottish bacteriologist Alexander
Fleming at St. Mary’s Hospital laboratory. Alexander Fleming noticed that a germ-
free zone formed in one of the Petri dishes containing the bacterium Staphylococcus
aureus, which led to the conclusion that mould must produce an antibacterial agent
since there was inhibition of the staphylococci growth (27,52). Later, Alexander Fleming
named the form penicillin. After the test and the trial, pure penicillin was produced
in America, and the era of antibiotics commenced in 1945 (27,53). Since then, several
books and articles have been published about the discovery of penicillin and
antibiotics, which have made ground-breaking progress in the history of microbial
treatment and medicine. This discovery transformed the world by making earlier

incurable illnesses and infections treatable and allowing medical procedures such as
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operations and chemotherapy to be performed safely (26,27,51,53,54). Antibiotics were
then used to treat or prevent some types of bacterial infection including strep throat,

urinary tract infections, and E. coli (55-57).

1.2.2.2.  Shortcomings of antibiotics

Although the aforementioned chemical-based techniques, such as antibiotics, are still
in use, there are some reservations about them, and a few publications have increased
awareness about the issue of antibiotic use. The use of antibiotics is measured as a
quick and easy technique for treating microbes and infections, but few reports reveal
that their misapplication lead to the generate of widespread antimicrobial resistance
(AMR) (58,59). Antimicrobial resistance occurs when microorganisms, such as
bacteria, develop the ability to defeat or block the drug designed to kill or denature
them (60). Antibiotic defence mechanisms can be developed through mutation. The
Gram-negative bacteria are the most concerning, as they have discovered a way to
develop resistance to many antimicrobial drugs, resulting in the spread of AMR. E.
coli is one of the bacteria that have been reported to have gained antibacterial

resistance (61).

The concern about the development of AMR among Gram-negative bacteria stems
from the difficulty of treating them, as they can also pass along genetic components
that allow other bacteria to become drug-resistant. This pattern results in limited
treatment options (51,58,59,62-64). With such a call, the emphasis is considerably
more on the strategy that promises to reduce the drug-resistant epidemic. Considering
the rapid evolution of pathogens and the variety of pathogens encountered,
photodynamic antimicrobial chemotherapy (PACT) has received much attention from

researchers as a promising alternative method (65,66).

1.2.3. Photodynamic antimicrobial chemotherapy (PACT)

Recently, the light-dependent method known as photodynamic antimicrobial

chemotherapy (PACT) has been developed and is favoured due to its advantages and

10
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promises for treating microbes, such as antimicrobial-resistant species. This method
utilizes oxygen, light at a specific wavelength, and photosensitizing agents (66-68).
PACT has been applied in treating infections such as gingivitis, periodontitis, and root
canal biofilm infections (69,70). Based on the results obtained from the treatment
mentioned above, this method has been found to provide numerous advantages more

than other chemotherapeutics with less chances of emerging resistance.

1.2.4. Photosensitizers (PSs) applied in PACT

Photosensitizers (PSs) are light-absorbing molecules that change the cause of the
photochemical reaction; they generate reactive oxygen species when exposed to a
specific wavelength of light. Several molecules have been used as photosensitizers
(PSs) for treating microbes such as bacteria (71). Ideal molecules should have
characteristics that include a strong absorption band, substantial triplet quantum
yield, producing Reactive Oxygen Species (ROS), no dark toxicity, ideal solubility, and
killing microorganisms sufficiently without affecting the surrounding environment.
PSs should also have high stability under storage conditions (72-74). Compounds
with tricyclic, heterocyclic, or porphyrin-like ring structures, such as phthalocyanines,
carbocyanines (Cys), and porphyrins, have been verified to reach a triplet state and
result in good production of ROS, which plays a key role in destroying a wide

spectrum of pathogens. (75,76).

The results obtained from the PACT studies that have been conducted using
phthalocyanine and carbocyanine dyes as PS agents against the bacterial treatment
show a sign of promise that the molecules have the required properties. However,
some shortcomings still exist. The shortcomings that are experienced with the
currently used PSs include the formation of low triplet state quantum yields, low
generation of ROS, and target specificity (73). To address these issues, PS molecules
have been combined with nanomaterials (NMs) to construct nanoconjugates for PACT

(77,78).

11
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1.24.1. Metal nanomaterials and their possible use together with PACT

Nanomaterials are known as the cornerstone of Science. They play the most significant
role in the medical field, such as in drug delivery. The most interesting properties of
nanomaterials include their smaller size with large surface area-to-volume ratio, bio-
detection of pathogens, detection of proteins, and strategies to enhance the efficiency
of photosensitizers in generating ROS upon irradiation (79,80). Nanomaterials such as
metal nanomaterials are reported to be potential carriers of photosensitizers due to
their advantages, which include structural stability, well-organized delivery to
pointed cells, high singlet oxygen, and enhance the photosensitivity. Moreover, metal
nanomaterials possess essential properties to upgrade the effectiveness of
photosensitizers by preventing aggregation even at high concentrations, providing
selective antimicrobial activity at the local-aimed sites, and increasing bacterial cell
wall permeability (81,82). Different nanostructured materials, such as inorganic NMs,

micelles, and liposomes, have been used to conjugate with PSs (79,83).

The association of NMs with PSs to form photosensitizer-nanomaterial nanoconjugate
(PS-NM) has been done to enhance the properties of the currently used PSs, such as
their solubility, triplet state quantum yield, and production of ROS (79,80,84). Most of
the used NMs are semiconductor nanomaterials composed of heavy metals, which
promote the intersystem crossing (ISC) and result in a high triplet quantum yield
through spin-orbit coupling (SOC) (85,86). The heavy atomic effect promotes the
production of a high triplet state quantum yield by decreasing the fluorescence

quantum yield (77,78).

1.3. Summary of the Aim and Objectives of this Dissertation

1.3.1. Aims of the study
This study focuses on designing the GSH-ZnO-NMs-SHBS-IR-791 iodide
nanoconjugates using zinc oxide nanomaterials (ZnO-NMs) as drug delivery vehicles

for modified carbocyanine (SHBS-IR-791 iodide). The designed nanoconjugates were

12
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used as photodynamic antimicrobial chemotherapy-photosensitizer (PACT-PS)

agents against Escherichia coli (E. coli) in the aquatic environment.

1.3.2. Objectives

To achieve the aim of the study, the following objectives were pursued:

To synthesis of zinc oxide nanomaterials (zinc oxide nanoparticles (ZnO-NPs) and
zinc oxide nanoflowers (ZnO-NFs)).

To functionalize as-synthesized ZnO-NPs and ZnO-NFs.

To modify IR-780 iodide to SHBS-IR-791 iodide.

To conjugate GSH-ZnO-NPs and GSH-ZnO-NFs with SHBS-IR-791 iodide.

To Characterize all the prepared complexes

To experimentally simulate the potential of as-prepared materials in PACT against

E. coli.
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Chapter 2
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2. Literature review

This chapter surveys the literature on the various treatment methods for pathogenic
bacteria using the PACT method. This alternative microbial treatment method (PACT)
has been given more attention due to its quality properties such as showing the
effectiveness in the denaturation of microbes and enhancing performance such as

increasing the capacity of denatured microbes.

21. Photodynamic antimicrobial chemotherapy (PACT)

PACT refers to approaches that use non-toxic light-sensitive dyes as a photosensitizer
(PS) in conjunction with visible light of the suitable wavelength from the power source
to match the PS's absorption spectra in the presence of triplet state molecular oxygen
(302) (10). The activated PS enters a triplet state, capable of reacting with 30, resulting
in the formation of reactive oxygen species (ROS) that will be responsible for
denaturing the targeted microbe (87) (Figure 2.1). PACT has been classified as a great
alternative method for microbial treatment due to its advantage of having broad-
spectrum activity against Gram-negative bacteria, Gram-positive bacteria, yeast, and

fungi, with no bacterial resistance being produced (88,89).

®
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Figure 2.1: The photochemical mechanism operating in PACT (90).
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2.1.1. Background and working principle of the PACT method

The discovery of the photodynamic therapy (PDT) technique was made in 1897-1898
by Oscar Raab, who worked under the supervision of Hermann Von Tappeiner when
studying the toxicity of acridine towards paramecia (91). Oscar Raab observed that
Paramecium spp. protozoans were inhibited after staining with acridine orange and
subsequent exposure to bright light. When Raab and the group further investigated
the phenomena, they concluded that the toxicity of acridine orange against Paramecia
caudatum depended on the light intensity (92,93). Further studies were conducted by
von Tappeiner and Jodlbauer, who invented the term "photodynamische Wirkung'",
which translates as "photodynamic therapy" (PDT) after they had noticed that the
inactivation requires the presence of oxygen. Since then, this technique has been
clinically applied to treat various malignancies (93). In the year 1907, Alfred Bertheim
and Paul Ehrlich applied the PDT technique to treat syphilis using arsphenamine, and
it was then labelled as photodynamic antimicrobial chemotherapy (PACT) (94). The

principles and mechanisms of PACT are similar to those of PDT.

Initially, PS is in the ground state (So), and when the light at a specific wavelength is
applied, the PS will absorb the energy (hv) and undergo the electronic transition to the
excited singlet state (S1). When the PS is at the excited singlet state, it will relax to a
longer-lived triplet excited state (*T1) via intersystem crossing (ISC). ISC is a rapid
process favoured by non-fluorescent PS molecules. Furthermore, the PS at the triplet
state will either transfer energy or an electron to the triplet ground state molecular
oxygen (302) through phosphorescence (P) relaxation, resulting in type I and or type
Il reactive oxygen species (ROS). These ROS include singlet oxygen (10z2), superoxide
radical (Oz7), hydroxyl radicals (*OH), and hydrogen peroxide (H202) (17).

In type I, an electron transfer from the triplet excited state PS, leads to the formation
of Oz, "OH, and H20x. In type II, an energy transfer from the triplet excited state PS
to 30z helps to convert it to 1Oz. Therefore, the generated ROS will then either directly
kill the bacteria by producing oxidative damage to bio-compounds or indirectly by

driving pathogen elimination through a variety of non-oxidative methods depending
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on the localization of the excited PS in bacterial cell walls or lipid membranes,
resulting in bacterial apoptosis. Consequently, the PS will return to its initial state
(ground state) and restart the mechanical cycle as explained above. The PACT method
has been tested in-vitro against antimicrobial-resistant bacteria, viruses, and protozoa

and is more effective compared to the above-mentioned methods.

PACT has been used to treat pathogenic microbes and infections such as gingivitis,
periodontitis, and canal biofilm. Moreover, the use of PACT in dentistry is increasing,
primarily in periodontal and mucosal diseases, but also for other purposes, such as
accelerating tooth movement (95). However, the emphasis of this research is on

microscopic organisms.

2.1.2. Inactivation of Microorganisms using PACT

There is a persistent increase in AMR in bacteria, which makes them the main targeted
microorganisms, particularly Gram-negative bacteria (96). Unlike Gram-positive
bacteria, Gram-negative bacteria possess a single layer of peptidoglycan surrounded
by an outer membrane composed of lipopolysaccharide (LPS), phospholipids, and

unique components, as shown in Figure 1.1 above (10).

Gram-negative bacteria, such as E. coli, consume an additional layer on their outside
cells known as the outer membrane, which Gram-positive bacteria do not have.. The
extra layer in Gram-negative bacteria leads to the highly negatively charged surface,
making it difficult for the photosensitizers to penetrate the cell wall, while Gram-
positive bacteria allow the easy penetration of the PS and readily undergo photo-
inactivation (97). In the case of less photo-inactivation of PSs in Gram-negative
bacteria, numerous neutral or anionic PSs are effective against Gram-negative bacteria
when pre-conditioned with cationic agents such as ethylenediaminetetraacetic acid
(EDTA) or CaClz. Also, more research has been conducted using positively charged
PSs against Gram-negative bacteria (98). Photosensitizers are classified into three
categories based on their charge. Neutral photosensitizers, positively charged

photosensitizers (99), and negatively charged photosensitizers . Photosensitizers with
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cationic charges are referred to as positively charged photosensitizers;
photosensitizers with anionic charges are referred to as negatively charged
photosensitizers; and photosensitizers with no charged ions are referred to as neutral
photosensitizers (99,100). Examples of photosensitizers include phthalocyanines,
cyanines, phenothiazines, acridines and others. To this date, several PSs, along with
Acridines, cyanines, phthalocyanines, chlorins, and phenothiazines, have been

investigated for usage as PACT PS agents (101).

2.1.3. The photosensitizers (PSs) applied in PACT

In PACT, porphyrins and other tetrapyrrole compounds including as chlorins,
phthalocyanines (Pcs), and carbocyanines (Cys), are desirable photosensitizers in
PACT (80,102,103). They are exceptional ROS generators due to their aptitude to
engross strongly in the UV-Vis-IR region of the electromagnetic spectrum near the IR
region and generate a significant triplet quantum yield (87). Section 2.1.3.1 below will

briefly overview carbocyanine and its potential as a photosensitizer.

21.3.1. Carbocyanine dyes (Cys)

Carbocyanines (Cys) is the cyanine dye that contain two nitrogen-containing
heterocyclic entities joined by an alkene group (Figure 2.2). The number of carbon
atoms in the molecular structure and the nature of the end groups containing nitrogen

atoms can vary based on the molecule of interest (104).
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Figure 2.2: General structure of carbocyanine dyes 1.

Carbocyanine was first synthesized by C. H. G. Williams in 1856 through heating
quinolone with N-amyl lepidinium iodide in the presence of ammonia (105). The
resulting compound produced had a "magnificent blue colour," so the general carbo-
cyanine dye name was derived from the Latin word cyanos, which means "blue" (104-
106). Carbocyanine molecules are referred to as dyes because they have extremely
strong absorption bands in the visible region of the electromagnetic radiation
spectrum, as illustrated in Figure 2.4. They have narrow absorption bands and high
extinction coefficients. The position (wavelength) and strength (absorption coefficient)
of the carbocyanines are dependent on the length of the carbon chain (number of
methine groups) between the nitrogen atoms and the changes in the heterocyclic unit
of the structure. Increasing the number of carbon atoms in the polymethine chain that
connects the heterocyclic units or expanding the aromatic parts of the terminal
heterocyclic units may result in red shifting towards longer wavelengths. The addition
of two carbon atoms to the polymethine chain shifts the absorption band by 100 nm
bathochromically, whereas fusing the benzo ring as the terminal indole moiety shifts
the absorption band by about 30 nm (107). Figure 2.4 depicts carbocyanine's electronic

absorption spectra based on the molecular structure's length (108,109).

Abs
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Figure 2.4: Different spectra of different carbocyanines based on the length of the
structure and the modification (108,109).

Although it has been previously mentioned that the general carbo-cyanine dye name
was derived from the Latin word cyanos, which means "blue", their family
encompasses the whole electromagnetic spectrum from near infrared to ultraviolet.
However, because to their extraordinary light sensitivity, the incredible utility of
carbocyanine dyes was not identified until recently when H-W. Vogel utilised them to
increase the sensitivity of the photographic plate (110). Since its first application by
H.W. Vogel, carbocyanine has been used in a wide range of applications, including in
the optical method (to monitor membrane electrical potential difference in cells) (111),
pH sensors (112), in-vivo fluorescence imaging (111), and medicines (113). These
compounds were initially used in photographic emulsions, but they were later
discovered to be good photosensitizers and have been investigated for diagnostic and

therapeutic purposes (110,114,115).

Carbocyanine dyes and their derivatives have been extensively studied recently for
their cytotoxic activity against a wide range of tumours (116). The name and the
structure of the Cy-molecules vary based on the number of carbons in the alkene
structure and the modification of the molecules such as follows: Dyes containing n =
0,1, 2,and 3, are classified as mono- 2, tri- 3, Penta- 4, and heptamethine 5, respectively

(115). Also, the structure presented in Table 2.1 shows different carbocyanines (Cys).

Table 2.1: The structures of Cy-molecules and their name based on the methine
group (114).

Carbocyanine molecules The structural molecules
Monomethine X =
=0
(n=0) ~ &/ G N
Br k |
2
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Trimethine dye

(n=1)

Pentamethine dye

(n=2)

Heptamethine dye

(n=3)

2.1.3.1.1. The modification of carbocyanines

Most carbocyanines have short absorption spectra (absorption spectra around 300 nm
to 500 nm), which leads to less formation of ROS as the PS struggles to reach the triplet
state (107). They are often altered to modify their absorption maxima, solubility, and
hydrophobic-hydrophilic characteristics, as well as to incorporate reactive groups that
allow for further coupling to biomolecules and target-specific carriers. Incorporating
heavy elements such as iodine into organic dyes is known to boost PDT and PACT
performance, which is ascribed to increased spin-orbit coupling and triplet state
population, which results in greater rates of reactive species formation (117). This
effect has recently been observed with cyanine dyes, among other things. Figure 2.3

presents some of the modified carbocyanines.
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Figure 2.3: Modified carbocyanine (Cy) dyes. Cy-6 presents the modified Cy with
iodine atoms on both sides of the indole group (109,118).

The molecular structures are presented in Table 2.1. In addition, the absorption
spectra of the modified carbocyanine have been analysed, and the results are shown

in Table 2.2.

Table 2.2: The absorption spectra of the iodide-modified carbocyanines (109).

Dye Structure Amax Ab 0.7%
(nm) DMSO in
saline
Cy7 753 739
ICy7 759 746
LCy7 766 754
I;Cy7 760 677

One of the most known carbocyanines used as PS is Indocyanine Green (ICG). This
molecule and methylene blue are the only carbocyanine members reported to be

approved by the Food and Drug Administration (FDA) (119). ICG has been reported
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to express toxicity towards various cancerous cells (120,121). Also, heptamethine
cyanine dye (Cy7) was reported to be an effective PS molecule (116). Table 2.3 presents
examples of carbocyanines together with their structures. All the carbocyanine
molecules presented in Table 2.2 have been applied as PSs in photodynamic

antimicrobial chemotherapy (PACT) against E. coli, S. aureus, and P. aeruginosa (122).

Table 2.3: The type of carbocyanines that have been applied as photosensitizers (PSs).

Cyanine Chemical structures Application | Reference
molecules s s
Indocyanine photodynami
green  dye ¢ treatment of
(ICG) several kinds (116)
of cancer
Iodide photodynami
heptamethin ¢ eradication
e cyanine of Gram-
dyes positive and (118)
Gram-
negative
pathogens
IR-780 iodide Combeatting
Dye the
Multidrug-
(123)
Resistant
Bacterial
Infections

Ming Guan et al. (124) combined cyanine with Carbomer gel (Cy-CBMG hydrogel) to

improve its antibacterial characteristics. The results demonstrated that the created Cy-
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CBMG gel exhibited reduced photodegradation when exposed to laser light, and so
could effectively increase ROS formation in bacteria. In vitro, the synthesised Cy-Cy-
CBMG gel also shown exceptional ROS-induced killing effectiveness against
methicillin-resistant Staphylococcus aureus and extended-spectrum b-lactamase-

manufacturing E. coli.

PACT activity of cyclohexene-based cyanine dyes with two and three terminal end-
groups of indolenine, benzothiazole, and benzoselenazole against S. aureus and E. coli
bacteria was examined by Arjun Veliyil Prakash et al. (125). Both di-substituted
benzothiazole and benzoselenazole cyanines have been shown to effectively kill S.

aureus and E. coli at nanomolar and micromolar dye concentrations.

2.1.4. The synthetic route of carbocyanine

In general, the synthesis of carbocyanine dyes is primarily determined by the type of
molecule of interest, which is determined by the heterocycles and metals present, as
well as the length of the molecule. One method of synthesizing carbocyanine, such as
heptamethine cyanine, is through a condensation reaction between two quaternary
ammonium salts and a dianil-linker (109,114,126). Figure 2.6 below presents the
synthesis of meso-substituted heptamethine cyanines (127). The other method for
synthesising carbocyanine is known as the aldehyde method, and the synthesis

mechanism is presented in Figure 2.6.

18

R=CI
(B) Y=H

n=1
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Figure 2.6: The chemical synthesis of meso-heptamethine carbocyanine dye 18 (127).

The key step in the synthetic procedure for heptamethine, as in Figure 2.6, is the
formation of dianil linkers via the reaction of a substituted cycloketone (A) or 1-
substituted cycloalkene (B) with the Vilsmeier-Haack reagent, which is generated
from phosphorous oxychloride and N, N-Dimethylformamide, resulting in
dialdehyde. The following step is to cap the molecule with aniline for stability to
produce dianil linkers (C). Finally, the product (C) is condensed with quaternary
ammonium salts in acetic anhydride in the presence of sodium acetate and purified
by precipitation using ether or column chromatography (1-5% methanol/DCM). All

these steps result in product 18.

The aldehyde method is an alternative for producing one carbocyanine molecule
(114). In brief, the quaternary ammonium salt (i) will be converted to a Fischer base
(ii) under basic conditions. The Fischer base (ii) will then be reacted with
chloromethylene, dimethylammonium chloride, and dichloromethane before being
dissolved in an aqueous K2COj solution to form the aldehyde (iii). The aldehyde (iii)
is cleaved to form a carboxylic acid, which will be used to attach a molecule (iv) to one
of the strands of peptide nucleic acid (PNA), and the molecule (v) to the other. These
two strands are combined to form a molecule as a final product 19. Figure 2.7 presents

the synthesis of carbocyanine using the aldehyde method (114).

|
P
NaOH cl __r~=0
w [ e
N o H;0 N\_{O DCM, K;CO, N
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Figure 2.7: The Synthesis of carbocyanine following the aldehyde method (114).

The other method common for synthesizing pentamethine and heptamethine

carbocyanine molecules is presented in Figure 2.8.
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Figure 2.8: Alternative method for the preparation of carbocyanine 20 (128).

Refluxing reagent-I in acetonitrile with different chain-length carboxylic acids, 3, 6, or
10-bromopropionic acid in a nitrogen environment, followed by the addition of
Vilsmeier-Haack reagents II in acetic anhydride under basic conditions. The reaction
mixture was quenched with methanol once it had cooled to room temperature. To
remove unreacted sodium acetate, the crude material was treated in dichloromethane
and filtered. Column chromatography on silica gel eluting with methanol can be used

to separate the components.

2.2. Nanomaterials (NMs)

Nanomaterials have become the cornerstone of nanoscience and nanotechnology due
to their potential to revolutionize the ways materials and products are fabricated.
Moreover, nanomaterials can also offer a wide range of functionalities. Nanomaterials
are substances with at least one dimension of fewer than 100 nanometers. Several
types of nanomaterials are synthesized or fabricated to suit different types of
applications. Some nanomaterials occur naturally, but engineered nanomaterials (EN)
are of particular interest because they are designed for and are already used in a wide

range of commercial products and processes (129,130). Figure 2.9 presents the
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commonly known types of nanomaterials. Nanomaterials are characterised by their

unique optical, magnetic, electrical, and other properties.

Nanostructured

Nanoparticles
lipids garries P

Nanoflowers

Main types of
nanomaterials

7 B
Nanotubes

Figure 2.9: A variety of nanomaterials (131).

2.2.1. Metal oxide nanomaterials (MONs)

Metal oxide nanomaterials (MONs) are among the nanomaterials that have shown
potential in various fields, including chemistry, materials science, physics, and
biotechnology (132,133). Nanomaterials' conductor, semiconductor, and insulator
properties are determined by their unique electronic structure. MONs, mainly
copper(Il) oxide (CuO), zinc oxide (ZnO), nickel oxide (NiO), indium oxide (In203),
and tungsten oxide (WQO3), are potential sensing materials with high sensitivity, fast
response and recovery time, excellent replicability and photostability (132).
Furthermore, Because of their excellent photostability, large extinction coefficient,
high emission quantum yield, and simplicity of surface modification, MONs have
found exciting biological applications for fluorescent labelling. Silver oxide and zinc
oxide are two metal oxide nanomaterials with the most promise (134,135). Among the
two most promising nanomaterials, the study will focus on zinc oxide nanomaterial
as a drug carrier for PSs in the PACT study. Zinc oxide materials have been described

to be antibacterial, anticancer, immunomodulatory, sunscreen, and antioxidant, or
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they can be used as an adjuvant treatment to chemotherapy drugs to lessen their side
effects (136). Furthermore, zinc oxide has been revealed to promote the generation of

reactive oxygen species (ROS) when exposed to UV light.

2.21.1. Properties and application of zinc oxide nanomaterials (ZnO-NMs)

Zinc oxide (ZnO) nanomaterials are white semiconductor compounds that are nearly
insoluble in water. They are also known as II-VI semiconductors because they have a
large band gap energy of 3.3 eV and high excitation energy of 60 eV. Because of their
high band gap energy, these compounds can accommodate large electric fields, high
temperatures, and high power operations (137). ZnO compounds have crystalline
wurtzite (B4) crystal structure at room temperature, composed of hexagonal unit cells
with two lattice parameters (a and c) belonging to the C4%yv or P63 mc space group.
Figure 2.10 presents the crystalline wurtzite of zinc oxide compounds. Low toxicity
and biodegradability are two of the most important properties of ZnO nanomaterials

(138).

Figure 2.10: The hexagonal wurtzite structure model of ZnO (138).

These nanomaterials have been favoured in applications and products, including

biomedical imaging (including fluorescence, magnetic resonance, positron emission
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tomography, and dual-modality imaging) (139), drug delivery (140), gene delivery
(141), and biosensing of various molecules of interest. ZnO-NMs have also been used
in photodynamic therapy due to their ability to generate reactive oxygen species
(ROS) when exposed to light, and they have demonstrated great potential and
efficiency in killing cancer cells (138,142).

2.21.2.  Synthetic routes of zinc oxide nanoparticles and nanoflowers

ZnO nanomaterials or nanostructures can be synthesized using a variety of techniques
such as vapour deposition (143), precipitation method, hydrothermal synthesis (144),
the sol-gel process (145), precipitation from micro-emulsions (146), and mechano-

chemical processes (147). The methods for obtaining zinc oxide nanomaterials are

summarized in Table 2.4 below.

Table 2.4: Method for the synthesis of ZnO-Nanomaterials.

Method Precursors Synthesis conditions Properties Ref
ZnCl, Room temperature, Hexagonal structure; particles
Mechanochemi NaxCO, Calcination: 2 h, 600 °C diameter: 21-25 nm
NacCl (148-
cal
. 150)
P Room temperature, Hexagonal structure; particles
rocess
Calcination at 400-800 °C diameter: 18-35 nm
Zn(NOs)2, NaOH | Synthesis: 2 h; drying: 2 h, | Spherical particles;
o (131)
100°c size of around 40 nm
Precipitation
process Zn(CH3COO),, Synthesis: 30 min, 75 °C; | Hexagonal structure;
NaOH drying: overnight, room flower shape (L: 800 nm); (151)
temperature
Zn(CH3COO),, Reaction temperature: 60 | Zincite structure;
Sol-gel oxalic acid, G drying: 24 h, 80°C; aggregate particles: ~100 nm; (152)
ethanol and calcination: 500 °C the shape of the rod; particles
methanol L: ~500 nm, D: ~100 nm;
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Zn(CH3COO)s, Reaction: 50 °C, 60 min; | Hexagonal wurtzite structure;
oxalic acid | dried of gel: 80 °C, 20 h; | uniform, spherically shaped
(C2H204), ethanol calcined: under flowing air | particles (153)
for 4 h at 650 °C
Reaction: 150-180 °C; Hexagonal (wurtzite)
, holl i h
Zn(CH3COO),, drying: 80 °C in vacuum | Strcture, hotlow microspheres

(2-5 pm) consisted of nano-

Solvothermal | Zn(NOs)z, ethanol, | oven; calcinations: 500 °C

sized particles and contained
hydrothermal | ji i
y imidazolium channels (10 nm); hollow (144)

and microwave | tetrafluoroborate microspheres  consisted  of
techniques lonic nanorods (~20 nm); flower-like
liquid microspheres (2.5 pm)

The green synthetic approach and the chemical method are two of the most widely
used ways of producing ZnO-NMs. The green synthetic approach includes using
plants to synthesize nanomaterials (155). The term "chemical synthetic, on the other
hand, refers to procedures that employ non-aqueous liquid (polyol) as a solvent and
reducing agent, with the goal of minimizing surface oxidation and agglomeration
(156). Although the green synthetic pathway offers advantages such as lower costs
and less pollution, chemical procedures are preferred because they may be conducted
with a range of precursors and variables such as temperature, time, and reactant
concentration (157). Figure 2.11 depicts the most commonly used chemical process for

producing ZnO-NMs.
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Sodium hydroxide solution

Stirring for certain period %

ZnO nanoparticles

Figure 2.11: Chemical steps of ZnO nanoparticles (ZnO-NPs) synthesis (158).

Briefly, the synthesis of ZnO-NMs, such as nanoparticles, involves the preparation of
two reactant solutions (zinc acetate and sodium hydroxide solution). The sodium
hydroxide solution is then added drop by drop into the zinc acetate solution to achieve
a pH scale range of 12 -13. Then the mixture is then stirred for a predetermined
amount of time until the precipitate is visible, which represents the ZnO nanoparticles.
The precipitation is washed with deionized water, filtered, and dried overnight in a

hot air oven (158).

2.3. Functionalization of MNs

Nanomaterials are functionalized lately to enhance their properties and characteristics
including surface modification, which enable them to play a major role in medicine.
The term "functionalization" refers to the surface modification of NPs, which includes
the conjugation of chemicals or biomolecules on the surface, such as folic acid, biotin
molecules, oligonucleotides, peptides, antibodies, and so on, to improve the
properties and hit the target with high precision. Moreover, functionalization plays
an important role in improving nanomaterials' physical and chemical properties,

including anticorrosion, anti-agglomeration, and non-invasive properties.
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Functionalization of nanomaterials also allows researchers to inculcate properties that

they specifically like to incorporate into NPs (129,159).

2.3.1. Functionalization of NPs

The functionalization of NPs impacts the interaction of the nanoprobe with the
biological environment and the imaging modality technique. Various approaches to
the functionalization of NPs are investigated, depending on the molecular imaging
applicability, efficiency, and other requirements. Figure 2.12 depicts a summary of
molecules of interest that can be attached to the NPs via secondary linkers. The
conjugation of molecules on the surface of NPs is the process by which they are
functionalized. Because of the high surface-to-volume ratio, particles can be efficiently
functionalized to meet our needs. Understanding the chemistry of conjugation is

critical because it allows us to assess the feasibility of various functionalization

approaches (160,161).
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Figure 2.12: A variety of functionalizations in nanomaterials for a variety of

applications (162).

Noncovalent binding can be used to functionalize nanomaterials by attaching specific
secondary ligands. Functionalization can also occur through covalent binding, which
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involves the direct binding of molecules by the interaction between the functional
groups and the surface of the NPs. In terms of functionalization stability, this method
involves a linkage reaction aided by a catalyst and is generally preferred over
unspecific physisorption (162). Glutathione is one of the known substances for
functionalizing metal and magnetic nanomaterials, especially for drug delivery

purposes (163).

Glutathione is defined as a substance formed from the amino acids glycine, cysteine,
and glutamic acid. It possesses many functional groups, including -SH, -NH2, and -
COOQOH, and has strong abilities for coordinating with metal ions. More intriguing,
because of the thiol group, it is soluble in water and may be easily absorbed into the
surface of metal nanoparticles (164). In this study, glutathione will be employed in the
functionalization of zinc oxide nanomaterials (ZnO-NMs), primarily for making the

synthesized materials water-soluble.

24. The impact of NMs in PACT and PSs

The use of nanomaterials in PSs has recently gained popularity in improving PS
properties. Metals such as titanium dioxide (TiO»), for example, have been complexed
with meso-tetrakis (p-sulfonatophenyl) porphyrin, and the subsequent developments
have demonstrated the enhanced photostability and fluorescence into nanoparticles
(165). Few studies have demonstrated the use of nanoparticles in PACT. In PACT,
nanoparticles have been used in a variety of ways, including as an adjunct to a PS, as
PSs themselves, as capsules containing a PS, and as particles that a PS has attached

and bound to its surface (166).

Chen et al. (2012) investigated the effectiveness of chitosan (CS) nanoparticles in
PACT. Using an ion gelation technique, they loaded CS nanoparticles with
erythrosine(167). They tested the antimicrobial efficiency of CS-erythrosine using
planktonic cells and biofilm from three different strains of S. mutans, P. aeruginosa, and
Candida albicans. Shrestha and Kishen (2014) conducted an in-vitro study to assess the

antibacterial efficacy of a newly developed PS, RB-functionalized CS nanoparticles,
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against an E. faecalis biofilm and a multispecies biofilm. Using atomic force
microscopy, they observed PS adherence to bacteria, surface roughening, and cell
disruption (168). Moreover, they discovered that the new PS was more effective in
terms of biofilm penetration, affinity toward the cell membrane, cellular disruption,
and eradicating viable bacteria. Up to this date, there has been no study that expresses
the employment of nanoflowers in PACT. Nonetheless, nanoflowers have so far been
employed for drug delivery and in PDT. Table 2.5 below shows a few applications of
nanoflower as a drug carrier. They concluded that nano-PS could be used as an

antibacterial measure to control root canal infections (169).

Table 2.5. The employment of nanoflowers

Nanoflowers Preparation method functions References
Titanium dioxide | One-step hydrothermal | Photo anode for dye sensitized solar (170)
nanoflower technique cells
Manganese oxide | mild in-situ self-collapse | as a multifunctional nano-platform (171)
(MnO2) method for photodynamic
nanoflowers therapy and MR imaging
gold nanoflowers Microbial synthesis Drug delivery, photo imaging and (172)

diagnosis
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3.  Experimental

This chapter describes all the procedures used in the experiments of this work. This
includes the synthesis, characterisation, and analytical instrumentation used in this

work for all nanomaterials.

3.1. Materials
3.1.1. Solvents used in this study

Methanol (99.8%), ethanol (96%), acetonitrile (C2HsN) (99%), dimethyl sulfoxide
(DMSO) (99.9%), and dimethylformamide (DMF) (99.8%) were purchased from Sigma
Aldrich (Johannesburg, South Africa). Ultra-pure water (0.055uS/cm at 25°C) was
obtained from a Milli-Q Water System (Merck, Johannesburg, South Africa) available
in the laboratories for the Institution for Nanotechnology and Water Sustainability

(iNanoWS) at the University of South Africa.

3.1.2. Organic molecules and reagents for the synthesis of Zinc oxide
nanomaterials (ZnO-NMs)

IR-780 iodide, Zinc acetate dihydrate (Zn(CH3COO); *2H>0), and Sodium hydroxide
(NaOH) were purchased from Sigma Aldrich. ZnO-NFs were synthesized with a
similar method followed in the literature (173), and the synthesis of ZnO-NPs and the
functionalizations of ZnO-nanomaterials were done following the methods in the
literature (174) and (175), respectively. The 3-Bromo-1-propanesulfonic acid sodium
salt, 4-hydroxybenzenesulfonic acid, potassium carbonate (K-CO:s), and glutathione

(GSH) were purchased from Sigma Aldrich.

3.1.3. Reagents for bacterial work

Agar bacteriological BBL Mueller Hinton broth (HG000C24.500) and nutrient agar
(HG0000C1.500) broth and nutrient agar were purchased from MERCK Chemical Ltd.
E. coli (ATCC 8739) were purchased from Anatech.

36



Chapter 3 Experimental

3.2. Equipment

The PerkinElmer Lambda 650s UV /VIS Spectrometer was used to record the UV-
Visible absorption spectra of all prepared sample solutions. The prepared molecules'
infrared (IR) spectra were recorded using the Perkin Elmer- Frontier FT-IR
Spectrometer. The structural patterns of nano-sized materials were investigated using
X-ray diffraction (XRD) (SmartLab X-Ray Diffractometer), a technique in which the
sample remains stationary while the x-ray tube and detector move towards each other
at a regulated pace of °0/min. The XRD was programmed to measure intensities in
the 2 = 5° to 100° range, scanning at 1° min-1 with a filter time constant of 2.5 s per
step and a slit diameter of 6.0 mm. Figure 3.1 below presents the set-up of XRD. D1
and D2 represent the position-sensitive detector (PSD), while ND represents the

sample stage with a specimen.

Tilt axis

/ (P angles) \

Position sensitive
detectors

Incident X-rays

Diffracted X-rays

4
NDJ - 9(902))

Sample) 1 TD)
\‘j> Rotating axis
: (¢ angles)

Figure 3.1: Schematic diagram of X-ray diffraction (XRD) set-up.

The overall morphology of ZnO-NFs was studied using a field emission scanning
electron microscope (ZEISS FE-SEM) set to 5,00 kV, whereas ZnO-NPs were studied
using scanning electron microscopy (JEOL SEM IT 300) set at 15 kV to 20 kV.

37



Chapter 3 Experimental

PACT experiments were conducted with the use of a General Electric lamp (230 W,
light intensity = 8.27 x 1020 photons s-! cm-2). All plate readings (Optical density) for
the antimicrobial investigations were collected using the LEDETECT 96 microplate
reader for in vitro diagnostics from LABXIM PRODUCTS. To remove infrared

radiation, a water filter was used, as shown in Figure 3.2.

Halogen lamp
Microbial o
en Water filter
R (For IR radiation removal)
irradiation Box

Microplate

S Power source)
(Containing

Figure 3.2: Schematic diagram of a microbial photo-irradiation photochemical set-

up in a box.

3.3. Synthesis
3.3.1. Synthesis and functionalization of ZnO-NPs and ZnO-NFs

ZnO-NPs and ZnO-NFs were synthesized using a combination of the titration method
and the Sol-gel method. Figure 3.3 depicts the schematic methods used to synthesize
both nanoflowers and nanoparticles. The chemical steps of producing ZnO from zinc
acetate dihydrate and sodium hydroxide are outlined in Scheme 3.1.1 below. The
chemical reaction for the synthesis of zinc oxide nanomaterials is divided into three
mechanical steps, which includes two temporary products in the whole mechanical
reaction. The initial step is the reaction of zinc acetate dihydrate and sodium

hydroxide which lead to the formation of ashoverite and zinc hydroxide with the
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presence of dihydrate. The second step is the chemical reaction of zinc hydroxide with
dihydrate to result in the imbalance product of zincate ion and dihydrogen. Lastly,
imbalance product of zincate ion results to the formation of zinc oxide, hydroxide in
the presence of dihydrate. The method for the functionalization of as-prepared ZnO-
NMs was adopted from the literature (175).

Mixing two solution
(drop-wise)
NaOH solution |

——
stirring bar i ig

stirring
(Chosen temperature)

stirrin
ZnCH O, stirring motion (Chosen lcmp%ralurc)

solution

Figure 3.3: The schematic illustration of the Sol-gel method combined with the

titration method.

3.3.2. Synthesis of Zinc oxide nanoparticles (ZnO-NPs)

The synthesis of ZnO-NPs was carried out according to the literature method (174).
Briefly, aqueous zinc acetate dihydrate (1.7 M) and sodium hydroxide (1.5 M)
solutions were prepared in methanol separately. The sodium hydroxide solution was
added dropwise to the zinc acetate dihydrate solution (50mL) under magnetic stirring
at room temperature. The resulting solution was homogenized by magnetic stirring
for 2 hrs and 30 min and stirred for the next 24 hrs at room temperature. The product
was harvested through centrifugation with the speed of 3500 rpm at room
temperature, followed by washing with a 1:1 methanol-Milli-Q water mixture, and
dried in the oven at 60 °C overnight. IR [KBr, v, cm1]: 535, 688, 1377, 1496 [ZnO
structure]. UV-Vis (Amax nm) (solid state), 367 nm.
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3.3.2.1. Synthesis of Zinc oxide nanoflowers (ZnO-NFs)

Briefly, zinc acetate dihydrate (0.2 mol) and sodium hydroxide (1.45 mol) standard
solutions were accurately prepared. The pH of the zinc acetate dihydrate solution (50
mL) was adjusted by sodium hydroxide dropwise under magnetic stirring. The
reaction mixture was heated to reflux temperatures at constant stirring for 3 hrs and
30 min and then cooled to room temperature. The precipitate was harvested through
centrifugation with the speed of 3500 rpm at room temperature and washed with
Milli-Q water and ethanol. The product was dried in the oven at 60 °C overnight. IR
[KBr, v, cm?]: 541, 688, 1377, 1496, 3355 [ZnO structure]. UV-Vis (Amax nm) (solid
state), 368 nm. Scheme 3.1.1: The chemical reaction process for the formation of zinc

oxide.

Zn(CH;C00), ¢ 2H,0 + 2NaOH ——— > Zn(OH), + 2CH;COONa + 2H,0  [1]
Zn(OH), + 2H,0 —> Zn(OH)* +2H* 2]

Zn(OH),” — » 7ZnO +20H + 2H,0 [3]

Scheme 3.1.1: The chemical reaction mechanism for the formation of ZnO from zinc

acetate and sodium hydroxide

3.3.2.2. Functionalization of Zinc oxide nanoparticles (ZnO-NPs) with
glutathione

For the preparation of GSH-coated ZnO nanoparticles (GSH-ZnO-NPs), ZnO-NPs (75
mg, 0.92 mmol) and glutathione (100 mg, 0.325 mmol) were each dispersed in
methanol (6 mL). Both solutions were sonicated for 30 min. The Glutathione solution
was then added to the zinc oxide solution dropwise while the solution was stirred.
The mixture was then stirred for 72 hrs at room temperature. Later, the solution was
centrifuged with the speed of 3500 rpm at room temperature to harvest the product
which was then washed with methanol and then dried in the oven overnight at 60 °C.
The obtained sample was labelled as GSH-ZnO-NPs. IR [KBr, v, cm1]: 849 [Zn-O]. UV-
Vis (Amax nm) (solid state), 349 nm.
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3.3.2.3. Functionalization of Zinc oxide nanoflowers (GSH-ZnO-NFs) with
glutathione

For the preparation of GSH-coated ZnO nanoflowers (GSH-ZnO-NFs), ZnO-NFs (75
mg, 0.92 mmol) and glutathione (100 mg, x 0.325mmol) were each dispersed in
methanol (6 mL). Both solutions were sonicated for 30 min. Glutathione solution was
then added to the zinc oxide solution drop wisely while the solution was in the stirring
motion. The mixture was then stirred for 72 hrs at room temperature. Later, the
solution was centrifuged with the speed of 3500 rpm at room temperature to harvest
the product, washed with methanol, and then dried in the oven overnight at 60 °C.
The obtained sample was labelled as GSH-ZnO-NFs. IR [KBr, v, cm]: 600, 840 [Zn-
O]. UV-Vis (Amax nm) (solid state), 368 nm.

3.3.24. Modification of IR-780 iodide to SHBS-IR-791 iodide

Briefly, IR-780 iodide (300 mg, 0.45 mmol), sodium 4-Hydroxybenzenesulfonic acid
(80 mg, 0.459 mmol), and potassium carbonate (15 mg, 0.108 mmol) were dissolved in
methanol (20 ml), and the reaction mixture was stirred for 24 hrs at a temperature of
60 °C under nitrogen gas. After the time had elapsed, the solvent was evaporated. The
second step was purification, whereby a mixture of methanol and acetone with a ratio
of 1:7 was prepared and then dissolved the obtained product in it. The solvent was
evaporated again, and lastly, the product was washed with methanol and allowed to
dry at 40 °C. The obtained sample was labelled as SHBS-IR-791 iodide. IR [KBr, v, cm-
1]: 500-1088cm! (=C-H), 1404 (C-H scissoring) UV-Vis (emax nm) (DMF): 791 (log ¢):

5.0613.
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3.3.3. Conjugation of functionalized nanomaterials and modified organic dyes
3.3.3.1. Synthesis of GSH-ZnO-NFs-SHBS-IR-791 iodide nanoconjugate

GSH-ZnO-NFs-SHBS-IR-791 iodide nanoconjugate was prepared by mixing SHBS-IR-
791 iodide and GSH-ZnO-NFs (1:1 mass ratio (55 mg each)) in NaOH (10 mL, 1 M) in
a glass vial. DMSO (5 mL) was then added to the solution mixture and subjected to
ultrasonification for 30 min, followed by stirring for 72 hrs at room temperature. After
this period, the product was obtained through precipitation in methanol and washed
several times using the same solvent. The product was harvested through

centrifugation and dried in the oven at 40 °C. IR [KBr, v, cm™]: UV-Vis (Bmax Nm)

(DMF): 368, 778.

3.3.3.2. Synthesis of GSH-ZnO-NPs-SHBS-IR-791 iodide nanoconjugate

GSH-ZnO-NPs-SHBS-IR-791 iodide nanoconjugate was prepared by mixing SHBS-IR-
791 iodide and GSH-ZnO-NPs (1:1 mass ratio (55mg each)) in NaOH (10mL, 1 M) in a
glass vial. DMSO (5mL) was then added to the solution mixture and subjected to
ultrasonification for 30 min, followed by stirring for 72 hrs at room temperature. After
this period, the product was obtained through precipitation in methanol and washed
several times using the same solvent. The product was harvested through

centrifugation and dried in the oven at 40 °C. IR [KBr, v, cm™]: UV-Vis (Zmax Nm)

(DMF): 362, 787.

3.3.4. Antimicrobial activity

The antimicrobial activity of five drug samples (drug 1 denotes GSH-ZnO-NFs-SHBS-
IR-791 iodide, drug 2 denotes GSH-ZnO-NPs-SHBS-IR-791 iodide, drug 3 denotes
SHBS-IR-791 iodide, drug 4 denotes GSH-ZnO-NPs, and drug 5 denotes GSH-ZnO-
NFs) was studied against E. coli. The study was carried out using 96-well plates, as
demonstrated below in Figure 3.5. Four 96-well-cell plates were used to cover all the
drug samples and the antimicrobial study. Each plate was divided into four parts.

Plate 1 carried the activities of drugs 1, 2, and 3, whereas plate 2 carried the activities
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of drugs 4 and 5. Another two plates were copies of plates 1 and 2. Plates 1 and 2 were
for the light exposure study; plates 3 and 4 were for the dark place study.

100 pl of E. coli was inoculated into (X mL) Luria nutrient broth and placed in a shaking
incubator with a speed of 68 rpm for 37 °C for 24 hrs. The microbial culture's optical
density (OD) at 600 nm was adjusted to around 0.8 by letting the bacteria grow until
the OD reached 0.8, followed by drug sample preparation in which each drug sample
was dissolved in a 1:4 distilled water and DMF solution (75% distilled water and 25%
DMEF).

The inactivation of E. coli was carried out by placing aliquots of 100 pL of the bacteria
culture in a 96-well plate, followed by pipetting 50 pL of drug samples. The prepared
four-96-well-celled plates were placed in an incubator for 24 hrs at 37 °C. After the
time had elapsed, Plates 1 and 2 were taken out for irradiation, whereas plates 3 and
4 were left in the dark place. During the irradiation, the lightbox was used, and each

plate (Plates 1 and 2) was exposed to the light with an optical filter for 5 min.

GSH-ZnO-NFs-SHBS-IR-791 || GSH-ZnO-NPs-SHBS-IR-791 GSH-ZnO-NFs GSH-ZnO-NPs

1 2 3 4 5 67 8 9 10 1 12 2 3 4 5 67 8 9 10 1 12

SHBS-IR-791

Figure 3.4: The representation of the 96-well-celled plated divisions.
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4. Results and discussion

This chapter reports on all the discussed results from the experiments carried out in
this thesis. This begins with all the synthetic routes, followed by the results for all

complexes used in this project.

4.1. Synthesis
4.1.1. Zinc oxide nanoparticles (ZnO-NPs) and zinc oxide nanoflowers (ZnO-NFs)

The sol-gel method was employed to synthesize two types of zinc oxide nanomaterials
(ZnO-NMs) which are zinc oxide nanoparticles (ZnO-NPs) and nanoflowers (ZnO-
NFs). Zinc acetate and sodium hydroxide were employed for the synthesis of ZnO-
NPs and ZnO-NFs. Scheme 4.1 depicts the synthesis of the zinc oxide nanomaterials
using zinc acetate and sodium hydroxide. Both samples (ZnO-NPs and ZnO-NFs)

were white powders.

Jf &, &
ZnO-NF
é‘} ’«){ | n s —

ZnO-NMs

nO-NFs ZnO-NPs

ZnO-NPs

Scheme 4.1: The synthesis of Zinc oxide complex from zinc acetate and sodium
hydroxide.
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4.1.2. Functionalization of zinc oxide nanoparticles and nanoflowers (ZnO-NPs
and ZnO-NFs) with glutathione

Glutathione was used to functionalize ZnO-NPs and ZnO-NFs (GSH-ZnO-NPs and
GSH-ZnO-NFs), which binds to metal-rich nanomaterials via the thiol group. This
method was carried out in basic aqueous media while stirring for several hours in the
open air (Scheme 4.2). Methanol precipitation and centrifugation were used to purify
the GSH-functionalized ZnO-NPs and ZnO-NFs, followed by oven drying at 60 °C.

These substances were discovered to be highly soluble in water.

NH;

:

GSH

| > —w-NH;

Room Temp

Zn0 NMs

NH:
GS5H-ZnO-NMs

Scheme 4.2: Schematic representation of the synthesis of GSH-ZnO-NPs and GSH-
ZnO-NFs.

4.1.3. Modification of IR-780 iodide complex to SHBS-IR-791 iodide Complex

The synthesis of benzenesulfonic acid sodium-modified IR-780 iodide (SHBS-IR-791
iodide) was performed with the use of IR-780 iodide and 4-Hydroxybenzenesulfonic
acid sodium salt. The chemical reaction mechanism is presented in Scheme 4.3. This
reaction resulted in the chloride ion on IR-780 iodide being displaced by the
benzoxysulfonic acid sodium entity. The product is herein presented as SHBS-IR-791

iodide. The final product was green in colour and slightly soluble in water.
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Scheme 4.3: Schematic representation synthesis of SHBS-IR-791 iodide.

4.1.4. Synthesis of GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-SHBS-
IR-791 iodide

GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-SHBS-IR-791 iodide were
synthesized by conjugating GSH-ZnO-NPs and SHBS-IR-791 iodide, as well as GSH-
ZnO-NFs and SHBS-IR-791 iodide, respectively, as shown in Scheme 4.4 below.
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Scheme 4.4: Schematic representation of the synthesis of GSH-ZnO-NPs-SHBS-IR-791
iodide and GSH-ZnO-NFs-SHBS-IR-791 iodide.

4.1.5. Loading studies of the nanoconjugates

The nanoconjugates (GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-SHBS-
IR-791 iodide) were designed by individually incorporating SHBS-IR-791 iodide into
GSH-ZnO-NPs and GSH-ZnO-NFs. The number of SHBS-IR-791 iodide complexes
bonded to GSH-ZnO-NPs and GSH-ZnO-NFs was estimated using the following
literature method, but absorption was used rather than fluorescence studies (176).
Estimates are made by comparing the absorbance intensity of SHBS-IR-791 iodide in
the conjugate with the absorbance of SHBS-IR-791 iodide before the conjugation. The
obtained absorbance are shown in Table 4.1. The number of SHBS-IR-791 iodide
bonded to GSH-ZnO-NPs were estimated as SHBS-IR-791 iodide: GSH-ZnO-NPs-
SHBS-IR-791 iodide ratio, to be: 1:5 and the number of SHBS-IR-791 iodide bonded to
GSH-ZnO-NFs were estimated as SHBS-IR-791 iodide: GSH-ZnO-NFs-SHBS-IR-791
iodide ratio, to be: 1:3.
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Table 4.1: The absorbance used for loading estimation.

Complexes Amax absorbance
SHBS-IR-791 iodide 1.87
GSH-ZnO-NPs-SHBS-IR-791 iodide 0.39
GSH-ZnO-NFs-SHBS-IR-791 iodide 0.55

Table 4.2. The optical parameters (UV-Vis and molar extinction coefficient) for all the

complexes.
Complexes Aabs. (nm) Molar extinction coefficients (&)

ZnO-NPs 367 —

ZnO-NFs 368 —
GSH-ZnO-NPs 349 —
GSH-ZnO-NFs 368 —

IR-780 iodide 780 5.0613

SHBS-IR-791 iodide 791 5.0594
GSH-ZnO-NPs-SHBS-IR-791 iodide 363,787 —
GSH-ZnO-NFs-SHBS-IR-791 iodide 367,777 —

4.2. Characterisation

4.2.1. Ultraviolet-Visible spectroscopy of ZnO-NPs and ZnO-NFs

UV-vis spectroscopy was performed at room temperature to determine the optical

properties of as-synthesized ZnO-NPs and ZnO-NFs, and the results are shown in

Figure 4.1. The two obtained graph lines denote ZnO-NFs and ZnO-NPs. All samples

were studied in solid powder form with an absorption detection range of 300-800 nm.
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Figure 4.1: UV-Vis spectra of ZnO-NPs and ZnO-NFs.

The UV-Vis spectra obtained showed an exciton absorption peak at 367 and 368 nm
for ZnO-NPs and ZnO-NFs, respectively. The presence of only one peak on each line
graph indicated that the ZnO nanostructures were pure and could have good optical

properties (177).

4.2.2. UV-Vis spectra of ZnO-NPs, ZnO-NFs, GSH-ZnO-NPs and GSH-ZnO-NFs

The optical properties of as-synthesized ZnO-NPs, ZnO-NFs GSH-ZnO-NPs and
GSH-ZnO-NFs were determined using UV-vis spectroscopy at room temperature, and
the results are shown in Figure 4.2. All samples were studied in powder form, with a

detection range of 300-800 nm for absorption.
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Figure 4.2: UV-Vis spectra of zinc oxide nanoparticles (ZnO-NPs) and zinc oxide
nanoflowers (ZnO-NFs) and their functionalized materials (GSH-ZnO-NFs and GSH-
ZnO-NPs).

The obtained UV-Vis spectra show an exciton absorption peak at 349, 367, 368 and 368
nm for GSH-ZnO-NPs and ZnO-NPs, GSH-ZnO-NFs and ZnO-NFs, respectively. The
presence of only one peak on each line graph indicated that the ZnO nanostructures
were pure and had the potential for good optical properties (174,177). The data
displayed in Figure 4.2 reveal that all of the complexes (ZnO-NPs, ZnO-NFs, GSH-
ZnO-NFs, and GSH-ZnO-NPs) have just one band between 300 nm and 400 nm.
However, the outcomes reveal that GSH-ZnO-NFs and GSH-ZnO-NPs have
comparable bands that are broader than ZnO-NPs and ZnO-NFs. Therefore, it can be
concluded that the change in absorbance is introduced by the presence of GSH in
GSH-ZnO-NFs and GSH-ZnO-NPs since it is the only component that makes the GSH
in GSH-ZnO-NFs and GSH-ZnO-NPs vary from ZnO-NPs and ZnO-NFs. Moreover,

similar results were obtained in the literature (175) during the capping of ZnO.
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4.2.3. Ultraviolet-Visible spectroscopy of IR-780 iodide and SHBS-IR-791 iodide
complexes

The optical studies of SHBS-IR-791 iodide were performed at room temperature with
the samples dissolved in DMF. The UV-Vis absorption detection measurement range
is 300-900 nm, and the results are presented in Figure 4.3. The presented findings are

the optical properties of IR-780 iodide and SHBS-IR-791 iodide.

—IR-780 iodide

SHBS-IR-791 iodide

Absorbance

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4.3: UV-Visible spectra of IR-780 iodide and SHBS-IR-791 iodide.

The absorption spectra of IR-780 iodide and SHBS-IR-791 iodide show exciton
absorption peaks at 780 and 791 nm, respectively. The SHBS-IR-791 iodide spectra
present a slight red shift as compared to IR-780 iodide. Red-shift is described as the
movement of spectral lines towards longer wavelengths (the red end of the spectrum),
and the opposite of red-shift is blue-shift, which is defined as the displacement of
spectral lines towards shorter wavelengths. Referring to the literature (107), the
extension of aromatic groups in dyes induces a bathochromic shift and significant

strengthening of the long-wavelength absorption band (red shift).
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4.2.4. The molar extinction coefficient of IR-780 iodide and SHBS-IR-791 iodide

Figure 4.4 below presents the concentration dependence of the IR-780 iodide using
DMSO as a solvent. The results show the UV-Vis electronic spectra of IR-780 iodide

for a sequence of concentrations in the range from 6x10-¢ M to 16x10-¢ M.
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Figure 4.4: Variation of the absorption vs wavelength and absorption vs concentration
of IR-780 iodide in DMSO as a function of concentration. The concentrations range

from 6-16 uM.

The observed IR-780 iodide results show that the concentration is directly
proportional to the absorbance. From the obtained outcomes, for the IR-780 iodide,
the greatest absorption wavelengths and accompanying molar extinction coefficients
are shown. Y=0.11517x - 0.1269 formulate the coefficient of IR-780 iodide and
R=0.9971 is the molar extinction coefficient for IR-780 iodide. Figure 4.5 below
presents the concentration dependence of the SHBS-IR-791 iodide using DMSO as a
solvent. The results show the UV-Vis electronic spectra of SHBS-IR-791 iodide for a

sequence of concentrations in the range from 6x10-¢ M to 16x10 M.
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Figure 4.5: Variation of the absorption vs wavelength and absorption vs concentration

of SHBS-IR-791 iodide in DMSQO as a function of concentration. The concentrations

range from 6-16 uM.

The observed SHBS-IR-791 iodide data reveal that concentration is directly related to
absorbance, and absorbance reflects redshift. Based on the results, the wavelengths of

maximum absorption and related molar extinction coefficients for the SHBS-IR-791

are displayed in Figure 4.5.

4.2.5. UV-Vis spectra of GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-
SHBS-IR-791 iodide

The optical properties of the GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-
SHBS-IR-791 iodide were carried out using UV-vis spectroscopy at room temperature,
and the obtained results are shown in Figure 4.6. All the samples were dissolved in

DMF for ground-state absorption studies, and the wavelength ranged from 300-900

nm.
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Figure 4.6: UV-Visible spectra for GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-

NFs-SHBS-IR-791 iodide nanoconjugates.

The GSH-ZnO-NFs-SHBS-IR-791 iodide and GSH-ZnO-NPs-SHBS-IR-791 iodide line
graphs display the blue shift in the absorbance as compared to the outcomes of SHBS-
IR-791 iodide presented in Figure 4.6. Interestingly, the absorbance can be noticed at
362 and 368, which tells that there is a detection of GSH-ZnO-NPs and GSH-ZnO-NFs
in GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-SHBS-IR-791 iodide

complexes. As a result, it is possible to conclude that the conjugations are obtained.

4.3. Fourier transform infrared spectroscopy

4.3.1. Infrared spectra of ZnO-NPs and ZnO-NFs

FTIR analysis was performed on generated ZnO-NPs and ZnO-NFs to observe the
numerous distinctive functional groups associated with the nanomaterials. The
infrared spectra were recorded at room temperature between 500 and 4000 cm!. The

obtained results are shown in Figure 4.7.
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Figure 4.7: Fourier transforms infrared spectroscopy of ZnO-NPs and ZnO-NFs.

The characteristic peaks observed at 535 cm and 688 cm™ are attributed to the

stretching vibration metal oxide which in this study, they are attributed to Zn-O. Two

bands at 1377 cm! and 1496 cm! can be attributed to the stretching vibration mode of

C—O and C=O. the broad absorption peak at 3355 cm corresponds to the

characteristic absorption of O—H (178).

4.3.2. Infrared spectra of GSH-ZnO-NPs and GSH-ZnO-NFs

FTIR instrument was used to detect the various characteristics of functional groups

associated with the GSH-ZnO-NPs and GSH-ZnO-NFs. The obtained results are

shown in Figure 4.8.
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Figure 4.8: Fourier transforms infrared spectroscopy of GSH-ZnO-NPs and GSH-
ZnO-NFs.

A band at 2525 cm! in the pure GSH spectrum corresponds to the -S-H stretching
vibration of GSH. However, it vanished in the spectrum of GSH-ZnO-NPs and GSH-
ZnO-NFs. The disappearance of this band indicated that the thiol group was
deprotonated and coordinated the structures of ZnO-NPs and ZnO-NFs, for the
formation of GSH-ZnO-NPs and GSH-ZnO-NFs, respectively (179). Thiol groups R-
SH form of chemical moieties, and when subjected to deprotonation (loss of H*), they
form charged thiolates with distinct properties and reactivities compared with thiols
when in R-SH form (180). Thus, the disappearance of the band indicates that thiol has
undergone deprotonation and taken part in interaction with the surface of ZnO-NPs
and ZnO-NFs to form GSH-ZnO-NPs and GSH-ZnO-NFs. The C=0O and C-O
stretching frequencies at 1540 cm and 1375 cm in glutathione are assigned to
asymmetric and symmetric carboxylate group stretching modes, respectively. In GSH-
ZnO-NPs, asymmetric and symmetric carboxylate group stretching modes shifted to
1496 cm and 1364 cm!, respectively, but were observed at 1529 and 1380 cm! for
GSH-ZnO-NFs. Due to Zn-O-Zn stretching modes, the main absorption peaks of ZnO
are in the 850-550 cm! range.
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4.3.3. Infrared spectra of IR-780 iodide and SHBS-IR-780 iodide

IR-780 iodide and SHBS-IR-780 iodide were subjected to FTIR analysis to establish the
various characteristic functional group associated with the benzoxysulfonic acid

sodium salt-modified IR-780 iodide. The spectra of the complexes are presented in

Figure 4.9.
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Figure 4.9: Fourier transforms infrared spectra of IR-780 iodide, SHBS-IR-791 iodide,
and 4-hydroxybenzenesulfonic acid sodium salt modified IR-780 iodide (SHBS-IR-791
iodide).

The FTIR spectrum of 4-hydroxybenzenesulfonic acid sodium shows the vibrational
stretches of the hydroxyl groups between 3400 and 3700 cm. Compared to the FTIR
spectrum of IR-780 iodide, which does not have the hydroxyl group, such vibrational
stretches were not observed. However, a broad but very weak vibrational stretch
between 3200 cm! and 3500 cm! was observed for SHBS-IR-791 iodide, which can be
attributed to the new structure of SHBS-IR-791 iodide which now is a conjugated

benzene ring containing group. In general, these changes in the FTIR spectrum of
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SHBS-IR-791 iodide confirm the successful attachment of the benzoxasulfonic acid
sodium. In IR-780 iodide and SHBS-IR-791 iodide, the FTIR spectra displayed several
bands at 1505 cm-1, 1404 cm-1, 1240-1250 cm-1, and 1088-500 cm-1, which are
indicative of -NH, C-H, -C=N, -C-H, and C-C of the carbocyanine structure.

44. Scanning electron microscope and Energy Dispersive
Spectroscopy

4.4.1. Scanning electron microscope of ZnO-NPs and ZnO-NFs

The general morphologies of as-synthesized ZnO-NPs and ZnO-NFs were examined
using SEM, and EDX was used to establish the presence of elements in the materials.
Images in Figure 4.10 (a) and (b) depict the morphology of ZnO-NFs at 20, 00 KX and
50, 00 KX magnifications, respectively, while Figure 4.10 (c) shows the obtained EDX
spectrum of ZnO-NFs. Images in Figure 4.10 (d) and (e) show the morphology of ZnO-
NPs at x11 000 and x18 000 magnifications, respectively, while Figure 4.10 (f) shows
the obtained EDX spectrum of ZnO-NPs. The samples in powder form were attached

to carbon tape, and coated with gold before the morphological study was conducted.

» (€) ZnO-NFs

(f) ZnO-NPs W S‘;;';Nf:l'

Figure 4.10: Scanning electron microscope and Energy Dispersive Spectra of ZnO-
NFs and ZnO-NPs. (a) and (b) shows the images of ZnO-NFs at different
magnifications, while (c) represents the EDX spectrum of ZnO-NFs of ZnO-NFs. (d)
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and (e) shows the images of ZnO-NDPs at different magnifications, while (f) represents

the EDX spectrum of ZnO-NPs.

Images (a) and (b) show flower-like shapes made of nanorods. The nanorods lined up
in a circular pattern from the centre outward to form a flower-like shape. The tips of
the nanorods appear to be smoothly curved. Image (c) presents the EDX of ZnO-NFs
that shows the presence of zinc (Zn) and oxygen (O), which leads to the conclusion

that the zinc oxide nanoflowers were successfully synthesized and obtained.

Images (d) and (e) show well-formed agglomerated particles; Aggregation may have
happened as a result of charge screening and cation bridging effects. Electrostatic and
London attractive forces act on nanoparticles when they approach one other (181).
Image (f) presents the EDX of ZnO-NPs that shows the presence of zinc (Zn) and
oxygen (O). Image (f) also shows the presence of Au, which shows the presence of
gold. Referring to the presence of gold, it could be attributed to the coating process, as
the samples were coated with gold before examination using SEM. Nonetheless, it is

conclusive that the ZnO-NPs were successfully synthesized.

4.4.2. Scanning electron microscope of GSH-ZnO-NPs and GSH-ZnO-NFs

The GSH-ZnO-NPs and GSH-ZnO-NFs samples were also analysed using the low-
resolution SEM, and the images are shown in Figure 4.11. To reduce the
agglomeration, the samples were dispersed on the glass slide. The morphology of both
GSH-ZnO-NPs and GSH-ZnO-NFs was observed using JEOL SEM IT 300 operated
between 15 kV and 20 kV. Methanol was used to disperse samples of GSH-ZnO-NPs
and GSH-ZnO-NFs, and each sample was attached to the glass slide in drops. The
samples were allowed to dry before being gold-plated. Images (a) and (b) depict the
morphology of GSH-ZnO-NFs at x4, 000 and x22, 000 magnifications, respectively,
while image (c) shows the obtained EDX spectrum of GSH-ZnO-NFs. Images (d) and
(e) show the morphology of GSH-ZnO-NPs at x4, 300 and x22, 000 magnifications,
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while image (f) shows the obtained EDX spectrum of GSH-ZnO-NPs. Lastly, images
(g) and (h) are of the used glass slide.

GSH-ZnO-NPs ™%’

Figure 4.11: Scanning electron microscope and Energy Dispersive Spectroscopy
results of GSH-ZnO-NFs, GSH-ZnO-NPs, and glass-slide. (a) and (b) depict different
magnifications of GSH-ZnO-NFs and (c) shows EDX spectrums of GSH-ZnO-NFs. (d)
and (e) depict different magnifications of GSH-ZnO-NPs and (f) shows EDX spectrum
of GSH-ZnO-NPs.

The flower-like morphology is still visible in images (a) and (b). Furthermore, images
(d) and (e) show particle morphology, indicating that the morphology of the samples
did not change. The new elemental compositions are shown in images (c) and (f),
which are EDX spectra of GSH-ZnO-NFs and GSH-ZnO-NPs. The unexpected

elemental composition monitored in images (c) and (f) can be concluded that they are
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from the glass slide, as the clean glass slide was analysed, and the outcomes are shown
in the image (h). Also, the literature (150) reports that the observed extra elemental

composition is most commonly found on the glass surface.

4.4.3. Scanning electron microscope of GSH-ZnO-NMs-SHBS-IR-791 iodide

The general morphologies of GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-
SHBS-IR-791 iodide were examined using the JEOL FE-SEM. All the samples were
carried out in powder form. The goal was to observe if the morphology would change
or remain the same. Figure 4.12 Images (a) and (b) present the GSH-ZnO-NFs-SHBS-
IR-791 iodide at magnifications at x10, 000 and x30, 000, respectively, while images (c)
and (d) depict the GSH-ZnO-NPs-SHBS-IR-791 iodide at magnifications at x20, 000

and x30, 000, respectively.

Figure 4.12: Scanning electron microscope images GSH-ZnO-NFs-SHBS-IR-791 iodide
and GSH-ZnO-NPs-SHBS-IR-791 iodide. (a) and (b) show the images of GSH-ZnO-
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NFs-SHBS-IR-791 iodide at different magnifications while (c) and (d) depict the
images of GSH-ZnO-NPs-SHBS-IR-791 iodide also at different magnifications.

Images in Figure 4.12 (a) and (b) show that the morphology still depicts the
nanoflowers. However, the flower shapes differ from those presented in Figure 4.10
and Figure 4.11. Images in Figure 4.12 (a) and (b) show the flower-like shapes made
up of plate-like structures (nanoplates). The changes are a result of the conjugation of
SHBS-IR-791 iodide in the nanocomposites. Images in Figure 4.12 (c) and (d) indicate
agglomeration in GSH-ZnO-NFs-SHBS-IR-791 iodide at different magnifications.
According to the literature (182), nanoparticles have a strong, attractive interaction
with one another due to their high surface area per unit volume, resulting in a high
aggregation or agglomeration tendency. Furthermore, agglomeration might be linked
to the surface tautness of the solvent employed, which draws the particles composed

through the drying course (183).

4.5. X-ray diffraction (XRD) analysis
45.1. X-ray diffraction spectra of ZnO-NPs and ZnO-NFs

The XRD patterns of the ZnO-NPs, ZnO-NFs, GSH-ZnO-NPs and GSH-ZnO-NFs are
shown below in Figure 4.13. Using monochromatic X-rays, X-ray powder diffraction
patterns were acquired in the angular range of 20°-80° with a step size of 0.01°. All
reflections in the XRD patterns indicate that ZnO-NPs, ZnO-NFs, GSH-ZnO-NPs and
GSH-ZnO-NFs possessed the zinc oxide blend structural patterns, and they matched
well with PDXL.
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Figure 4.13: X-ray diffractogram (a) X-ray diffractogram of ZnO-NPs, (b) X-ray
diffractogram of ZnO-NFs, (¢) X-ray diffractogram of GSH-ZnO-NPs and (d) X-ray
diffractogram of GSH-ZnO-NFs.

All the diffraction peaks of the samples displayed structural patterns nature with 20
peaks at (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) planes
of the hexagonal ZnO structure. No other peaks were observed in all the
functionalized and un-functionalized ZnO-NPs and ZnO-NFs samples. As evident
from Figure 4.1, all the observed diffractions are well matched with the Wurtzite
hexagonal phase of ZnO (Zincite; space group PP63mc), and the obtained spectra are

aligned with the reported JCPDS data file of 79-0208 (184).
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4.5.2. X-ray diffraction spectra of GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-
ZnO-NFs-SHBS-IR-791 iodide

XRD was also used to study the structural patterns of the GSH-ZnO-NFs-SHBS-IR-
791 iodide, and GSH-ZnO-NPs-SHBS-IR-791 iodide are presented in Figure 4.14
below. The X-ray diffractograms were recorded in the angular range of 25°-80° with

a step size of 0.01° using monochromatic X-rays.
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Figure 4.14: X-ray diffractogram of (a) GSH-ZnO-NFs-SHBS-IR-791 iodide and (b)
GSH-ZnO-NPs-SHBS-IR-791 iodide.

The reflection GSH-ZnO-NFs-SHBS-IR-791 iodide and GSH-ZnO-NPs-SHBS-IR-791
iodide in XRD readings display patterns nature with 20 peaks at (100), (002), (101),
(102), (110), (103), and (200), GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NFs-
SHBS-IR-791 iodide present slight differences; the slight change can be attributed to
the presence of SHBS-IR-791 iodide in a GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-
ZnO-NFs-SHBS-IR-791 iodide complexes. Most of the observed intensity peaks are
well matched with the Wurtzite hexagonal phase of ZnO, which proves that ZnO can

be detected in the complex.
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5.  Photodynamic antimicrobial chemotherapy (PACT) studies

PACT, as indicated in the introduction, is mechanistically similar to photodynamic
therapy (PDT), which uses singlet oxygen and photon (light at a certain wavelength).
(93,94). Singlet oxygen has been shown to react with intercellular molecules such as
peptides, DNA, and proteins, causing oxidative damage to the cell wall and
membrane and ultimately leading to cell death (185). The literature has also reported
that Gram-negative bacteria are more drug-resistant than Gram-positive bacteria
(185,186). This is because the cell walls of Gram-negative bacteria, such as E.coli,
consist of an outer membrane with a size-selective porin, an inner phospholipid, an
outer negatively charged lipopolysaccharide (LPS), and a thin peptidoglycan layer
(12).

The cationic complexes such as carbocyanines may electrostatically interact with the
Gram-negative bacteria layer (LPS layer) (187). In this study, IR-780 iodide
nanoconjugates (GSH-ZnO-NPs-SHBS-IR-791 iodide, GSH-ZnO-NFs-SHBS-IR-791
iodide) together with their modified complexes (GSH-ZnO-NFs, GSH-ZnO-NPs, and
SHBS-IR-791 iodide) were studied against E. coli. There are two commonly used
methods for calculating bacterial populations: the standard (viable plate count) and
spectrophotometric (turbidimetric) methods. Because the technique includes diluting
a sample with phosphate buffer diluent until the bacteria are dilute enough to count

effectively, the cell biomass can be reliably measured.

5.1. Antimicrobial studies

PACT studies were performed in water and 2% DMF, whereby all the samples were
fully soluble after the sonication. The E. coli cells were pre-treated using
Ethylenediaminetetraacetic acid (EDTA) to prevent biofilms. The reported procedure
includes the use of 96 well-plate and the lightbox. The cell survival of the microbes
was subjected to a dark and light environment. The following equation (Eq-1) was

employed to quantify the percentage of cell viability.

66



Chapter 5 Antimicrobial studies

__absorbance of sample
absorbance of control

Cell viability (%)

x 100 Eq-1

Cell viability is measured by the proportion of live, healthy cells within a population.
This method is commonly employed to determine the overall health of cells, optimize
culture or experimental conditions, and measure cell survival following treatment
with compounds, such as during a drug screen (188). In this study, the photodynamic
antimicrobial activities of modified carbocyanine (SHBS-IR-791 iodide),
functionalized zinc oxide-based nanomaterials (GSH-ZnO-NFs, GSH-ZnO-NPs), and
carbocyanine nanoconjugates (GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-
NFs-SHBS-IR-791 iodide) are studied against E. coli, and the obtained outcomes are

expressed in details below.

Dark Environment

120
m GSH-ZnO-NFs
100 n GSH-ZnO-NPS
u SHBS-IR-791
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=]

Cell viability (%)
s 3

]
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0 25 5 75 10 12,5
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Figure 5.1: Photodynamic inactivation efficiency of various materials (GSH-ZnO-NFs,
GSH-ZnO-NPs and SHBS-IR-791 iodide) against E. coli in a dark environment over 5

minutes.

The inactivation of E. coli with the above-mentioned materials was carried out at
various concentrations (OuM, 2.5uM, 5uM, 7.5uM, 10uM, 12.5 pM) at similar irradiance
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times. To ensure that the inactivation of E. coli was caused exclusively by the
introduction of light in the PACT investigation, the experiment was also conducted in
the dark to monitor the complexes' dark toxicity. Figures 5.1 and 5.2 indicate that the
complexes had very little effect on E. coli denaturation. Figure 5.1 depicts the dark
toxicity studies of GSH-ZnO-NFs, GSH-ZnO-NPs, and SHBS-IR-791 iodide, while
Figure 5.2 depicts the dark toxicity studies of GSH-ZnO-NPs-SHBS-IR-791 iodide and
GSH-ZnO-NPs-SHBS-IR-791 iodide against E. coli.

Dark Environment

120

u GSH-Zn-NPs-SBHS-IR-791
GSH-Zn-NFs-SBHS-IR-791

100 1

g
1
-
1
-
i~

Cell viability (%)
g 2
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Figure 5.2: Photodynamic inactivation efficiency of GSH-ZnO-NPs-SHBS-IR-791
iodide and GSH-ZnO-NFs-SHBS-IR-791 iodide against E. coli in a dark environment

over b minutes.

In the first PACT experiment under light exposure, modified materials (GSH-ZnO-
NFs, GSH-ZnO-NPs, and SHBS-IR-791 iodide) were studied to observe their toxicity
and compared with their nanoconjugates (GSH-ZnO-NPs-SHBS-IR-791 iodide and
GSH-ZnO-NPs-SHBS-IR-791 iodide). Figure 5.3 presents the PACT activity of GSH-
ZnO-NFs, GSH-ZnO-NPs and SHBS-IR-791 iodide, whereas Figure 5.4 presents the
PACT activity of GSH-ZnO-NPs-SHBS-IR-791 iodide and GSH-ZnO-NPs-SHBS-IR-

791 iodide against E. coli in a light exposure over 5 minutes.
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Figure 5.3: Photodynamic inactivation efficiency of GSH-ZnO-NPs, GSH-ZnO-NFs,
and SHBS-IR-791 iodide against E. coli at different concentrations in a light exposure

over a period of 5 minutes.

The outcomes show that cell reduction occurs, and the rate of cell reduction increases
as complex concentrations increase in all samples. Figure 5.3 shows that SHBS-IR-791
iodide has higher toxicity as compared to GSH-ZnO-NPs and GSH-ZnO-NFs.
According to the literature, an ideal photosensitizer should have a high absorption
coefficient and be able to reach a high quantum yield of triplet formation. Thus, in this
comparison, SHBS-IR-791 iodide has a high absorption coefficient and can reach a
high quantum yield of triplet formation compared to GSH-ZnO-NPs and GSH-ZnO-
NFs. Nonetheless, GSH-ZnO-NPs and GSH-ZnO-NFs also showed phototoxicity
against E. coli, which was consistent with the literature, which stated that ZnO-based
materials have a high potential for inducing the generation of reactive oxygen species

(ROS) when exposed to light (189).
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Figure 5.4: PACT PSs concentration optimization for complexes of GSH-ZnO-NPs-
SHBS-IR-791 iodide and GSH-ZnO-NPs-SHBS-IR-791 iodide against E. coli in a light

exposure over 5 minutes.

Figure 5.4 shows that GSH-ZnO-NFs-SHBS-IR-791 iodide has higher phototoxicity
than GSH-ZnO-NPs-SHBS-IR-791 iodide, which tells that GSH-ZnO-NFs-SHBS-IR-
791 iodide generated more reactive oxygen species than GSH-ZnO-NPs-SHBS-IR-791
iodide. The distinction between GSH-ZnO-NFs-SHBS-IR-791 iodide and GSH-ZnO-
NPs-SHBS-IR-791 iodide is that the former is composed of nanoflowers, whereas the

latter is composed of nanoparticles.

According to the literature (190), nanoflowers are made up of several layers of petals
to cover a larger surface area in a small structure. Also, the zinc oxide nanoflowers
(ZnO-NFs) revealed a greater number of adsorption sites, which can help with drug
delivery by transporting a large number of drug samples. Thus, GSH-ZnO-NFs-SHBS-
IR-791 iodide carries a larger number of SHBS-IR-791 iodide molecules and results in
the better production of ROS. Hence the observed difference in photo-inactivation
efficiency of GSH-ZnO-NFs-SHBS-IR-791 iodide and GSH-ZnO-NPs-SHBS-IR-791
iodide.
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GSH-ZnO-NFs-SHBS-IR-791 iodide and GSH-ZnO-NPs-SHBS-IR-791 iodide are more
effective against E. coli than SHBS-IR-791 iodide alone. According to the literature
(191), the presence of nanomaterials in photosensitizers improves the efficiency of
ROS production. As a result, the presence of ZnO-nanostructured materials
conjugated with SHBS-IR-791 iodide may have improved the efficiency of SHBS-IR-
791 iodide in producing ROS when exposed to light.
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6. Conclusions and future recommendations

This study focused on microbial treatment using an emerging method, namely
photodynamic antimicrobial chemotherapy (PACT). The mentioned method was
chosen due to its promising characteristics, such as denaturing the cell without
inducing resistance to the method. The study also describes the successful synthesis
of ZnO-NPs and ZnO-NPs, the functionalization of ZnO-NPs and ZnO-NPs to form
GSH-ZnO-NPs and GSH-ZnO-NFs, respectively, the modification of IR-780 iodide to
form SHBS-IR-791 iodide, and finally the conjugation of GSH-ZnO-NPs and GSH-
ZnO-NFs with SHBS-IR-791 iodide complex. All the as-prepared samples were
characterised using various instruments. The structural and compositional properties
of GSH-ZnO-NPs-SHBS-IR-791 iodide, GSH-ZnO-NFs-SHBS-IR-791 iodide, GSH-
ZnO-NFs, GSH-ZnO-NPs, and SHBS-IR-791 iodide show that the expected results
were successfully obtained. FT-IR shows the nanomaterials' expected chemical
compositions and the optical properties obtained in UV-Vis spectroscopy. The XRD
diffractograms of the analysed samples show the structural pattern characteristics of
zinc oxide, which was also expected due to the presence of zinc oxide in the
nanoconjugates. Based on the obtained data, it can be inferred that all of the predicted
materials were effectively synthesized. The project aimed to study the PACT activities
of the above-mentioned complexes against E. coli and all the obtained results are
presented in this paper. The obtained results show that all the complexes have a
toxicity effect in the presence of light. However, referring to the literature review, the
phototoxicity effects vary among the complexes. The results show that the GSH-ZnO-
NFs-SHBS-IR-791 iodide sample was more toxic, followed by ZnO-NPs-SHBS-IR-791
iodide and SHBS-IR-791 iodide.

Future recommendations. Silver oxide is one of the compounds recognized to have
exceptional antibacterial capabilities. The research can be broadened to investigate the
efficacy of silver oxide nanoparticles when combined with modified carbocyanine to
generate nanoconjugates. The microbiological toxicity of the generated

nanoconjugates can then be investigated using the PACT technique against E. coli.
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