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Aims and Thesis Summary

The purpose of this thesis is to report on the synthesis of silver nanoparticles (Ag NPs) [ also named
colloidal silver (CS)] using plant extracts in a biocompatible way and examine its safety and efficacy against
human nasal epithelial cells (HNECs) and clinical isolates separated from chronic rhinosinusitis (CRS)
patients, respectively.

The work describes the synthesis and extensive characterization of Ag NPs manufactured using
plant extracts as biocompatible reducing agents. Their safety and efficacy were then evaluated through in
vitro and in vivo experiments. Focus was given to the synthesis of CS in an efficient way as it is a significant
issue in the realm of topical therapy of infection in CRS by CS.

The thesis itself is composed of four chapters which deal with synthesis of Ag NPs and evaluating
its safety and efficacy.

Chapter 1 serves as an introductory chapter and briefly explores the core concepts that underpin the
subsequent chapters. Itis subdivided into three sections. The first deals with chronic rhinosinusitis treatment,
the second describes the antibacterial mechanism of CS and the third explains its mechanism of toxicity.

Chapter 2 is a peer-reviewed publication, describing the production of CS using gum tree fresh
leaves and examining its efficacy and safety in vitro and in vivo.

Chapter 3 is a peer-reviewed publication, explaining the efficacy of CS once combined with
antibiotics.

Chapter 4 is a peer-reviewed publication, elaborating the safety of CS to HNECs.

Chapter 5 is conclusions and reflections on future directions for this body of research.

XV



Chapter 1: Literature Review

Chronic rhinosinusitis

The paranasal sinuses are comprised of four pairs of hollow cavities located near but apart from the
nasal cavity. They are named following the skull bones from which they originate. They include the frontal,
maxillary, ethmoid, and sphenoid sinuses which are in the low center of the forehead, the cheekbones,
between the eyes and in bones behind the nose, respectively. The mucosa of the nasal passages is in
continuity with the mucosa of sinuses. Rhinosinusitis refers to the inflammation of the sinus and nasal
mucosal lining and can result in mucosal edema, sinus ostia obstruction, and mucociliary dysfunction (Figure
1.1) L

CRSsNP CRSwNP

Frontal sinus

Ethmoid sinus Lacrimal sac

Superior turbinate .
P —— Qstiomeatal

complex
Nasal polyp
Middle meatus

Middle turbinate
Maxillary sinus

Inferior turbinate Naso-lacrimal duct

Thickened sinus Nasal passage

mucosa

* Loss of smell

* Nasal obstruction and/or congestion
* Nasal secretion, post-nasal drip

¢ Facial pain, pressure

* Nasal obstruction and/or congestion
* Nasal secretion, post-nasal drip

* Facial pain, pressure

* Loss of smell

Figure 1.1 Anatomy of the paranasal sinuses and the nasal passage.

Manifestations of chronic rhinosinusitis without nasal polyps (CRSsNP) and chronic rhinosinusitis with nasal
polyps (CRSwWNP) are illustrated 1.

According to the duration of the symptoms, rhinosinusitis is categorized into four different groups

including acute rhinosinusitis, subacute rhinosinusitis, chronic rhinosinusitis (CRS), and recurrent acute

1



rhinosinusitis. The symptom duration of acute rhinosinusitis is less than four weeks; subacute rhinosinusitis
is 4 to 12 weeks and CRS is more than 12 weeks. In contrast, recurrent acute rhinosinusitis describes
recurrent infections lasting less than 4 weeks without persistent symptoms in between episodes 2. Based
on the endoscopic findings, CRS can be divided phenotypically into two groups including CRS with nasal
polyps (CRSWNP) and CRS without nasal polyps (CRSsNP). These two groups typically have different
associated inflammatory responses, can manifest differently in terms of symptoms and signs, and often have
different responses to medical treatments 5. Disease severity, the number of surgeries and medication use
is often more frequent in CRSWNP in comparison to CRSsNP 8.7, Moreover, the probability of having other

diseases such as asthma in patients with CRSwWNP is also higher 8

Epidemiology of Chronic rhinosinusitis

CRS is considered one of the most prevalent chronic diseases which places a significant cost on
both people and society. It is diagnosed based on symptom profile with objective evidence of sinonasal
inflammation on CT imaging or nasal endoscopy. Diagnostic criteria are clearly defined in the European
Position Paper on Rhinosinusitis and Nasal Polyps (EPOS) paper published in 2020 °. However, most CRS
cases (16% CRS reported cases) are reported by patients themselves rather than otolaryngologists 1012, The
prevalence of CRS seems dependent on geographical variations based on population-based studies.
According to Global Allergy and Asthma European Network, 57,128 CRS cases were reported in 12
European countries with the an average of 10.9% of the population per country 12. Likewise, a prevalence of
12.1% was reported by a national health interview survey in the USA 3. In Canada, the prevalence depends
on age and was reported as 3.4% and 5.7% among 73,364 in females and males, respectively 10. According
to another survey, 10% of the population is affected by sinusitis in Australia 14.15. The frequency of CRS is
higher than other chronic respiratory diseases such as hay fever (8.9%), chronic asthma (10.9%) and Chronic
Obstructive Pulmonary Disease (COPD, 2.6%).

The direct cost of CRS can be related to health output such as outpatient visits (bearing the largest
cost), followed by prescription medical therapy and surgical operations to manage the disease which cost
10$-13$ Billion in 2016 6. The financial cost per patient can reach $800 per year. However, the indirect cost
of CRS is much greater, contributing to a high frequency of employee absenteeism and other social impacts.
Research suggests the frequency of missed work days or absenteeism is 57% 16, followed by 13.3% activity
limitation, 12% work limitation, 9% social limitation and 6% perceived cognitive limitations 17. 8, Generally,
the indirect cost of CRS is estimated to be more than $20 billion in the USA 19,



Symptoms arising from the inflammation caused by CRS include nasal congestion, anosmia, facial
pain/pressure as well as anterior and posterior rhinorrhea. The symptoms are not just limited to the sinonasal
passages; CRS can contribute to poor sleep quality 20, fatigue 2!, bodily pain 22 and depression 2325, In

general, CRS patients reported a severe deficiency in their quality-of-life (QoL) 26-28,

Mechanism/Pathophysiology of chronic rhinosinusitis

The epithelium and remodelling
The nasal epithelium acts as a physical and immunological barrier that is responsible for maintaining

the balance of water and electrolytes along with the removal, degradation and neutralization of environmental
particles and toxins. Secreted mucus and the mucociliary blanket also protect the nasal epithelial surface by
trapping and removing environmental toxins. The epithelial cells themselves can protect against pathogens
through different mechanisms including the production of enzymes, peptides, proteins, lipids and ions.
Furthermore, they play a role in the activation of pattern recognition receptors that facilitate a response to

microbial pathogens 29. 30,

The microbiome of chronic rhinosinusitis
Man et al 3" demonstrated that different microorganisms such as bacteria, fungi and viruses live on

healthy sinus mucosa. They not only interact with the mucosal immune system but also are important in the
physiological maturation of the mucosa. In the disease state certain factors can influence the microbial
ecology of the paranasal sinuses resulting in inflammation. Pathophysiological factors include the external
and host environments, along with microbes, while pathological factors include changes in the microbiota
(the group of microorganisms existing in a specific environment), lack of balance of the local or systemic

immune system, allergens, toxins, and genetic predisposition 9. 32-35,

A recent multicentered study was conducted to characterize the sinonasal microbiome using 16S
rRNA sequencing in a large group worldwide 36. Based on the results, the core microbiome of the sinonasal
tract was comprised of five different genera of bacteria, Corynebacterium (44.02%), Staphylococcus
(27.34%), Moraxella, Streptococcus and Haemophilus. Corynebacterium and Staphylococcus were shown
to be the most common and frequent genera in healthy control patients and could potentially function as
essential commensal bacteria required to maintain the sinonasal physiology. Streptococcus, Moraxella and
Haemophilus comprised the second most abundant group. The study further demonstrated a significant
reduction of Corynebacterium in CRSWNP patients (40.29%) compared to healthy controls (50.43%),

proposing its key role in the conversion of S. aureus from commensal to virulent bacteria 3.
3



Early studies revealed that the microbiomes of healthy control and CRS patients are different and
introduced the dysbiosis theory of CRS 37.38, This theory suggests that sinus mucosal inflammation in CRS
is initiated, propagated, or maintained by changes in sinus microbial communities away from "normal" or
"healthy" microbes. Dysbiosis has either an intrinsic or environmental cause, but the source is currently
unknown 39, Different studies have reported varying changes in diversity. For example, Aurora et al., 2013
reported an increase in alpha diversity (the diversity of the species within one sample) in CRS patients 40,
while other researchers reported lower bacterial diversity 37.41.42, Cleland et al., 2016 43 and Ramakrishnan

and Frank, 2015 44 found no difference in alpha diversity.

The sinuses were originally thought to be a sterile environment; however, recent studies revealed
the presence of bacterial species in healthy sinuses which are referred to as the gate-keeping commensal
bacteria. They include S. epidermidis, Propionibacterium spp., Corynebacterium spp. 45 and recently
identified Lactobacillus spp. 4. They provide stability to the healthy microbiome, rendering it more resistant
to dysbiosis 45. The collapse or reduction of these species interferes with not only the abundance, but also
the conversion of a proportion of the non-pathogenic (Staphylococcus, Propionibacterium and
Corynebacterium spp.) to pathogenic bacteria (S. aureus, P. aeruginosa, Haemophilus spp. and S.

pneumoniae) amongst CRS patients 40.45.47.48,

S. aureus and P. aeruginosa are reported to be involved in many cases of CRS 4% and are
generally related to more severe disease, medical and surgical recalcitrance, post-operative complications
and higher surgical revision rates 52, These pathogenic species cause inflammation and injury to the

sinuses in CRS patients through different mechanisms, one of which is the formation of biofilm 56-58,

S. aureus is the most prevalent species isolated from CRS patients at the time of sinus surgery 9.
The pathogenesis of S. aureus is associated with biofilm formation and intracellular residency within the
epithelium € which allows the bacteria to escape the immune system and persist before initial infection. Once
an opportunity presents, they arise to induce acute exacerbations and worsen current inflammation 6. S.
aureus can further contribute to CRS by working together with other organisms in multi microbial
environments 62.63, Under normal circumstances, S. aureus has a significant impact on keeping the sinuses
in a healthy condition and have been found in a high prevalence and relative abundance in control patients.
In contrast, they exhibit greater virulence in CRS patients 4. By forming biofilms, S. aureus can increase its
resistance to antibiotics, impair the host immune system and increase its tolerance to nutritional deprivation
85, Immune evasion is facilitated by the sequestered proteins originating from the bacterial biofilm and the

Agr quorum sensing system 65,


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5836553/#B4
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5836553/#B18
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5836553/#B64
https://www.google.com/search?sxsrf=AOaemvJIg_dJR0Tt4OTWossyD8deuLLQug:1633405656252&q=S.+pneumoniae&spell=1&sa=X&ved=2ahUKEwi4qKifrrLzAhXbfX0KHb6sAOsQkeECKAB6BAgBEDE

Medical therapies for chronic rhinosinusitis

Bacteriophage cocktails
The use of topical delivery of bacteriophages for CRS treatment dates back to the 20t century. With

the development of antibiotics around the same time, the application of phages in Western Medicine
decreased however . Bacteriophages are viruses that attach to a strain specific bacterial host and infect
the bacteria through one of the Iytic or lysogenic cycles. In the Iytic cycle, bacteriophages both lyse host
bacteria and infect other bacteria 7. Non-antibiotic topical delivery of bacteriophages is a promising treatment
for CRS given that they are species specific in their bactericidal action, meaning that commensal bacteria
and host cells remain unaffected. They have been shown to penetrate bacterial biofilms, and have antibiofilm
activity 68, The application of phage cocktails instead of single phage isolates can improve their range of

activity against bacteria and reduce the formation of phage resistant colonies 68.69,

Safety and efficiency studies have been performed in vitro (Table 1.1) and in vivo in animal studies
(Table 2.1) and human clinical trials (Table 3.1).

Table 1.1 Overview of in vitro studies demonstrating the sensitivity and efficacy of phages or phage-derived

enzymes to ex vivo isolates from CRS patients 70.

Isolates from Sinonasal Included CRS Phage Phage Efficacy

Swabs Patients Sensitivity

S. aureus 66 CT-SA, cocktail 94% Biofilm mass reduction:
SA1, single phage 90% 80% after CT-SA

application

S. aureus 72 NS P128, bacteriophage NS Biofilm mass reduction:
derived muralytic 95.5%
enzyme

P. aeruginosa © 471 Pa193, single phage 73% Significant biofilm mass
Pa204, single phage 53% reduction after CT-PA,
Pa222, single phage 73% Pa222 and Pa223
Pa223, single phage 1%
CT-PA, cocktail 85%

S. aureus 7 61 P68, single phage 74% NS

59%




K710, single phage 85%
NOV012, cocktail

S. aureus 7 92 ISP, single phage NS Reduced IL-5 levels after
24 and 72 h, no
significant changes

compared to antibiotics

S. aureus 7 65 Sa83, single phage 69% NS
Sa87, single phage 71%

Different pathogen 3 76 50 Sensitive phage from 80% NS
collection Biophage
Pharma, NS

S. aureus ™ 15 AB-SAO01, cocktail 80% NS

NS = not specified. ' CRS patients with or without cystic fibrosis. 2 Samples collected during functional
endoscopic sinus surgery. ® Different pathogen include S. aureus, S. epidermidis, P. aeruginosa and H.

influenzae.

Table 2.1 Overview of animal studies investigating the safety and efficacy of bacteriophages or phage-

derived enzymes in the treatment of chronic rhinosinusitis 70.

Pathogen Animal Model + Included Phage Safety Efficacy
Application Method Subjects
S. aureus 78 Mice, intranasal 14 Phage lysin NS Two-log
instillation CHAPK from reduction in S.
bacteriophage K aureus cells 1 h
after single
application
S.aureus™  Sheep, frontal rinsing via 27 CT-SA cockail No histological Significant
mini trephinations changes to frontal reduction of
sinus mucosa biofim mass
S.aureus™  Sheep, frontal rinsing via 21 NOV012 cocktail No histological NS
mini trephinations changes to frontal

sinus mucosa

P. aeruginosa  Sheep, frontal rinsing via 32 CT-PA cocktail No histological Significant
n mini trephinations changes to frontal reduction of
sinus mucosa biofilm mass




NS = not specified.

Table 3.1 Overview of clinical trials investigating the safety and efficacy of phages or phage-derived enzymes

in the treatment of (recalcitrant) rhinosinusitis 70.

Study Participants Pathogen Therapeutic Phage Safety Efficacy
Type Regimen
OBS & Recalcitrant S.aureus  Nasal nebulizer ~ Phage lysate A1~ Noreported AE  Clinical improvement:
CRS (n=60) and B-7 Excellent: 45%, Good:
33%, Fair: 17%, Poor:
5%
OBS 8 Suppurative Different Oral or nasal Sensitive phage NS Clinical improvement:
sinusitis (n = pathogen drops, NS from collection, NS Full recovery: 83%,
46) Marked: 7%, No effect:
1%
0Bs & Healthy S.aureus  Oral (n=10)or Staphylococcal No reported AE NS
carriers (n = nasal monophage (n = after nasal
21) application (n = 21), Pyophage therapy, mild
11) cocktail (n = 21), AE2in4
Placebo (n = 21) subjects after
oral therapy.
No changes in
blood values.
RCT 83 Acute Different Preoperative Polyvalent No reported AE  Clinical improvement;
maxillary pathogen 3 nasal rinsing, Pyophage Excellent: 45%, Good:
sinusitis (n = followed by 33%, Fair: 17%, Poor:
58) oral treatment 5%
(n=38);
Second
generation
cephalosporin
(n=20)
OoBS 77 Recalcitrant S.aureus Intranasal high-  AB-SAO01, cocktail Mild AE4in3  Clinical improvement:
CRS (n=9) volume patients, all of Full recovery: 83%,
irrigations them resolved  Marked: 7%, No effect:
by the end of 1%
the trial. No

changes in vital




signs or blood

values
OBS 8  CRS (n=25) Different Nasal (n = 4) Sensitive phage NS NS
pathogen®  ornasal + oral from collection
application (n =

21)

OBS = observational study; RCT = randomized controlled trial; CRS = chronic rhinosinusitis; AE = adverse
events; n = number; NS: not specified; LKS = Lund-Kennedy Score. ! Different pathogen include S. aureus,
E. coli, Klebsiella, Proteus and P. aeruginosa. 2 Mild adverse events include vomiting, loose stool, gastric
acidity, mild epigastric pain and low-grade fever. 3 Different pathogens include S. pneumoniae, S. aureus, H.
influenzae and hemolytic streptococci. 4 Mild adverse events include diarrhea, epistaxis, oropharyngeal pain,
cough and rhinalgia. 5 Different pathogens include S. aureus, P. aeruginosa, Klebsiella pneumoniae and E.

coli.

Probiotic irrigations
Probiotics are live organisms providing health benefits, eliminating pathogens, and restoring or

improving the colonization of healthy commensal microorganisms. Different formulations have been applied
for the treatment of allergic rhinitis, and more specifically, they have been recently used for the treatment of
CRS &, The use of oral probiotics for CRS has been shown to have some benefits in a recent study . 87,
however another, randomized placebo-control trial involving two weeks of topical probiotic treatments did not

demonstrate any microbial or clinical benefit &,

Manuka honey
Manuka honey (MH) is well-known for its wound-healing and antibacterial properties 8.

Methylglyoxal (MGO) is the active component of MH with efficacy against different bacteria including S.
aureus, MRSA and P. aeruginosa demonstrated in vitro %0-92, The synergistic antibiofilm effect of MH
components and MGO has been observed in the treatment of CRS 9. In addition, the synergist effect of MH
and rifampicin was reported to decline the biofilm biomass and kill S. aureus embedded within the biofilm 94.
Perceived benefits of MH over traditional antibiotics include over the counter availability, cheap cost, low side
effect profile and the unlikeliness of bacteria developing resistance %-97. Four clinical trials have been
conducted to evaluate the efficacy of MH for the treatment of CRS with the findings demonstrating
improvement of symptoms and endoscopic scores, enhancement of cytokine expression and significant

improvement in microbiological profiles 98-101,



Surfactants
Surfactants are important constituents of the innate immune system, consisting of phospholipids that

coat the mucous membrane and eliminate the surface tension and mucus viscosity in the respiratory system
102, Surfactants can disrupt bacterial cell membrane leading to biofilm eradication in CRS 193, |n vitro efficacy
of baby shampoo against immature biofilms of P. aeruginosa has been reported, however, the efficacy of
baby shampoo use in clinical trials of biofilm related CRS has produced conflicting findings 194, Topical
surfactants in the in vivo studies in CRS revealed the lack of consistency in vivo or human clinical trial
evidence, and the high incidence of adverse effects 104107, Finally, the utility of surfactant-based agents for

the treatment of CRS remains limited.

Deferiprone and gallium-protoporphyrin
Nutritional immunity is a process in which the immune system eliminates the availability of iron, an

essential element for bacterial metabolism 108 109, Deferiprone, an oral iron chelator, and gallium-
protoporphyrin, a heme analog, have been reported to show antibiofilm activity '1°. The mechanism
underlying the action of deferiprone and gallium-protoporphyrin (DG) involves the chelation of environmental
iron by deferiprone, causing expression of bacterial iron transporters, thereby increasing gallium-
protoporphyrin uptake. Once inside the bacteria, gallium-protoporphyrin acts as a bactericidal agent 1. A
synergistic effect of DG in combination with gentamicin and ciprofloxacin has shown efficacy in a wound-
healing gel in a sheep model. The efficacy and safety of topical DG combined with chitogel have
demonstrated safety and efficacy in a sinusitis sheep model '12. However, human trials are needed to confirm

the efficacy of DG as a viable treatment strategy for CRS.

Photodynamic therapy
Photodynamic therapy (PDT) is a process in which different photosensitizers and various

wavelengths of light are applied to change oxygen to free radicals that have bactericidal activity '13-117. PDT
can also act specifically through its ability to influence organisms that absorb the photosensitizer, further
leading to death through exposure to a specific wavelength of light 118.119, PDT can eradicate biofilms, Gram-
negative bacteria and antimicrobial-resistant organisms 113.117.120_ The efficacy of PDT to eliminate microbial
biofilm in CRS has been reported previously in vitro 121. That study confirmed the safety of PDT in a living
human ciliated respiratory mucosal model 122 and the efficacy of methylene blue/ethylene-diamine tetra acetic

acid (EDTA) photosensitizer and 670-nm non-thermal activating light in a maxillary sinus model of P.
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aeruginosa and MRSA 123, The efficacy of PDT and chlorhexidine has been demonstrated in the reduction of
MRSA and surgical site infection 124, More studies are required to demonstrate the efficacy of PDT against

resistant bacteria in CRS.

Nitric oxide therapy
Enhancing mucociliary clearance and destroying bacterial membranes, enzymes and DNA, nitric

oxide (NO) has a vital role in the innate immune defense in the airways, preventing an increase in pathogens
in the sinonasal tract. 125127, The amount of NO is considered a biomarker 28, For instance, the level of NO
is low, moderately low and high in CRSWNP, CRSsNP and healthy patients 129. 130, |ts level is also high in
patients under medical treatments and after surgery 13'. 132, The antibiofilm activity of NO may be due to the
formation of acidified nistabutrite derivatives 133. 134, The safety and efficacy of isosorbide mononitrate
liposomes containing NO were reported both in vitro and in vivo (in a sheep model) 3% 136, |t has been
observed that microparticles releasing NO showed efficacy against planktonic forms of clinical isolates
isolated from CRS patients 137. However, more studies are required to develop smaller nanoparticles and to

translate in vitro experiments to in vivo clinical studies.

Xylitol
Xylitol, a 5-carbon nonionic compound, has been shown to improve the activity of the innate immune

system through the reduction of the salt concentration of airway liquid 1%8. Xylitol nasal sprays have been
observed to lower the staphylococcal carriage rates in healthy people 13°. When applied to a P. aeruginosa
CRS maxillary infection in a rabbit model, Xylitol has been shown to reduce the severity of sinusitis. 40,
Xylitol efficacy in the treatment of CRS has been demonstrated through reduction of Sino - Nasal Outcome
Test (SNOT - 22) scores and increased concentration of nasal NO and NO synthase mRNA in the sinuses
141, As Xylitol is cheap and has minimum harmful effects, more clinical studies should be performed to confirm

its efficacy.

Taste receptor therapy
Taste receptors (TR) including bitter (T2R) and sweet (T1R) receptors exist in the sinonasal

epithelium and have an impact on the regulation of the innate immune system 142143, T2R38, one of the
isoforms of T2R, is expressed in ciliated epithelial cells and is a key mediator in sinonasal defense 126,
Molecules secreted by gram-negative bacteria activate T2R38, leading to the stimulation of NO production,
mucociliary clearance, the direct killing of bacteria and antimicrobial peptide production 44, These findings
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suggest that bitter agonists which can stimulate the expression of bitter taste receptor, T2R, have promise
as a topical therapy in CRS. However, the mechanism of expression of T1R and T2R seems different in
human sinonasal epithelial cells. It has been observed that T1R and T2R expression is different in upper
airway cells as T1R is expressed at the same time as T2R and inhibits the mechanism of action of T2R.
Generally, phenotype and genotype of taste receptors vary in upper airway cells which have an important

effect on the immune system and lead to their consideration as a future treatment for CRS 143,145,

Cystic fibrosis transmembrane conductance regulator modulator associations
Cystic fibrosis transmembrane conductance regulator (CFTR) is a channel located on the apical

surface of the sinonasal epithelium which regulates anion secretion (Cl- and HCO3) and sinonasal
mucociliary clearance which can be important in the treatment of CRS 146. 147, |vacaftor is an oral drug that
potentiates CFTR by increasing Cl- secretion and actively increasing channel gating. Although clinically
beneficial, Ivacaftor is expensive 148, therefore, other treatments are used in combination with it to lower the
efficient doses and decrease the cost 149. 150, For instance, ethanol activates CFTR leading to the stimulation
of Cl-secretion and can be used as a topical aerosol in combination with CFTR activators for the treatment
of CRS 151, Resveratrol, like ethanol, can be used in combination with Ivacaftor as a CFTR potentiator as a
topical treatment for CRS 152, |vacaftor induces the antibiofilm activity of L-methionine against P. aeruginosa;
consequently, the combination of both as a topical delivery appears to be promising for the treatment of
infection associated with P. aeruginosa in CRS. It has been reported that Ivacaftor-coated sinus stents

enhance the antibiofilm activity of ciprofloxacin against P. aeruginosa biofilm 149. 153,

Ciprofloxacin-eluting stent
Continuous antibiotic therapy is essential for the treatment of CRS, not only for the killing of microbes,

but also for the prevention of resistance development. Drug-eluting nasal stents which release antibiotics
over a long period reduce the need for frequent administration of the antibiotic to patients 1%4. The efficacy of
ciprofloxacin-coated sinus stents has been reported in both in vitro and in vivo rabbit models 9. No signs of
inflammation were observed in maxillary sinuses after 3 weeks and the P. aeruginosa biofilm was eradicated
through the continuous release of the drug 155 156, Although earlier studies noted the efficacy and safety of
ciprofloxacin-coated sinus stents, there is more room for testing other antimicrobial agents and different

concentrations for the treatment of CRS.
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Antibiotics

Oral antibiotics
One of the most prescribed medications for the treatment of CRS is antibiotics (20). Despite this

there is a paucity of evidence for their benefit in the treatment of this condition. The overuse of antibiotics has
led to an increase in the appearance of antibiotic-resistant microorganisms 5. Based on the International
Consensus Statement on Allergy and Rhinology (ICAR), patients suffering from CRSwNP should not be
prescribed long courses of non-macrolide antibiotics, however, it is still not confirmed that this approach is
effective for the treatment of CRSsNP 158, Further studies were performed to provide sufficient evidence for
the efficacy of non-macrolide antibiotics in CRS patients 159, Macrolide antibiotics have also anti-inflammatory
and immune-modulatory activities. These properties have gained interest in addition to their role as anti-
bacterial agents in chronic airway inflammatory diseases which require low dose and long term use of
macrolides 160,

One of the most critical threats to patients’ safety is antibiotic resistance, making it crucial to take
efficacy and appropriate application of antibiotics into consideration. This is specifically applicable in CRS
because the inappropriate use, overuse and variability in prescribing antibiotics can cause hazards to public
health 161,162, Apart from resistance, antibiotics can induce other problems including mild (rash, nausea,

diarrhea) and life-threatening (anaphylaxis) side effects 162,

Topical antibiotics
Topical antibiotics can exhibit fewer side effects and increased efficacy This mode of treatment

facilitates the administration of antibiotics at much higher concentrations than those obtained systemically.
Mupirocin topical therapy was applied for the treatment of S. aureus infection in recalcitrant CRS patients in
a double-blinded, randomized, placebo-controlled trial. The results revealed that mupirocin sinonasal rinses
are an effective short-term treatment based on microbiological and selected rhinological outcomes 163,
However, the recolonization of S. aureus after some months was detected in these patients 164, Topical
tobramycin in a rabbit sinusitis model indicated the reduction of P. aeruginosa counts in a dose-dependent
manner and tobramycin is the only antibiotic approved by the food and drug administration (FDA) for topical
use in the airways against P. aeruginosa infections 165, Recent studies evaluating the effect of topical
antibiotics are shown in table 4.1 166,

Table 4.1 Recent literature on topical antibiotics in CRS 166,

Study type Frequency  Study population Treatment Outcomes Results
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DB-RCT 167 9 CF patients with 28 days of Change in No statistically significant change
positive P. inhalation with number of P. between groups in number of
aeruginosa culture tobramycin (80 aeruginosa colo  colonies, 6.67 decrease in SNOT-20
from nasal lavage mg/2 mL) or 2 mL nies, SNOT-20, in tobramycin group vs 3.34
isotonic saline daily nasal increase in control group (p =
(4 minutes per endoscopy 0.033); no change in endoscopic
nostril) using the appearance
PARI
Sinus™ nebulizer
Prospective 37 Recalcitrant CRS Topical 0.3% SEM, Pretreatment: biofilm in 91% of
, controlled s/p ESS with ofloxacin eye drops bacteriology treatment group compared; post-
168 positive culture every 8 hours for 12 RSI, nasal treatment: thin patches of biofiim in
and/or biofilm weeks or no endoscopy, CT 20%; statistically significant
formation antibiotics (systemic scoring improvement in RSI, endoscopy,
or local) and CT
Meta- 101 (3 Prospective, Mupirocin irrigation Residual 0.08 (95% Cl, 0.04-0.16) residual
analysis 169 studies) retrospective staphylococcal infection at 1-month 0.53 (95% Cl,
cohort, or RCT infections after 1 0.27-0.78)
evaluating month and 6
mupirocin's effect months
on staphylococcal
colonization
Cochrane 0 (No RCTs NA NA NA
systematic  studies met
review 15 inclusion
criteria)
Systematic 4 RCTs, systematic Topical antibiotics NA 3 RCTs found no linical benefit
review 170 systematic reviews, meta-
reviews analyses 1 RCT showed short-term efficacy of
mupirocin irrigations
Retrospecti 69 Patients with CRS Tobramycin (21), ~ SNOT-20, Lund- No significant change in SNOT-20
ve 17 that underwent levofloxacin (4), Kennedy for CF and non-CF:
ESS and were Mupirocin (23), endoscopic
treated with high-

gentamicin (4)

volume topical cephalosporin (3)

antibiotic irrigations

score; negative

significant improvement in

culture results

endoscopic score for non-CF but not

for CF,

72% of non-CF with negative post-

treatment culture data, 29% of CF
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patients with negative post-

treatment culture data

Retrospecti 22 Patients with Twice-daily, high- Culture data .
19 gram-positive and 3 gram-
ve 172 medically and volume mupirocin  before and after .
negative before treatment vs 9
surgically irrigations for at mupirocin . )
gram-positive and 13 gram-negative
refractory CRS least 1 week treatment

after
who were treated
, , therapy; Corynebacterium and P.
with topical

iroci aerugino. re most fr tl
mupirocin therapy uginosa were most frequently

, cultured after treatment
and symptomatic
before and after

mupirocin therapy

CF = cystic fibrosis; Cl = confidence interval; CRS = chronic rhinosinusitis; CRSsNP = chronic rhinosinusitis
without nasal polyps; CT = computed tomography; DB-RCT = double-blinded, randomized controlled trial;
ESS = endoscopic nasal surgery; RSI = Rhinosinusitis symptom inventory; SEM = scanning electron

microscopy; SNOT-20 = 20-item Sino-Nasal Outcome Test; s/p = status-post.

Corticosteroids

CRS patients may receive corticosteroids topically or orally as part of their medical management.
Corticosteroids function via either reducing eosinophil viability and activation 173175 or by directly preventing
chemotactic cytokine production by epithelial cells of the nasal mucosa and nasal polyps 176178, Topical
intranasal corticosteroids (INCS) are beneficial in both CRSsNP and CRSwNP as they improve symptom
scores and reduce symptoms, polyp size, polyp recurrence rates and improve nasal airflow 9. The efficacy of
single-modality oral or systemic steroids in CRSsNP patients is still unknown 178, Oral steroids were used as
an adjunct therapy to antibiotics or intranasal corticosteroids by CRS patients in two clinical trials. The low or
very low improvement in symptom severity, polyp size and condition of the sinuses were observed, which
may be because of the short-term usage. '7°. Topical delivery of corticosteroids may have side effects such
as epistaxis, itching, sneezing and dry nose °. As oral corticosteroids are applied long term and at a high
dose, the side effects are more severe such as changes in bone mineral density, fat metabolism, proximal
muscle strength, appetite, glucose tolerance, early cataract formation and suppression of the pituitary-
hypothalamic axis (56-3). Short-term usage of oral corticosteroids may cause an increase in insomnia and
gastrointestinal or mood disturbances 17°.
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Nanoparticle; Colloidal silver or Silver Nanoparticles

We have witnessed immense changes since the advent of nanotechnology, especially in the area of
Nanoparticles (NPs) affecting their unique properties and size-dependent physicochemical properties 180. A
major focus of nanomaterial research is the synthesis of NPs of various sizes, shapes, and structures for
specific purposes. Apart from the differences in shape, size, and surface area, NPs can be used for
applications that are somewhat different from those of bulk materials 81. As for NP synthesis, it is divided
primarily into physical, chemical, and biological methods. To make NPs by physical means, temperature,
pressure, and energy will need to be maintained. Several chemical methods are used to make NPs, including
laser pyrolysis, atomic or molecular condensation, sol-gel processes, chemical etching, sputtering, and spray
pyrolysis 82, Chemical concentrations and reaction conditions can alter the shape and size parameters of
NPs. In the context of a specific application, precisely synthesized NPs are challenged by bioaccumulation,
toxic nature, modeling factors, regeneration, reuse, and recycling 183, Nanoparticles are divided into different
groups: carbon-based NPs (such as fullerenes, carbon nanofibers, carbon nanotubes, lampblack graphene),
inorganic NPs (metals like gold, silver and metal oxides like titanium dioxide, iron oxide), organic NPs
(dendrimers, micelles, liposomes and polymer nanoparticles), and composite based NPs (combination of
carbon based, metal based or organic based nanoparticles with any sort of metal, ceramic, or polymer bulk
materials) 184. 185 During the past decade, more attention has been paid to metallic NPs that originate from
noble metals such as silver, gold, platinum, palladium, ruthenium, and rhodium, and their biomedical
evaluation and reevaluation '8, Silver Nanoparticles (Ag NPs) are unique among nanomaterials derived from
noble metals for their ability to kill bacteria '87. Chemical reduction-based NPs synthesis has its limitations,
as most reducing agents have more adverse effects on the environment than bioreduction techniques 88
Through the introduction of sustainable and green methods, green synthesis contributes significantly to
reducing toxic and harmful by-products. Moreover, biosynthesized silver and gold NPs are applied for

photocatalytic and biomedical purposes 189. 190,

Silver has been used as a bactericide for the treatment of burns, chronic wounds and ulcers 191192,
Itis used in dressings and catheters in addition to its use in hygiene and personal care 193.1%, However, due
to the emergence of antibiotics, safety and the noted adverse effect of argyria, silver lost its popularity in the
20t century 195. 19, With the emergence of multi-drug resistant organisms, interest in silver has re-emerged
51,197, Topical delivery of Ag NPs has shown good antibacterial activity with the typically observed systemic
side effects 191,198, |t has been reported that silver has efficacy against fungi, protozoa, viruses, gram-negative

and gram-positive bacteria in vitro 199. 200, |n addition, colloidal silver can prevent the development of
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antibacterial and anti-biofilm resistance in different bacteria including S. aureus, P. aeruginosa and
Escherichia coli 198. 201. 202 Colloidal silver has been used in intranasal sprays in patients with S. aureus
infected recalcitrant CRS 201, In vitro experiments, by Goggin et al 201, has shown the efficacy of commercially
available colloidal silver against S. aureus biofilm with a later published sheep CRS model also demonstrating
evidence for safety and efficacy of topical colloidal silver synthesized by commercially available generators
(Coyote Zenterprise, North Carolina, USA) 203, Richter et al, have also reported the efficacy of chemically
synthesized spherical colloidal silver against biofilms of clinical isolates of S. aureus, P. aeruginosa and
MRSA separated from CRS patients 198, These promising outcomes resulted in a human trial in which the
above-mentioned colloidal silver was used as a topical wash by CRSsNP patients for 2 weeks 204, Although
the safety of colloidal silver was again demonstrated, silver was not shown to have improved efficacy over
oral antibiotics. Similarly, Scott et al 205 also failed to observe the efficacy of commercially available nasal

spray of colloidal silver in a randomized control human trial in recalcitrant CRSsNP patients.

Antimicrobial resistance and the development of new antimicrobial compounds
The invention of antibiotics has been one of the major achievements of modern medicine 206,

However, this very success has led to an increase in antibiotic resistance, more generally antimicrobial
resistance (AMR) 207, The high-level appearance of AMR is due to both the misuse and overuse of
antimicrobial agents with a rise in multidrug-resistant (MDR) bacteria linked mainly to the overuse of
antimicrobials against harmful pathogens 208, Pathogenic microbes that are resistant to antibiotics represent
a challenge to pharmaceutical industries and medical professionals 2%, The treatment of infections caused
by MDR bacteria is challenging with treatment courses that are longer, less effective, and more expensive.
In addition, some pathogens have evolved to be resistant to all known antibacterial agents (multi- and pan-
resistant bacteria, also known as “superbugs”), posing a global threat 2'0. Several deadly diseases are caused
by drug-resistant pathogens, according to the World Health Organization (WHO) 2'1. Therefore, efforts have

been directed in recent years towards developing new and better antimicrobial compounds 212,

Silver Nanoparticles and their antimicrobial activity
Antimicrobial properties of silver and Ag NPs have generally been demonstrated against a wide

variety of microorganisms including bacteria, viruses, and fungi 23. As antibiotics were discovered, silver's
applications in medicine gradually decreased. With the advancement of nanomaterials with size in the nano
range, the antimicrobial properties of silver and Ag NPs, in particular against antibiotic-resistant strains, have

been rediscovered. Ag NPs of 10-100 nm showed indeed strong bactericidal activity against both gram-
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positive and gram-negative bacteria 2. In line with previous research, it has been shown that Ag NPs may
be effective against MDR bacteria, including methicillin-resistant Staphylococcus aureus (MRSA),
Erythromycin-resistant Streptococcus pyogenes, Ampicillin-resistant Escherichia coli, and Vancomycin-
resistant Staphylococcus aureus 215, Antibacterial properties of silver were applied before antibiotic therapy
primarily to treat burns and open wounds 26, A silver-based antiseptic has wide applications, and
microorganisms have less tendency to become resistant to it 2'7. Ag NPs possess a wide range of
antibacterial and antifungal properties. It is also advantageous to use Ag NPs in clinical and therapeutic

applications since it is relatively less reactive than silver ions 218,

Four mechanisms explain Ag NPs' antimicrobial activity: 1) Ag NP adhesion to cellular walls and
membranes, 2) penetration of Ag NPs into the cell and destroying of the intracellular organelles such as
mitochondria, vacuoles, ribosomes and biomolecules such as proteins, lipids and DNA, 3) inducement of
cellular toxicity and oxidative stress through the production of reactive oxygen species (ROS) and free

radicals and 4) changes in signal transduction pathways (Figure 2.1) 218,
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Figure 2.1 The four most prominent routes of antimicrobial action of Ag NPs.

1, Ag NPs adhere to the microbial cell surface and results in membrane damage and altered transport activity;
2, Ag NPs penetrate inside the microbial cells and interact with cellular organelles and biomolecules, and
thereby, affect respective cellular machinery; 3, Ag NPs cause an increase in ROS inside the microbial cells

leading to cell damage and; 4, Ag NPs modulate cellular signal system ultimately causing cell death 218,
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Adhesion of Silver Nanoparticles onto the Surface of Cell Wall and Membrane
Ag NPs adhere to the cell wall and the membrane of microorganisms 219, As the cell membrane is

negatively charged, the positive charge on the surface of Ag NPs provides the electrostatic attraction between
the cell membrane and Ag NPs and facilitates adhesion to the cell wall. The interaction of Ag NPs with
microorganisms results in morphological changes such as shrinkage of the cytoplasm and detachment of the
membrane leading to the disruption of the cell wall 220, Moreover, transmission electron microscopy images
showed the disruption of the cell wall and the appearance of electron dense pits in E. coli after few minutes
of exposure to Ag NPs 221.222_ Furthermore, Ag NPs interact with the sulfur-containing proteins leading to
disruption of the cell wall. This can affect the integrity of the lipid bilayer and the permeability of the cell
membrane. The increase in membrane permeability as the result of the alternation in cell morphology hurts
transportation through cell membrane and causes leakage of cellular content 223.224, Ag NPs are also able to

modify the cells genetically through condensation of genetic materials causes cell necrosis and cell death 202
222,225

The thickness and composition of the cell wall have an impact on the antimicrobial activity of Ag NPs.
Gram-negative bacteria are more sensitive to Ag NPs than gram-positive bacteria. This is due to the structure
of peptidoglycan in the cell wall which is thicker in gram-negative bacteria compared to gram-positive bacteria..
Furthermore, the negatively charged lipopolysaccharides (LPS) induce the attachment and deposition of
positively charged Ag NPs to the membrane and promote the antibacterial activity of Ag NPs 226, 227,
Consequently, the cell wall structure, thickness, and composition as well as concentration of Ag NPs affects

the antibacterial efficacy of Ag NPs.

Silver Nanoparticles Penetration Inside the Cell and Destabilization of Intracellular Structures and
Biomolecules
The interaction of Ag NPs with microbial cell membranes results in several cellular dysfunctions.

Initial Ag NP attachment only occurs at the cell membrane and results in alterations to membrane structure,
permeability, and transport ability. At other times, Ag NPs may penetrate cells after adhering to cellular
membranes and disturb their vital functions 228. 229, Gram-negative bacteria uptake Ag NPs through porins,
water-filled channels that exist in the outer membrane (OM) 2%0. Ag NPs hinder translation and protein
synthesis when they interact with ribosomes 226. 231,232 The interaction of Ag ions with proteins has been
shown to cause the deactivation of proteins. For example, Ag ions can deactivate the proteins through binding
to the thiol groups 226.233, The interference of Ag NPs and Ag ions with the disulfide bonds in proteins can
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lead to the deactivation of the bonding sites of proteins resulting in functional disorganization 234.235. Ag NPs
disrupt the glycolytic cycle in bacteria as a result of the inactivation of the enzyme phosphomannose
isomerase, required for the conversion of mannose-6-phosphate into fructose-6-phosphate 236, Ag NPs can
also cause DNA to be sheared or denatured resulting in an interruption of cell division 237.238, Ag NPs damage
DNA and modify DNA repair genes, making mutant strains more vulnerable to Ag NP-based antibacterial
treatments 239, Interestingly, Ag ions form complexes with nucleic acids where they interact most preferentially
with nucleosides rather than with phosphate groups. Intercalation of Ag ions between purines and pyrimidine
bases disrupts the H-bonds between bases of the antiparallel DNA strands, causing interruption of the double
helix structure which may hinder transcription in microorganisms 231, Ag NPs can also disturb transcription
by changing the DNA structure from a relaxed to a condensed form 202, Ag ions also inhibit bacterial cell

division and reproduction 240,

Silver Nanoparticles Induced Bactericidal effects
Heavy metal ions, such as Ag ions, can cause toxic effects in bacteria largely due to increased

oxidative stress. A considerable part of Ag NPs' antibacterial efficacy can indeed be explained by their ability
to produce ROS and free radical species such as hydrogen peroxide (H202), superoxide anion (O27), hydroxy!
radical (OH*), hypochlorous acid (HOCI) and singlet oxygen 225241242243 244 ROS are responsible for
bacterial death, however, the mechanism in which Ag NPs have bactericidal activity through ROS is unclear
243_|n certain cases, toxic effects may be caused by the binding of Ag ions to the cell membrane of bacteria,
which then relays signals and prevents them from performing respiration 245, Inhibition of respiratory chain
enzymes by Ag ions causes respiratory electron transport chain dysfunction through uncoupling it from
oxidative phosphorylation 246, By itself, excess amounts of generated free radicals lead to direct damage of
membranes, eventually resulting in bacterial cell death. The initial step in ROS generation involves the
oxidation of polyunsaturated fatty acids resulting in the formation of lipid hydroperoxides 247 and
hyperoxidation of lipids, proteins, and DNA may indeed result from an increase in ROS levels in bacterial

cells 248,

Modulation of Signal Transduction Pathways
Numerous protein substrates are phosphorylated in bacteria 249. Signal transmission in bacteria is

accomplished by phosphorylation and dephosphorylation processes, which are essential for growth and
bacterial activity 250, A useful way to study the effect of Ag NPs on bacterial signal transduction pathways is

to examine the phosphotyrosine profile of bacterial proteins from both gram-positive and gram-negative
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bacteria. Bacterial growth and molecular activities are affected by these signaling pathways. When protein
substrates such as RNA polymerase sigma factor (RNA pol o factor), single-stranded DNA binding proteins
(ssDBPs) and Uridine diphosphate (UDP) glucose dehydrogenase are reversibly phosphorylated on the
tyrosine residue, they become active 251253, DNA replication, recombination, metabolism, and the process of
bacterial division depend on phosphorylated proteins 254. By inhibiting phosphorylation of proteins, bacterial
growth will be inhibited in turn due to decreased enzymatic activity 24, Iniesta et al. (2006) also suggested
that phosphosignaling pathways are important for bacterial cell cycle progression 24, Several gram-positive
and gram-negative bacteria have also been implicated in the process of tyrosine phosphorylation of proteins
in the synthesis and transport of exopolysaccharide and capsular polysaccharide 2%. Inhibiting microbial
growth is believed to be a consequence of Ag NP’s activity on dephosphorylating tyrosine residues on
bacterial peptide substrates and modulating cellular signaling 2%. The alternation in the profile of tyrosine
phosphorylated proteins by Ag NPs is species dependent. For instance, Ag NPs change the
dephosphorylation of two peptides of relative masses 150 and 110 kDa in E. coli and S. typhi, but notin S.

aureus 27,

Biofilm structure and properties
Biofilm is defined as an “Aggregate of microorganisms in which cells are embedded within a self-

produced matrix of extracellular polymeric substances and adhere to each other and/or to a surface”
(definition by the International Union of Pure and Applied Chemistry, IUPAC) 258, Alteration in growth rate
and gene transcription make biofilm phenotypically different in comparison to the planktonic bacteria 25°.
Biofilm can be found in both natural and industrial environments and is reported to be related to almost 80%
of microbial infections in the human body 260, Biofilms have various advantages for bacteria. For example,
they can help bacteria to adapt to different environments and increase the rate of their survival in stressful
and difficult conditions (the presence of antibiotics). Biofilms have been reported to enhance nutrient uptake
and defense mechanisms in bacteria 261, Biofilms also cause genotypic 262. 263 and phenotypic 264, 265
changes of bacteria. Bacteria can have various growth states within the biofilm, for instance fast
growing/metabolic active states and slow growing/metabolic inactive states 266; Bacteria also can get
adaptive mutations 267 and changes in quorum sensing 268 269 as wll as produce antibiotic degrading
enzymes 270; Bacteria within biofilms benefit from the removal of antimicrobials through efflux pumps 271.
Biofilms also allow for the existence of a subpopulation of multidrug resistant persister cells 272.273, Once
within the biofilm, bacteria are preserved against fluctuations of water, oxygen, salt, nutrients, pH levels,

toxicity of metals and UV intensity 274 275, Biofilms also promote the tolerance of bacteria to innate and
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adaptive immune responses as well as decrease the susceptibility to antimicrobial agents up to 1000-fold
in comparison to planktonic bacteria 272.

Biofilm formation includes four main processes, adhesion, production of Extracellular Polymeric
Substances (EPS), proliferation and detachment (Figure 3.1) 276. The first and the second steps are the
irreversible attachment of planktonic bacteria to a surface or the other bacteria through pili, flagella and
receptors and the release of extracellular polymeric substances. In the third step, microcolonies are formed
because of the proliferation of bacteria. In this step, biofilm formation is affected by the activation of quorum
sensing, cell-to-cell signalling and the transcription of specific genes 277,278, Mature biofilms consisting of
multi-layered cell clusters are formed as the bacteria differentiate based on the nutrient supply and
environmental conditions. Finally , bacteria are detached from the biofilm, which may be due to the lack of

space, nutrient limitations or fluid shear and starvation, and a new biofilm life cycle is initiated 8. 279-262,
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Figure 3.1 Life Cycle of Biofilm.
(A) Attachment/adherence of the bacteria to the surface. (B) Formation of monolayer and production of
extracellular polymeric substances (EPS). (C) Microcolony formation and proliferation. (D) Biofilm dispersal—

detachment and reversion of planktonic cells. (E) Start of life cycle of biofilm again 276,

Nanoparticle-Biofilm Interaction
The emergence of multidrug-resistant strains of bacteria is a concern associated with long-term

antibiotic use. Therefore, it is becoming essential to develop alternative approaches for the treatment of
biofilm related infections. The NPs look like a promising alternative due to their extraordinary mechanical,
chemical, electrical, and magnetic properties 276.

NP-biofilm interaction involves three main mechanisms (Figure 4.1). The first step is the
transportation of NP into the biofilm-fluid interface. In the second step, NPs are deposited on the surface of
the biofilm and in the third step, they migrate within the biofilm 283,

21



= w
O//Ncnoporticle L
)
. e Corona * © e ®
Kl
e
z L J
\
3. Migration 1+ @
. I.‘
"
i, 2
- - ._‘. - =
% B -
ﬁ - -» £ .
- - A
Surface

Figure 4.1 Representation of the Stages (Transport, Initial Deposition, and Migration) Involving
Nanoparticle (NP) Transport Phenomena within Bacterial Biofilms.
As NPs are incorporated in the matrix, sorption (and sometimes reactive) processes result in their surface

becoming covered in biofilm matrix constituents, a corona structure 276,

The NPs remain intact for only a very short time once encountering biofilm 283.284_ Then, they are
transported within biofilm through two steps. Initially, the NPs penetrate the biofilm which depends not only
on their size 25 and surface charge 2%, but also on the viscosity, composition and water pores of the EPS
matrix, the density of bacteria, liquid flow and external mass transfer resistance 27. Then, the interaction of
NPs with biofilm happens (Figure 5.1). Both the NPs and biofilms possess physicochemical properties that
influence their interaction. It determines the amount of particle uptake, the type of interaction with biofilm
matrix and surface of bacteria and the mechanism of toxicity 288, The EPS matrix and NPs mainly interact
physically, although they also interact chemically and biologically 28, Steric interactions are the main physical
interaction in the stabilization of NPs once NPs encounter biofilm. In high salinity or ionic strength media,
steric stabilization can prevent NP aggregation, which is crucial for determining their interaction with biofilm
EPS 289,
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Figure 5.1 Graphical Diagram Describing the Different Physicochemical Interactions between Nanoparticles

(NPs) and Bacterial Biofilms 276.

Silver Nanoparticles and Eradication of Biofilm
Treatment of biofilm infections is difficult due to the complex physicochemical properties and

variability of the EPS and its component interactions 2%. Biofilm EPS remains attached to biotic and abiotic
surfaces even after the microbial components of a biofilm were killed or inactivated, which presents a major
challenge for antimicrobials. Further colonization by other microorganisms may be facilitated by the presence
of EPS matrix remnants which can lead to serious outcomes 2%, Consequently, a prudent safety evaluation
of potential biofilm dispersal agents for clinical application is needed, as they should also be used alongside
antibiotics to prevent recolonization 276. The development of new therapies for biofilms, such as functional
NPs seems promising for the treatment of biofilms 291.
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Ag NPs demonstrate an improved ability to inhibit microbial growth, adhesion, and biofilm growth 291-
29 NP-bacterial biofilm interactions were associated with extensive sloughing of the biofilm bacteria into
suspension, but the viability of the bacteria remained relatively stable 2%. The EPS matrix of biofilms can
cause the aggregation of Ag NPs, which may explain why the eradication of biofims by Ag NPs was
ineffective 2%, Bacteria are protected physically by EPS; once treated with Ag NPs, the removal of loosely
bound EPS causes the increase of bacterial sensitivity to Ag NPs 278, It has been reported that the exposure
time of NPs to the biofilm is important 2%. For instance, NPs (d= 5-150 nm) exposed to biofilms for 8-24 h is
more effective at reducing the biofilm biomass than when exposed for less time 2%, Studies have shown that
biofilms are more resistant to Ag NPs in comparison to planktonic bacteria 27. Changes in ionic strength and
interaction with components of EPS as well as limitation of Ag NPs/ions diffusion within biofilm matrix were
partially responsible for this reduced action against biofilm forms of bacterial growth 2%. The diversity of
bacterial species forming biofilms is also important for treatment with Ag NPs. Ag NPs are more effective
against biofilm of one species rather than biofilm formed by a mixture of bacteria 276, Ag NPs are also reported

to inhibit quorum sensing in biofilm 229,

Silver nanoparticles-induced cytotoxicity

Effects of particle size and shape on cytotoxicity
Particle size has an impact on the cytotoxicity of Ag NPs 2%, Size-dependent effects were observed

in multiple cell lines on cell viability, lactate dehydrogenase activity 2, and ROS generation 3% by Ag NPs.
The particle size can greatly affect the surface area, volume, and surface reactivity 300-302, \When NPs are
deposited over biological and solid surfaces, their sedimentation velocity, diffusion capacity, and attachment
efficiency are influenced by their size 303-307, Mammalian cells can also be affected by particle size 3. Size
dependent effects of Ag NPs on various cell lines are shown in table 5.1, indicating small particles are prone

to cause more toxicity 309,

Table 5.1 Size dependent effects of Ag-NPs on different cell lines 30,

Particle Cell type Findings References

sizes (nm)

15, 30, 55 Rat Alveolar Ag NPs induced size dependent cytotoxicity 300
macrophages

10, 50, 100 HepG2 Ag NPs induced size dependent toxicity through autophagy 310

lysosomal system and inflammasome activation
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5,20, 50 A549, SGC-7901, HepG2  ECso values were size dependent and smaller particles can 307

and MCF-7 enter easily than larger particles
13147 Hela and U937 Ag NPs induced cytotoxicity in both HeLa and U937 cell lines 3!
10 HepG2 Cytotoxicity induced through the oxidative stress 312
20, 80, 113 RAW 264.7 & L929 Ag NPs induced cytotoxicity depends on cell type and Np size 313
5-10 HepG2 Ag NPs induced Oxidative changes in HepG2 cell 314
30-50 A431A549 Ag NP’s toxicity depends on particle size and surface 315
potential
7-20 A431HT-1080 Apoptosis induced in both A431 and HT-1080 cell lines 316
15, 30, 55 Alveolar macrophages ROS and LDH generated in a size dependent manner 37
cells

The smaller Ag NPs also induce more inflammation than large ones. In certain cell types, there is a

size-dependent toxicity threshold (TT) depending on particle size (Table 6.1) 309,

Table 6.1 Effects of Ag NPs on cell viability upon 24 h incubation 309,

Ag NP preparation Particle sizes, Cell Cytotoxicity assay Toxicity threshold,  Reference
technique nm type pg/mL
Chemical reduction 30-50 A431 MTT assay >50 318
A549
Unknown (commercial >70 (PVP- Ab49 MTT assay 0.5 (Ag NPs) 1 (Ag+) 319
product) coated)
Unknown (commercial 10 HelLa CCK-8 (WST-based 10 820
product) 50 assay) 20
100 20
Unknown (patented 7-20 A431 XTT assay 1.56 2
preparation) HT- 6.25
1080
Unknown (commercial <10 HepG2 MTT assay 0.5 (Ag NPs) 322
product) Alamarblue assay 0.1 (Agt)
0.7 (Ag NPs)
0.7 (Agt)
Unknown (commercial 5-10 HepG2 MTT assay 2.0 322,323
product)
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Based on the synthesis process, different shapes of Ag NPs are produced, such as spheres,
triangles, squares, cubes, circles, rods, ovals, and flowers (Figure 6.1). There is no credible evidence that
the shape of particles has significant effects on the biological system from the nano-toxicological point of
view. It might be influenced by more than one factor and in some synthesis processes, Ag NPs of different

shapes can agglomerate in the cytoplasm of mammalian cells 309.324,
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Figure 6.1 Transmission electron microscopy (TEM) images of synthesized Ag NPs with various sizes and
shapes.

(A) to (F) Spherical, oval, rod and flower shaped Ag NPs can be obtained from green synthesis. Spherical
shaped Ag NPs mostly obtained by chemical synthesis. The size variability is independent of the synthesis

process. Ag NPs change color as they change their size (color not shown). Scale bars are 100 nm 309,

The shape of Ag NPs can influence their uptake mechanisms, thereby modulating their cytotoxicity.
Spherical particles, for instance, did not exhibit any negative effects on cytotoxic parameters in A549 cells,
whereas Ag NPs in the shape of wires did 324, The type of cell line is furthermore affecting the cytotoxicity of
Ag NPs. For instance, 5-43 nm Ag NPs at 2.0 mg/L concentration is causing more toxicity in macrophages
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than in A549, A498, HepG2, and neurons (Neuro 2A) 325, Researchers found that Ag NPs internalized into
macrophages through scavenger receptors, followed by cytotoxicity in the cytoplasm as a result of Ag ions
release 325, The toxicity of different sizes of Ag NPs is dependent on the pH of the environment. To give an
example, in acidic phagolysosomes, Ag NPs at the size of 20 nm exhibited more toxicity rather than 110 nm

as they release Ag ions easily and induce more toxicity 328,

Effects of Ag NP concentration on toxicity
Another important factor affecting toxicity is the concentration of NPs 313. Understanding the

minimum dosage of NPs that induces toxicity and the differentiation of its effects in different subjects is critical.
For instance, a decrease in cell viability was observed in RAW 264.7, human Chang liver and rat liver cell
line (BRL 3A) as the concentration of Ag NPs was increased 327. Ag NPs cytotoxicity varies substantially from
cell type to cell type, and this should be considered for their application in consumer products and in testing
their effects on the environment 309, In general, toxic concentration ranges for NPs depend on particle size,
type of medium, temperature, surface functionalization, and particle crystallinity 328, In tests with HaCaT
keratinocytes, Ag NPs in the shape of nano prisms and spheres at 100 ppm concentration was not cytotoxic
after 48 h 329, In contrast, exposure of Ag NPs (0.01-10 mg/mL for 24 h) to a normal human lung bronchial
epithelial cell line (BEAS-2B) induces toxicity through ROS induction, micronuclei formation, and DNA

damage. The effect of different concentrations of Ag NPs on various cell lines is shown in table 7.1 309,

Table 7.1 Effects of Ag NPs of different ranges of concentration on different cell lines 309,

Concentration Effects of Ag NPs in different ranges References
range
25-75 pg/mL In rat alveolar macrophage cell line, cytotoxicity increases in a concentration 300

dependent manner

5,15, 40, Cytotoxicity occurred through mitochondrial depolarization 330

125 pg/mL

10-50 g/mL Induce cytotoxicity in BRL 3A rat liver cell through ROS generation GSH depletion and 327
reduction of mitochondrial membrane potentiality

20 pg/mL Induce mitochondrial swelling in HSCs cell line after giving treatment for 2 days 3

20-250 pg/mL Apoptosis and necrosis induced in HSCs cell line 325

40-80 pg/mL 40 ug/mL was considered as IC50 value for MCF-7 cell line and apoptosis occurred at 331

the concentration of 80 ug/ml. More than 80 ug/mL induce necrosis when the

percentage of apoptosis being decreased
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10-25 pg/mL In MDA-MB- 231 cell line, DNA damage occurs in the presence or absence of 332

concurrent radiation treatment

50 pg/mL Antioxidant capacity increased in Caco-2 cells 333
1,2, 4 ug/mL Cell viability decreased in a concentration dependent manner 334
10-50 pg/mL In THP-1-derived human macrophages cell line cell viability decreased in a 335

concentration dependent manner

5 pg/mL Promote epigenetic dysregulation in HT22 cells through cell proliferation, DNA damage 336
response and DNA methylation

0.4 and Arrest G1 phase in the cell cycle in RAW 264.7 cell line 337

0.8 pg/mL

In summary, Ag NPs display varying cytotoxicity depending on the cell type, particle size, exposure

time and organism 309,

Effects of coatings
The coating of Ag NPs produces both electrostatic and electrosteric repulsions between the particles,

and this further stabilizes the particles, preventing aggregation and reducing cytotoxicity. Cell viability was
indeed significantly decreased by uncoated Ag NPs in a time-and dose-dependent manner 338, Coating types
depend on capping agent properties, such as organic capping agents (polysaccharides, citrates, polymers,
proteins, etc) and inorganic capping agents (sulfide, chloride, borate, and carbonate) which can affect the
cytotoxicity of Ag NPs such as the generation of ROS, the depletion of antioxidant defenses, and the loss of
mitochondrial membrane potential. Shape, aggregate formation, and dissolution of Ag NPs are affected by
surface coating. Ag NPs coated with polysaccharides derived from chitosan, for example, worked as
antibacterial agents without toxic effects on eukaryotic cells. In general, Ag NPs induce cytotoxicity largely

due to the coating materials and their characteristics 3.

Effects of agglomeration
NPs will often aggregate in solution or ambient air. Diffusion, gravity, and convection forces

determine how NPs interact with cells 339.340, The pH, electrolyte or salt content, as well as the protein content
in the culture medium may affect agglomeration 340, It has been demonstrated in several studies that NPs
and proteins possess different binding capacities depending on their composition 341-343, Treatment

preparation further influences the agglomeration state of Ag NPs in the medium. Ag NPs could have a

28


https://www.sciencedirect.com/topics/chemistry/borate

hydrodynamic diameter greater than the nominal particle size, depending on suspension preparation 3'4, Last
but not least, the aggregated particles have fewer adverse effects on cells 314,

Agglomeration states of NPs can affect NP localization within cells 314, For instance, when Ag NPs
are compared with titanium oxide (TiO2) nanoparticles, they appear to aggregate very loosely. Hence, the
agglomeration of Ag NPs was found in the cytoplasm, nucleus, and mitochondria while TiO2 agglomerates
were found mostly in vacuoles. This is due to the interaction of NPs with proteins and DNA which induces

toxicity 314.

Because of their high surface area, Ag NPs tend to agglomerate in culture medium 344, The
agglomeration may cause toxicity, rather than ionic metals 344. A variety of intracellular responses can be
triggered by aggregation. Therefore, toxicological interests emphasize the importance of determining how

agglomeration or aggregation states of NPs influence biological responses 314.345,

Effects of surface corona, charge, and hydrophobicity/hydrophilicity
Different nanomaterials are used in biomedical applications. Interactions between nanomaterials

and biological entities are generally considered to exert adverse effects on biological systems. 346,

The complicated interactions between Ag NPs and proteins have also attracted a lot of attention 346,
The ability of proteins to bind to the surface of NP is critical to producing coronas, and, consequently, the
existence of a protein corona may profoundly affect biological activity. Corona formation is demonstrated in

experimental studies in vitro and in vivo when nanoparticles interact with cellular systems 309,

There is a significant effect of the corona on biological responses. Various properties of particles
such as size 332, shape 347, the composition of particle surface 348 as well as the content of biological fluids
affect not only corona composition, but also the adverse effects on human health and the environment.
Coronas can be categorized as hard and soft according to their surface affinity and exchange rate. Silver
ions can use soft corona proteins as a vehicle, while hard corona proteins prevent ions from entering the
cellular system. A variety of corona effects have been studied, examining the interactions of silver
nanoparticles based on a structure with different proteins such as fetal bovine serum (FBS), bovine serum
albumin (BSA), human blood plasma, human serum albumin (HSA), tubulin, ubiquitin (cytoskeletal protein),
and hyaluronan-binding protein. Research in this area was aimed at measuring and understanding protein
accumulation on silver nanoparticle surfaces. It has been determined that more than 500 proteins are directly
related to the formation of the corona, of which 50% can be identified on the NP surface regardless of their

coating or size. In studies with BSA, it was found that polymer coatings could greatly affect nanoparticles, as
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could the surface charge of the particles. When electrostatically stabilized NPs are present, the BSA can
exhibit a low affinity for them. This indicates the importance of electrostatic and hydrophobic interactions in
the formation of protein coronas. Nanoparticles, and therefore the corona, is mainly controlled by their affinity
and electrostatic stabilization. Uncoated and surfactant-free Ag NPs have the affinity to be coated by proteins
because of the increased changes in entropy, however, electrostatically stabilized NPs show less potential
to coating due to the limited entropy changes. Additionally, the biological activities of coronas were examined
to determine their cytotoxicity and antibacterial properties. The antibacterial activity of Ag NPs depends not
only on capping agents but also the method of their delivery to the organisms such as oral or intravenous
administration. Particle coating reduces the toxicity of the protein corona which is induced by oxidative stress
through cell surface receptors. The dissolution of Ag NPs to Ag cations is also influenced by corona impacting
the toxicity. The cytotoxicity of the corona is controlled by the functional groups and charges on the particle

surface 349,350,

Uptake mechanism of Silver Nanoparticles
The uptake mechanism of Ag NPs is different based on cell type. This includes diffusion,

phagocytosis, and endocytosis. The way Ag NPs enter human macrophages can be phagocytic or non-
phagocytic %', Although agglomerated Ag NPs are phagocytosed by the cells, non-aggregated particles are
taken up through alternative routes. The engulfment of Ag NPs by mammalian cells is also determined by
the size of the particles 261. 266, 352, Ag NPs can also be absorbed directly through the ion channel or

membrane flip-flop mechanisms. The transportation of particles can occur passively or actively 3%,

ROS generation in Silver Nanoparticles induced toxicity
Numerous in vitro experiments have demonstrated that ROS-mediated toxicity is primarily

responsible for the cellular and biochemical changes in the cells 3%, Various mechanisms may contribute to
Ag NPs-induced toxicity, including oxidative stress. Biological processes are maintained by ROS such as
superoxide radicals (O2*) and H20o, respectively. In the event of excessive ROS, the antioxidant defense
system may collapse, allowing DNA, proteins, and lipids to be damaged 3'7. Among other consequences,
ROS released by mitochondria induces oxidative stress, disrupt ATP synthesis, and induce DNA damage,
leading to apoptosis 262,353, Increasing ROS levels cause the GSH level to drop rapidly, and simultaneously
LDH levels rise, resulting in apoptosis 263, The oxidative stress generated by Ag NPs can harm human cell
lines through DNA damage 263. 353 redox homeostasis at the intracellular level, lipid peroxidation and

protein carbonylation. The antioxidant enzyme activity as well as the level of glutathione and sulfhydryl
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groups bound to proteins decrease resulting in apoptosis 264. Consequently, Ag NPs are primarily cytotoxic
through apoptosis-induced cell death 265267, |nterestingly, decreases in PARP (poly ADP ribose polymerase)
expression are associated with notable increases in caspase-3, H2X, and p-p53 expressions 267, By

apoptosis, Ag NPs can activate the p53 signaling pathway (Figure 7.1)39.
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Figure 7.1 Apoptosis inducing signaling pathway mediated by p53, AKT, MAPK activation to suppress
ROS generated by Ag NPs 309,

By increasing the permeability of mitochondrial membranes, Ag NPs may result in mitochondrial
dysfunction, regulating caspase-dependent apoptosis through JNK signaling 327. As a result of loss of
mitochondrial membrane potential (A¥), Bcl-2 is downregulated, BAX is upregulated, and cytochrome C is
released into the cytosol. By releasing cytochrome C into the cytosol, a cascade is initiated, leading to the
activation of caspase 3 via apaf-1 and caspase 9 268, Hence, Ag NPs can cause cellular death by inducing
apoptosis via mitochondria and caspase-dependent pathways which are mediated by JNK (Figure 8.1). Ag
NPs can also cause epigenetic dysregulation through the reprogramming of gene expression 3%, They have
also been shown to influence the cell cycle and hypermethylation of DNA which may have an epigenomic

impact 336,
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Figure 8.1 A proposed pathway for silver nanoparticles (Ag NPs) induced reactive oxygen species (ROS)
generation and intracellular reduced glutathione (GSH) depletion, damage to cellular components, and

apoptosis 327,

The mechanism of toxicity in Ag NPs is compared to the Trojan-horse-type molecular pathway 313,
For example, RAW 265 cells phagocytose and make Ag NPs available in cytosol and culture medium of
active cells but not in those that have been damaged. The nanoparticles released from the damaged cells
may promote a 'Trojan horse-like' mechanism within the culture medium. Ag NPs are changed to Ag ions
inside the damaged cells causing both damage to the cells and Ag NPs disappearing. The ROS produced
as the result of phagocytosed Ag NPs induce inflammatory signaling and TNF-a secretion as well as a
destruction of the cell membrane and apoptosis. This is thought to be because of the ionization of Ag NPs in
the cell indicated as the Trojan-horse type mechanism 313,

Generally, three various mechanisms are involved in the penetration of Ag NPs within the cells such
as diffusion, phagocytosis or endocytosis. After that, either Ag NPs or silver ions are released causing
oxidative stress through ROS production. During ROS overproduction, several antiapoptotic proteins are
denatured, which then leads to the expression of pro-apoptotic proteins. Thus, apoptosis signaling pathways

are initiated by apoptotic proteins (Figure 9.1) 309,
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Figure 9.1 Possible uptake process and mechanism of cytotoxicity induced by Ag NPs in different cell lines

based on the metadata from several studies 3%.
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Abstract

The emergence of antibiotic resistant bacteria requires the development of new antimicrobial
compounds one of which is colloidal silver (CS). It has strong bactericidal properties and is the most promising
inorganic nanoparticles for the treatment of bacterial infectious diseases. However, their production can be
slow and cumbersome. Here, we used Corymbia maculata aqueous leaf extract as a reducing agent to
synthesize CS in a single 15-minute process. CS was physiochemically characterized for shape, size, zeta
potential and stability. The Minimal Inhibitory Concentration (MIC) and Minimum Biofilm Eradication
Concentration (MBEC) of CS against planktonic and biofilm forms of methicillin-resistant Staphylococcus
aureus (MRSA, n=5), Pseudomonas aeruginosa (n=5), Haemophilus influenzae (n=5) and Streptococcus
pneumoniae (n= 3) chronic rhinosinusitis clinical isolates were investigated using the microdilution method
and resazurin assay, respectively. The in vitro cytotoxicity on bronchial epithelial cells (Nuli-1) was analyzed
by the crystal violet proliferation assay. The safety and efficacy of CS was evaluated in an in vivo infection
model in Caenorhabditis elegans. CS was spherical with a diameter of between 11-16 nm (TEM analysis) in
dried form and 40 nm (NanoSight) in colloidal form and was stable at room temperature and 4°C for one
year. Average MIC and MBEC values varied between 11 and 44 ppm for MRSA, H. influenzae and S.
pneumoniae and between 0.2 and 3 ppm for P. aeruginosa. CS was not toxic to Nuli-1 cells or C. elegans at
concentrations of 44 ppm and reduced the Colony Forming Units counts by 96.9% and 99.6% in C. elegans
for MRSA and P. aeruginosa, respectively. In conclusion, a novel, green synthesis of stable CS is
demonstrated with good safety and efficacy profiles, particularly against P. aeruginosa in planktonic and
biofilm forms. These CS have potential applications against clinical infections, including in the context of
CRS.

Keywords: infection, chronic rhinosinusitis, green synthesis, eucalyptus, silver nanoparticle, P. aeruginosa
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Introduction

Chronic rhinosinusitis (CRS) is a heterogeneous inflammatory disease of the nasal cavity and
paranasal sinuses which lasts for 12 weeks or longer . Multiple factors are implicated in the
etiopathogenesis of CRS including infection, obstruction of the sinus ostia and allergy 269. Biofilms have been

detected on the sinonasal mucosa of CRS patients, in particular in those patients with the refractory disease
210,271,

Biofilms are organized communities of microbial cells embedded in a self-produced protein, nucleic
acid and polysaccharide matrix, which allows the attachment of the biofilm to surfaces such as the mucosa
212,273 Compared to their planktonic counterparts, bacteria within biofilms are up to 1000 fold more tolerant
to antibiotics due to the biofilm matrix forming a physical diffusion barrier and because of the slow rate of
growth of bacterial cells within the biofilm 274.275. 354 Moreover, the extracellular matrix can contain enzymes

that can inactivate or degrade antimicrobial agents 275,

One of the most common medical treatments for CRS is antibiotics 269. However, bacterial resistance
to antibiotics, antibiotic side effects, high health care costs and lack of evidence in support of antibiotic

efficacy have resulted in the search for alternative treatment methods 157. 3%,

Metallic silver has been previously used as an antimicrobial agent 3%. 357, More specifically, 10-100
nm silver nanoparticles (also termed colloidal silver-CS) have shown antibacterial activity against both Gram-
negative and Gram-positive bacteria 201.214.358 |mportantly, CS has high antimicrobial activity against multi
drug resistant bacteria including methicillin-resistant Staphylococcus aureus (MRSA) 3%, Binding to proteins,
CS changes the structure of both bacterial cells and their nuclear membranes resulting in cellular disturbance
and cell death 2'7. Silver ions can also bind to thiol groups of microbial protein and lead to disruption of DNA
structure and replication, finally resulting in cell death 228, CS can also induce bacterial cell death by producing

reactive oxygen species and free radicals 360,

CS can be synthesized by physical, chemical and biological methods. The toxic and harmful effects
on living systems of by-products and materials used in the chemical synthesis of CS %' and the high
operational costs for the preparation of CS using physical methods have prompted efforts to produce CS
through biological methods. Bio-reduction of silver ions by plant extracts reduces the use of toxic and harmful
materials and has several advantages compared to physical and chemical methods 189. 190, Plant extracts
contain biochemical compounds playing the role of both reducing and stabilizing agents promoting the fast
and cost-effective production of highly stable monodispersed CS particles. The easy access to plants, the

production of environmentally friendly waste materials and low risk of contamination in comparison to the
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production of CS by microorganisms, have recently focused the attention on the reduction of silver ions by
plant extracts 355 359, 362, 363 However, plants and thus their extracts differ in the composition and
concentration of biomolecules affecting their efficiency to facilitate the reduction process. This can affect the
size, morphology, stability and antimicrobial activity of CS and thus complete characterisation of the
biochemical properties as well as evaluation of toxicity and antimicrobial efficacy is required prior to using

such nanoparticles in clinical application.

Previous research in our team has shown promise for CS to kill S. aureus (including MRSA) and
Pseudomonas aeruginosa biofilm cells in vitro 201,358 and in vivo 203, Moreover, Qoi et al demonstrated the
safety of twice daily CS (30 ppm) sinonasal rinses for 10 days in CRS patients. However, in those studies,

CS was produced using a chemical extraction method which was ineffective and slow.

In the present study, CS was produced in a fast and cost-effective way using Corymbia maculata
aqueous leaf extracts. CS and leaf extracts were extensively characterized, and their efficacy tested against
clinical isolates of MRSA, P. aeruginosa, Haemophilus influenzae and Streptococcus pneumoniae in biofim

and planktonic form and in an in vivo model of MRSA and P. aeruginosa biofilms.

Materials and methods
Preparation of plant extracts

Corymbia maculata (spotted gum) fresh leaves were collected. Then they were washed three times
with Milli Q water prepared in a three-stage Milli-Q Plus 185 purification system (Merck Millipore, Darmstadt,
Germany) and the water was evaporated in the dark at room temperature. Afterward, they were finely cut
and added to boiling water in a Meyer flask and boiled in a water bath and the extract was filtered using

Whatman paper no. 1.

Synthesis of CS and determination of reaction endpoint

The extract was added to 1 mM silver nitrate (AgNO3, 99.9999% trace metals basis, Sigma-Aldrich,
Steinheim, Germany) at room temperature. The color conversion from white to yellow revealed the immediate
formation of CS. To determine the endpoint of the synthesis reaction of colloidal silver (CS), saturated NaCl
solution (26% w/v) was used. Every 5 minutes, 3 ml of the CS and silver nitrate solution (as control) was
treated with 5 pl of saturated NaCl solution and the reaction repeated until silver chloride (AgCl) precipitation
in the CS ceased formation 364, CS was centrifuged at 17000 x g, 4°C, 15 min after overnight incubation at

room temperature. The supernatant was removed, and the precipitate was dissolved in Milli Q water to
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concentrate the CS six times, followed by sonication in a Branson sonifier 450 (Timer: hold, Duty cycle%:
40% and Output Control: 4 (80 watts)).

Characterization of CS

The concentration of CS was determined by ICP-OES (Perkin Elmer Optima 8000 ICP-OES) using
different concentrations of a known sample of CS ranging from 1 ppb CS to 500 ppb prepared in 2% nitric
acid (HNO3) along with CS diluted 1000-fold in 2% HNOs3. Indium was used as an internal standard. 2% HNO3
solution was used as calibration blank (cal blk) and the intensity of the test samples was normalized to those
values. The accuracy of the calibration curve was tested by using a second set of standards where silver was

added to the solution 365

UV-Vis extinction (absorption + scattering) spectra were recorded at 25 °C, 400-700 nm 2 hours
after initiation of CS preparation by an Evolution 201 UV-Vis spectrometer to study the reduction process
after particle synthesis.

Dynamic Light Scattering (DLS) measurement and surface potential of CS were analyzed using a
Malvern Zetasizer Nano Series ZL at room temperature to acquire the particle size which was reported as
the z-average and surface potential as zeta potential (-potential). The measurements were conducted at a
scattering angle of 173° at 25 °C using a helium-neon laser with a wavelength of 633 nm. In addition, the
diameter of CS in Brownian motion (diluted 1: 2500) was also measured by nanoparticle tracking analysis
(NTA), a laser based optical technique, fitted with a syringe pump attachment (NanoSight NS300, Malvern,
UK).

CS were spotted onto formvar/carbon 200 mesh grids (ProSciTech, Townsville, Australia) and
examined. Transmission Electron Microscopy (TEM) and energy dispersive X-ray (EDXA) analysis were
performed by a Tecnai G2 Spirit TWIN Transmission Electron Microscope (FEI, Hillsboro, USA), operating
at 100KV, to confirm the morphology and size of CS, respectively. Then, the particle size distribution was
determined using the University of Texas Health Science Center San Antonio (UTHSCSA) image tool
software, version 3.00 (Image Tool Software, San Antonio, USA). CS was freeze-dried and X-ray diffraction
(XRD) was performed with Cu radiation in the 26 range of 5-80 operated at a voltage of 40 kV (Rigaku
MiniFlex 600, Japan).

CS were centrifuged and resuspended in water and 5% dextrose and stored at two different
temperatures (room temperature and 4°C). The stability of CS was evaluated by measuring the size of CS
at various concentrations by a Malvern Zetasizer Nano Series ZL.
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Determination of reducing agents in the plant leaf extracts

Gas-Chromatography-Mass-Spectrometry (GC-MS)

The extract was prepared as described 366, Briefly, 8 ml chloroform was added to the 40 ml extract
and oscillated continuously for 10 minutes. The mixture was then kept at room temperature for 24 hours
followed by dehydration of the bottom extract with saturated sodium sulfate. The filtrate was analyzed using
an Agilent Technologies 7891A GC system (Carrier gas (He) flow rate 1.2mL/min. Restek Sil MS column
30m, 0.25 mm I.D. 0.25 pm film thickness) coupled with an Agilent 5973N mass spectrometer. The initial
column temperature (40°C) was held for 3.5 minutes, before ramping at 10 °C /min up to 280 °C which was
held for a further 4 minutes. The injector temperature or inlet temperature was constant at 250°C.
|dentification of the compounds was performed by the analogy of mass spectra with those of the National

Institute of Standards and Technology mass spectral libraries (NIST, Gaithersburg, USA).

Colorimetric assays

Phenolic compounds were determined by the Folin—Ciocalteau colorimetric method using gallic acid
as a standard %7, The spectrometric assay based on aluminum formation was used to quantify Flavonoid
content 368, The phenol-sulfuric acid colorimetric method was used to assess the total sugar content of the

extract 369,

Bacterial Strains and Cell Lines

The study was approved by the human research ethics committee at the Queen Elizabeth Hospital,
Woodville, South Australia, Australia (HREC/15/TQEH/132). Clinical isolates were collected from the
sinonasal cavities of patients undergoing endoscopic sinus surgery for CRS or from otitis media effusions (H.
influenzae NT 1159 and NT 176). Isolates were identified as MRSA, S. pneumoniae, P. aeruginosa or H.
influenzae by an independent diagnostic microbiology laboratory (identification based on MALDI-TOF Mass
Spectrometry, Adelaide Pathology, Adelaide, Australia). The bacterial reference strain H. influenzae ATCC
33391 was obtained from American Type Culture Collection (ATCC, Manassas, USA). The Nuli-1 cell line

(derived from human airway epithelial cells) was purchased from ATCC.

Cytotoxicity Studies
Nuli-1 cells were grown in a serum-free bronchial epithelial growth medium (BEGM) (Lonza Australia
Pty Ltd, Mount Waverley VIC, Australia). Cells were maintained in a fully humidified incubator with 5% CO:
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at 37 °C. Cells (10.000 cells/well) were exposed to different concentrations of CS for 1 hour, followed by the
determination of cell viability by crystal violet proliferation assays.

Crystal violet proliferation assay and in vivo toxicity assay

Briefly, Nuli-1 cells were fixed in 100 pl of 10% neutral buffered formalin for 30 minutes. Following
removal of formalin by flicking, the cells were stained with 100 pl of 1% crystal violet in 2% ethanol. They
were then washed in distilled water 8 times. Next, 100 ul of 10% acetic acid was added to each well and the
plates were placed on a rocking platform at room temperature for 1 hour to elute the crystal violet. Finally,
the absorbance was read at 595 nm by a microplate reader (Imark plate reader, Bio-Rad). Cell viability

percentage (CV%) was quantified according to equation 1:

CV% =2 x100% (1)
Ac

Metabolic activity of cells was expressed as the Cell Viability percentage (% CV), where Ac is the Absorbance
of the untreated control cells (100% cell viability) and Ar is the Absorbance

observed in the treated cells. Both Ac and At were subtracted from background fluorescence (medium).
Viability studies were performed as three independent experiments with four wells per treatment 370,

An in vivo toxicity assay in Caenorhabditis elegans (C. elegans) AU37 (glp-4; sek-1) was performed
to examine the safety of the synthesized CS. Briefly, to synchronize worm populations, they were collected
from Nematode Growth Medium (NGM) agar plates (seeded with an Escherichia coli OP50 lawn and
incubated at 16 °C) by washing with 0.9% saline. 4 N sodium hydroxide plus 5% sodium hypochlorite was
used to lyse the worms and harvest the eggs. Thereafter, synchronized nematodes (L4 stage) were collected
with OGM medium (95% M9 buffer, 5% Brain Heart Infusion (BHI) supplemented with 10 ug/ml cholesterol)
and seeded in a 96-well plate containing approximately 20 worms per well. The nematodes were exposed to
different concentrations of CS for 1 hour with the control group exposed to OGM medium (Richter et al. 2017).
The percentage of surviving worms was calculated by counting the live worms. Viability studies were

performed as three independent experiments with two wells per treatment.

Antibacterial activity of CS
In vitro antibacterial activity studies

Clinical isolates were streaked onto nutrient agar, tryptone soy agar, chocolate agar and blood agar
plates for P. aeruginosa, MRSA, H. influenzae and S. pneumoniae, respectively. Antibacterial activity of CS

against planktonic forms of bacteria was assessed by determining the minimal inhibitory concentration (MIC)
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using the microdilution method as described by the Clinical and Laboratory Standard Institute (CLSI) 371,
Briefly, one colony of bacteria was resuspended in broth medium to adjust to 0.5 + 0.1 McFarland units
(approximately 1.5 x 108 Colony Forming Units (CFU)/mL). Dilutions of bacteria 1:100 in broth were prepared
using nutrient broth (NB) for P. aeruginosa, tryptone soy broth (TSB) for MRSA and S. pneumoniae and
supplemented BHI (sBHI) 372 for H. influenzae, respectively. Then, 96-well microtiter plates were inoculated
with 100 ul of diluted bacterial suspensions followed by 100 pl of different concentrations of CS and incubated
at 37°C for 18-24 h (with the addition of 5% CO: for H. influenzae and S. pneumoniae). Finally, the
absorbance was read at 595 nm. Bacterial Growth Inhibiting percentage (BGI%) of CS was quantified

according to equation 2:

BGI% = 100 — (5= x 100%)  (2)
C

Antibacterial activity of CS is expressed as the BGI%, where Ac is the absorbance of the untreated control
bacteria (100% bacterial growth) and Ar is the absorbance observed in the treated bacteria. Both Ac and Ar
were subtracted from background absorbance (broth). The effect of CS against growth inhibition of planktonic
forms of bacteria was performed as three independent experiments with three wells per treatment.

The minimum biofilm eradication concentration (MBEC) of CS was determined as described by
Richter et al. 2017. Briefly, one colony of bacteria was resuspended in 0.9% saline to adjust to 1.0 + 0.1
McFarland units (approximately 3 x 108 CFU/mL). The suspension was diluted 1:15 in broth (TSB for P.
aeruginosa and MRSA and sBHI for H. influenzae) and black 96-well plates (Costar, Corning Incorporated,
Corning, U.S.) were inoculated with 150 pl of diluted bacterial suspensions. Suspensions were incubated at
37°C for 48 h on a rotating platform at 70 rpm in a 5% COz incubator. Established biofilms were washed
twice with phosphate buffered saline (PBS) and exposed to different concentrations of CS for 1 h at 37°C on
a rotating platform at 70 rpm, in a 5% CO- incubator. Biofilms were washed twice with sterile water followed

by measurement of bacterial viability via the resazurin assay (Life Technologies, Scoresby, Australia).

Resazurin assay

Briefly, 200 pl of a freshly prepared 10% resazurin dilution in broth medium was added and incubated
at 37 °C on a rotating platform at 70 rpm (5% CO2 incubator for H. influenzae and S. pneumoniae) protected
from light. The fluorescence was measured after 1 h and readings were continued hourly until reaching
maximum fluorescence on a FLUOstar OPTIMA plate reader (BGM Labtech Gretenberg, Germany) at A
excitation = 530 nm/\ emission = 590 nm. Biofilm Eradication percentage (BE%) was quantified according to

equation 3.
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BE% =100 — (zx 100%)  (3)
c

Antimicrobial activity of CS is expressed as BE%, where F¢ is the fluorescence of the untreated
control biofilm (100% biofilm viability) and Fr is the fluorescence observed in the treated biofilm. Both Fc and
Fr were subtracted from background fluorescence (broth). Biofilm eradication studies were performed as

three independent experiments with four wells per treatment.

In vivo bacterial infection assay

To examine the efficacy of CS, age-synchronized C. elegans worms (glp-4; sek-1) were collected.
20 worms were seeded per well and nourished with CS, OGM medium and bacterial suspension with Optical
Density (OD) three. Worms in OGM medium alone and bacterial suspension/OGM medium were considered
as negative and infection control, respectively. CFU per worm was determined after 1-hour incubation at 20
°C as follows. Nematodes were collected and rinsed with M9 buffer supplemented with 1 mM sodium azide.
Thereafter, they were washed with PBS before being mechanically disrupted. 1.0 mm silicon carbide beads
(Biospec Products, OK, U.S.) along with worms were vortexed for 10 minutes. Finally, CFU was counted by
spreading different dilutions of the lysates on Tryptic Soy Agar (TSA) plates with 7% NaCl and cetrimide agar

plates for MRSA and P. aeruginosa, respectively 198,

Statistical Analysis

All experiments were performed in three independent experiments with three wells per treatment and
are shown as mean = standard deviation (SD) by one-way analysis of variance (ANOVA) (GraphPad Prism
version 8.00, GraphPad Software, La Jolla, U.S.). Two-way ANOVA analysis was used to test the effects of
time and concentration on the size of CS. Statistical significance was estimated at the 95% confidence level

and a p-value of <0.05 was considered statistically significant.

Results
Characteristics of CS particles obtained

CS was synthesized immediately after adding AgNO3 solution to aqueous extracts of Corymbia
maculata fresh leaves causing a change in colour from transparent light green to brown (Figure 1.2a) 6. No
further change in colour was observed after about 15 minutes when the reaction was considered complete.
This was also indicated by the absence of AgCl precipitation after adding saturated NaCl to CS in contrast to

AgCl precipitation occurring in AgNOs solution treated with saturated NaCl (Figure 1.2b).

45



Shape, size and dielectric constant of the CS environment cause the extinction spectra of CS with a
strong peak at 430 nm (Figure 1.2c) specific for CS 373, The single surface plasmon resonance (SPR) band

in the extinction spectra is indicative of spherical CS in colloidal form according to Mie’s theory 374.

Tube | Tube I
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: Colloidal Colloidal AgNO3 +
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Figure 1.2 Optical and visible spectroscopy characterization of colloidal silver (CS).

(a) Colloidal silver (brown colour), extract (transparent) and silver nitrate (AgNO3) (transparent) solution, (b)
The end of synthesis reaction (Tube I: CS treated with NaCl, which is similar in appearance/colour to Tube
II, which is only CS). Tube IIl: AgNOs treated with NaCl (cloudy) in comparison to Tube IV, which is AQNO3
only (c) Visible spectra of CS measured as absorbance vs wavelength (nm)

The hydrodynamic diameter (HDD) of CS was measured by NTA using the Nano Sight and DLS
using Malvern zetasizer after centrifugation and resuspending CS in water. The average diameter of CS is

40 nm % 36, which was measured by nanoparticle counting technique using Nano Sight and 70 nm * 36
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using Malvern zetasizer. There was no discrepancy between the two techniques used indicating consistent
size of produced CS by both measuring the number based particle size, Nano Sight, and the intensity-based

size distribution, Malvern zetasizer (Figure 2.2a and b). The zeta-potential was -20.4 mV (Figure 2.2c).
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Zeta Potential Distribution
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Figure 2.2 Hydrodynamic diameter and surface charge of colloidal silver (CS).
(a) The number based particle size measuring by Nano sight and (b) the intensity-based size distribution of
CS by Malvern zetasizer (c) Zeta-potential (surface charge in mV) of CS. The representative measurement
from three replicates is shown (SD=6.93)

TEM images showed the presence of spherical CS (Figure 3.2a and b). They were well distributed
with a size range of 1 to 60 nm most of which were between 16 and 20 nm and the mean was 25 £10 (Figure
3.2cand d).

The EDX spectrum indicated the presence of silver and chloride atoms related to CS. Moreover,
there were other peaks related to other elements such as carbon, oxygen and copper, which can be related
to TEM grid and the extract (Figure 3.2e).

The crystalline structure of CS is indicated by the XRD pattern (Figure 3.2f). The Face-Centered
Cubic (fcc) structure of metallic silver is reflected by the 111, 200, 220, 311, 220 and 222 Miller indices,
related to 26= 38.32°, 44.35°, 64.52°, 67.66°, 77.43°, and 81.57°, respectively. Furthermore, 111, 200, 220
and 222 Miller indices attributed to 26= 28°, 32.44°, 46.44°, and 57.66°, respectively, indicating the fcc-
structured AgCI-NPs 375,376,

48



1100 nm

Frequency

90

70

50

30

20

10

5

»2
ol

Eand

© ©»
i =
g A ¥

Particle Diameter (nm)

49




120.00% d

100.00% — & L J

80.00%

60.00%

40.00%

Percentage of Passing

20.00%

0.00%
0 20 40 60 80 100 120

Size of CS (nm)

360K

280K

240K

200K

Counts

DB0K;

040K

KeV

000k

1] E a0 &0 aa 100 128 et 80 180

Statvs Idle OF5 8512 om: 131 Lsec 200 474 Cnts 2620 ke Det: digailo AT SUTW

50



f
3
b
3
L
z 3
e . 2
£ &
=
g 38
l“--—: L»_f wLﬁJ«’ &
10 % W 4 s 60 70 8 % 100
20 (degree)

Figure 3.2 Morphology, size distribution, elemental analysis and crystal structure of CS.

(a) and (b), Transmission electron microscopy (TEM) images of CS, (c) particle size distribution

histogram, (d) size distribution curve e) energy dispersive X-ray (EDX) spectrum and (f) X-ray diffraction
(XRD) pattern of CS.

Based on the result of ICP-OES, the concentration of synthesized CS was 350 ppm (Table 1.2).

Table 1.2 ICP-OES analysis of CS.

Sample Id In230.606 (IS) Ag 328.068,ppb  Ag 338.289, ppb  Ag 328.068, ppb  Ag 338.289, ppb
dil 1000 times dil 1000 times adjusted result adjusted result
LOD: 10 ppb LOD: 10 ppb

cal blk 1 0 0

1 ppb 1.002562388 1 1

5 ppb 1.017496569 5 5

10 ppb 1.025156885 10 10

50 ppb 1.003618591 50 50

100 ppb 0.994348212 100 100

200 ppb 0.989153277 200 200

500 ppb 0.969354705 500 500
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Blank 0.971635331 1.075416952 1.473206177
100 ppb CCV 0.978593305  99.13850097 98.60467523

100 ppb QC27 0.812874014  110.2173081 103.1577324

Blank 0.973805914  1.086097102 1.25555434

1x 1000 0.971815519  355.2301016 352.5099214 355230.1016 352509.9214 350
Blank 0.9756107 1.230263281 1.310913517

Blank 0.966588123  1.209807405 1.33460031

100 ppb CCV 0.978318423  99.73583126 99.29736119

100 ppb  0.832884465  107.1017336 100.8410938

QC27(quality

control)

* Based on the table, different samples including calibration blank (2% nitric acid, cal blk), CS of
known concentration from 1 ppb to 500 ppb, blank, Continuing Calibration Verifications (CCV), Quality Control
27 (QC) along with the CS synthesized in our study (1000 times diluted) were running on Perkin Elmer Optima
8000 ICP-OES. The results came well within the calibration range. Indium (In) was used as the internal
standard and the results were given by two wavelengths (328 and 338), we can use either or. The results are
given in ppb in the table, which in ppm would translate into slightly more than 350 ppm as concentration for
the CS in our study. The blank, 100 ppb QC, 100 ppb CCV were injected several times as it is shown in the

table to make sure that the results are accurate.

The stability of CS was assessed over one year after synthesis by measuring their size using DLS
(Malvern Zetasizer) (Table 2.2 and Figure 4.2). Two-way ANOVA analysis testing the effects of Time and
Concentration on Size showed that concentration had a significant effect on size. In particular, CS at a
concentration of 58 ppm showed a significantly larger size than CS at higher concentrations (p-value<2e-16).

Further, the effect of time on size was not significant (p-value = 0.0911) (Figure 5.2).
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Figure 4.2 Size of CS (using Malvern Zetasizer) at different time points.
CS size at different concentration resuspended a) in water and kept in the fridge, b) in dextrose and kept in

fridge c) in water and kept at room d) in dextrose and kept at room
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Figure 5.2 Clustered box plot of size for different time points and concentrations.

Concentration is each group of boxes withdifferent time having different colour indicated by the legend.

Identification of biomolecules involved in the synthesis of CS

Gas-Chromatography-Mass-Spectrometry

Analysis of the leaf extract was performed by GC-MS to identify the reducing and capping
biomolecules in the extract. The chromatogram shows the presence of fourteen biomolecules with various
retention times (RT) in the leaf extract (Figure 6.2 and Table 2.2). Biomolecules such as 1,8- cineole (cineole
or eucalyptol, RT-9.999 minutes), ionones or 3-buten-2-one 4-(2 6 6-trimethyl-1-cyclohexen-1-yl) (RT-18.174
minutes) and 1-cyclohexanone 2-methyl-2-(3-methyl-2-oxobutyl) (RT-19.662 minutes) can play a role in
reducing silver ions to CS due to oxidation of carbon double bonds to carboxylic groups 377. Moreover, 4-
bromo-1-naphthylamine (RT-20.677 minutes) is also a probable reducing agent due to the amine or bromide
group. Furthermore, the other biomolecules such as Eicosane (RT-22.183 minutes), Heneicosane (RT-
23.123 minutes, RT-24.02 minutes and RT-24.89 minutes), Tetracosane (RT-25.724 minutes), Pentacosane
(RT-26.527 minutes), Hexacosane (RT-27.308 minutes), Heptacosane (RT-27.308 minutes), Octacosane
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(RT-29.125 minutes) and Octadecane 3-ethyl-5-(2-ethylbutyl)- (RT-30.277 minutes) can cover the CS
surface and help its stability as well as acting as reducing agents 378.
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Figure 6.2 Biomolecule analysis of spotted gum tree fresh leaf extract.

Gas-Chromatography-Mass-Spectrometry (GC-MS) spectra of spotted gum leaf extract

Table 2.2 The classification for mass spectra of the main biomolecules in the extract.
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Colorimetric assays
To further analyze the reducing agents in the extract, phenolic compounds, flavonoids and sugars
were quantified calorimetrically. Based on this analysis, the concentrations of phenolic compounds and

sugars were 9.5 £3 and 91 £33 ug/ml while no flavonoids were detected.

Safety

The cell viability of Nuli-1 cells after application of different concentrations (range 0.2-175 ppm) of
CS for 1 hour was similar and not significantly different from untreated cells (p>0.05) (Figure 7.2a). Moreover,
CS did not affect the viability of nematodes for concentrations up to 87 ppm (p>0.05). Worm survival
significantly reduced to 85% compared to the negative control for the highest (175 ppm) CS concentration
tested (p<0.0001) (Figure 7.2b).
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Figure 7.2 Toxicity studies in Nuli-1 cells and C. elegans.
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(a) Crystal violet cell viability (%) of Nuli-1 cells after 1-hour exposure to CS, at various concentrations (ppm)
or positive control (Triton X-100 10%), normalized to negative control (medium). (b) C. elegans survival after
1-hour exposure to CS, normalized to the negative control (water). Data represent the mean + SD of three
biological replicates, one-way analysis of variance (ANOVA). Statistical comparison to the positive control

(Triton X-100 10%) and non-treated worms, respectively. ****, p < 0.0001; SD, standard deviation.

Antibacterial activity studies

Planktonic assays: Minimum Inhibitory Concentration (MIC)

The MIC was tested for all bacteria for CS concentrations ranging from 0.2-44 ppm. These included
clinical isolates harvested from the sinonasal cavities of patients with CRS or otitis media and reference
strains (Table 3.2). The MIC of CS for all the isolates is summarized in Table 4.2. MIC values were different
between bacterial species and among strains for each of the species. From the 4 species tested, P.
aeruginosa appeared the most sensitive to CS treatment. Significant bacterial growth inhibition compared to

the positive control is shown in Figure 8.2.

Table 3.2 Bacterial isolates for MIC and MBEC assays.

Bacterium Total number of bacterial Isolate ID; isolates Isolate origin
strains used in MIC and MBEC | used in biofilm assays
assays highlighted
P. aeruginosa 53 5562 CRS patient
1158 CRS patient
6776 CRS patient
4747 CRS patient
5927 CRS patient
MRSA 5,3 1415 CRS patient
5640 CRS patient
5562 CRS patient
5743 CRS patient
7465 CRS patient
S. pneumoniae 50 25e CRS patient
34e CRS patient
4d CRS patient
28d CRS patient
30d CRS patient
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H. influenzae 53 30e CRS patient
28e CRS patient
024 ATCC 33391
027 Otitis media patient
028 Otitis media patient
Table 4.2 MIC and MBEC of CS.
Bacterium MIC of CS (ppm) MBEC of CS (ppm)
H. influenzae Isolate 1 55 1.5
Isolate 2 5.5 1.5
Isolate 3 55 11
Isolate 4 44 -
Isolate 5 11 -
S. pneumoniae Isolate 1 55 -
Isolate 2 22 -
Isolate 3 22 -
Isolate 4 22 -
Isolate 5 22 -
MRSA Isolate 1 55 44
Isolate 2 55 44
Isolate 3 11 22
Isolate 4 55 -
Isolate 5 11 -
P. aeruginosa Isolate 1 0.2 3
Isolate 2 0.2 3
Isolate 3 0.2 3
Isolate 4 0.08 -
Isolate 5 0.2 -
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Figure 8.2 Percentage of bacterial growth inhibition of CS.

Bacterial growth inhibition Percentage of CS in (a) H. influenzae (4 Cls and 1 reference strain), (b) S.

pneumoniae (5 Cls), (c) MRSA (5 Cls) and (d) P. aeruginosa (5 Cls) after exposure to CS at various
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concentrations (ppm). Only significant results are shown. Data represent the mean £ SD of three biological
replicates, one-way analysis of variance (ANOVA). Statistical comparison to the positive control (bacteria
only). ****, p <0.0001; SD, standard deviation.

Minimum biofilm eradication concentration (MBEC)

The effect of CS (concentrations ranging from 1.5-175 ppm) on biofilm eradication in vitro was
assessed by the resazurin viability assay. Three isolates were selected for P. aeruginosa, MRSA and H.
influenzae (2 clinical isolates and 1 reference strain). S. pneumoniae clinical isolates did not form biofilm and
were not tested in this assay. The MBEC of CS for all the isolates is summarized in Table 4.2. Significant

biofilm eradication compared to the positive control (no treatment) is shown in Figure 9.2.
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Figure 9.2 Minimum Biofilm Eradication Concentration of CS.

Biofilm eradication (%) of CS in (a) H. influenzae (2 Clinical isolates and 1 reference strain), (b) MRSA (3
Clinical isolates) and (c) P. aeruginosa (3 Clinical isolates) biofilms after exposure to CS. Data represent the
mean x SD of three biological replicates, one-way analysis of variance (ANOVA). Statistical comparison to

the positive control (bacteria only). **, p < 0.01; ****, p < 0.0001; SD, standard deviation.
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In vivo efficacy
We then selected one P. aeruginosa and one MRSA clinical isolate to infect C. elegans and

measured the effect of 1-hour CS treatments on CFU counts. There was a significant reduction of P.
aeruginosa and MRSA CFU per worm in the infected worms (3.514 x 103 and 28.240 x 103 CFUs in infection
control of P. aeruginosa and MRSA, respectively, in comparison with 0.11 x 103 (percentage of reduction or
efficacy percentage = 99%) and 0.112 x 103 (percentage of reduction or efficacy percentage = 97%) CFUs
in P. aeruginosa and MRSA infected worms treated with 44 ppm CS, respectively) (Figure 10.2a and b).
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Figure 10.2 Efficacy study of CS against MRSA and P. aeruginosa in C. elegans.

Log 10 colony forming units (CFU) per worm after 1-hour infection with (a) P. aeruginosa and (b) MRSA each
time in the absence (infection control) and presence (treatment group) of CS (44ppm). Data represent the
mean + SEM of three biological replicates, one-way analysis of variance (ANOVA). * p < 0.05; ***, p <

0.0001; SEM, standard error of the mean.

Discussion

In this study, Corymbia maculata aqueous leaf extracts were used to synthesize CS in a rapid 15-
minute one-step process. The CS particles were spherical with an average size of 40 nm and were highly
stable for over one year at room temperature. Planktonic and biofilm forms of P. aeruginosa, H. influenzae,
S. pneumoniae (planktonic only) and MRSA were sensitive to CS at various concentrations with P.
aeruginosa being the most sensitive. CS was not toxic when applied to airway epithelial cells in vitro and in

an in vivo C. elegans model.
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Nanostructured materials are of interest due to their antimicrobial properties 3. More specifically,
CS or silver nanoparticles are reported to have the strongest bactericidal properties and are the most
promising inorganic nanoparticles for the treatment of bacterial infectious diseases 2. Green chemistry
synthesis of CS has gained great attention in recent years because it is easy, fast and cheap, while the
process Yields biologically and cytologically compatible CS 3%, Therefore, in the present study, plant

mediated synthesis of CS was performed by Eucalyptus leaf extract.

Eucalyptus trees comprise over 700 species, are fast growing and are native to Australia 37°. They
have been of worldwide interest due to their inherent anti-inflammatory, anti-bacterial and wound healing
effects as well as their supportive role in the immune system and respiratory health 380.381, | eaf essential oils
have a wide application in the food, medicinal and cosmetic industry and have been reported to possess
antioxidant properties mostly because of 1,8- cineole (cineole or eucalyptol), the main biomolecule in the leaf
oil 382,383 Water and steam-based extraction methods have been investigated to be the most effective way
to harvest bioactive components of the eucalyptus leaves, more specifically, bioactive phenolic compounds
384 In the present study, a water-based extraction method was used to produce bioactive components of
Corymbia maculata leaf such as phenolic compounds and sugars which can act as reducing agents 385
Additionally, the reducing ability of the leaf extract was confirmed by GC-MS, indicating the presence of
biomolecules possessing ether, ketone, amine groups or bromide ions and double bonds which can
potentially act as electron donors to silver ions and reduce them to form CS. These reducing agents in their
oxidized form along with biomolecules having covalent bonds between carbon molecules can locate on the

surface of CS particles and are thought to be responsible for stability of CS 378,386,

The stability of CS nanoparticles depends not only on the chemical composition of their surface but
also on environmental factors such as ionic strength, pH and background electrolytes which promote stability
through three different mechanisms. These include electrostatic, steric and electrosteric stabilization 387,
While polyelectrolytes supply the electrostatic stabilization through electrostatic repulsion, uncharged
polymers on the surface of CS provide steric repulsion resulting in steric stabilization. Z-potential absolute
values of greater than 30 (thus more or less than Z-potential values of +30 or -30 respectively) indicate high
electrostatically stabilized CS while the Z-potential value would be zero in purely sterically stabilized CS. In
addition, in the case of electrosteric stabilization, stability occurs through both electrostatic and steric
repulsion. Given the CS size was stable for over one year, in particular, CS at high concentration, and
considering a Z-potential of -20 mV, it can be concluded that the CS produced in this study is electrosterically

stabilized 387. 388,
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The toxicity of CS depends on their physiochemical properties such as size, surface area, dose and
the time of exposure 389, Due to mucociliary clearance, the drug retention time in the nasal cavity is maximum
of 15 minutes. Hence a maximum exposure time of 60 minutes of the silver nanoparticles was deemed

sufficient to test toxicity in this study because the silver nanoparticles will be used as a nasal wash solution
390

The size of CS has an impact on the surface to volume ratio and consequently on the surface
reactivity of the nanoparticles. The size also affects the rate of precipitation, deposition and diffusion and the
attachment efficiency of CS in biological environments. The smaller the NPs, the more toxic they are thought
to be. Another physical property of CS is their shape, which affects toxicity by impacting their cellular uptake.
Spherical silver nanoparticles have been reported to have limited cell toxicity in comparison to nanowires,
star-shaped and cubic ones 309 3%, 391 Green synthesized CS has been reported to be less toxic in
comparison to chemically synthesized CS 3%, In this study, the green synthesized CS were spherical and
around 40 nm in size and showed no toxic effect after 1-hour exposure to bronchial epithelial cells. Absence
of toxicity was furthermore confirmed in vivo in a C. elegans model where exposure to 44 ppm CS resulted

in a survival percentage of more than 93%.

The biocidal effect of CS depends on their physicochemical characteristics including size, shape,
surface coating and concentration. Smaller silver nanoparticles can penetrate the bacterial membrane easily
in comparison to the larger ones 392, Surface coating is also important as the bacterial membrane is negatively
charged and has strong electrostatic interactions with positively charged CS leading to easy penetration
through the bacterial cell membrane 2%, Small silver nanoparticles can also release ionic silver quicker
thanlarge ones, so more ionic silver will be available to interact with proteins and enzymes sulfhydryl groups
or nucleosides within the DNA leading to cell death 3%3. It has been reported that CS has stronger antibacterial
effects on Gram-negative bacteria than Gram-positives, due to the latter’s thicker cell wall 3%. However, we
could not confirm this. From the 4 bacterial species tested, the Gram-negative P. aeruginosa in planktonic
and biofilm form appeared to be the most sensitive to CS. However, H. influenzae, also gram-negative, had

similar sensitivity to CS as gram-positive MRSA and S. pneumoniae.

Penetration of CS into the biofilm is affected by the size, shape and hydrophobicity of the
nanoparticles, as well as by the charge and functional groups of the CS surface 283. Moreover, biofilm matrix
penetration is also influenced by environmental properties such as concentration of the media, as well as the
ratio of media to CS concentration 3%. The overall charge of the bacterial cell wall and biofilm matrix is
negative, therefore, positively charged nanoparticles are reported to interact strongly with the biofilm 3%. 397,
In general, the concentration of CS needed for biofilm eradication is higher than the concentration of CS that
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can inhibit planktonic bacterial growth which is thought to be related to the aggregation of CS particles
interacting with the biofilm matrix 2%, Our results for MRSA and P. aeruginosa are following those findings
where CS concentrations for biofilm eradication were up to 4-fold those needed for planktonic growth
inhibition. In contrast, for 2 out of 3 H. influenzae tested, the CS concentration needed to reduce biofilm
growth was 2-fold less than the CS concentration needed to inhibit the growth of planktonic forms of the
bacteria. The sub-MIC value of CS needed for H. influenzae biofilm eradication may be due to the strong
effect of CS on the Quorum Sensing (QS) system which is important for bacterial biofilm cooperative activities
and physiological processes 3%. Moreover, cell death or cell surface modification in the presence of CS can
prevent bacterial adhesion and growth in the biofilm matrix, leading to biofilm reduction 39%. 400, Further
research evaluating more H. influenzae Cls in planktonic and biofilm are needed to evaluate whether this is

a general feature of those species.

Other relatively easy and fast production processes have been used, for example, using sodium
citrate alone or in combination with NaBH4, However, those have various limitations. Sodium citrate is a weak
reductant leading to the formation of relatively large polydisperse Ag NPs 401; in contrast, silver nanoparticles
produced by gum tree leaves in our study were monodispersed in addition to having an ideal size of 40 nm.
Citrate-coated Ag NPs are shown to be toxic towards primary human umbilical vein endothelial cells (HUVEC)
401 and red blood cells 492; in contrast, our silver nanoparticles were not toxic to Nuli-1 cells or in vivo in C.
elegans. NaBH; acts only as a reducing agent, hence an additional capping agent is needed to have
stabilized silver nanoparticles 491; in contrast, in our study silver nanoparticles were produced by leaf extract
only because the extract contains both reducing and capping agents resulting in exceptionally stable silver

nanoparticles.

Conclusions

Highly stable spherical 40 nm CS was synthesized in an economical and fast process using
Corymbia maculata aqueous leaf extracts. CS showed antibacterial activity against biofilm and planktonic
forms of gram-positive and gram-negative clinical isolates from CRS patients in both in vitro and in vivo
studies. Importantly, CS was not toxic for both airway epithelial cells and C. elegans within the exposure of
1 h. Future clinical studies will evaluate the potential for green synthetized CS to be used topically to treat
infectious exacerbations in the context of CRS.
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Abstract

Infectious diseases caused by antibiotic resistant bacteria in planktonic and biofilm form are difficult
to treat with conventional antibiotics. Silver nanoparticles (Ag NPs) can be used as alternatives to antibiotics
and can alter the susceptibility of bacteria to antibiotics. Here, the antibacterial properties of 16 different
antibiotics and Ag NPs, alone and in combination, were tested against clinical isolates of Pseudomonas
aeruginosa (n=3), Staphylococcus aureus (n=3) and methicillin resistant Staphylococcus aureus (MRSA)
(n=2) isolated from chronic rhinosinusitis (CRS) patients. The microdilution method and resazurin assay
were used to determine the minimum inhibitory concentration and minimum biofilm eradication concentration
for planktonic and biofilm forms, respectively. Results showed that Ag NPs and gentamicin combinations had
synergistic antibacterial activity against P. aeruginosa planktonic and biofilm forms and MRSA biofilms.
Furthermore, additive effects against biofilms were seen for combinations of Ag NPs with tobramycin or
ciprofloxacin against P. aeruginosa; with mupirocin against MRSA; with augmentin, doxycycline, azithromycin
and clindamycin against S. aureus. Moreover, additive effects against planktonic forms were observed for
combinations of Ag NPs with tobramycin, ciprofloxacin, imipenem, ceftazidime and aztreonam against P.
aeruginosa; with gentamicin or linezolid against MRSA; with doxycycline or clindamycin against S. aureus.
In conclusion, Ag NP-antibiotic combinations can result in enhanced antimicrobial action against P.
aeruginosa, MRSA and S. aureus clinical isolates in planktonic and biofilm forms and can be used in the

context of CRS with confirmed infection.

Keywords: Corymbia maculata, silver nanoparticles, gentamicin, synergism, P. aeruginosa, biofilm
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Introduction

The use of silver to control infections dates back to the 19t century when silver nitrate was used
both as an antiseptic and a disinfectant, treating burns and open wounds. Although the use of silver has been
less frequent since the discovery of antibiotics, there has been renewed interest in its use recently, particularly
with the emerging threat of antimicrobial resistance. However, the potential for complex formation and

precipitation of silver in ionic form with other ions and molecules limits its stability and use as an antimicrobial
359,403, 404

Silver can be used as a pharmaceutical agent in various forms including ionic, colloidal, combined
or nanoparticles 4%5. The bactericidal effect of silver is due to its binding to the thiol groups of proteins resulting
in disruption of the cell and nuclear membrane structure leading to cell death. Moreover, silver ions can also
induce bacterial cell death by disrupting the DNA structure or interfering with DNA replication and transcription
406, Silver nanoparticles (Ag NPs) have several advantages. These include (i) a relatively long-term
antimicrobial activity of Ag NPs due to the gradual release of silver ions (ii) lower toxicity to eukaryotic cells
compared to silver ions and (iii) a lack of antimicrobial resistant phenotypes 407. These factors make Ag NPs

a promising alternative treatment to control infections, in particular those with multi-drug resistant bacteria.

Ag NPs not only have antibacterial activity but,can also enhance the bacterial susceptibility to
conventional antibiotics. This can be due to the destabilizing and destructive effect of Ag NPs on the structure
and metabolism of bacteria. Ag NPs can also form complexes with antibiotics through weak molecular
interactions. This can enhance the overall antimicrobial efficacy of the antibiotics by promoting a prolonged
and continuous release of antibiotics and/or Ag NPs at the site of infection. In addition, the complex formation
can reduce both compounds’ potential local toxicity. Consequently, the combination of Ag NPs and antibiotics
can strengthen the overall antimicrobial action and can be used in particular to treat infections with bacteria

resistant to antibiotics 359 408,

Interestingly other studies have also reported a reduced antimicrobial activity when Ag NPs and
antibiotics are combined, thought to be possibly due to the chemical interaction between both compounds.
Studies have also shown high variability between species on whether combining antibiotics with Ag NPs
results in synergistic, additive or antagonistic effects 409412, Therefore, before application in the clinic, a
comprehensive analysis of various antibiotic-Ag NP combinations against disease-relevant clinical isolates
is required.

In the present study, Ag NPs were combined with different antibiotics and the antimicrobial

effectiveness of the combination treatment was determined using the fractional inhibitory concentration index.
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Both planktonic and biofilm forms of Pseudomonas aeruginosa, methicillin resistant S. aureus (MRSA) and
S. aureus isolated from chronic rhinosinusitis (CRS) patients were tested.

Materials and Methods
Ag NPs Synthesis

Spherical 40 nm Silver nanoparticles (Ag NPs) were synthesized from fresh leaves of Corymbia
maculata (spotted gum) as described previously 43. These were cut into pieces and boiled in sterile Milli Q
water at 100 °C in a water bath for few minutes. Afterward, the filtrate was added to pre-warmed silver nitrate
solution (1 mM Ag NO3, 99.9999% trace metals basis, Sigma-Aldrich, Steinheim, Germany) and kept at room
temperature overnight. The colloidal silver was centrifuged at 38500 g 1 hour, 4 °C (Beckman Coulter's Avanti
JXN-26 high-speed centrifuge) and resuspended in 18 ml Milli Q water. Finally, the solution was sonicated

for 15 minutes [Branson sonifier 450 (Timer: hold, Duty cycle%: 40% and Output Control: 4 (80 watts)].

Bacterial Strains

This study was approved by the human research ethics committee at the Queen Elizabeth Hospital,
Woodville, South Australia, Australia (HREC/15/TQEH/132). Bacteria were isolated from the sinonasal
cavities of CRS patients. Identification of clinical isolates (P. aeruginosa, S. aureus and MRSA) was done
by an independent diagnostic microbiology laboratory using matrix assisted laser desorption ionization-time
of flight mass spectrometry (MALDI-TOF MS, Bruker® MBT) (SA Pathology, Adelaide, Australia). The

identification numbers of the bacterial isolates are detailed in Table 1.3.

Table 1.3 Bacterial isolates cultured from CRS patients for Minimum Inhibitory Concentration (MIC) and

Minimum Biofilm Eradication Concentration (MBEC) assays.

Bacterial species Number of isolates used Isolate ID
in MIC and MBEC assays
P. aeruginosa 3 C447, 5562, C449 (isolate 1, 2 and 3, respectively)
MRSA 3 (256, 5562 (isolate 1 and 2 respectively)
S. aureus 3 5485, 5579, 5580 (isolate 1, 2 and 3, respectively)

Antimicrobial agents
The antibiotics included gentamycin, ciprofloxacin, imipenem, aztreonam, ceftazidime, linezolid, mupirocin,

teicoplanin, vancomycin, cefoxitin, azithromycin, doxycycline, clindamycin, sulfamethoxazole-trimethoprim
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and augmentin (amoxycillin-clavulanic acid) which were purchased and dissolved in an appropriate solvent

according to table 2.3.

Table 2.3 Antibiotics and their solvents.

Antibiotics

Solvent

Gentamicin (Sigma Aldrich, St Louis, Missouri, the US)

Phosphate buffer, pH 6, 0.1 mol/L 371.414

Ciprofloxacin (Sigma Aldrich, St Louis, Missouri, the US)

0.1N HClI (Sigma Aldrich)

Imipenem (Sigma Aldrich, St Louis, Missouri, the US)

Phosphate buffer, pH 7.2, 0.01 mol/L 414

Aztreonam (Sigma Aldrich, St Louis, Missouri, the US)

Phosphate buffer Saline (PBS), pH 7.2 (Cayman chemical)

Ceftazidime (Sigma Aldrich, St Louis, Missouri, the US)

PBS, pH 7.2 (Cayman chemical)

Linezolid (Sigma Aldrich, St Louis, Missouri, the US) Water (Sigma Aldrich)

Mupirocin (Sigma Aldrich, St Louis, Missouri, the US) Dimethyl sulfoxide (DMSO, Sigma Aldrich))
Teicoplanin (Sigma Aldrich, St Louis, Missouri, the US) DMSO (Sigma Aldrich)

Vancomycin (Sigma Aldrich, St Louis, Missouri, the US) Water 414

Cefoxitin (Sigma Aldrich, St Louis, Missouri, the US) Water 414

Azithromycin (Sigma Aldrich, St Louis, Missouri, the US) 95% ethanol 414

Doxycycline (Sigma Aldrich, St Louis, Missouri, the US) Water 414

Clindamycin (Sigma Aldrich, St Louis, Missouri, the US) Water 414

sulfamethoxazole  (Alfa
trimethoprim (Sigma Aldrich, St Louis, Missouri, the US) ratio

1:5)

Aesar, Heysham, England+

Sulfamethoxazole: DMSO (Cayman chemical)

Trimethoprim: DMSO (Cayman chemical)

Augmentin (Amoxicillin (Sigma Aldrich, St Louis, Missouri,
the US) + Potassium Clavulanic acid (Sigma Aldrich, St
Louis, Missouri, the US) ratio 1:4)

Amoxicillin: phosphate buffer, pH 6, 0.1 mol/L 414
Potassium Clavulanic acid: Water (Sigma Aldrich)

Antibacterial activity evaluation of Ag NPs, antibiotics and Ag NP- antibiotic on planktonic bacteria
The minimum inhibitory concentration (MIC) of Ag NPs and antibiotics alone and in combination were
determined using a broth microdilution method as previously described by our department 1. In brief,
different concentrations of Ag NPs and antibiotics alone and in combination starting from 2 MIC were
inoculated with 1:100 dilution of a 0.5 McFarland solution (approximately 3 x 108 Colony Forming Unit
(CFU)s/mL) of different clinical isolates. Microtiter plates were incubated under standard laboratory conditions
(37°C), for 18-24 hours. The MIC of Ag NPs and antibiotics alone and in combination was determined as the

lowest dilution without any visible turbidity. The experiments were performed in two independent replicates.
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Evaluation of biofilm eradication capability of Ag NPs, antibiotics and Ag NP- antibiotic

Minimum Biofilm Eradication Concentration (MBEC) of Ag NPs and antibiotics alone and in
combination were determined as detailed before 415,

Shortly, 1.0 £ 0.1 McFarland units (approximately 3 x 108 CFU/mL) suspensions of the bacteria were
diluted 1:15 in Tryptone Soya Broth (TSB) and 150 pl was distributed into black, clear-bottomed, 96-well
microplates (Costar, Corning Incorporated, Corning, USA). Next, the plates were incubated at 37°C for 48
hours on a rotating platform at 70 rpm. Established biofilms were washed with sterile Milli Q water to remove
any remaining planktonic bacteria and different concentrations of Ag NPs and antibiotics alone and in
combination were added.

Following an additional 24-hour incubation at 37°C on a rotating platform at 70 rpm, biofilms were
washed with Milli Q water and bacterial viability was measured using the AlamarBlue assay (Life

Technologies, Scoresby, Australia). The experiments were performed in two independent replicates.

AlamarBlue assay

Concisely, the plates were covered with 200 pl of freshly made 10% Resazurin sodium salt in TSB
(Sigma-Aldrich) and incubated on a rotating platform at 70 rpm at 37 °C protected from light. The fluorescence
intensity was measured every hour until reaching maximum fluorescence intensity (FLUOstar OPTIMA plate
reader, BGM Labtech Gretenberg, Germany, A excitation = 530 nm/\ emission = 590 nm). Percentage of

Biofilm Eradication (BE%) was calculated according to equation 1.
BE% =100 — (zXx 100%) (1)
C

The MBEC of Ag NPs, antibiotics and Ag NPs in combination with antibiotics is expressed as BE%,
where Fc is the fluorescence of the untreated control biofilm (100% biofilm viability) and Fr is the fluorescence
observed in the treated biofilm. The background fluorescence of the broth medium was subtracted from both
the Fc and Fr readings. Biofilm eradication studies were performed as three independent experiments. The
MBEC was taken as 80% biofilm eradication.

To determine the interactive effect of Ag NPs and antibiotics, the fractional inhibitory concentration

index (FICI) was calculated by the results of MICs and MBECs according to the following formula:

MIC or MBEC of ABX in combination MIC or MBEC of Ag NPs in combination (2)
MIC or MBEC of ABX alone MIC or MBEC of Ag NPs alone

FICI =

FICI values of <0.5, 0.5 to 1.0, 1.0 to 4.0 and >4 show synergy, additivity, indifference and

antagonism, respectively 416.
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Results

MIC and MBEC

MIC and MBEC of Ag NPs and antibiotics were determined for P. aeruginosa (n=3), S. aureus (n=3)
and MRSA (n=2) clinical isolates collected from the sinonasal cavities of patients with CRS. Results are
presented in tables 3.3 and 4.3, respectively. The MIC of Ag NPs against P. aeruginosa varied between 0.8
to 2.25 ppm and was 22 ppm for S. aureus and MRSA. The MIC values for the different antibiotics varied
between different strains of each of the P. aeruginosa, S. aureus and MRSA and were classified as
susceptible, intermediate and resistant according to the Clinical and Laboratory Standard Institute (CLSI)
criteria in M100-S22 guidelines 4'4. Moreover, MBEC values of Ag NPs in P. aeruginosa, S. aureus
and MRSA biofilms were between 11 and 22 ppm for P. aeruginosa and between 22 and 44 ppm for S.
aureus and MRSA clinical isolates. The MBEC of antibiotics varied between the various clinical isolates of

the same strain, except for mupirocin where the MBEC value was 640 ug/ml for both clinical isolates.

Table 3.3 MIC for Ag NPs and antibiotics for each organism.

Organism P. P. P. MRSA, MRSA, S. S. S.

aeruginosa, aeruginosa, aeruginosa, isolate isolate2 aureu aureus, aureus,

isolate 1 isolate 2 isolate 3 1 s, isolate  isolate
Antimicrobial agent isolat 2 3
(Ag NPs (ppm) and e
antibiotics (ug/ml))
Ag NPs 0.8 2.25 0.8 22 22 22 22 22
Gentamicin 4(S) 8 (1) 32 (R) 2(S) 4 (8)
Ciprofloxacin 0.06 (S) 16 (R) 0.5(S)
Imipenem 4(1) 16 (R) 8 (R)
Aztreonam 4(S) 4 (S) 4 (S)
Ceftazidime 4(S) 4 (S) 4 (S)
Tobramycin 4(S) 2(S) 4 (S)
Linezolid 2(S) 2(S)
Mupirocin 0.3(S) 0.03(S)
Teicoplanin 05(S) 05(S)
Vancomycin 2(S) 4(1)
Cefoxitin 8 (R) 16 (R)
Azithromycin 1(1) 1(l) 1(I)
Doxycycline 0125 0125 0.06 (S)

(S) (S)
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Clindamycin TR)  1(R) TR)
Trimethoprim/sulfamet 1(8) 025(S) 0.25(S)
hoxazole

Augmentin 1) 2(5) 2(S)

(Amoxicillin/clavulanic
acid)

Ag NPs are shown in ppm and antibiotics are in pg/ml. Susceptible (S), Intermediate (I) and Resistant (R)

based on CLSI except for mupirocin which is based on what was reported by Rajkumari et al., 2014 417,

Table 4.3 MBEC for Ag NPs and antibiotics for each organism.

Organism P. P. P. MRSA, MRSA, S. S. S.
aerugino  aerugino  aerugino isolate isolate  aureus, aureus, aureus,
sa, sa, sa, 1 2 isolate  isolate isolate

Antimicrobial agent isolate1  isolate2  isolate 3 1 2 3

Ag NPs 11 22 11 22 22 44 44 22

Gentamicin 4 8 8 32 32

Ciprofloxacin 16 32 64

Tobramycin 2 4 4

Mupirocin 640 640

Azithromycin 128 256 128

Doxycycline 32 32 64

Clindamycin 1 2 1

Augmentin 32 8 32

(Amoxicillin/clavulanic acid)

Ag NPs are shown in ppm and antibiotics are in pg/ml.

Antimicrobial activity of Ag NP- antibiotic against planktonic growth inhibition

The fractional inhibitory concentration index (FICI) was calculated for each Ag NP- antibiotic

combination. Synergistic, additive, indifferent and antagonistic effects are reported as FICI < 0.5, 0.5 < FICI

<1, 1<FICI <4 and FICI > 4, respectively 408,

None of the antibiotic- Ag NP combinations showed antagonistic effects against any of the clinical

isolates tested.
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Regarding P. aeruginosa, synergistic effects were observed when Ag NPs and gentamicin were
combined for all (n=3/3) clinical isolates. Moreover, additive effects were noted when Ag NPs were combined
with aztreonam, ceftazidime, ciprofloxacin, imipenem and tobramycin (n=3/3) to inhibit bacterial growth in
planktonic form (Figure 1.3a).

For MRSA, additive effects were seen when Ag NPs were combined with gentamicin or linezolid to
inhibit bacterial growth in planktonic form (n=2/2). Ag NPs did not enhance the antimicrobial effects of
teicoplanin, vancomycin, cefoxitin and mupirocin and the combination of both compounds was indifferent
(n=2/2) (Figure 1.3b).

For S. aureus, additive effects were detected when Ag NPs were combined with doxycycline and
clindamycin (n=3/3). However, indifferent effects were seen when Ag NPs were combined with augmentin,

azithromycin and sulfamethoxazole-trimethoprim (n=3/3) (Figure 1.3c).
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Figure 1.3 Fractional inhibitory concentration index (FICI) for planktonic growth inhibition for various
antibiotics combined with Ag NPs.

FICI for n=3 strains of each (a) P. aeruginosa (green), (b) MRSA (red) and (c) S. aureus (orange). FICI < 0.5,
0.5 <FICI =1, 1 <FICI < 4 and FICI > 4 indicate synergistic, additive, indifferent and antagonistic effects.
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Antimicrobial activity of Ag NP-antibiotic against biofilm
Regarding P. aeruginosa, synergistic effects were seen for MBEC values when Ag NPs were

combined with gentamicin (n=3/3). Additive effects were seen when Ag NPs were combined with ciprofloxacin

(n=3/3) and tobramycin (n=3/3) (Figure 2.3a).
Concerning MRSA, synergistic effects were discerned for MBEC values when Ag NPs were

combined with gentamicin (n=2/2) whilst additive effects were seen when Ag NPs were combined with

mupirocin (n=2/2) (Figure 2.3b and).
For S. aureus, additive effects were observed when Ag NPs were combined with augmentin,

azithromycin, clindamycin and doxycycline (n=3/3) (Figure 2.3c and).
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Figure 2.3 Fractional inhibitory concentration index (FICI) for biofilm eradication for various antibiotics

combined with Ag NPs.
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FICI for n=3 strains of each (a) P. aeruginosa (green), (b) MRSA (red) and (c) S. aureus (orange). FICI 0.5,
0.5 <FICI =1, 1 <FICI <4 and FICI > 4 indicate synergistic, additive, indifferent and antagonistic effects.

Discussion

In this study, Ag NPs were used as a bioadjuvant to antibiotics to improve the overall antimicrobial
effectasa combination treatment. Ag NPs showed no antagonistic effects when combined with any of the
antibiotics tested against clinical S. aureus, P. aeruginosa and MRSA isolates from CRS patients. Rather,
Ag NPs enhanced the gentamicin antimicrobial activity through synergism to inhibit the planktonic growth of
P. aeruginosa as well as the biofilm growth of P. aeruginosa and MRSA. Furthermore, Ag NPs in combination
with various antibiotics had additive antimicrobial effects against S. aureus, P. aeruginosa and MRSA clinical
isolates. Importantly, those synergistic and additive antimicrobial effects of the combination treatment were
similar between 3 different strains for each of those species regardless of whether those strains were
susceptible or resistant to antibiotics. These findings are in line with a recent study showing relatively
improved effects of antibiotic-Ag NP combinations in particular in antibiotic resistant strains 48. They support
the use of antibiotics in combination with Ag NPs even in the context of bacterial infections with pathogens

resistant to that antibiotic.

Fast spreading antibiotic resistant pathogenic bacteria require the development of new therapeutic
means and methods, one of which is the combination therapy of antibiotics with other antimicrobials 408. 419,
Combination therapy can increase the speed of bacterial killing, expand the host range of antibiotic
effectiveness, lower the effective concentration of antibiotics and therefore their side-effects and finally

restrict the development of resistance in microorganisms 420,

The antimicrobial activity of plant extract-mediated synthesized Ag NPs against antibiotic susceptible
and antibiotic resistant bacteria have been reported previously 356.421, In line with those studies, our results
indicate similar MIC and MBEC values of Ag NPs against different clinical isolates for each of the different

antibiotics to which the isolates were susceptible.

A proposed mechanism of action Ag NPs as a bioadjuvant to antibiotics could be that Ag NPs cause
oxidative stress with increased production of reactive oxygen species leading to bacterial cell death through
damage to the biomolecules inside the bacterial cell 47. Furthermore, additive or synergistic antimicrobial
effects of antibiotic-Ag NP combination treatments could be linked to the enhanced attachment and
penetration of antibiotics through the bacterial cell wall in the presence of Ag NPs 408, According to the
Vazquez- Mufioz study, increased antibiotic effectiveness when combined with Ag NPs can be expected for

those antibiotics that are targeting the division of the cell wall. Our findings are largely in line with that concept
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where the combination of Ag NPs with aztreonam, ceftazidime, imipenem, which their target is the cell wall,
had additive effects against P. aeruginosa planktonic growth and cefoxitin inhibiting MRSA planktonic growth
through additivity 408. Also, our results indicate a trend towards lower FIC values for Ag NP-antibiotic against
planktonic forms of gram-negative bacteria in comparison to gram-positive bacteria. This is potentially linked

to a thinner peptidoglycan layer in gram-negatives which makes the penetration of antibiotic-Ag NP easier
422

Whilst important, and providing guidance on which antibiotic-Ag NP combinations could be selected
to combat P. aeruginosa and/or S. aureus/IMRSA infections, our study indicates additive or synergistic effects
against biofilms for all antibiotics tested when combined with Ag NPs. A biofilm is a structured conglomerate
of bacteria embedded in a self-produced extracellular polymer matrix (EPS) consisting of proteins,
polysaccharides and extracellular DNA. Bacterial biofilms in chronic infections such as CRS are difficult to
treat because bacterial cells within biofilms increase their tolerability to antibiotics 9. This is the result of
various contributing factors such as poor penetration of antibiotics through the EPS matrix and slower growth
of the bacterial cells with the formation of persister cells. The antibacterial effect of antibiotics against biofilms
can therefore be improved by Ag NPs as they disrupt and detach established biofilms and make the bacterial
cells accessible to not only antibiotics but also Ag NPs 423, Furthermore, the Ag NPs once combined with
antibiotics appears to be able to kill bacterial persister cells as they can improve the antibacterial effect of
antibiotics 424, Moreover, antibiotic-Ag NP enhanced biofilm killing ability could be related to Ag NPs action
on inhibiting oxygen metabolism and metabolic enzymes as well as antibiotics activity through protein
synthesis inhibition resulting in a thinner EPS matrix 425 428, Together, these properties of AgNPs might
explain why the FIC values for biofilm eradication of all isolates are lower than the FIC values for their

planktonic counterparts 423,

This study showed consistent synergistic effects of gentamicin-Ag NPs combinations to inhibit the
growth of P. aeruginosa planktonic cells as well as eradicate biofilms of P. aeruginosa and MRSA. This might
be due to the higher release rate of silver ions by Ag NPs or enhancement of oxidative stress when combined

with gentamicin 408,427,

Conclusion
Ag NPs appear to be a promising tool in the treatment of bacterial biofilms, in particular in CRS. We
have shown that they improve the antibiotic bactericidal activity and are effective, in particular against clinical

bacterial isolates from CRS patients. More specifically, Ag NPs did not have any antagonistic effects when
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combined with different antibiotics against P. aeruginosa, MRSA and S. aureus clinical isolates from CRS
patients. Gentamicin-Ag NPs were the most successful combination as they consistently eradicated biofilms
of difficult-to-treat P. aeruginosa and MRSA clinical isolates through synergism. Future clinical studies are

needed to translate these findings towards improved therapies against biofilm mediated chronic infections.
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Abstract

Evaluating the safety of previously fabricated and effective green synthesized colloidal silver (GSCS)
on the mucosal barrier structure and function is essential before conducting human trials. The GSCS was
applied to primary human nasal epithelial cells (HNECs) grown in an air-liquid interface (ALI) culture.
Epithelial barrier integrity was evaluated by measuring the transepithelial electrical resistance (TEER) and
fluorescein isothiocyanate (FITC)-dextran paracellular permeability. Ciliary beat frequency (CBF) was
quantified. Effects of the GSCS on cell viability and inflammation were examined through lactate
dehydrogenase, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide viability assay and
interleukin 6 (IL-6) enzyme linked immunosorbent assay. The localization and transportation of GSCS within
HNECs and their HNEC-ALI cultures was assessed by transmission electron microscopy and inductively
coupled plasma-mass-spectrometry, respectively. Application of GSCS to HNECs-ALI cultures for up to 2
hours caused a significant reduction in the TEER values, however, it did not drop within the first 10 and 20
minutes for CRS and non-CRS control HNECs. The paracellular permeability, cell viability, IL-6 secretion and
CBF remained unchanged. No GSCS was observed within or transported across HNECs. In conclusion, the

application of GSCS to HNECs is devoid of toxic effects.

Keywords: silver nanoparticle, green synthesis, epithelial integrity, topical delivery, lactate dehydrogenase,

interleukin 6
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Introduction

Dysbiosis and an overgrowth of pathogens at the sinonasal mucosa along with a defective
mucociliary function can underlie the inflammatory process in the context of chronic rhinosinusitis (CRS) 428.
The cornerstone of therapy is antibiotics; however, their effectiveness is hampered by the increasing burden
of antibiotic resistance. This requires treatment strategies to fight those pathogens. Silver nanoparticles (Ag
NPs) or colloidal silver (CS), a non-antibiotic antimicrobial therapy, is considered as one of those treatment
strategies.

The Ag NPs’ toxicity depends on various factors including their size, concentration, exposure time
and surface coating which influence their cellular uptake and oxidative state 42°. The Ag NPs can induce
toxicity through different mechanisms resulting in morphological changes 430, DNA damage, the
overexpression of metallothioneins 431, reactive oxygen species (ROS) generation, intracellular calcium
influx, mitochondrial membrane potential reduction 432, profibrotic inducement 433, LDH leakage, the release
of inflammatory proteins, decrease albumin synthesis 4 and increase apoptosis rate 43,

The safety and efficacy of CS have been reported before in the context of CRS both in vitro and in
vivo 201,203, 269,358 “however, their method of manufacturing was time-consuming. Goggin et al. and Chen et
al. used over the counter and commercially available CS respectively 201, Rajiv et al., and Richter et al. used
commercially available generators and chemical materials, respectively, to synthesize CS which was time
consuming and the use of chemical materials to manufacture CS for medical use is not desirable 203.3%8, To
overcome those limitations, we have recently used a unique water-based extraction single-step production
process using Corymbia maculate (spotted gum tree) leaf extract reducing the time of reduction of silver ions
to CS to 15 minutes. This green synthesized colloidal silver (GSCS) showed excellent in vitro efficacy against
planktonic and biofilm S. aureus, MRSA and P. aeruginosa clinical isolates from CRS patients. Moreover,
GSCS did not show toxicity when applied to an airway epithelial cell line (Nuli-1 cells) and in a Caenorhabditis
elegans in vivo model supporting the potential use of GSCS for the treatment of infections in CRS patients
413, However, further safety experiments, in particular, their effect on the mucosal barrier and mucociliary

function are required before conducting human trials.

In this study we aimed to evaluate GSCS safety by measuring the transepithelial electrical resistance
(TEER), ciliary beat frequency (CBF) and paracellular permeability after a two-hour application to primary
human nasal epithelial cells (HNECs) in an air-liquid interface (ALI) culture. Moreover, their effect on

inflammation and cell viability was determined.
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Materials and Methods

Colloidal silver synthesis

Colloidal silver (CS) was synthesized as described previously 4'3. In short, Corymbia maculata
(spotted gum) leaves were cut into pieces and boiled in sterile Milli Q water. Afterward, the aqueous extract
was added to pre-warmed silver nitrate solution (1 mM Ag NO3, 99.9999% trace metals basis, Sigma-Aldrich,
Steinheim, Germany) and incubated at room temperature overnight. The GSCS was centrifuged at 38, 500
x g for 1 hour, 4 °C (Beckman Coulter's Avanti JXN-26 high-speed centrifuge) and resuspended in 18 ml Milli
Q water. Finally, the solution was sonicated for 15 minutes [Branson sonifier 450 (Timer: hold, Duty cycle%:
40% and Output Control: 4 (80 watts)].

Primary human nasal epithelial cell culture

Ethics approval for the collection and use of HNECs was granted from the Queen Elizabeth Hospital
Human Research Ethics Committee (reference HREC/15/TQEH/132) and all patients gave written informed
consent before the collection of HNECs. Poeple were defined as CRS patients according to the European
Position Paper on Rhinosinusitis and Nasal Polyps (EPOS) guidelines 9. Non-CRS controls were scheduled
for septoplasty and had no history, signs or symptoms of CRS. Primary human nasal epithelial cells (HNECs)
were collected from the inferior turbinates of CRS and non-CRS control patients and extracted from cytology
brushes (McFarlane Medical Equipment Pty Ltd, Surrey Hills, VIC, Australia) as described 4%. HNECs were
suspended in Roswell Park Memorial Institute (RPMI) (Gibco by Thermofisher Scientific Australia, Scoresby,
Victoria) and centrifuged at 525 x g for 7 minutes at 4°C. Next, the pellet was resuspended in EX+ medium
(StemCell Technologies) which was comprised of PneumaCult-EX basal medium containing PneumacCult-
EX 50x and 50 U/ml of penicillin, 50 ug/ml of streptomycin (150700-063, Invitrogen Life Technologies,
Gaithersburg, MD, USA) and transferred to a 100-mm-diameter culture plate coated with anti-CD68 (Dako,
Glostrup, Denmark) for 20 minutes to deplete monocytes. HNECs were then grown in a type | collagen coated
T 75 flask (Thermo Scientific, Waltham, MA, USA) at 37 °C humidified air with 5% CO3 4%,

Air-liquid interface culture

Once the HNECs reached 80% confluency, 7 x 104 cells per well were seeded onto collagen-coated
6.5-mm permeable Transwells (Corning, NY, USA) of ALI cell culture plates. After 3-4 days, EX* medium in
the basal chamber was replaced with ALI-complete medium [PneumaCult-ALI basal medium containing
PneumaCult-ALI 10X Supplement, PneumaCult-ALI Maintenance Supplement, 50 U/ml of penicillin and 50

ug/ml of streptomycin (150700-063, Invitrogen Life Technologies, Gaithersburg, MD, USA)] and the medium
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in the apical chamber was removed. The media in the basal chamber was changed every two days until
TEER value measurements reached at least 1000 Q/cm? (approximately 2 weeks) and cilia generation for

cilia beat frequency measurements (approximately 4 weeks) 437.

Transepithelial electrical resistance measurements

Transepithelial electrical resistance (TEER) values were measured with the EVOM volt-ohmmeter
(World Precision Instruments, Sarasota, FL). One hundred microliters (100 ul) of warmed ALl-complete
medium was added into the apical chambers of all ALI cultures to measure HNECs baseline resistance. The
media in the apical chamber was replaced with different concentrations of GSCS (prepared in water and
diluted in medium), negative (water added to the medium in same proportions as GSCS) and positive controls
(10% Triton X-100 in medium), respectively. HNECs-ALI cultures were kept on a heating platform at 37°C
during measurements. The TEER values were measured every 10 minutes up to two hours after the
application of test compounds 4%8. The TEER measurements were normalized to the negative control.
Transepithelial electrical resistance studies were carried out independently three times with two wells per

treatment (n=6).

Fluorescein isothiocyanate-dextran permeability assay

A two-hour incubation of HNECs-ALI cultures with treatments was performed, then cells were
washed with PBS and 1:10 fluorescein isothiocyanate (FITC)-dextran 0.3 mg/ml (Sigma-Aldrich, St. Louis,
MO, USA) was added to the cells for two hours. The amount of FITC-dextran was quantified in the medium
from the basal chamber of the Transwell by measuring fluorescence with a microplate reader (FLOUstar
Optima; BMG Labtech, Ortenberg, Germany) 439, Relative permeability measurements were compared to the
negative control. Permeability studies were carried out independently three times with two wells per

treatment.

Lactate dehydrogenase cytotoxicity assay

After exposure of the HNECs to different treatment groups for two hours followed by another two
hours to FITC-dextran, the supernatants from the basal chambers were collected from all the wells. Lactate
dehydrogenase (LDH) was assayed using a Cytotoxicity Detection Kit (Promega Australia, Alexandria NSW,
Australia). Briefly, the supernatants were centrifuged at 250 x g, 4°C for 4 minutes and 50 pl aliquots were
transferred into duplicate wells of a 96 well plate. Then, 50 ul of Substrate Mix dissolved in Assay Buffer was
added and the plate was then incubated for 30 minutes at room temperature, in the dark. Finally, the

absorbance was read at 490 nm by a microplate reader (Imark plate reader, Bio-Rad) following the addition
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of a 50 pl Stop Solution. Cell viability percentage was reported after correction for the absorbance of the
medium as background. Viability studies were carried out independently three times with four wells per

treatment (n=12)440,

The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT) cytotoxicity assay

After exposure of the HNECs to different treatment groups for two hours and 15 minutes, the cells
were washed with PBS and MTT assay was performed according to the protocol reported by Plumb, 1999
441, Briefly, the cells were exposed to 100 pl ALI-complete medium and 25 ul MTT (5 mg/ml) and incubated
for 4 hours at 37 °C humidified air with 5% CO>. Then, the supernatants were removed, and MTT-formazan
crystals were dissolved by adding 200 pl Dimethyl sulfoxide (DMSO) and glycine buffer (0.1 M glycine, 0.1
M NaCl adjusted to pH 10.5 with 1 M NaOH). The plate was then incubated overnight at room temperature,
in the dark on a shaking platform. Finally, the absorbance was read at 470 nm by a microplate reader (Imark
plate reader, Bio-Rad). Cell viability percentage was reported after correction for the absorbance of the
medium as background. Viability studies were carried out independently three times with two wells per

treatment (n=6)*490.

Interleukin 6 inflammatory marker Enzyme-Linked Inmunosorbent Assay (IL-6 ELISA)

After exposure of the HNECs to different treatment groups for two hours followed by another two
hours to FITC-dextran, the basal chamber's supernatants were quantified for IL-6 concentration using an
Enzyme-Linked Immunosorbent Assay (ELISA) kit (BD Biosciences, Franklin Lakes, NJ, USA) according to
the manufacturer’s instructions. The experiment was carried out independently three times with two wells per

treatment. The concentration (pg/ml) of IL-6 was calculated using a standard curve 442,

Ciliary beat frequency measurements

HNEC-ALI cultures were exposed to GSCS or control for 2 hours and CBF was evaluated every 10
minutes up to two hours using a 20x objective, and magnification x1.5 on an inverted microscope (Olympus
IX70; Olympus, Tokyo, Japan) and a Model Basler acA645-100um USB3 camera (Basler AG, Ahrensburg,
Germany) was used to record videos at 100 frames per second at a resolution of 640 x 480 pixels. The
recorded videos were analyzed using the Sisson-Ammons Video Analysis (SAVA) system. HNECs-ALI
cultures were washed twice with PBS, then a baseline CBF was taken after applying 100 pl of media on
HNECs, before exposing the cells to treatment groups, medium (negative control) and 10% Triton X-100
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(positive control). The HNECs-ALI cultures were returned to the incubator at 37°C between readings. The

experiments were performed in 6 replicates and the results were normalized to baseline 3.

Morphology assessment of HNECs exposed to GSCS; Localization of GSCS in apical area and
intercellular space

To determine the distribution of GSCS once exposed to the HNECs along with the effect of GSCS
on the morphology of HNECs, HNEC-ALI cultures were incubated for different periods with treatments,
including media (negative control, 2 h), GSCS (44 ppm, 15 min and 2 h) and 10% Triton x-100 (positive
control, 2 h). Following washing with 5% dextrose (3 times), the HNEC-ALI cultures were fixed overnight at
40 °C in a solution of 4% paraformaldehyde, 1.25% glutaraldehyde in phosphate buffer pH7.2 to which 4%
sucrose had been added. They were then washed in phosphate buffer and post fixed in Osmium tetroxide
for 1 h. After that, they were dehydrated through a series of ethanols followed by propylene oxide and
epon/araldite resin before being placed in embedding molds with fresh resin and set in an oven at 60 °C for
48 h. One-micron survey sections were cut on a Leica UC7 ultramicrotome, mounted on glass slides and
stained with 0.05% toluidine blue made up in borax buffer then imaged with a light microscope. When a
suitable area was found, 90 nm sections were cut using a diamond knife and collected onto 200 mesh copper
grids. These unstained grids were examined with a Tecnai G2 spirit 120kV TEM (FEI, Hillsboro, USA) and
digital images recorded with AMT Nanosprint 15 MKII (AMT Imaging Direct, Woburn, USA). For TEM images,
GSCS were spotted onto formvar/carbon 200 mesh grids (ProSciTech, Townsville, Australia) and TEM was
performed by a Tecnai G2 Spirit TWIN Transmission Electron Microscope (FEI, Hillsboro, USA), operating
at 100KV, to confirm the morphology and size of GSCS, respectively.

Transportation of GSCS from apical to basal chamber across HNEC-ALI cultures

HNECs grown in ALI-culture Transwell plates were incubated for different periods with treatments,
including media (negative control, 2 h), GSCS (treatment groups, 44 ppm, 15 min and 2 h) and 10% Triton
x-100 (positive control, 2 h). Then the media was collected at the basal chamber to evaluate the presence of
GSCS. The GSCS concentration was determined by inductively coupled plasma mass-spectrometry (ICP-
MS, Perkin Elmer Nexion 350D). A silver (Ag) calibration was made in 2% HNO3 ranging from 0.01 ppb to
20 ppb. The samples were diluted 10 and 20 times in 2% HNO3 and Iridium were used as internal standard.
All results were corrected for the internal standards. A calibration curve was created from the calibrants (0,01
ppb-20 ppb) and the cal blank was used representing 0% Ag. The intensities (counts) from the samples were
then compared to the calibration curve with known concentrations. The accuracy of the calibration curve was
tested by using a known concentration of Ag (1 ppb of QC27) from another source. The accuracy of the
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calibration throughout the run was tested by checking a specific concentration from the calibration, in this
case, the 1 ppb standard was used, a few times during the run, and at the end of the run, to make sure the

calibration was still valid

Statistical Analysis

GraphPad Prism (version 8.00, GraphPad Software, La Jolla, U.S.) was used for data analysis and
graphing. Data were presented as the mean + standard error of the mean (SEM) using analysis of variance
(ANOVA), with Tukey honestly significant difference (HSD) post hoc test to evaluate significance between

treatment groups.

Results
Transepithelial electrical resistance

Primary human nasal epithelial cell air liquid interface (HNEC-ALI) cultures were established from 3
CRS and 3 non-CRS control patients. The GSCS reduced the TEER values of HNEC-ALI cultures in a dose
dependent way in cells derived from both patient groups after 10-20 . TEER values remained low for the

remainder of the two hours of incubation (figure 1.4).
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Figure 1.4 Transepithelial electrical resistance of HNECs-ALI cultures derived from CRS and non-CRS
control patients exposed to GSCS after two hours.

Transepithelial electrical resistance was quantified after a two-hour exposure of GSCS at 44, 87 and 175
ppm on HNEC-ALI cultures from (a) non-CRS control patients and (b) CRS patients. Negative and positive
controls were medium and 10 % Triton X-100, respectively. The values are shown as means + SEM for n =
6 ANOVA followed by Tukey HSD post hoc test. ****p < 0.0001. HNECs = human nasal epithelial cells; ALI;
air-liquid interface; CRS; chronic rhinosinusitis; GSCS; green synthesized colloidal silver
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Paracellular permeability
Application of GSCS for 2 hours did not have a significant effect on the paracellular permeability of
FITC-dextran in HNEC-ALI cultures compared to the negative control, measured 4 hours after application of

the test compounds (Figure 2.4).
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Figure 2.4 Paracellular permeability of HNECs-ALI cultures derived from CRS and non-CRS control patients

exposed to GSCS after two hours.

Fluorescein isothiocyanate (FITC)-dextran was quantified after a two-hour exposure of GSCS at 44, 87 and
175 ppm on HNECs-ALI cultures from (a) non-CRS control patients and (b) CRS patients. Negative and
positive controls were medium and 10 % Triton X-100, respectively. The values are shown as means + SEM
for n = 6. ANOVA followed by Tukey HSD post hoc test. ****p < 0.0001.

Cytotoxicity

Cell viability was evaluated by quantification of LDH release in the medium of HNEC-ALI cultures as
well as the enzymatic reduction of MTT to the blue MTT-formazan crystals after exposure to GSCS for 2
hours for the LDH assay as well as 15 minutes and 2 hours for MTT assay, respectively. No significant
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difference in LDH levels and the absorbance of the MTT-formazan solution was seen compared to negative
control in both CRS and non-CRS control patients (Figure 3.4).
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Figure 3.4 Lactate dehydrogenase secretion and MTT-formazan assay of HNEC-ALI cultures derived from

CRS and non-CRS control patients exposed to GSCS for two hours and 15 minutes.

Lactate dehydrogenase was quantified after a two-hour exposure of GSCS at 44, 87 and 175 ppm on HNECs-
ALl cultures from (a) non-CRS control and (b) CRS patients. The absorbance of formazan solution was
measured after a two-hour and 15-minute exposure of GSCS at 44 ppm on HNECs-ALI cultures from (c)
CRS and (d) non-CRS control patients. Negative and positive controls were medium and 10% Triton X-100,
respectively. The values are shown as means + SEM for n = 12 and 6, respectively. ANOVA followed by
Tukey HSD post hoc test. ***p < 0.001; ****p < 0.0001.

Interleukin 6 (IL-6) secretion

Application of GSCS for 2 hours did not induce IL-6 protein secretion by HNECs-ALI cultures derived
from either CRS or non-CRS control patients compared to the negative control (medium), measured 4 hours
after application of the test compounds (Figure 4.4). In contrast, the positive control (10% Triton X-100 in

medium) induced a significant increase in IL-6 protein levels when compared with the negative control.
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Figure 4.4 Interleukin-6 secretion of HNECs-ALI cultures derived from CRS and non-CRS control patients

exposed to GSCS for two hours.
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Interleukin-6 was quantified after a two-hour exposure of GSCS at 44, 87 and 175 ppm on HNECs-ALI
cultures from (a) non-CRS control patients and (b) CRS patients. Negative and positive controls were medium
and 10 % Triton X-100, respectively. The values are shown as means + SEM for n = 6. ANOVA followed by
Tukey HSD post hoc test. ****p < 0.0001.

Ciliary beat frequency

HNEC-ALI cultures were treated with different concentrations of GSCS, medium (negative control)
and 10% Triton X-100 in medium (positive control) for two hours (Figure 5.4). The cilia beat frequency (CBF)
was assessed at different time points (0, 10, 20, 30, 40, 50 minutes, 1, 1.5 and 2 hours). There was no
significant difference in CBF compared to the negative control for any of the test solutions at any of the time
points. In contrast, the positive control induced a significant reduction in CBF compared to negative control

at all-time points when compared with time 0.
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Figure 5.4 Ciliary Beat Frequency of HNECs-ALI cultures derived from CRS and non-CRS control patients
exposed to GSCS after two hours.

Ciliary Beat Frequency was measured after a two-hour exposure of GSCS at 44, 87 and 175 ppm on HNEC-
ALl cultures from (a) non-CRS control patients and (b) CRS patients. Negative and positive controls were
medium and 10 % Triton X-100, respectively. The values are shown as means £ SEM for n=6. ANOVA
followed by Tukey HSD post hoc test. * p < 0.05; **, p < 0.01; ***, p <0.001; ****p < 0.0001.

Ultrastructure of GSCS and HNEC-ALI cultures exposed o GSCS
TEM images showed the presence of spherical GSCS (Figure 6.4a). Moreover, GSCS had no impact

on morphology, cilia structure and tight junctions in treatment groups of HNECs derived from both control
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(Figure 6.4c and d) and CRS (Figure 6.4g and h) patients in comparison to the negative control (Figure 6.4b
and f). In contrast, in positive control samples, (Figure 6.4e and i) there was evidence of plasma membrane
disruption and cell morphological changes. Furthermore, no GSCS was detected on the apical side (Figure

6.41, n, tand v) and intercellular space (Figure 6.4m, o, u and w) of HNEC-ALI cultures exposed to GSCS for
15 min and 2 h.
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Figure 6.4 Morphology and size of GSCS, the morphology of HNECs exposed to GSCS and the distribution
of GSCS in apical and intercellular space of HNECs.

Transmission electron microscopy (TEM) images of (a) GSCS, morphology of the HNECs derived from
control patient exposed to (b) media (negative control), (c) GSCS (15 min), (d) GSCS (2 h) and (e) 10% Triton
X-100 (negative control), and the HNECs derived from CRS patient exposed to (f) media (negative control),
(g) GSCS (15 min), (h) GSCS (2 h) and (i) 10% Triton X-100 (negative control), apical area of HNECs derived
from control patient exposed to (j) media (negative control), (k) GSCS (15 min), (I) GSCS (2 h) and (m) 10%
Triton X-100 (negative control), intercellular space of HNECs derived from control patient exposed to (n)
media (negative control), (0) GSCS (15 min), (p) GSCS (2 h) and (q) 10% Triton X-100 (negative control),
apical area of HNECs derived from CRS patient exposed to (r) media (negative control), (s) GSCS (15 min),
(t) GSCS (2 h) and (u) 10% Triton X-100 (negative control), intercellular space of HNECs derived from CRS
patient exposed to (v) media (negative control), (w) GSCS (15 min), (x) GSCS (2 h) and (y) 10% Triton X-

100 (negative control).
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The presence of GSCS in the basal chamber

Primary human nasal epithelial cell air liquid interface (HNEC-ALI) cultures were established from 3
CRS and 3 non-CRS control patients. After incubation of HNECs with different treatment groups, the
presence of GSCS was evaluated by ICP-MS in the samples taken from the basal chamber (Table 1.4).
Based on the results, the presence of GSCS in the treatment groups is not significant in comparison to the

negative control (Figure 7.4).

Table 1.4 Inductively coupled plasma-mass-spectrometry (ICP-MS) analysis of GSCS.

Patient diagnosis Patient ID Treatment groups GSCS concentration (ppb)
CRS 8339 Negative control less than 0.1
GSCS 15 min 0
GSCS 2h 0.32
8341 Negative control 1.4
GSCS 15 min 0.2
GSCS 2h 0.43
8344 Negative control less than 0.1
GSCS 15 min 0.15
GSCS 2h 0.45
Control 8345 Negative control 0.2
GSCS 15 min 0.1
GSCS 2h 0.61
8346 Negative control 0
GSCS 15 min 0
GSCS 2h 0.3
8351 Negative control 0.1
GSCS 15 min less than 0.1
GSCS 2h 0.27
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Figure 7.4 Inductively coupled plasma-mass-spectrometry (ICP-MS) analysis of GSCS.

The concentration of Ag was measured after 2 h incubation of HNECs with GSCS in the media collected from
the basal chamber of ALI-culture plates from (a) non-CRS control and (b) CRS patients. The negative control
was medium. The values are shown as means £ SEM for n = 3. ANOVA followed by Tukey HSD post hoc

test.

Discussion

This study assessed the effect of GSCS on the barrier and mucociliary function of HNECs in an air-
liquid interface culture. The GSCS exposure of CRS and non-CRS control HNEC-ALI cultures resulted in a
significant decrease in TEER values which was not accompanied by any significant change in paracellular
permeability of FITC-dextran or alteration in mucociliary function. Furthermore, a 2-hour application of GSCS
even at high 175 ppm concentrations was not toxic and did not enhance the secretion of the pro-inflammatory

cytokine IL-6.

Due to mucociliary clearance, the drug retention time in the nasal cavity is maximum of 15 minutes
3%, Hence, a maximum exposure time of 2 hours of the GSCS was considered sufficient to evaluate the in
vitro safety and effect on the barrier, as is common for in vitro safety testing of compounds to be used as
topical applications to the nose and paranasal sinuses 3. 443, Based on the results 44 ppm CS did not affect

TEER after 10 mins exposure giving a stronger justification for the safety of 44 ppm CS which is going to be used in

the clinical trial because of the efficacy results of this concentration against clinical isolates tested in our previous study

413,
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Paracellular movements of charged and uncharged solutes at epithelial tight junctions is controlled
by the size and charge-selective pores through two different mechanisms. In the first mechanism ions, small
uncharged molecules and water pass through the high-capacity, charge-selective pore pathway which is
regulated by the expression of the claudin family of proteins. In the second mechanism larger ions and
molecules, regardless of charge are transferred via the low-capacity leak pathway which is controlled by
cytoskeletal dynamics or cell homeostasis affecting agents 3%. 444,445 The TEER is one of the methods
measuring the permeability of both pathways and is a simple and rapid indicator of cellular barrier integrity to
examine the toxicity of drugs. It can be influenced by various factors such as the electrodes used, temperature
variations, the media, passage number of cells and cell culture age. The TEER value reduction, accompanied
no change in paracellular permeability of 4 kDa dextran over a long period seen in this study could be due to
enhanced passage of small molecules and ions over the HNECs-ALI cultures via the pore pathway 3%, This
could be due to an effect on the molecular organization of tight junctions or the activation of ionic channels
when exposed to GSCS and it is not considered a sign of toxicity 446. Furthermore, it could be due to the high

osmolality of CS as well as the size, concentration and charge of GSCS 39. 447,

Cytotoxicity of silver nanoparticles is determined by their size, shape, charge, concentration,
solubility, surface functionalization, exposure time, environmental factors and cell type 448. The smaller the
particles, and the higher their concentration, the higher the probability of an increase in epithelial permeability
and induction of toxicity. Additionally, the charge can influence toxicity as negatively charged silver
nanoparticles can be trapped by mucus and agglomerate becoming less toxic 448. Moreover, silver
nanoparticle shape can influence the uptake mechanism via cells and affect toxicity. The GSCS in this study

are spherical and are known to be less toxic than for example star shaped CS 3%,

The interaction between GSCS and HNECs did not induce IL-6 release after two hours of contact
with GSCS in either non-CRS control or CRS HNECs. IL-6 production by cells can be the result of cell
necrosis or pro-inflammatory stimulation 449. The lack of IL-6 release strengthens our finding of the absence
of LDH release and indicates the absence of toxicity with no significant necrosis or inflammatory activation,

in line with previous studies 450-4%3,

The clearance of the airway tract depends not only on appropriate mucus/periciliary fluid production
but also on the coordinated ciliary activity of ciliated cells which requires efficient communication through
junctional complexes in airway epithelia. Ciliary beat frequency (CBF) is an indication of mucociliary
clearance effectiveness and the reflective of the respiratory mucosal function health. The safety of topical

treatments and their potential for ciliotoxicity is demonstrated through the absence of effect on the CBF 3%.
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454 In this study, no significant difference was detected after exposure of HNECs to GSCS for up to two
hours, supporting the absence of ciliotoxicity of GSCS 4%4.

It has been reported that inhaled nanoparticles can embed in olfactory epithelium which then can
undergo transportation from the olfactory bulb to the brain and induce neurotoxicity 455,456,457 458 459 460 461,
462, However, according to our results, GSCS did not cross HNEC-ALI cultures which are further in support

of safety when used topically in the nose.

Conclusion

CRS and non-CRS control HNECs were exposed to green synthesized colloidal silver (GSCS) for
up to two hours. Results showed no evidence of toxicity with preserved mucosal barrier structure and
mucociliary function, even with the highest tested concentration of 175 ppm. Our results indicate the potential

for GSCS to be used as a topical treatment for CRS infectious exacerbation.
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Chapter 5: Conclusion, future prospective and translational prospects
Over the past decades, the emergence and spread of antibiotic-resistant bacteria have had major

implications for society, the economy and medicine, threatening human health and imposing a high burden
on the healthcare system around the world. The already existed antibiotics contain few molecules with a
novel mode of action requiring the development of new antimicrobial agents. These antimicrobial agents
should also be able to eradicate biofilms as they play an important role in infectious disease and are resistant
to antibiotics up to 1000-fold. Different materials have been suggested to be used as a treatment for the eradication
of infection so far, however, only 20% of those materials which enter phase one clinical trials are approved to be used
in patients 463, The success of the drugs depends on different factors such as delivery approach, disease severity,
antimicrobial susceptibility and evasion mechanism of pathogens, suitability for clinical trial and the possibility of
commercialization. Therefore, there is an unmet need for the development of antimicrobial agents which can overcome
those challenges. Colloidal silver (CS) has been recognized as a good bactericidal agent. It can offer the best
treatment for bacterial infectious diseases and be applied topically to reduce side effects, increase the dose
of CS at the site of infection. However, their slow production of them limit their application. The CS further
can alter the susceptibility of bacteria to antibiotics and overcome the antibiotic resistance crisis in the
treatment of infectious diseases. In this thesis, a single 15-minute fabrication method of CS was developed
using Corymbia maculata aqueous leaf extract. The CS was spherical, 40 nm in size and stable for over one
year. They demonstrated efficacy against planktonic and biofilm of gram-positive and gram-negative clinical
isolates from chronic rhinosinusitis (CRS) patients in vitro and in an in vivo C. elegans model. More
spesifically, the CS showed higher efficacy against P. aeruginosa which may be due to the the higher
production of ROS in gram-negative in comparison to the gram-positive bacteria 464, They revealed a non-
toxic effect against airway epithelial cells (Nuli-1) in vitro and in vivo C. elegans model. The combination of
CS and antibiotics improved the efficacy of the antibiotic bactericidal activity. The CS and antibiotic
combination did not interfere with antibiotics through antagonistic mechanisms. The CS enhanced the biofilm
eradication capability of gentamicin through synergism. These findings provide the possibility of conducting
a human trial to assess the efficacy of CS in which the CS will be used as a sinonasal rinse to reduce infection
in CRS patients. However, evaluating the safety on the mucosal barrier structure and function is essential
before conducting human trials. Consequently, CRS and non-CRS control human nasal epithelial cells were
exposed to CS and the results showed no evidence of toxicity with preserved mucosal barrier structure and
mucociliary function. The outcomes indicate the potential for the CS to be used as a topical treatment for
CRS infectious exacerbation. A phase one clinical trial is going to be carried out at the Queen Elizabeth
Hospital, Woodville, SA, Australia. The CS will be produced under the Good Laboratory Practice procedure
at the Basil Hetzel Institute for Translational Health Research/the University of Adelaide. The CS is going to

be used as a nasal rinse by patients suffering from chronic rhinosinusitis to eradicate infection. This treatment
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may be beneficial for the life of almost 3 million Australians suffering from chronic rhinosinusitis. Finally, the
CS can be used topically for other infections such as wound infection and burn wounds.
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