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ABSTRACT

ANTIBACTERIAL PROPERTIES OF ZINC OXIDE

NANOPARTICLES ON Klebsiella pneumoniae ATCC 13883

Tan Sin Ty

The overuse of antibiotics to treat Klebsiella pneumoniae infection has led to
the development of multidrug-resistant strains, stimulating the study of the
nanomaterial as an effective antibacterial alternative to conventional antibiotics.
The objectives of our study were to evaluate the antibacterial activity of ten
zinc oxide nanoparticle (ZnO NP) concentrations against Gram-negative
bacterium K. pneumoniae by determining growth inhibitory effects via
microbroth dilution method, bacterial surface functional groups involved in
attaching ZnO NPs to bacteria by Fourier transform infrared (FTIR)
spectroscopy, and the morphological alterations caused by ZnO NPs through
the scanning electron microscope with energy-dispersive X-ray spectroscopy
(SEM-EDX). All the tested ZnO NP concentrations showed statistically
significant inhibition against K. pneumoniae in turbidity and INT assays. The
average percentage of growth inhibition reported on K. pneumoniae was 5, 13,
17, 23, 29, 36, 46, 65, 83, and 87% for 5, 10, 20, 40, 80, 160, 320, 640, 1280,
and 2560 pg/ mL of ZnO NPs, respectively. Besides, the MIC value was

determined to be 2560 pg/mL using an iodonitrotetrazolium chloride (INT)



assay. The FTIR spectrum exhibited the involvement of bacterial surface
polysaccharides, proteins, glycogen, and phospholipids in the interaction of
ZnO NPs with bacterial cells. Furthermore, SEM analysis showed ZnO NP
aggregation on bacterial cells, roughening of the cell surface, membrane
damage and rupture, cell shrinkage and distortion. The EDX analysis verified
the adsorption of ZnO NPs on K. pneumoniae surface. The attachment of ZnO
NPs to K. pneumoniae and the subsequent morphological damages are the
possible causes behind the inhibitory effects of ZnO NPs on K. pneumoniae
growth. Overall, our current study confirmed the dose-dependent antibacterial
activity of ZnO NPs against K. pneumoniae via the interaction of NPs with K.
pneumoniae envelope, which caused alterations in cell membrane integrity that

might have resulted in cell death.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Klebsiella pneumoniae commonly causes hospital- (HA) and community-
acquired (CA) infections like wound infections, pneumonia, septicaemia,
urinary tract infections (UTIs), and pyogenic liver abscess (PLA) (Ko et al.,
2002; Magill et al., 2014; Spagnolo et al., 2014; Paczosa and Mecsas, 2016).
The increasing incidence of K. pneumoniae carbapenemase (KPC)-producing
and extended-spectrum p-lactamase (ESBL) strains of K. pneumoniae in the
healthcare system are a worldwide challenge (Diaz, et al., 2009). Recently, K.
pneumoniae has gained much attention due to its disease severity, multidrug
resistance (MDR), and treatment difficulty (Ranjbar et al., 2019, 2016ab).
Therefore, the development of alternative treatments against infection by

multidrug-resistant K. pneumoniae has become increasingly important.

Nanotechnology is an encouraging field that involves applying materials
smaller than 100 nanometers in the agricultural, food, healthcare, cosmetics,
medical and diagnostic industries (Silvera Batista et al., 2015). In 1959,
Richard Zsigmondy coined the term "nanometer" to characterise particle size.
The term "nanotechnology” was first used by Norio Taniguchi to describe
semiconductor processes at a nanometer scale. Nanotechnology was opened up

in 1981 with the invention of the scanning tunneling microscope (STM), which



visualizes individual atoms, by Gerd Binnig and Heinrich Rohrer (National

Nanotechnology Initiative [NHI], 2011).

Physiochemical and biological properties of inorganic nanomaterials over their
bulk phase make them effective antimicrobials (Fiedot et al., 2017; Nie et al.,
2020). Zinc oxide nanoparticle (ZnO NP) stands out from other metallic
nanomaterials as antibacterial agents as it offers broader protection against
major foodborne pathogens, gram-positive and gram-negative bacteria,
cheaper, safer, white, and UV-blocking (Mohd Yusof et al., 2021). ZnO is
classified as a “Generally Recognised as Safe” (GRAS) compound by the Food
and Drug Administration (FDA, 2022). The large surface-to-volume ratio of
ZnO NPs renders their applications as antimicrobial agents in food packaging
(Ahmadi et al., 2020), topical creams such as antifungal ointments (Sogne et

al., 2017), and animal feed (Ye et al., 2020).

The antibacterial activity of small ZnO NP concentration ranges was studied by
scientists worldwide (Buzea et al., 2007; Jones et al., 2008; Webster and Seil,
2012). However, the surface interaction, and agglomeration of ZnO NPs on the
bacterial cell envelopes were less studied. There was limited information

regarding the antibacterial potential of ZnO NPson K. pneumoniae.



In this study, the economical and time-saving broth microdilution assay was
used to assess the antibacterial activity of ten ZnO NP concentrations against K.
pneumoniae. Besides, the contact and associated damage done by ZnO NPs on

bacterial cells were demonstrated.



1.2 Research Objectives

The aim of this study is to evaluate the antibacterial activity of ZnO NPs
against K. pneumoniae by examining the growth inhibition, surface interaction

and accumulation of ZnO NPs on K. pneumoniae envelope.

Specific research objectives are:

1) To determine the bacteriostatic and bactericidal effect of ZnO NPs on K.

pneumoniae ATCC 13883.

2) To study the interaction of ZnO NPs with K. pneumoniae ATCC 13883

surface biomolecules.

3) To observe the cellular accumulation and morphological alteration in K.

pneumoniae ATCC 13883 after treatment with ZnO NPs.



CHAPTER 2

LITERATURE REVIEW

2.1 Overview of Klebsiella pneumoniae

2.1.1 General Properties

Carl Friedlander first described K. pneumoniae in 1882 as an organism found
in the lungs of deceased pneumonia patients (Friedlaender, 1882). This bacillus
was initially known as Friedlander’s bacterium (Merino et al., 1992).
Klebsiella pneumoniae, a Gram-negative rod that belongs to the
Enterobacteriaceae family, is non-motile, facultatively anaerobic, and
encapsulated (Janda and Abbott, 2006). These bacteria are present in the
environment, including soil and water. Also, they colonise the medical devices,
mucosal surfaces of the mammalian gastrointestinal (GI) and oropharyngeal
mucosa (Rock et al., 2014). The organism undergoes lactose fermentation for
metabolic purposes, resulting in highly mucoid colonies on carbohydrate-rich
media due to the production of a luxuriant polysaccharide capsule (Donnenberg,

2015).

2.1.2 Virulence Factors

As presented in Figure 2.1, the siderophore-producing ability, fimbriae or pili,
lipopolysaccharide (LPS), and polysaccharide capsule (CPS) mainly confer K.
pneumoniae pathogenicity (Favre-Bonte et al., 1999; Shon et al., 2013). It was

recently found that outer membrane proteins (OMPs), efflux pumps, iron



acquisition systems, and gene clusters related to allantoin degradation are also

crucial factors that contribute to the pathogen's virulence (Paczosa and Mecsas,

2016).
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Figure 2.1: Pictorial representation of virulence factors and biofilm
homeostasis in K. pneumoniae (adopted from Wang et al., 2020).

The iron supply is necessary for tissue-invasive K. pneumoniae growth and
pathogenesis (Fang et al., 2007). Klebsiella pneumoniae secretes one or more
of the following siderophores: enterobactin, salmochelin, yersiniabactin, and
aerobactin, to chelate iron with high affinity and overcome iron scarcity in
mammalian hosts (Li et al., 2014). Aerobactin has the lowest affinity for iron,
while enterobactin has the highest (Brock et al., 1991; Perry et al., 1999). The
host molecule lipocalin-2 is unable to inhibit all siderophores except for

enterobactin (Paczosa and Mecsas, 2016).



Both classical (cKp) and hypervirulent (hvKp) strains contain enterobactin,
which is a primary iron carrier with the highest affinity for iron (Tarkkanen et
al., 1992; Koczura and Kaznowski, 2003). Enterobactin is dominantly involved
in an iron acquisition under more iron-depleting conditions (Lawlor et al.,
2007). Salmochelin is more prevalent in hvKp strains and is associated with
severe community-acquired infections, such as pyogenic liver abscesses

(Fischbach et al., 2005, 2006).

The structures of yersiniabactin and aerobactin are different from those of
enterobactin and salmochelin. Transferrin reduces the functionality of
yersiniabactin. Yersiniabactin enables K. pneumoniae to maintain respiratory
infection and generate pneumonia (Bachman et al., 2011). The aerobactin
enhances the virulence of less virulent K. pneumoniae strains (Nassif and
Sansonetti, 1986) and is responsible for more than 90% of hvKp's siderophore

activity (Russo et al., 2014, 2015).

Compared to non-virulent strains, hvKp strains produce larger, more activated
iron-absorbing molecules, which may contribute to their virulence and

pathogenicity (Russo et al., 2011).

Both cKp and hvKp express fimbrial adhesins, namely, type 1 and type 3
fimbriae, which play a vital role in infection and biofilm formation (Stahlhut et

al., 2012). Filamentous type 1 fimbriae mediate uroepithelial cell adhesion, as
7



well as biofilm formation in the bladder wall, plants, and medical devices
(Klemm and Schembri, 2000). Helix-like type 3 fimbriae are essential for K.
pneumoniae biofilm production and adhesion to several human cell types,

plants, and abiotic surfaces (Khater et al., 2015).

The LPS, a component of the Gram-negative bacterial outer membrane made
up of the lipid A, core oligosaccharide, and O antigen is produced by both
strains of K. pneumoniae. Lipid A, or endotoxin, is a potent activator of
inflammation. An altered lipid A becomes less inflammatory and helps K.
pneumoniae evade innate immunity during infection (Montminy et al., 2006;
Llobet et al., 2015). Lipid A modification may affect antibiotic resistance in
Klebsiella strains (Llobet et al., 2015). In addition, lipid A protects against the
bactericidal effects of positively charged antimicrobial peptides (Clements et

al., 2007; Llobet et al., 2015).

An O antigen is the outermost domain of LPS that protects against
complement. It inhibits the complement activation pathway by blocking C1q's
binding to bacteria (Alberti et al., 1993). Additionally, it prevents pore
formation by binding C3b away from the target site on the outer bacterial
membrane (Merino et al., 1992; Merle et al., 2015). The number of serotypes is
about 9 for O antigens (O1 to 9), with O1 being the most common (Hansen et

al., 1999).



Klebsiella pneumoniae possesses CPS for adherence to host tissues, biofilm
formation, and immune evasion (Li et al., 2014; Sachdeva et al., 2017). Among
the serotypes K1 to K78 expressed by cKp strains, K1 and K2 are associated
with increased pathogenicity (Trautmann et al., 1997; Edwards and Fife, 1952;
Edmunds, 1954; Behera, 2010). The hvKp strains make a hypercapsule, which

overproduces CPS (Nassif et al., 1989; Russo et al., 2011).

Due to the presence of this capsule at the cell surface, this pathogen appears
large on gram stain and is resistant to many host defense mechanisms (Qureshi,
2019). Klebsiella pneumoniae is protected from opsonophagocytosis, binding
and ingestion by macrophages (Cortes et al., 2002), neutrophils (Pan et al.,
2011), dendritic cells (DCs) (Evrard et al., 2010), and epithelial cells (Sahly et
al., 2000). Human beta-defensins (HBD-1 to -3) and lactoferrin (LF) are
hampered in their bactericidal activity by the binding of CPS distal from the
outer membrane (Fang et al.,, 2004). Besides, CPS prevents complement-
mediated lysis and opsonisation by blocking the interaction of complement C3
with the membrane (Simoons-Smit et al., 1986; Tomas et al., 1986; Merino et
al., 1992; Alberti et al., 1993; Fang et al., 2004; Clements et al., 2008). As
measured by reduced production of reactive oxygen species (ROS),
interleukin-8 and IL-6, and tumor necrosis factor-alpha (TNF-a), it prevents
the robust immune reaction by activating the nucleotide-binding and
oligomerization domain (NOD) pathway and preventing LPS from being

recognized by immune cells (Evrard et al., 2000; Yoshida et al., 2001).



2.1.3 Clinical Significance

The dissemination of K. pneumoniae from mucosae can cause life-threatening
urinary tract (UTIs), respiratory tract, blood, and wound site infections
(Podschun and Ullmann, 1998; Magill et al., 2014). It accounts for about one-
third of all Gram-negative infections. Neonates, the elderly, and
immunocompromised patients in medical facilities are at a higher risk of
contracting K. pneumoniae (Magill et al., 2014). The hvKp strains are typical
community-associated and systemic infectious agents in relatively healthy
individuals. Conversely, cKp strains usually cause serious healthcare-

associated infections (Russo et al., 2014).

Approximately 11.8% of hospital-acquired pneumonia (HAP) results from K.
pneumoniae infection (Magill et al., 2014). According to Podschun and
Ullmann (1998), mortality rates for K. pneumoniae pneumonia can reach
50%. Klebsiella pneumoniae is the second leading cause of UTIs and
bacteraemia by Gram-negative bacteria (Podschun and Ullmann, 1998; Magill
et al., 2014). Ninety-seven percent of nosocomial UTIs are catheter-associated

UTIs (CAUTIS) (Murphy and Clegg, 2012).

Higher mortality risk factors for K. pneumoniae bacteraemia include intensive
care unit (ICU) admission, alcoholism, malignancy, pneumonia, urinary
catheter or ventilator requirement (Meatherall et al., 2009; Chetcuti Zammit et
al., 2014). Treatment with corticosteroids, chemotherapy, and transplantation

puts patients at risk for nosocomial infection (Korvick et al., 1991). The

10



gastrointestinal tract of hospitalized patients and the hands of healthcare
workers can serve as reservoirs for the transmission of bacteria, and they are

responsible for multiple hospital outbreaks (Gupta 2002).

2.1.4 Common Treatment

Klebsiella infections are commonly treated with antibiotics. To select the most
appropriate antimicrobial agent against K. pneumoniae, antimicrobial
susceptibility testing must be performed in conjunction with microbiological

diagnosis.

Carbapenems are preferred for treating extended-spectrum beta-lactamase-
(ESBL-)producing K. pneumoniae infection, as these antibiotics are highly
resistant to hydrolysis by p-lactamases and have retained efficacy against
ESBL-producing organisms (Colodner et al., 2004). Treatment options for
MDR K. pneumoniae include combinations of aminoglycosides, tigecycline,
and older antibiotics. Colistin was considered a "last resort" treatment of CRKP

infections.

2.1.5 Multidrug Resistance Problem
Klebsiella pneumoniae tops the Global Priority List of Antibiotic-Resistant
Bacteria published by the World Health Organization (WHQO) in 2017. With its

multidrug-resistant (MDR), high morbidity and mortality, and limited

11



treatment options, K. pneumoniae infections are associated with higher

treatment costs (Al-Saiym et al., 2015).

Selective pressure resulting from increased carbapenem use has resulted in the
development of carbapenem-resistant K. pneumoniae (CRKP). These microbes
produce K. pneumoniae carbapenemase (KPC), causing clinical issue and
challenging treatment (Nordmann et al., 2009). It is alarming that the incidence
of colistin-resistant and tigecycline-resistant K. pneumoniae is rising

(Marchaim et al., 2011; van Duin et al., 2015).

The misuse and uncontrolled use of antimicrobials to treat K. pneumoniae
infections may cause its increased MDR strain (Fuzi, Rodriguez Bafio, and
Toth, 2020). Ngoi et al. (2021) found that ESBL-producing K. pneumoniae
causing UTlIs in Malaysia were highly resistant to commonly prescribed
antibiotics such as third- and fourth-generation cephalosporins. In Malaysia,
CRKPs have increased tremendously from 0.3% in 2011 to 2.8% in 2015 due
to the rapid dissemination of the New Delhi Metallo-B-lactamase -1 (NMD-1)
gene (Lee et al., 2017). O’Neill and his team (2014) estimated that, by 2050,
antimicrobial-resistant infections would kill 10 million people per year- more

than cancer mortality- unless action is taken.

12



2.2 Zinc oxide nanoparticles

2.2.1 Biomedical application

The properties of ZnO NPs, an inorganic metallic nanoparticle (MNP), such as
antibacterial, antifungal, anticancer, antidiabetic, and anti-inflammatory, render
their vast application. Besides, ZnO NPs do not interact with most
therapeutically active compounds (Sahdev et al., 2013). The ZnO NPs are
relatively inexpensive, more biocompatible (Azizi et al., 2014), and less toxic

to humans than silver (Ag) and titanium dioxide (TiO2) (Garcia et al., 2018).

Their anti-diabetic effects attribute to their ability to reduce oxidative stress in
diabetes (Pandey and Rizvi, 2009; Choudhary et al., 2011; Saravanan et al.,
2011; Ademiluyi and Oboh, 2013). Furthermore, ZnO NPs show higher
photocatalytic activity and are naturally antibacterial (Mishra et al., 2017;
Fernando et al., 2018). Studies claimed that the high photocatalytic
characteristics of ZnO NPs increase their efficiency as antibacterial and
antifungal agents (Cioffi and Rai, 2012; Dizaj et al., 2014). The ZnO NP
application in wound recovery is promising because of their strong
antimicrobial and anti-inflammatory properties, while zinc helps in re-
epithelialization process (Lansdown et al., 2007). Rasha et al. (2021)
demonstrated that an KPC-infection wound treatment with ZnO NPs could
reduce inflammation compared with the antibiotic imipenem. The U.S. FDA
has classified ZnO NPs as safe in treating bacterial infection-associated tissue

damage (Rao, T. etal., 2019).

13



The ROS-inducing ability of ZnO NPs render their antibacterial and anticancer
activities (Condello et al., 2016). Interestingly, ZnO NPs were proved to exert
selective toxicity against cancer cells through ROS production, mitochondrial
membrane potential destruction, and thus apoptosis (Sasidharan et al., 2011;
Wahab et al., 2013). Electrostatic interactions between anionic cancer cells and
cationic ZnO NPs facilitate their uptake, phagocytosis, and cytotoxicity
(Rasmussen et al., 2010). While other MNPs like iron oxide nanoparticles also
demonstrate anticancer activities, there is a lack of evidence indicating that

they are antimicrobial or UV absorbent (Mishra et al., 2017).

2.2.2  Antibacterial Properties

Due to the resurgence of infectious diseases and the prevalence of antibiotic-
resistant strains, particularly among Gram-negative bacteria, nanotechnology
has become increasingly relevant in the biomedical and pharmaceutical

industries as an alternative antibacterial agent (Desselberger, 2000).

Researchers (Ghasemi and Jalal; Sarwar et al., 2016) discovered that ZnO NPs
increase the antibacterial activity of antibiotics, suggesting a synergistic effect
between ZnO NPs and antibiotics as an effective alternative for treating
bacterial infections. The simultaneous action of antimicrobial mechanisms
renders resistance development to nanoparticles extremely unlikely (Pelgrift &

Friedman, 2013).
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Generally, Gram-positive bacteria were more vulnerable to ZnO than Gram-
negative (Umar et al., 2018; Banerjee et al., 2021). As shown in Figure 2.2, the
peptidoglycan layer of Gram-positive cells is thicker than Gram-negative
bacteria. However, high lipid and protein contents in Gram-negative bacterial
outer membranes make them more resistant to nanoparticles and metal ions.
The cell wall of Gram- positive bacteria is composed of almost 60% teichoic
acids (Sobhanifar et al., 2015), serving as an anion site that attracts the Zn2+,
causing them to be more vulnerable to ZnO NPs (Esmailzadeh et al., 2016;
Dimapilis et al., 2018). Table 2.1 shows the antibacterial properties of ZnO

NPs against various bacteria.

— Peptidoglycan layer —,

_— Outer membrane

[ Cell membrane —]"|

\ Periplasmic space <]

Gram -

membrane
protein

[ Outer membrane

Lipoteichoic acid Lipopolysaccharide

Figure 2.2 Interaction of ZnO NPs with Gram-positive and Gram-negative
bacteria (Adopted from Happy Agarwal et al., 2018).
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Table 2.1 Antibacterial properties of ZnO NPs.

Organism Concentration of  Methods Results References
ZnO NPs (ug/mL)
(+): Bacillus cereus 50, 500, 1000, and  Broth dilution for both S. aureus and S. Typhimurium, (Souzaetal.,
and Staphylococcus 2000 2019
e e MBCand MIC MIC: 50 ug/mL, MBC: 500 pg/mL )
(-): Pseudomonas
aeruginosa and
Salmonella
Typhimurium
(+): Staphylococcus e MIC and e MICand MBC 5000 pg/mL showed highest inhibition zone, (Mohd Yusof et
aureus MBC: 10 to S. aureus was more susceptible al., 2021)
o 5000 * AgarWel
(-): Escherichia coli e Agar Well Diffusion MIC:
and Salmonella spp. AR
PP Diffusion Method e Salmonella spp.: 80 pg/mL

Method: 1000 e E.coli: 60 ug/mL

, 2000, 3000, e S.aureus: 30 pg/mL

4000, and

5000 MBC:

e Salmonella spp.: 160 pg/mL
e E.coli: 140 pg/mL
e S.aureus: 100 pg/mL

Foot note: (+): Gram-positive bacteria; (-): Gram-negative bacteria

16



Table 2.1 Antibacterial properties of ZnO NPs (continued).

Organism Concentration of  Methods Results References
ZnO NPs (ug/mL)

(+): Enterococcus 7,15,31,62,125, MICs S3 (small particle sizes) showed better antibacterial (Mohamad Sukri

faecalis 250, 500 and 1000 activities against both bacteria compared to S4 as etal., 2019)

(-): Escherichia coli

(+): Bacillus subtilis 10000
and Staphylococcus

epidermidis

agar well diffusion
technique

(-): Enterobacter
cloacae and
Escherichia coli

(+): Streptococcus 20, 40, 60, 80, 100

pyogenes

Turbidity measurement

shown by its lower MICs values.

-strong antibacterial activity of ZnO NPs against B.  (Hassanein et al.,
subtilis, S. epidermidis, and E. cloacae with ZOI values 2021)
of 17, 14 and 16 mm, respectively

-moderate activity against E. coli (ZOI = 10 mm).

Growth of bacteria cells with NPs was lower than the
growth of bacteria without NPs. Growth of bacteria
decreased 6, 22.6, 43.4, 48.4 and 48% as the
concentration of NPs increased.

(Bhuyan et al.,
2015)

Foot note: (+): Gram-positive bacteria; (-): Gram-negative bacteria
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Table 2.1 Antibacterial properties of ZnO NPs (continued).

Organism Concentration of 3. Methods Results References
ZnO NPs (ug/mL)

(+): Bacillus subtilis, 25, 50, 75, 100 MIC P. aeruginosa, B. subtilis and E.coli : 75 (Malathi et al.,

Staphylococcus pg/mL 2021)

aureus

(-): Pseudomonas
aeruginosa,
Escherichia coli

(+): Staphyllococcus 25, 50 and 100 disc diffusion technique
aureus, and

Streptococcus

pyogenes

(-): Pseudomonas
aeruginosa, and
Proteus mirabilis

S. aureus: 100 pg/mL

the zone of inhibition was relatively higher for
gram negative bacteria (absence of a thick
peptidoglycan layer in the cell wall) compared
to gram positive bacteria.

100 pg/mL: the highest zone of inhibition

(Rambabu et al.,
2021)

Foot note: (+): Gram-positive bacteria; (-): Gram-negative bacteria
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Table 2.1 Antibacterial properties of ZnO NPs (continued).

Concentration of  Methods

ZnO NPs (ug/mL)

Organism

Results References

(+): Staphylococcus 50 disc-diffusion method

aureus
(-): Escherichia coli

(+): Staphylococcus MIC & MBC
aureus and Bacillus

cereus.

160000, 80000,
40000, 20000, 10000,
5000, 2500, 1250,

(-): Escherichia coli, 620, 310, 150, 75

Klebsiella
pneumoniae,
Pseudomonas
aeruginosa, Serratia
marcescens,
Salmonella typhi,
Acinetobacter
baumannii,
Citrobacter freundii,
Proteus mirabilis

ZnO NPs has significant antibacterial activities against (Das and
Gram-negative bacteria than the Gram-positive strain  Rebecca, 2017)
with high selectivity

MIC (Nazoori and
Kariminik,

e S.aureus, S. marcescens and E. coli: >2500 2018)

pg/mL other bacteria: 5000 pg/mL.
MBC

o P.aeruginosa, A. baumannii, K. pneumoniae
and S. aureus: 10000 pg/mL

« other bacteria: 20000 pg/mL

Foot note: (+): Gram-positive bacteria; (-): Gram-negative bacteria
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2.2.3  Toxicity Concern

Through dermal exposure, ZnO NPs do not demonstrate any systemic toxicity,
while inhalation exposure is associated with a low level of pulmonary toxicity.
Conversely, oral, intravenous, or intraperitoneal exposure to ZnO NPs causes
severe toxicity to all major body organs (Singh et al., 2020). Despite their toxic
properties, nanoparticles possess inarguable benefits to kill microorganisms for
a short contact time (Sanchez-Sanhueza et al., 2018), considering the
increasing resistance of microorganisms to conventional antimicrobial agents.
The nanoparticles should be coated with biocompatible polymers to minimize
the release of toxic Zn?* ions from them by dissolution (Singh et al., 2020).
Functionalization of NP surfaces by targeting proteins or chemical groups will
make them more selective against the target tissue and reduce side effects on

other organs (Qu and Morais, 1999; Singh et al., 2020).
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CHAPTER 3

MATERIALS AND METHODS

3.1 Chemicals / Reagents Preparation

3.1.1 Tryptic Soy Agar (TSA)

The TSA was used to culture and maintain K. pneumoniae in this study. For
TSA preparation, 36 g of TSA powder was weighed using an analytical
balance. A volume of 900 mL of distilled water was used to dissolve the
powder. The solution was sent to be autoclaved at 121°C for 15 min. The agar
solution was then poured into Petri dishes and allowed to solidify in a laminar
flow cabinet. Next, the TSA plates were properly sealed with parafilm and

stored upside down at room temperature before use.

3.1.2 Tryptic Soy Broth (TSB)

The TSB was used for culturing and broth microdilution assay in this study. To
prepare TSB, 27 g of TSB powder was weighed with an analytical balance and
dissolved using 900 mL of distilled water. Prior to use, the solution was

autoclaved at 121°C for 15 min and then stored at room temperature.
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3.1.3 Mueller-Hinton Agar (MHA)

The MHA was used for the antibiotic susceptibility test in this study. For MHA
preparation, 15.2 g of MHA powder was weighed using an analytical balance
and dissolved using 400 mL of distilled water. The solution was subsequently
autoclaved at 121°C for 15 min. The agar solution was then poured into Petri
dishes and allowed to solidify inside a laminar flow cabinet. Next, MHA plates
were properly sealed with parafilm and stored upside down at room temperature

prior to usage.

3.1.4 Zinc Oxide Nanoparticles (ZnO NPs)

The ZnO NP stock solution (5120 pg/mL) was prepared by adding 25.6 mg of
ZnO NP powder to 5 mL of TSB, ultra-sonicated for 30 min at 35°C, 37 kHz to
get homogenous solution and then was diluted with TSB to prepare the
working concentrations of 5, 10, 20 40, 80, 160, 320, 640, 1280, and 2560

pg/mL of ZnO NPs.

3.1.5 Chloramphenicol (CHL), 1.0 mg /mL

Chloramphenicol powder with 0. 03 g was dissolve using 30 mL of ethanol to
reach a final concentration of 1.0 mg/mL. The solution was filtered using a
0.45 pm syringe filter into a sterile Scott bottle and stored at -20°C prior to

usage.
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3.1.6 Erythromycin (ERY), 1.0 mg /mL

Erythromycin powder with 0. 03 g was dissolved using 30 mL of ethanol to
reach a final concentration of 1.0 mg/mL. The solution was filtered using a
0.45 um syringe filter into a sterile Scott bottle and stored at -20°C prior to

usage.

3.1.7 Kanamycin sulfate (KAN), 1.0 mg /mL

Kanamycin sulfate powder with 0. 03 g was dissolved in 30 mL of ethanol to
obtain a final concentration of 1.0 mg/mL. The solution was filtered using a
0.45 pum syringe filter into a sterile Scott bottle and stored at -20°C prior to

usage.

3.1.8 Tetracycline hydrochloride (TCH), 1.0 mg /mL

Tetracycline hydrochloride powder with 0. 03 g was dissolved in 30 mL of
ethanol to obtain a final concentration of 1.0 mg/mL. The solution was filtered
using a 0.45 um syringe filter into a sterile Scott bottle and stored at -20°C

prior to usage.

3.1.9 Phosphate Buffered Saline (PBS), 1X
A PBS tablet was dissolved by 100 mL of distilled water and autoclaved at

121°C for 15 min.
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3.1.10 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium
chloride (INT) dye, 0.4 mg/ mL

The INT powder, 0.04 g, was dissolved using 10 mL of sterile distilled water
and sonicated at 35°C for 30 min, 37 kHz, to mix the solution homogeneously.
The solution was filtered using a 0.45 pum syringe filter into a sterile Scott

bottle, covered with aluminium foil, and stored at -20 °C before usage.

3.2 Characterization of ZnO NPs

Scanning electron microscope-energy dispersive X-ray (SEM-EDX) analyses
were conducted on ZnO nanoparticles powder from Sigma-Aldrich, Malaysia
with a particle size of less than 100 nm. The particle size and shape of ZnO
NPs were measured by SEM by applying an acceleration voltage of 4 kV and a
working distance of 4.7 nm, while the chemical composition of ZnO NPs was

determined by EDX (JSM-6701F, JOEL, Japan).

3.3 Overview of Research Methodology

Klebsiella pneumoniae strain American Type Culture Collection (ATCC 13883)
was obtained from MicroBioLogics, Inc., USA and was sub-cultured to mid-
log phase at the 2 h, and exposed to different ZnO NP concentrations (5, 10, 20,
40, 80, 160, 320, 640, 1280, and 2560 ng/mL) for 24 h. After that, growth
inhibition tests (turbidity method and INT assay), FTIR and SEM-EDX

analyses were conducted.
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3.4 Experimental Procedure

3.4.1 Gram Staining

The bacterial stock was Gram-stained to ensure that the bacterial sample was
not contaminated by Gram-positive or non-rod-shaped microorganisms. After
air drying and heat fixing, the cell smear was flooded with the crystal violet
staining reagent (1 min), mordant (Gram's iodine, 1 min, decolorizing agent
(ethanol, 15 s), and counterstain (safranin, 1 min) sequentially. The slide was
washed with tap water for 2 s in between these steps. After flooding the slide
with safranin, it was washed with tap water until no coloured effluent. The
slide was blot dry with absorbent paper, and the result was observed under oil

immersion using a light microscope (Gephardt et al., 1981).

3.4.2 Construction of Bacterial Growth Curve

Klebsiella pneumoniae strain ATCC 13883 was grown in TSB and incubated at
200 rpm at 37°C. After an overnight incubation, 100 mL of fresh TSB was
added with 2 mL of primary culture and swirled to mix well. A volume of 1
mL of the bacteria culture was used to measure the absorbance at ODgoo USing a
spectrophotometer (Genesys 20, Thermo Scientific) for every one-hour interval
from zero to seventh and half hour. The procedure was repeated at twenty-
fourth, forty-eighth, and seventy-second hour. Same volume of TSB was set as
the blank. The ODsoo reading were then used to plot the bacterial growth curve

to identify the bacterial mid-log phase.
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3.4.3 Preparation of Bacterial Culture

The stock of K. pneumoniae was prepared by inoculating 50 bacterial colonies
from the TSA plate into the TSB and incubating them at 37°C for 24 h. After
overnight incubation, bacteria culture with an absorbance of 0.013 + 0.002 was
prepared from the stock, followed by 2 h of incubation to reach the mid-log
phase at 37°C. Spectrophotometer was set to blank using TSB at 600 nm
wavelength. The mid-log phase turbidity of bacterial suspension was adjusted
to fall within the absorbance range of 0.080-0.100, which is equivalent to

1x108 CFU/mL.

3.4.4 Disc Diffusion Susceptibility Test

In this study, a disk diffusion test was adopted to identify the appropriate
antibiotic to be used as a positive control. The susceptibility of K. pneumoniae
against antibiotics tetracycline hydrochloride (TCH), chloramphenicol (CHL),
kanamycin sulfate (KAN), and erythromycin (ERY) was assessed. These
antibiotics were shown to be effective against K. pneumoniae isolated from
wound tissues (Afreen et al., 2020). A sterile cotton swab was used to swab the
mid-log K. pneumoniae suspension having an ODsgo of 0.080-0.100 onto an
MHA plate in a back-and-forth motion closely. Then, 6 mm filter paper disks
impregnated with 10 pg of antibiotics were placed and pressed gently onto the
plate using forceps. Next, the plates were inverted and incubated for 24 h at
37°C. Following incubation, the zone of inhibition diameter was measured to

the nearest millimeter using a ruler (Hudzicki, 2009).
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3.4.5 Exposure of Bacteria to ZnO NPs

To prevent any contamination from happening, exposure was performed in the
laminar flow cabinet. All sterile 96-well plates were labelled correctly as
shown in Figure 3.1. First, 100 pL of the antibiotic tetracycline hydrochloride
(1 mg/mL) was pipetted into wells 12A-C of 96-well plates which serve as the
positive control. Then, 100 pL of TSB was pipetted into each well in rows A-C,
except for column 11 and 12, and rows F-G, except for column 1, 11 and 12.
After that, 200 pL of ZnO NP stock (5120 pg/mL) was pipetted into 11A-C
and 11F-H. Then, it was followed by a serial two-fold dilution using a multi-
channel micropipette. After serial dilution, 100 pL of solution was discarded
from column 2 of the plates. The column 1 only contains 100 puL of TSB
served as the negative control for tracking K. pneumoniae normal growth
without nanoparticles. Finally, 100 puL of bacterial suspension at mid-log phase
was added into each well in rows A-C. The final concentrations of ZnO NPs in
different wells were 5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560 pg/mL,
respectively. Different concentrations of ZnO NPs in rows F-H act as
nanoparticle control to ensure no contamination by bacteria. Wells in rows F-H
should not have colour changes after incubating with INT dye as only viable
bacteria can cause a change in colouration of the dye. All plates were covered

and sealed properly with parafilm and incubated for 24 h at 37°C.
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O 100 pL of TSB + 100 pL of bacteria acts as negative control

. 100 pL of TSB + 100 pL of bacteria acts as positive control
O 100 pL of different ZnO NP concentrations + 100 pL of bacteria

O 100 uL of different ZnO NP concentrations acts as nanoparticle control

Foot note: (-) = negative control; 5, 10, 20, 40, 80, 160, 320, 640, 1280, and
2560 = 5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560 pg/ mL, respectively;
(+) = positive control

Figure 3.1: Design of a 96-well plate for exposing K. pneumoniae to ZnO NPs.

3.4.6 Growth Inhibition Tests

3.4.6.1 Turbidity Assay

The turbidity assay enabled the determination of ZnO NP bacteriostatic
potential. The turbidity of ZnO NP treated K. pneumoniae suspensions were
read using the microplate reader (FLUOstar® Omega, Germany) at ODsoo
together with controls incubated at for 24 h at 37°C. The subtraction of ZnO
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NP suspension absorbance readings from the test readings, were performed to
remove the interference from NPs. The medium for bacteria cell growth,
tryptic soy broth (TSB) was used as the blank. Absorbance values were
analysed recorded after orbital shaking of 500 rpm for 5 s to observe the
percentage of growth inhibition after treating with different ZnO NP

concentrations.

The treated bacterial growth inhibition percentage at OD600 was calculated

using the formula shown below (Liang et al., 2020):

1% = (uC-uT)/ nCx100
Where,

1% = bacterial growth inhibition percentage

HC = mean OD600 in negative control

MT = mean OD60O in treatment

3.4.6.2 INT Assay as Minimum Inhibitory Concentration (MIC) Assay

The INT assay functioned to determine the MIC of ZnO NPs against K.
pneumoniae. The MIC is the least antimicrobial concentration that prevents
microbial growth. After K. pneumoniae was incubated with different ZnO NP
concentrations at 37°C for 24 h, 20 pL of 4 mg/ml INT dye was added to the

96-well plate as an indicator of microbial growth. The plate was incubated for
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20 min for colour development. Results and observations were recorded after
orbital shaking of 500 rpm for 5 s. To remove any interference from NPs, the
measured ODeoo for each concentration of ZnO NPs suspension was subtracted
from the test reading. Those wells containing ZnO NP without the addition of
bacteria should not have colour change. The wells containing bacteria which
remained yellowish colour indicate that the concentration of ZnO NP inhibited
bacterial growth, while the wells which showed purple or pink colour indicate
the growth of bacteria. The lowest concentration of ZnO NP displaying no
visible growth was recorded as the MIC value. This antibacterial assay was
carried out in triplicate. The INT assay was done in a dark condition since INT
dye is light sensitive. The treated bacterial growth inhibition percentage at
ODeoo Was calculated using the same formula shown in 3.4.6.1 (Djeussi et al.,

2016).

3.4.6.3 Minimum Bactericidal Concentration (MBC) Assay

MBC is the lowest antimicrobial concentration needed to kill 99.9% of
microorganisms. MBC value is the lowest concentration of ZnO NP displaying
no colony formation. Based on MIC result, 5 pL of medium was pipetted out
from the wells which remained yellowish colour after adding INT along with
the negative control into labelled MHA plates and spread evenly with a sterile
metal spreader. The parafilm-sealed plates were incubated for 24 h at 37 °C
before performing the standard plate count method. After incubation, the

number of colonies was counted and recorded.
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3.4.7  ZnO NP Interaction with Bacterial Cell Envelope by Fourier
Transform Infrared (FTIR) Spectroscopy

The FTIR analysis was done to investigate bacterial cell surface functional
groups involved in interaction with ZnO NPs. Twenty-five microliters of
negative control and 2560 ug/mL ZnO NP treated K. pneumoniae incubated for
24 h were subjected to centrifugation for 10 min at 8000 x g. After that, 1X
PBS was used to wash the pellets thrice. The pellets were dried using a freeze
dryer. The dried sample was mixed with KBr salt powder, hand-pulverized by
mortar, and tableted for FTIR measurement (Perkin-Elmer Spectrum RX1,

USA).

3.4.8 Scanning Electron Microscope and Energy Dispersive X-ray
(SEM-EDX) Analysis

The 2560 pg/mL ZnO NP treated K. pneumoniae for 24 h and negative control
sample were incubated with 2.5% of glutaraldehyde in PBS for overnight
fixing. The next day, the samples were centrifuged and washed three times
with 0.01M PBS for 10 min at 8000 x g. This washing process was repeated
using distilled water. Then, the samples were dehydrated by a series of
different concentrations of ethanol (50%, 95% and 99,9%). The dehydration
process that used 99.9% of ethanol was repeated three times followed by freeze
drying and sputter coating. The samples were analysed under SEM-EDX

(JOEL JSM 6710F, Japan).
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3.4.9  Statistical Analysis

Statistical analysis was aimed to identify the variances when different
concentrations of ZnO NPs interacted with K. pneumoniae. The assays were
run in triplicates (n=3) and the sample mean and standard deviation were
presented. The one-way ANOVA (SPSS version 24) was used to report the

significant antibacterial effects (p<0.05).
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CHAPTER 4

RESULTS

4.1 ZnO NP Characterization

The morphology of ZnO NP powder was studied with SEM, while EDX
analysis helped identify the elements present in ZnO NPs. According to Figure
4.1(A), ZnO NPs consisted of a mixture of spherical and rod shapes. Besides,
the average particle size was 86.8 nm, ranging from 63.0 to 100.0 nm. The
EDX spectrum in Figure 4.1(B) depicted that zinc, oxygen, and carbon

molecules were present in the NP powder studied.
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Figure 4.1: ZnO NP Characterization under (A) SEM with 15,000X
magnification. EDX spectrum (B) shows that zinc, oxygen, and carbon were
present in ZnO NP powder.
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4.2 Gram Staining

Gram stain of K. pneumoniae showed Gram negative bacilli with no specific
arrangement under a light microscope. The positive result confirmed that the
bacterial sample was not contaminated by Gram positive or non-rod-shaped

microorganisms.

Figure 4.2: Gram-staining micrograph of K. pneumoniae with 1,000X oil
immersion.



4.3 Bacterial Growth Curve

The growth rate of Klebsiella pneumoniae strain ATCC 13883 was assessed by

ODeoo throughout the 72 h of incubation period. The data tabulated in Table

4.1 demonstrates the growth of K. pneumoniae, and these values were used to

construct the bacterial growth curves. The bacterial growth curves indicated by

ODsno increased across the lag phase, exponential phase, stationary phase, and

death phase (Table 4.1 and Figure 4.3). The lag phase of the bacteria growth

occurred in the first hour of the incubation period. The exponential phase

occurred from the first to the third hour, and the mid-log phase was identified

as the second hour. The early stationary phase was observed at the 3.5 hours of

the incubation period, while the growth of K. pneumoniae declined from 24 to

72 h.

Table 4.1: Growth of K. pneumoniae strain ATCC 13883 indicated by ODsoo.

Time (hrs)

ODsoo

N N o oo A W NN P O

5
24
48
72

0.025 +0.019
0.095 + 0.007
0.416 + 0.019
1.392 + 0.009
1.693 £ 0.023
1.855 +0.022
1.966 + 0.026
2.010 £ 0.063
2.061 +0.108
2.353 +0.015
2.344 +0.045
2.302 £ 0.152

Mean + Standard deviation, n=3
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Figure 4.3: Klebsiella pneumoniae growth curve in TSB at 37°C throughout
the 72 hours incubation period as measured in ODsoo. The values plotted are in
mean + standard deviation.

4.4 Disc Diffusion Susceptibility Test

Disc diffusion method was performed to identify and choose the most effective
antibiotic against K. pneumoniae as the positive control for the following
growth inhibition tests. According to Figure 4.4 and Table 4.2, tetracycline
hydrochloride produced the largest zone of inhibition (28.23 £ 0.21 mm),
followed by chloramphenicol (25.63 + 0.61 mm), kanamycin sulfate (17.83 +
0.56 mm), and erythromycin (8.88 £ 0.65 mm). The results observed revealed
the highest susceptibility of the bacterium to tetracycline hydrochloride,

making the latter a suitable positive control.
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Figure 4.4 Evaluation of the antimicrobial activity of various antibiotics by
disc diffusion assay (CHL Chloramphenicol, KAN Kanamycin sulfate, TCH
Tetracycline Hydrochloride, ERY Erythromycin, N Negative control).

Table 4.2 Inhibition zone (ZI) diameters of different antibiotics against K.
pneumoniae.

Antibiotics Zone of inhibition (mm)
Tetracycline hydrochloride (TCH) 28.23+0.2
Chloramphenicol (CHL) 25.63+0.6

Kanamycin sulfate (KAN) 17.83+£0.6
Erythromycin (ERY) 8.88£0.7

Mean * Standard deviation, n=3
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4.5 Growth Inhibition Test
45.1 Turbidity Method
The turbidity method was used to measure the optical density of bacteria
suspension at ODeoo at 24 h of incubation with the addition of different ZnO
NP concentrations. Antibiotic tetracycline hydrochloride (TCH) with a

concentration of 1 mg/mL served as the positive control.

The percentage of growth inhibition of K. pneumoniae is presented in Table
4.3 and Figure 4.5. The results showed statistically significant (p <0.05) K.
pneumoniae growth inhibition by all the tested ZnO NP concentrations at 24 h
as compared to the negative control, with the resultant values of 4.67 + 0.46,
13.27 + 1.48, 18.78 + 2.41, 22.40 *+ 2.43, 25.60 = 0.55, 33.86 + 2.77, 47.84 +
2.71,64.11 £ 1.89, 82.20 £+ 2.68, 87.39 + 2.25% for 5, 10, 20, 40, 80, 160, 320,

640, 1280, and 2560 pug/ mL of ZnO NPs, respectively.
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Table 4.3: The growth inhibition percentage of K. pneumoniae treated by
different ZnO NP concentrations and the positive control for 24 h at 37°C in
TSB obtained from the turbidity method.

Percentage of growth inhibition

ZnO NP concentration (ug/mL) (%)

5 489+0.16
10 13.27 £ 1.05
20 18.78 + 2.41
40 22.40 + 2.43
80 25.60 + 0.55
160 33.86 + 2.77
320 4784 £1.71
640 64.11 + 1.89
1280 82.20 + 2.65
2560 87.39 £2.25
TCH (1 mg/mL) 93.69 + 1.24

Mean * Standard deviation, n=3
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Figure 4.5: The growth inhibition percentage of K. pneumoniae treated by
different ZnO NP concentrations and the positive control for 24 h at 37°C in
TSB obtained from the turbidity method. The values plotted in the graph are in
mean + standard deviation.

* Indicates the significance difference between the growth inhibition
percentage between the negative control and the ZnO NP treated bacterial
suspension (p < 0.05).
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452 INT Assay

INT assay was used to identify the MIC of ZnO NPs that can inhibit the visible
growth of K. pneumoniae by observing the appearance of colour formation for
each bacterial suspension that was treated with different ZnO NP
concentrations (5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560 pg/mL). Based
on Figure 4.6, no colour formation was observed for columns K and L as well
as nanoparticle controls for the three sets of data after being incubated with

INT dye for 20 mins.

Table 4.4 and Figure 4.7 depict the growth inhibition of K. pneumoniae after
24 h incubation. The results showed statistically significant (p <0.05) K.
pneumoniae growth inhibition by all the tested ZnO NP concentrations at 24 h
as compared to the negative control, with the resultant values of 5.47 £ 0.76,
12.06 = 1.07, 16.20 + 2.29, 22.97 + 1.36, 31.92 + 1.18, 38.49 + 2.33, 44.58 +
2.24, 65.82 + 0.96, 83.55 * 1.23, and 87.29 + 0.74% for 5, 10, 20, 40, 80, 160,

320, 640, 1280, and 2560 pg/ mL of ZnO NPs, respectively.
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Figure 4.6: The colour changes of K. pneumoniae after treated with (B) 5
pg/mL; (C) 10 pg/mL; (D) 20 pg/mL; (E) 40 pg/mL; (F) 80 pg/mL; (G) 160
pg/mL, (H) 320 pg/mL, (1) 640 ug/mL, (J) 1280 ug/mL, (K) 2560 pug/mL of
ZnO NPs as compared to negative control (A) and positive control (L).
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Table 4.4: The growth inhibition percentage of K. pneumoniae treated by
different ZnO NP concentrations and the positive control for 24 h at 37°C in
TSB obtained from the INT assay.

ZnO NP concentration (ug/mL)  Percentage of growth inhibition (%0)

5 5.47+0.76

10 12.06 + 1.07
20 16.20 + 2.29
40 22.97 +1.36
80 31.92+1.18
160 38.49 £ 2.33
320 4458 £ 2.24
640 65.82 + 0.96
1280 83.55+1.23
2560 87.29+0.74
TCH (1 mg/mL) 9297+ 1.18

Mean * Standard deviation, n=3



—_
= = = =

=
=

Percebtage of Growth Inhibition (29)
= [ . en
== — =] =]

—_
=

=

¥
¥
%
%
¥
%
¥
¥
%
* I
‘ I
3 0 20 40 80 30 040 1280 2560 TCH

160
110 NPs (uginL)

Figure 4.7: The growth inhibition percentage of K. pneumoniae treated by
different ZnO NP concentrations and the positive control for 24 h at 37°C in
TSB obtained from the INT assay. The values plotted in the graph are in mean
+ standard deviation.

* Indicates the significance difference between the growth inhibition
percentage between the negative control and the ZnO NP treated bacterial
suspension (p < 0.05).
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4.5.3 Minimum Bactericidal Concentration (MBC) Assay

By referring to the MIC result, only solution that remained a yellowish colour
in the well after INT addition was pipetted into TSA plates for MBC assay.
Therefore, the MBC value determination was done by observing the presence
of bacteria colonies growing on the TSA plate. The lowest concentration of
ZnO NPs that showed no colony growth was considered as the MBC value. As

shown in Figure 4.8, K. pneumoniae treated with 2560 pg/mL of ZnO NP

formed eight colonies.

Figure 4.8: Colonies of K. pneumoniae formed on TSA at 37 °C for 24 h in the
negative control (-) and K. pneumoniae suspension exposed to 2560 pug/mL of
ZnO NPs 2560.
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4.6 Surface Interaction and Cellular Accumulation of ZnO NPs on
Bacteria

4.6.1 Fourier Transform Infrared (FTIR) Spectroscopy

FTIR analysis helped identify K. pneumoniae surface functional groups that
might involve in ZnO NP attachment. As shown in Figure 4.9, the peak
shifting between the negative control and 2560 pg/mL ZnO NP treated
bacterial suspension for 24 h were compared and analysed. The bacterial
surface functional groups possibly involved in interacting with ZnO NPs was
tabulated in Table 4.5. According to Figure 4.9 (a) the spectrum obtained for
the negative control demonstrated N-H and O-H stretching at 3297 cm™, C-H
stretching at 2925 cm™, C=C stretching at 2108 cm™, NH, bending, C=0 and
C-N stretching polypeptide and protein backbone at 1656 cm™, N—H bending
and C—N stretching at 1541 cm™, CH; bending of lipids at 1454 cm™, -COO—
at 1398 cm™, PO, asymmetric stretching at 1238 cm™, PO, symmetric
stretching and C-O stretching at 1082 cm™, C-N*—C stretching of nucleic acids
at 967 cm, polysaccharides and glycosidic linkages at 967 and 934 cm™,
C—H stretching, N-type sugar; coupled furanose—phosphodiester chain, and

polysaccharides within the cell wall at 860 cm™, and glycogen at 542 cm™.

On the other hand, Figure 4.9 (b) depicts that the peaks that shifted in 2560
pg/mL ZnO NPs treated bacteria for 24 h were N-H and O-H stretching (3297
to 3375 cm™), C=C stretching (2108 to 2102 cm™), NH2 bending, C=0 and C—
N stretching (1656 to 1651 cm™), N-H bending and C—N stretching (1541 to
1528 cm™), PO, symmetric stretching and C-O stretching to C—C/ C—O/

O—H stretching (1082 — 1027 cm™), C—H stretching (860 to 830 cm™), and
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Zn-O stretching (542 to 562 cm™). Herein, surface functional groups such as
alcohol and amide A (3375 cm™), alkynes (2102 cm™), amide | (1651 cm™),
amide 11 (1528 cm™), phosphate group (1082 cm™), aliphatic group (1027 cm™),
amine group (830 cm™) from the cell wall of K. pneumoniae may be involved

in the interaction with ZnO NPs.

The peaks found at 2925, 967, and 934 cm in the control were missing in the
treated sample. Besides, peaks at 781 and 541 cm™ were newly formed in the

test peaks representing Zn-O stretching.
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Figure 4.9: FTIR spectrum of (A) untreated control, (B) 2560 ug/mL ZnO NPs treated K. pneumoniae.
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Table 4.5: Possible bacterial functional groups involved in the interaction with
ZnO NPs in FTIR analysis.

Absorption Molecular . .
E) . Functional group Biomolecules
(cm™) motion
3297 O-H and N-H Amide A, alcohol Polysaccharides,
stretching proteins,
— 3375 intermolecular
hydrogen  bond
2108 — 2102 C=Cstretching Terminal alkyne Hydrocarbon
1656 NH2  bending, Amide I Polypeptide,
C=0 and C-N protein backbone
- 1651 stretching (o helices)
1541— 1528 N-H  bending, Amide Il protein (o
C—N stretching helices)
1082 — 1027 PO symmetric Phosphate  group, nucleic acids and
stretching and C- aliphatic group phospholipids
@) stretching (PO2”  symmetric
- C—C/ C—O0/ stretching), and
O—H stretching glycogen  (C-O
stretching) I
Polysaccharides
860~ 830 C—N stretching  Amine group Polysaccharides,
protein
542— 562 Zn-O stretching  Zinc oxide Glycogen

4.6.2 Energy Dispersive X-ray (EDX) Analysis

The cellular accumulation of ZnO NPs on K. pneumoniae was analysed by
EDX analysis. According to Figure 4.10, the EDX spectrum depicts that
carbon (C), oxygen (O), sodium (Na), phosphorus (P), chlorine (Cl), and

potassium (K) were present in the negative control sample. On the other hand,
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Figure 4.11 illustrates the presence of zinc (Zn) after 24 h treatment of K.

pneumoniae with 2560 pg/mL of ZnO NPs compared to the negative control.

Element Atomic%
s 74.56
O 24.79
Na 0.28
P (L3S
Cl 0.04
0.08

0 05 1 15 2 25 3 35 B 45 5 55 6 65 7 75 8 85 9 95 10 105 " 115
Full Scale 2120 cts Cursor: 6.000 (4 ds) ke\

Figure 4.10: EDX spectrum depicts that carbon, oxygen, sodium, phosphorus,
chlorine, and potassium were present in the negative control.
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Element Atomic%
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Figure 4.11: EDX spectrum of 2560 pg/mL ZnO NPs treated K. pneumoniae
shows the agglomeration of ZnO NPs on the bacterial cell surface.

4.7 Scanning Electron Microscope (SEM) Analysis

Scanning electron microscope was used to study the morphological changes of
K. pneumoniae upon treating with 2560 pg/mL of ZnO NPs. Figure 4.12 (A) is
the image of negative control under 15, 000x magnification and scale bars are
in 1 pm. The negative control demonstrated smooth cell surface, intact and
uncompromised cell membrane. Alterations in cell structure can be observed
after the treatment of K. pneumoniae with 2560 pug/mL of ZnO NPs at 24 h.
Based on Figure 4.12 (B), (C), (D), (E) and (F), the harvested bacterial
suspension showed aggregation of bacterial cells, roughening of cell surface,
shrinkage of bacteria cells, ZnO NP aggregation on cell membrane, membrane

damage, cell distortion, and rupture of cell membrane.
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Figure 4.12 SEM micrographs of K. pneumoniae control (A) and K.
pneumoniae exposed to 2560 pg/mL ZnO NPs for 24 h illustrating bacterial
cell aggregation (blue box), roughening of cell surface (purple arrow), and
shrinkage of bacteria cells (brown arrow) (B), ZnO NP aggregation on cell
membrane (white arrow) (C), membrane damage (yellow arrow) (C, D, and F),
cell distortion (red arrow) (E), and rupture of cell membrane (green arrow) (F).
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CHAPTER 5

DISCUSSION

5.1 ZnO NP Characterization

Shapes and sizes of ZnO NPs being observed from SEM analysis were
spherical, mixed with rod shapes, and 86.8 nm, respectively. The presence of
only zinc, oxygen, and carbon peaks in EDX spectrum indicated the high purity
of ZnO NPs used in the present study. Presence of carbon may be due to the
use of carbon tape for SEM analysis (Fakhari et al., 2019; Osuntokun et al.,

2019; Varadavenkatesan et al., 2019).

5.2 Growth Inhibition Tests

The ZnO NP growth inhibitory effects on K. pneumoniae were assessed by the
turbidity method and INT assay to evaluate the bacteriostatic effects of ZnO
NPs. The following streak plate method functioned to determine the MBC. The
present study results showed that the  growth inhibition  of K.
pneumoniae treated with 5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560
pg/mL ZnO NPs increased from 5, 13, 19, 22, 26, 34, 48, 64, 82 to 87%,
respectively at 24 h. The percentage of K. pneumoniae growth inhibition

obtained from the INT assay supported the turbidity assay results, showing 5,
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12, 16, 23, 32, 38, 45, 66, 84, 87% with the corresponding ZnO NP
concentrations. Compared to the negative control, all tested ZnO NP
concentrations showed significantly different growth inhibition activity
against K. pneumoniae. Therefore, the alternative hypothesis was accepted.
The increase in turbidity results from serial dilutions of ZnO NPs, indicating
bacterial growth. Therefore, higher NP concentrations had greater

antimicrobial effects.

The MIC is the lowest antimicrobial concentration that can inhibit the growth
of microbes, while MBC is the lowest antibacterial concentration that can kill
99.9% of bacteria (Pelletier and Baker, 1988). The lower the MIC value, the
more effective the antimicrobial agent. The microbroth dilution susceptibility
method in 96-well microtiter plates is preferred for antimicrobial susceptibility
testing because it has few sample requirements, is cost-effective, and has a high
throughput rate (Coutinho et al., 2010). The p-lodonitrotetrazolium chloride
(INT) assay is a microplate assay that determines the MIC of antimicrobials
using INT dye. The enzymatic reaction of viable microorganisms will reduce
the yellow tetrazolium dye, which acts as an electron acceptor, into a pink
product, the insoluble iodonitrotetrazolium formazan or INF (Li et al., 2010).
The MIC for the INT assay is the lowest antimicrobial concentration that
completely inhibits bacterial growth and prevents the appearance of a pink dye
(Rios and Recio, 2005). The absence of colonies on the streak plate reveals

MBC at this antimicrobial concentration.
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In this study, no colour changes were observed in the wells for 2560 pug/mL of
ZnO NPs, indicating that the MIC value of ZnO against K. pneumoniae was
2560 pg/mL, that can inhibit the visible growth of K. pneumoniae after
overnight incubation. No colour change was observed in wells containing
sterility controls, depicting that ZnO NPs were not contaminated. Colony
formation obtained from the MBC assay indicated that 2560 pg/mL of ZnO
NPs cannot kill 99.9% of the bacteria. Therefore, 2560 pg/mL of ZnO NPs was
considered as the MIC but not the MBC for K. pneumoniae. The MBC value
was predicted to be higher than 2560 pg/mL of ZnO NPs as 99.9% of bacteria

inhibition had not yet been achieved.

Numerous previous studies have reported a similar finding to the present study
on K. pneumoniae growth inhibition by ZnO NPs. Like our methods, Shivaee
et al. (2021) prepared turbidity of microbial broth with 0.5 McFarland standard
and incubated a 96-well plate at 37 °C for 24 h. They determined the MIC of
ZnO NPs using the microdilution method to be 2500 pg/ml against all five K.
pneumoniae isolates. Hameed et al. (2016) reported a dose-dependent growth
inhibition from 0.32, 4.91, 7.92, 17.43, 25.20, 38.99, 58.48, 77.5, to 89.7% for
50, 150, 250, 350, 500, 650, 800, and 1000 pg/mL of ZnO NPs respectively, in
comparison with the negative control. In a research conducted by Nazoori and
Kariminik (2018), the MBC of ZnO NPs was reported to be 10000 pg/mL,

which is higher than 2560 pg/mL.
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A study done by Imade et al. (2022) showed 0.00, 15.51, 29.71, 31.76, and
34.86% of inhibition for 10, 100, 500, 1000, and 5000 pg/ml of ZnO NP
synthesised using plantain peel extract (PPE), respectively at 24 h. The
turbidity of K. pneumoniae suspension exposed to 5000 ug/mL of ZnO NPs
decreased to about 65% at 24 h of incubation compared to the negative control
at an optical density of 600 nm. However, the MIC for the NPs was determined
to be 100 pg/mL with a 15.51% percentage of inhibition for K. pneumoniae.
The promising antibacterial activities of ZnO NP reported might be due to the
small particle size of 12.45 nm and its spherical morphology due to green
synthesis using PPE. On the other hand, the NPs in our study have a mean
dimension of 86.8 nm and consist of spheres and rods. A smaller particle has a
higher solubility and thus better dissolution into Zn?* ions to inhibit bacteria
(Webster and Seil, 2012). Moreover, the smaller size enables easier penetration
through the bacterial cell, and the results are membrane leakage and cell death

(Vielkind et al., 2013).

The typical dose-dependent antibacterial activities were reported in other
studies using other methods. Ansari et al. (2011) reported that 1000 pg/ml of
ZnO NPs could achieve 98.6% inhibition in the colony-forming ability of K.
pneumoniae. Obeizi et al. (2020) synthesized ZnO NPs from Eucalyptus
globulus essential oil and determined the MIC value for K. pneumoniae to be
16 pg/mL. In their study, the zone of inhibition (ZI) for 25, 50, 75, 100 pg/ml
of ZnO NPs were 15.41 + 0.24, 17.27 £+ 0.53, 18.63 + 0.27, and 19.35 + 0.45

mm, respectively. By incubating K. pneumoniae with ZnO NPs in nutrient

59



broth for 14 h at 37°C, the MIC of ZnO NPs synthesised by Reddy et al. (2014)
from the precipitation method was found to be 40 pg/mL. In a study conducted
by Sharma et al. (2019), the increase in ZnO NP concentrations from 25, 50,
100, to 200 pg/mL enhances its inhibitory activity against K. pneumoniae, as
shown by the ZI of 19, 20, 22, and 25 mm, respectively. Their ZnO NPs
possess maximum inhibitory activity against K. pneumoniae followed
by Salmonella typhi, Escherichia coli, Staphylococcus aureus,
and Pseudomonas aeruginosa. We study the antibacterial properties of ZnO
NPs with the microbroth dilution method using tryptic soy broth (TSB).
According to Schuurmans et al. (2009), different protocols may contribute to
different MIC values that were identified through different growth inhibitory
tests, although the same antimicrobial compound and bacteria were used.
Growth medium compositions and physicochemical parameters can also
influence growth conditions (Raghupathi et al., 2011; Shankar and Rhim,

2019).

Although they are generally less potent, green synthesised NPs using plant
extracts are gaining more attention as they are considered less toxic compared
to synthetic NPs (James and Cohen, 1980; Rajakumar et al., 2012). With K.
pneumoniae (ATCC700603) as a control, Rasha et al. (2021) tested the effects
of ZnO NPs synthesised using Aspergillus niger on carbapenemase-producing
strains of K. pneumoniae (KPC). All tested bacteria and the control were highly
sensitive to the synthesised ZnO NPs, with a mean score of 700 and 1800

pug/ml, for MIC and MBC, respectively, in all tested KPC. In a similar study,
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the researchers synthesised ZnO NPs using Acacia nilotica and obtained a
mean score of 450 and 1140 pg/ml for MIC and MBC, respectively (Rasha et
al., 2021b). However, the relatively high bacterial titer used in this research
may result in an inoculum effect (IE) that is associated with a significant
increase in the MIC of ZnO NPs (Smith and Kirby, 2018) even though we used
synthetic ZnO NPs. Our study may provide an insight into the efficacy of ZnO

NPs against high bacterial titer.

In a study conducted by Venkatasubbu et al. (2016), which used ZnO and
titanium dioxide (TiO2) NPs for Salmonella typhi, K. pneumoniae, and S.
flexneri, the MICso of ZnO NPs was shown to be lower than TiO2 NPs,
indicating that lower concentration of ZnO NPs was needed to inhibit 50% of
the bacterial growth as compared to TiO2 NPs. However, the inhibition
percentages of 5, 10, 20, 40, and 80 pg/ml of TiO2 NPs reported by Anbumani
et al., (2022) against K. pneumoniae using the microbroth dilution method were
gradually higher than our results. The degree of susceptibility and tolerance of
different bacterial strains to antibacterial agents may vary based on metal

nanoparticles (MNPs).

Several mechanisms were proposed for the bacterial growth inhibition by ZnO
NPs: bactericidal effects due to the hydrogen peroxide production on the
bacterial surface (Siddique et al., 2013; Mostafa, 2015; Prakash and

Kalyanasundharam, 2015; Pandimurugan and Thambidurai, 2017); loss in cell
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membrane integrity due to the agglomeration of NPs on the bacterial surface
and ROS production (Soren et al., 2018; Husen, 2019); and internalization of

ZnO NPs into bacteria cells and the release of Zn?*ions (Soren et al., 2018).

5.3 Surface Interaction and Cellular Accumulation of ZnO NPs

The interaction of ZnO NPs with K. pneumoniae cell envelope was analysed by
the FTIR spectroscopy to identify nacterial cell surface functional groups
involved in contacting with ZnO NPs. The functional group concentration can
be determined from the total band area, while the conformational freedom and
flexibility can be predicted from the bandwidth (Kardas et al., 2014). The FTIR
spectrum of ZnO NPs treated K. pneumoniae illustrated the possible
involvement of amine, hydroxyl, carbonyl, phosphate, and aliphatic groups of
polysaccharides, proteins, glycogen, and phospholipids from K. pneumoniae

cell envelope in interacting with ZnO NPs.

The N-H and O-H group stretching vibration from the polysaccharides,
proteins, and intermolecular hydrogen bond dominate the region between 3375
and 3297 cm? (Melin et al., 2000; Naumann, 2001; Gorgulu et al., 2007).
According to Ifeanyichukwu et al. (2020), the bacterial cell surface hydroxyl
group can bind to Zn?* ions. The region between 2108 and 2102 cm™ was

belong to the C=C stretching vibration in the terminal alkyne (Thomas et al.,

2014; Peng et al., 2018; Nandiyanto et al., 2019).
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The region between 1656 and 1651 cm™ was the conformation-sensitive amide
I band of B-pleated sheet structures, predominantly attributed to C=0 stretching
in polypeptides and protein backbone, a-helical structure (Melin et al., 2000;
Naumann, 2001; Gorgulu et al., 2007; Wang et al., 2012; Bhat, 2013; Maity et
al., 2013). As the vibration frequency in the amide | region is highly sensitive
to hydrogen bond changes in different protein secondary structures, this region
is vital to predicting the secondary structure of a protein (Gorgulu et al., 2007).
The strong protein amide | bands usually overlapped the weak nucleic acid
between the region (Naumann, 2001). Absorption of Amide Il at 1541 and
1528 cm™ primarily involves an N-H bending coupled to a C-N stretching
vibrational mode (Wood et al., 1998; Huang et al., 2003). This peak shifting

suggested protein degradation in treated K. pneumoniae (Burattini et al., 2008).

The PO2 symmetric stretching of nucleic acids and phospholipids; and C-O
stretching of glycogen can be found between 1082 and 1027 cm™ (Melin et al.,
2000; Gorgulu et al., 2007; Wang et al., 2012). Sugar, lipid, and protein
constitute Gram-negative bacteria cell walls. Production of ROS will cause
membrane lipid peroxidation, cellular sugar and protein leakage, and
eventually apoptosis. According to Dadi et al. (2019), the interaction between
ZnO NPs and Gram-negative bacteria results in progressive leakage of
lipopolysaccharides from their cell walls and cell lysis. Absorption peaks at
860 and 830 cm? involve C—N stretching of the amine group in

polysaccharides and proteins (Gupta et al., 2018).
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Three peaks were only found in the control but not the the treated sample: 2925,
967, and 934 cm’, indicating the possible masking of the existing functional
groups due to the NP accumulation on the bacterial cell envelope. The peak
found at 2925 cm? was contributed by CH. asymmetric stretching that is
predominantly lipids with a minor contribution from proteins, carbohydrates,
and nucleic acids (Gorgulu et al., 2007); 967 and 934 cm? refer to

polysaccharides and glycosidic linkages (Bhat, 2013).

The newly formed peak at 781 and 487 cm™ in ZnO NPs treated sample
represents the Zn-O stretching (Shahvalizadeh et al., 2021). Glycogen (Bhat,
2013) and Zn-O bonds (Shahvalizadeh et al., 2021) contributed peaks between

542 and 562 cm™.

Previous research suggested that bacterial cell surface functional groups, such
as carboxyl, hydroxyl, and amine groups, were predicted to bind with Zn?* ions
(Yusof et al., 2020). This statement was compatible with the present FTIR
analysis. Moreover, the results obtained agreed with previous studies that
involve various organisms. For example, the interaction of Gram-negative
bacteria Pseudomonas putida with Hematite-coated germanium crystal was
found to involve hydroxyl, carbonyl, amino, and aliphatic groups of
polysaccharides, proteins, and lipids. Besides, Djearamane et al. (2018) and
Liang et al. (2020) reported the involvement of hydroxyl, carboxyl, and amino

groups in polysaccharides, glycogen, and proteins when ZnO NPs were used to
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treat the algae, Spirulina platensis, and Gram-positive bacteria, Streptococcus

pyogenes, respectively.

Furthermore, the EDX analysis was performed to determine the elemental
composition of chemicals present on the bacterial cell membranes and confirm
the cellular accumulation of ZnO NPs onto K. pneumoniae. X-ray was formed
owning to the energy differences when the hole in the lower energy shell was
filled by the electron from the higher electron shell. Each element has a unique
atomic number that can identify by the X-ray (Nanakoudis, 2019). As shown
in Figure 4.5, no peaks were visible for zinc (Zn) in the EDX spectrum of the
negative control. On the contrary, Figure 4.6 showed the significant peaks
representative of Zn, confirming the presence of Zn in the bacterial cell after
being exposed to 2560 pg/mL of ZnO NPs. Similar findings were obtained by
Djearamane et al. (2018) in algal biomass after 96 h of treatment with 200
pg/mL of ZnO NPs. Likewise, Liang et al. (2020) observed a five-fold increase
in Zn levels in the EDX spectrum of Streptococcus pyogenes exposed to 100

pg/mL of ZnO NPs for 24 h.

An increased atomic percentage of Zn after the exposure of K. pneumoniae to
ZnO NPs confirmed ZnO NP accumulation on the treated bacterial cell surface
(Liang et al., 2020). Besides, sodium (Na), phosphorus (P), chlorine (Cl), and
potassium (K) were found in both the negative control sample and K.

pneumoniae sample that was exposed to ZnO NPs, as these elements could be
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found in the growth medium (tryptic soy broth). In addition, P also presents in
the phosphate buffer saline (PBS) involved in the sample processing (Liang et

al., 2020).

The agglomeration of ZnO NPs onto K. pneumoniae might be resulted from the
electrostatic attraction between the cationic Zn?* ions and anionic functional
groups on bacteria (Huang et al., 2015). The subsequent specific interactions
will disrupt the function of these groups (Reddy et al., 2014), causing a change
in membrane potential. Therefore, membrane depolarization leads to
membrane integrity loss (Zhang et al., 2010; Shilpi et al., 2014). The Zn?* ions
are the main contributor to the antibacterial effects of ZnO NPs (Sirelkhatim et
al., 2015; Mohd Yusof et al., 2019). The dissolution of attached ZnO releases
Zn?* ijons that could penetrate through microbial cell walls. In the cytosol, Zn?*
ions bind with sulphur-containing amino acids, interfere with the bio-signalling,
inactivate the electron transport chain, and reduce ATP production, causing
mitochondrial oxidative stress (Kasi et al., 2019). The toxic Zn?* ions also

cause membrane leakage and loss of proton motive force (Patra et al., 2017).

5.4 Morphological Changes of Bacteria

Morphological alterations were observed after the exposure of K. pneumoniae
to 2560 pg/mL of ZnO NPs. For the negative control sample, bacterial cells
conserved the intact cell wall. However, after the exposure to ZnO NPs, K.

pneumoniae showed aggregation of bacterial cells, roughening of cell surface,
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shrinkage of bacteria cells, adsorption of ZnO NPs on cell membrane,
membrane damage, cell distortion, and rupture of cell membrane. Figure 5.1 is

a schematic illustration depicting toxicity mechanism of ZnO NPs.

Bacterial cell aggregation could have resulted from the self-defense mechanism
of bacterial cells. For instance, exopolysaccharide (EPS) secretion from
stressed cells increases cell-cell interaction (Sadig et al., 2011) and thus,
reduces the surface area of bacterial cells available for ZnO NP binding. The
ZnO NPs interact with bacterial membrane biomolecules to accumulate on cell

surface and induce ROS overproduction (Chen et al., 2012).

The small size of ZnO NPs enables them to enter bacterial cells, thereby
intensifying their bactericidal activity (Sirelkhatim et al., 2015). The ROS
generated by ZnO NPs like hydrogen peroxide (H202), peroxide ion (O ?),
hydroxyl radical (OH"), superoxide (O2’), and singlet oxygen (Tayel et al., 2011;
Paisoonin et al., 2013) will inactivate respiratory enzymes, break down cell
walls, and increase membrane permeability with the exertion of mechanical
stress. The oxidative stress damage leads to the leakage of cell contents and
facilitates ZnO NP entrance and zinc ion (Zn?") uptake, which will produce
more ROS in the cytoplasm (Brayner et al., 2006). The reaction of Zn?* ions
with cytoplasmic components and the overproduced ROSs impair bacterial
metabolism by causing the attenuation of DNA replication and dysfunctional

adenosine triphosphate (ATP) synthesis, inhibiting bacterial growth or even
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lysing, and killing them (Li et al.,, 2011; Sharma and Chaudhary, 2020).
Ultimately, mitochondrial dysfunction, cytoplasmic leakage, and oxidative
stress lead to membrane damage and bacterial death (Hu et al., 2019; Tang et

al., 2019).

The results agreed with previous studies done on ESBL-producing K.
pneumoniae (Hameed et al., 2016), Bacillus cereus (Aguilar et al., 2015),
Bacillus licheniformis (Dalai et al., 2012), Campylobacter jejuni (Siddiqi et al.,
2018), Chlorella vulgaris (Djearamane et al., 2019), Pseudomonas aeruginosa
(Dhanasegaran et al., 2021), Escherichia coli (Zhang et al., 2008; Arakha et al.,
2015), after exposing to Neodymium (Nd) doped ZnO NPs, organic NPs with
silver/gold (Ag/Au) NPs, titanium dioxide (TiO2) NPs, ZnO NPs, and iron

oxide (Fe203) NPs, respectively.
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Figure 5.1: (A) NPs uptake through penetration into the cell and translocation.
(B) Collapsed cell. (C) Variations in bacterial envelope composition and
cytoplasm extrusion. (D) Possible toxicity mechanisms: metal ion
internalization into cells, intracellular depletion, disruption of DNA replication,
extrusion of metallic ions, ROS production, NP agglomeration and dissolution
in the bacterial plasma membrane (Adopted from Di1"az-Visurraga et al., 2011).

5.5 Limitation and Future Recommendations

The growth curve profiling carried out in this research does not investigate the
Zn?* ion release which may be the main reason behind its toxicity (Kahru et al.,
2008). The amount of toxic Zn?* ion release should be quantified along with
the growth inhibition assays to examine the ZnO NP effects on the bacterial
growth curve and quantify the toxic Zn?* ion release. We also did not analyse
the cellular accumulation of zinc in the bacterial cell suspension. The ZnO NP
content in the bacterial cells should be quantified to examine the relationship
between the zinc accumulation in bacterial cells and cell viability. The toxicity

mechanisms of ZnO NPs were not illustrated in this study. Future work should
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include oxidative stress assessments such as lactate dehydrogenase leakage
assay to assess the toxicity mechanism of ZnO NPs against the test organism.
Lastly, high ZnO NP concentrations were proposed to be associated with a
certain degree of skin epithelial cell toxicities (Hong et al., 2013; Moghaddam,
2017). We did not assess the effect of the ZnO NPs on the living organism.
Therefore, animal testing should be conducted on ZnO NPs to determine their

biocompatibility and applicability to human skin cells.
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CHAPTER 6

CONCLUSION

The tested ZnO NP concentrations have statistically significant dose-dependent
bacteriostatic but not bactericidal effects on K. pneumoniae with an MIC of
2560 pg/mL. Using the microbroth dilution method, the average percentage of
growth inhibition reported on K. pneumoniae was 5, 13, 17, 23, 29, 36, 46, 65,
83, and 87% for 5, 10, 20, 40, 80, 160, 320, 640, 1280, and 2560 pg/ mL of
ZnO NPs, respectively. ZnO NPs interacted with K. pneumoniae surface amine,
hydroxyl, carbonyl, phosphate, and aliphatic groups of polysaccharides,
proteins, glycogen, and phospholipids. Adsorption of ZnO NPs on cell
membrane caused bacterial cells to aggregate, shrink, and distort. Besides,
bacteria experienced damage, rupture, and roughening of cell surface after ZnO
exposure. Overall, all the objectives proposed for the present study have been
tested successfully. Besides, the results obtained in our study confirm the

antibacterial activity of ZnO NPs against K. pneumoniae.
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APPENDICES

Appendix A

List of Equipment

Table A: Equipment and their brand/ model.

Equipment

Brand/ Model

Analytical balance
Bunsen burner

Cuvette

Falcon tube (15, 50 mL)
Flat bottom 96 well microplate
Fourier Transform
Spectrophotometer (FTIR)
Freeze dryer

Lamina flow cabinet
Measuring cylinder
Microcentrifuge tubes
Micropipette set and tips
Microplate reader

Petri dish

Pipette Controller

Refrigerated centrifuge machine

Scanning electron microscope with

energy dispersive X-ray (SEM-EDX)
Schott bottle
Spectrophotometer

10ml Disposable Syringe Without

Needle, Luer Lock Tip
25mm syringe filter

Infrared

A&D HR-250AZ

Campingz, France

Greenier Bio -One

Nest Lab. Malaysia

Nest Biotechnology Co., Ltd., China
Perkin-Elmer Spectrum RX1, USA

Christ Alpha 1-4 LD

ESCO SVC -4A1

Bornex, China

Lifetech Synergy, Malaysia
Dragon Lab, USA
FLUOstar® Omega, Germany
Nest Lab, Malaysia
Blue-Ray Biotech BlueSwan,
Taiwan

SIGMA 1-14K, Germany
JOEL JSM 6710F, Japan

DURAN, Germany
Genesys 20, Thermo Scientific

Terumo Philippines  Corporation,
Philippines
Membrane Solutions, US
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APPENDICES

Appendix B

List of Chemicals / Reagents

Table B: Chemicals/ reagents and their manufacturer/ brand.

Chemicals / Reagents

Manufacturer/ Brand

Absolute ethanol
Chloramphenicol
Erythromycin
Glutaldehyde, 25%

INT powder
Kanamycin sulfate

Tetracycline hydrochloride
Tryptic Soy agar

Tryptic Soy broth
Zinc Oxide Nanoparticles (ZnO NPs)

Chem Solution Sdn. Bhd., Malaysia
Bio Basic Canada Inc., USA
Sigma-Aldrich, USA

Acros Organics, USA

HiMedia Laboratories Pvt. Ltd., India
Bio Basic Canada Inc., USA

Bio Basic Cnada Inc., USA
Merck KGaA, Darmstadt, Germany

Merck KGaA, Darmstadt, Germany
Sigma- Aldrich, USA
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APPENDICES

Appendix C

One-Way ANOVA for Turbidity Assay

Table C: Statistical analysis for percentage of inhibition obtained from the
turbidity assay.

Sample Sample  Mean Difference Significance

(1) () (1-9)
ZnO NP concentration (ng/mL)

0.00 5.00 -4.89* 0.003

10.00 -13.27* 0.014

20.00 -18.78* 0.038

40.00 -22.40* 0.027

80.00 -25.60* 0.001

160.00 -33.86* 0.015

320.00 -47.84* 0.003

640.00 -64.11* 0.002

1280.00 -82.20* 0.002

2560.00 -87.39* 0.002

TCH (1 mg/mL) -93.69* 0.000

*. The mean difference is significant at the 0.05 level.



APPENDICES

Appendix D

One-Way ANOVA for INT Assay

Table D: Statistical analysis for percentage of inhibition obtained from the INT

assay.
Sample Sample  Mean Difference Significance
(D) (J) (1-9)
ZnO NP concentration (ng/mL)
0.00 5.00 -5.4T7" 0.005
10.00 -12.06" 0.000
20.00 -16.20" 0.000
40.00 -22.97° 0.000
80.00 -31.92" 0.000
160.00 -38.49" 0.000
320.00 -44.58" 0.000
640.00 -65.82" 0.000
1280.00 -83.55" 0.000
2560.00 -87.29" 0.000
TCH (1 mg/mL) -93.97" 0.000

*. The mean difference is significant at the 0.05 level.
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