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ABSTRACT

DEVELOPMENT OF A COMBINED PHOTODYNAMIC
AND SONODYNAMIC THERAPY FOR THE TREATMENT
OF BACTERIAL INFECTIONS

Antimicrobial resistance is one of the biggest threats to global health. Devel-
oping new treatment modalities that can eradicate pathogens without inducing drug
resistant strains, is of great necessity. Photodynamic therapy (PDT) is such a promising
modality that aims to destroy pathogens using light-activated drugs, but is limited by
the light penetration depth in tissues. Its close relative, sonodynamic therapy (SDT),
has the capability to overcome this limitation, due to the superior tissue penetration
of low-intensity ultrasound compared to light, but the full potential of this therapy
has not been realized yet. The aim of this PhD research was to develop an efficient
antimicrobial therapy via the combination of PDT and SDT. For this purpose, IR780 io-
dide loaded mesoporous silica nanoparticles were synthesized, and their antimicrobial
photodynamic and sonodynamic potentials against gram-positive Staphylococcus au-
reus and methicillin resistant Staphylococcus aureus, and gram-negative Pseudomonas
aeruginosa and multi drug resistant Pseudomonas aeruginosa, were investigated. The
antimicrobial photodynamic and sonodynamic potentials of free IR780 iodide were
also investigated. The outcomes of the conducted studies demonstrated that both
IR780 iodide and IR780 iodide loaded mesoporous silica nanoparticles can be utilized
as photo/sono therapeutic agents, for the effective inactivation of drug resistance bac-
teria. However, IR780 iodide loaded mesoporous silica nanoparticles are more suitable

for clinical application.

Keywords: Photodynamic therapy, Sonodynamic therapy, Antimicrobial resistance,
IR780 iodide, Mesoporous silica nanoparticles, methicillin resistant Staphylococcus au-

reus, multi drug resistant Pseudomonas aeruginosa.
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OZET

BAKTERIYEL ENFEKSIYONLARIN TEDAVISI ICIN
FOTODINAMIK VE SONODINAMIK KOMBINE TERAPI

Antimikrobiyal direng, kiiresel saglhga yonelik en biiyiik tehditlerden biridir.
Ilaca direncli suglar indiiklemeden patojenleri ortadan kaldirabilecek yeni tedavi yon-
temleri geligtirmek biiyiik bir zorunluluktur. Fotodinamik tedavi (FDT), 1gik ile ak-
tive edilen ilaclar1 kullanarak patojenik yapilar1 yok etmeyi amaclayan, umut vadedici
bir yontemdir, ancak dokulardaki i1g1k penetrasyon derinligi ile sinirhdir. Yakin bagil,
sonodinamik tedavisi (SDT), 18a kiyasla diigiik yogunluklu ultrasonun iistiin doku
penetrasyonu nedeniyle bu sinirlamanin iistesinden gelme yetenegine sahiptir, ancak
bu tedavinin tam potansiyeli heniiz gergeklegtirilmemistir. Bu doktora aragtirmasinin
amaci, FDT ve SDT kombinasyonu ile etkili bir antimikrobiyal tedavi geligtirmekti.
Bu amagla, IR780 iyodiir yiiklii mezopor silika nanopartikiiller sentezlendi, gram-
pozitif Staphylococcus aureus ve metisiline direncli Staphylococcus aureus ve gram-
negatif Pseudomonas aeruginosa ve cok ilaca direncli Pseudomonas aeruginosa'ya karsi
antimikrobiyal fotodinamik ve/ veya sonodinamik potansiyelleri aragtirildi. Serbest
IR780 iyodiiriin antimikrobiyal fotodinamik ve/ veya sonodinamik potansiyelleri de
aragtirildi. Yapilan caligmalarin sonuglari, IR780 iyodiir ve TR780 iyodiir yiiklii mezo-
por silika nanopartikiillerin, ilag direngi bakterilerinin etkili inaktivasyonu i¢in foto/
sono terapdtik ajanlar olarak kullanilabilecegini gostermigtir. Bununla birlikte, IR780

iyodiir yiiklii mezopor silika nanopartikiiller klinik uygulama icin daha uygundur.

Anahtar Sozciikler: Fotodinamik tedavi, Sonodinamik tedavi, Antimikrobiyal di-
reng, IR780 iyodiir, Mezopor silika nanopartikiiller, metisiline direncli Staphylococcus

aureus, ¢cok ilaca direncli Pseudomonas aeruginosa.
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triplicate experiments (n—3).
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Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Viability of MRSA after combined SDT and PDT using 1-MHz
ultrasound unit (1.5 W/em?, 50% duty cycle, 3 min), 785 nm
diode laser (500 mW /ecm?; 5 min), and MSN@QIR780 (150 g /ml).
SPDT: SDT followed by PDT. % indicates statistical significance
(P < 0.05) compared to the control group. =x indicates sta-
tistical significance (P < 0.05) compared to SDT group. Data
represent mean values + SD of triplicate experiments (n=3).
Viability of MDR P. aeruginosa after combined SDT and PDT
using 1-MHz ultrasound unit (1.5 W/cm?, 50% duty cycle, 3
min),785 nm diode laser (500 mW /cm?, 5 min), and MSN@IR780
(250 pg/ml). SPDT: SDT followed by PDT. % indicates statis-
tical significance (P < 0.05) compared to the control group. x
indicates statistical significance (P < 0.05) between the two re-
lated groups. Data represent mean values 4+ SD of triplicate
experiments (n=3).

Viability of MRSA after combined SDT and PDT using 1-MHz
ultrasound unit (1.5 W/em?, 50% duty cycle, 3 min), 785 nm
diode laser (500 mW /cm?, 5 min), and MSN@IR780 (150 pg/ml)
in the presence and absence of NaN3 (50 mM). * indicates sta-

tistical significance (P < 0.05) compared to the control group.
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Data represent mean values + SD of triplicate experiments (n=3). 72

Viability of MDR P. aeruginosa after combined SDT and PDT
using 1-MHz ultrasound unit (1.5 W/cm?, 50% duty cycle, 3
min), 785 nm diode laser (500 mW /cm?, 5 min), and MSN@QIR780
(250 pg/ml) in the presence and absence of NaN3 (50 mM).
indicates statistical significance (P < 0.05) compared to the con-
trol group. Data represent mean values + SD of triplicate exper-
iments (n=3).

Thermal change analysis obtained using an infrared thermal cam-
era for the control (PBS, pH 7.4) and MSN@IR780 (250 pg/ml),
under 785 nm laser light irradiation (500 mW /cm?, 5 min). Data

represent mean values of triplicate experiments (n=3).
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Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

Thermal change analysis obtained using an infrared thermal cam-
era for the control (PBS, pH 7.4) and MSN@IR780 (250 pg/ml),
1-MHz US irradiation (1.5 W/cm?, 50% duty cycle, 3 min). Data
represent mean values of triplicate experiments (n=3).

Thermal change during PDT (785 nm laser light, 500 mW /cm?, 5
min), for the different tested bacterial strains, obtained using an
infrared thermal thermometer. MSN@IR780 concentrations used
were 150 pg/ml for S. aureus (ATCC 25923) and MRSA, and 250
pg/ml for P. aeruginosa (ATCC 27853) and MDR P. aeruginosa.
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Data represent mean values + SD of triplicate experiments (n=3). 75

Thermal change during SDT (1.5 W/em?, 50% duty cycle, 3
min), for the different tested bacterial strains, obtained using an
infrared thermal thermometer. MSN@IR780 concentrations used
were 150 pg/ml for S. aureus (ATCC 25923) and MRSA, and 250
pg/ml for P. aeruginosa (ATCC 27853) and MDR, P. aeruginosa.

Data represent mean values + SD of triplicate experiments (n=3). 75

ROS production shown as a decrease in DPBF absorbance at
410 nm under 785 nm laser light irradiation (500 mW /cm?) for
a duration of 5 min, in the presence of MSNQIR780 (0, 150
and 250 pg/ml). Data represent mean values + SD of triplicate
experiments (n=3).

ROS production shown as a decrease in DPBF absorbance at 410
nm US irradiation (1.5 W/em?, 50% duty cycle) for a duration
of 3 min, in the presence of MSN@IR780 (0, 150 and 250 pg/ml).
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Data represent mean values + SD of triplicate experiments (n=3). 77

Post-treatment biofilm formation by MRSA, assessed by CV as-
say 24 h post treatments: Control; no laser and no nanoparticles,
SDT; MSN@IR780 (150 pg/ml) with US (1.5 W/em?, 50% duty
cycle, 3 min), PDT; MSN@IR780 (150 pg/ml) with laser light
(500 mW /cm?, 5 min); SPDT; SDT followed by PDT. * indicates

statistical significance (P < 0.05) compared to the control group.

Data represent mean values + SD of triplicate experiments (n=3). 78



Figure 5.26

Figure 5.27

Figure 5.28

Post-treatment biofilm formation by MDR P. aeruginosa, as-
sessed by CV assay 24 h post treatments: Control; no laser and
no nanoparticles, SDT; MSN@IR780 (250 pg/ml) with US (1.5
W /em?, 50% duty cycle, 3 min), PDT; MSN@IR780 (250 11g/ml)
with laser light (500 mW /cm?, 5 min); SPDT; SDT followed by
PDT. Data represent mean values 4= SD of triplicate experiments
(n=3).

SEM images of MRSA biofilms 72 h post treatments: (A) Con-
trol; no laser, no US, and no nanoparticles. (B) MSN@IR780
SDT; MSN@IR780 (150 pg/ml) with US (1.5 W/em?, 50% duty
cycle, 3 min). (C) MSN@IR780 PDT; MSN@QIR780 (150 pg/ml)
with laser light (500 mW /cm?, 5 min). (D) MSN@IR780 SPDT;
SDT followed by PDT. Left column (1000x), middle column
(5000x), right column (20 000x).

SEM images of MDR P. aeruginosa biofilms 72 h post treat-
ments: (A) Control; no laser, no US, and no nanoparticles.

(B) MSN@IR780 SDT; MSN@IR780 (250 pg/ml) with US (1.5
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(250 p1g/ml) with laser light (500 mW /cm?, 5 min). (D) MSNQIR780
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1. INTRODUCTION

1.1 Motivation

Antimicrobial resistance poses a global serious threat to public health. Infec-
tions caused by drug resistant microorganisms including soft-tissue infections, oral
infections, burn infection, and surgical wound infections, often fail to respond to an-
timicrobial drugs, resulting in prolonged illness, increased risk of spreading resistant
microorganisms to others, and a greater risk of death [1],[2],[3]. This problem has moti-
vated researchers to search for and develop alternative treatments to combat microbial
infections, such as photodynamic therapy (PDT), sonodynamic therapy (SDT), and
photothermal therapy (PTT).

PDT is a promising treatment. It is based on the use of light and a drug called
photosensitizer (PS) in the presence of oxygen to produce cytotoxicity of target tissues
or microorganisms. SDT is a close relative to PDT that involves the use of ultrasound
instead of light to activate the photosensitizers. Photothermal therapy (PTT) on the
other hand, relies on the generation of hyperthermia to destroy target tissues and
microorganisms. These therapies have advantages over conventional therapies, such as
the unlikelihood of developing resistance to therapy after repeated use, which is the
case with the repeated use of antibiotics [4],[5],[6]. Also, the treatments are non-toxic
and easy to apply. However, the full promise of these therapies has not been realized
yet, and each therapy suffers from low treatment efficiency. An approach to combine
multiple therapies is expected to result in enhanced cytotoxic effect, and improved

efficiency.

The aim of this research is to develop an efficient combined therapy for the treat-
ment of bacterial infections caused by resistant bacteria. For this purpose, two separate
studies are conducted, one employing IR780 iodide, and the second employing IR780

iodide loaded mesoporous silica nanoparticles, for a combined photodynamic and son-



odynamic therapy against Staphylococcus aureus, methicillin resistant Staphylococcus
aureus, Pseudomonas aeruginosa, and multi drug resistant Pseudomonas aeruginosa.
To our knowledge, this is the first study to combine PDT and SDT using IR780 iodide or
IR780 iodide loaded mesoporous silica nanoparticles on reference and resistant strains

of gram-positive Staphylococcus aureus, and gram-negative Pseudomonas aeruginosa.

1.2 Objectives

1. Synthesizing IR780 iodide loaded mesoporous silica nanoparticles, characterizing
the nanoparticles, and assessing their photothermal, photodynamic and sonody-

namic potentials.

2. Assessing the main parameters (power density, irradiation time, photosensitizer
dose) of photodynamic therapy with near-infrared laser (785nm) and its appropri-
ate photosensitizer (IR780 iodide, IR780 iodide loaded mesoporous silica nanopar-

ticles).

3. Assessing the main parameters (US power density, irradiation time, US duty
cycle, sonosensitizer dose) of sonodynamic therapy with TR780 iodide or IR780

iodide loaded mesoporous silica nanoparticles.

4. Investigating the photodynamic, sonodynamic, and combined photodynamic and
sonodynamic potentials of IR780 iodide against reference and resistant strains
of gram-positive Staphylococcus aureus and gram-negative Pseudomonas aerug-

inosa in vitro, and testing for any thermal effect involved.

5. Investigating the photodynamic, sonodynamic, and combined photodynamic and
sonodynamic potentials of IR780 iodide loaded mesoporous silica nanoparticles
against reference and resistant strains of gram-positive Staphylococcus aureus
and gram-negative Pseudomonas aeruginosa in vitro, and testing for any thermal

effect involved.



1.3 Outline

Chapter 2 presents background on infections, common infection causing bac-

teria, photodynamic therapy, and sonodynamic therapy, with latest research in the

field.

Chapter 3 presents the preliminary studies that were conducted to determine
the nontoxic doses of ultrasound and 785nm laser light on gram-positive Staphylococcus

aureus and gram- negative Pseudomonas aeruginosa.

Chapter 4 presents the in wvitro studies conducted to investigate the photo-
dynamic, sonodynamic and combined photodynamic and sonodynamic potentials of
IR780 iodide on reference and resistant strains of gram- positive Staphylococcus aureus

and gram- negative Pseudomonas aeruginosa.

Chapter 5 presents the in vitro studies conducted to investigate the photo-
dynamic, sonodynamic and combined photodynamic and sonodynamic potentials of
IR780 iodide loaded mesoporous silica nanoparticles on reference and resistant strains

of gram- positive Staphylococcus aureus and gram- negative Pseudomonas aeruginosa.

Chapter 6 gives overall discussion and conclusion of the thesis.



2. BACKGROUND

2.1 Microbes and Infections

Infections are caused by microbes that enter the body, multiply, and cause
harm, illness, or even death. There are many types of microbes: bacteria, viruses,
fungi, and parasites. Infections caused by microbes include soft-tissue infections, oral
infections, burn infections, and surgical wound infections which account for almost
25% of nosocomial infections |7|. Staphylococcus aureus (S. aureus) and Pseudomonas

aeruginosa (P. aeruginosa) are common wound infecting bacteria.

S. aureus is a gram-positive bacterium present in the human microbiota of the
nasal mucosa in about 20-40% of the general population [§]. Meanwhile, it is shown
to be a potential pathogenic causing skin infections, respiratory tract infections, and
post-operative wound infections. S. aureus has a high ability to adapt to, and hence
develop resistance to antibiotics. Methicillin-resistant S. aureus (MRSA) has emerged
in 1961 shortly after methicillin was introduced into clinical practice [8]. MRSA is one
of the most common causes of community and hospital acquired infections that are
becoming very difficult to treat due to the increasing resistance of MRSA to almost
all existing classes of antibiotics [9]. If left untreated, MRSA infections can become

severe, and may cause life-threatening sepsis.

P. aeruginosa is a gram-negative bacterium that is usually found in soil and wa-
ter. It is a leading nosocomial pathogen that is responsible for about 10% of hospital
acquired infections [10], including pneumonias, urinary tract infections, and surgical
site infections [11]. Infections caused by P. aeruginosa are associated with high mor-
bidity and mortality compared to infections caused by other pathogens [11]. In addition
to having intrinsic resistance to many antibiotics, P. aeruginosa is capable of devel-
oping resistance to many antibiotics after therapy [11], leading to the emergence of

multi drug resistance (MDR) P. aeruginosa strains. Multidrug resistant is defined as



resistance to at least three different classes of antimicrobials [12]. According to the
Centers for Disease Control and Prevention (CDC), MDR P. aeruginosa pose serious

threat to public health [13].

2.2 Conventional Treatments and the Emergence of Antimicro-

bial Resistance

Infections are usually treated with antimicrobial drugs (antibacterial, antifun-
gal, antiviral, and antiparasitic drugs). Each time one takes antimicrobial drugs, he
increases the chances that microbes in his body will learn to resist these drugs by
adapting their structure or function, in some way that prevents them from being killed
by the antimicrobial drugs, causing antimicrobial resistance. The development of an-
timicrobial resistance, and the evolution of resistant strains is a natural phenomenon,
however, some human actions, such as the misuse of antimicrobial drugs, accelerate

the emergence of drug resistant strains.

Infections caused by drug resistant strains often fail to respond to antimicrobial
drugs that may have worked effectively before the resistance occurred, leading to pro-
longed illness, delayed healing, and could even become life threatening, especially to
patients with diabetes or who take cancer chemotherapy, and need to undergo a surgery,
since they are at increased risk of post-surgical wound infections |7]. This problem has
become a serious threat to public health that there is urgent need for the development

of innovative and efficient alternative antimicrobial treatments for infections.

2.3 Alternative Therapies to Address the Antimicrobial Resis-

tance

In the search for new alternative therapies to fight against microbial infections

that can overcome the problem of developing resistance to therapy after repeated use,



non-conventional therapies such as photodynamic therapy, photothermal therapy, and

sonodynamic therapy stand as promising alternatives.

2.3.1 Photodynamic Therapy (PDT)

Photodynamic therapy (PDT) involves the use of a drug called a photosensitizer
(PS), along with light of appropriate wavelength, in the presence of oxygen to destroy
target cells or microorganisms. The treatment starts with the administration of a pho-
tosensitizer, either topically or intravenously, followed by the uptake of this compound,
and a selective accumulation in the target cells or microorganisms. Then, the pho-
tosensitizer is irradiated with light of the appropriate wavelength. Upon absorption
of light energy, the photosensitizer gets excited to the first excited singlet state, from
which it can relax to the more long-lived triplet state. This triplet PS can interact
with molecular oxygen in two pathways, type I reaction (electron transfer), and type 11
reaction (photon-induced energy transfer), leading to the formation of oxygen radicals
and singlet oxygen, respectively. The generated reactive oxygen species (ROS) oxidize

intracellular molecules and thereby destroy target cells or microorganisms [14].

The concept of photodynamic therapy as a treatment modality to eradicate
microorganisms has been around for more than a century [15]. However, the potential
of PDT against microbial infections was not utilized for several decades, mainly due
to the discovery of antibiotics. Nevertheless, the rapid emergence of resistance to even
those antibiotics which initially appeared to be highly effective, has revived the interest
in PDT as an antimicrobial therapy. Within the past decade, it has become clear that
PDT has a good potential for the treatment of microbial infections [16],[17],[18],[19].
The suggested mechanisms to account for the lethal damage caused to bacteria by PDT
include: oxidation of membrane lipids, cross-linking of proteins, and oxidative damage
to nucleic acids (Figure 2.1), which result in the disruption of the normal functioning

of the microorganism [20)].
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Figure 2.1 Schematic illustration of photodynamic therapy on bacteria.

Oxidation of membrane lipids

PDT possesses several favorable features such as:

e Broad spectrum of action, since one photosensitizer can act on bacteria, fungi,

yeasts, and parasitic protozoa.
e Small probability to promote the onset of mutagenicity.
e Localized treatment with minimal toxicity to healthy tissue.
e Ease of application.

e And most important in the treatment of microbial infections, is that chances that
microorganisms can develop resistance to PDT are highly unlikely, which means

that repeated administrations of PDT can be applied |21].

The main limitation of PDT is that the light needed to activate most photosen-
sitizers cannot pass more than about one centimeter through the tissue, which limits
the application of PDT to superficial areas on or just under the skin, or on the lining
of internal organs |22],]23]. To overcome this issue, ultrasound has been suggested as
an alternative energy source to excite the photosensitizers, as it has superior tissue
penetration. Besides, most of the photosensitizers can be excited by ultrasound as

well, and thus ca be used as sonosensitizers [24],[25].



2.3.2 Sonodynamic Therapy (SDT)

Similar to PDT, SDT starts by the administration of a sonosensitizer, followed
by uptake of this compound, and a selective retention in the target tissue. The tar-
get tissue is then irradiated by ultrasound. Ultrasound interacts with surrounding
aqueous environment, and results in the presence of a unique phenomenon known as
acoustic cavitation [24]. As a result of acoustic cavitation, ROS will be generated.
Although the exact mechanism by how ROS are generated by acoustic cavitation is
not fully understood, there are two accepted hypotheses to explain that; the first hy-
pothesis suggests that the high energy release associated with acoustic cavitation can
lead to sonolysis of water molecules and/or the sonosensitizer molecules. The formed
radicals can then react with oxygen, triggering the production of ROS. The second
hypothesis suggests the involvement of sonoluminescence (light generated as a result
of enormous concentration of energy associated with acoustic cavitation), in the gen-
eration of ROS by triggering a purely photodynamic process [26]. According to this
hypothesis, the sonosensitizer can be activated to an excited state upon absorption of
the emitted sonoluminescent light, and can experience the two types of reactions as in
PDT (Figure 2.2) [27]. SDT has been recently investigated as an antimicrobial therapy
[28],129],[30],[31],[32],[33],|34],[35]-
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Figure 2.2 Schematic illustration of mechanism of sonodynamic therapy [27].
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2.3.3 Photosensitizers, Sonosensitizers, and Nanocarriers

The choice of the photo/sonosensitizer plays an important role in the success of
PDT and SDT. The prerequisites for an ideal sensitizer include chemical purity, chem-
ical and physical stability, activation at wavelengths with optimal tissue penetration
(for PDT), low dark toxicity, solubility in water, high quantum yield of the long-lived
triplet state, selectivity for target cells, short time interval between administration

and maximal accumulation within target tissues, and rapid clearance from the body

[36],[37].

IR780 iodide is a near-infrared (NIR) dye with a peak absorption of 780 nm
in human plasma, which coincides with the therapeutic window (600-1000 nm) [38§],
allowing relatively deeper tissue penetration. IR780 iodide has some favorable char-
acteristics that make it desirable for use in medical diagnosis and therapy: Its high
fluorescence intensity and preferential accumulation in tumor cells, make it a desirable
dye for medical imaging [39],[40],[41], its ability to generate heat upon laser irradiation,
enables its utilization as a photothermal agent in photothermal therapy [41],[42] and
its capability of producing reactive oxygen species, makes it a promising agent for use

as a photosensitizer in PDT [43],[44],[45], and as a sonosensitizer in SDT [46].

Despite the favorable characteristics of IR780 iodide, its hydrophobicity and
toxicity limit its clinical application [44],[45]. To overcome these limitations, the use
of nanoparticles to encapsulate and deliver TR780 iodide to target cells, stands as a

promising approach [44],[45],[47],[48],[49].[50],[51].

The use of nanoparticles as photo/sonosensitizer carriers in PDT/SDT can re-

solve some of the challenges associated with classical PDT/SDT such as:

e Increasing the amount of photo/sonosensitizer that can be delivered to target

cells (cancer cells, microbial cells), due to their large surface to volume ratios.

e Preventing the premature release of photo/sonosensitizer and potential inactiva-
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tion of the drug by plasma components, which reduce the efficacy of conventional

PDT/SDT.

e Their surface can be further modified with functional groups or targeting agents,
thereby improving the biodistribution pharmacokinetics, cell uptake, and target-

ing abilities. [52],[53],[54],[55],[56],[57],[58].[59].

In recent years, mesoporous silica nanoparticles (MSN) have received high at-
tention for their potential biomedical applications, especially as nanocarriers, due to
their unique properties such as ease of synthesis, controllable particle size, good bio-
compatibility, easy functionalization, and large specific surface area and pore volume,

enabling high loading capacity of drugs [60],|61],[62],[63],[64],65].

The anticancer and antimicrobial photodynamic potentials of MSN encapsulat-
ing different PSs have been investigated so far with promising results [66],[67],[68],[69],
[70],[71],[72],|73],[74],[75],[76],[77]. It was only recently that the anticancer photody-
namic potential of MSNs loaded with TR780 iodide was investigated in a study con-
ducted by Yu et al. [78]. In the study, manganese doped MSNs were synthesized,
loaded with IR780, further coated with manganese, and their anticancer effect was
investigated on mouse oral cancer (MOC2) and Lewis lung carcinoma (LLC) cells in
vitro, and MOC?2 injected mice in vivo. The results of the in vitro studies indicated that
the designed nanoplatform induced a higher cell-killing effect than IR780 iodide alone,
while the results of the in vivo studies demonstrated that the designed nanoplatform

inhibited tumor growth and tumor metastasis.

The anticancer and antimicrobial sonodynamic potentials of MSN loaded with

sonosensitizers were investigated in few studies [79],[80].
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2.3.4 Antimicrobial combined photodynamic and sonodynamic therapy

The scientific basis of both PDT and SDT relies on the generation of ROS,
and the fact that both PDT and SDT trigger similar events and induce similar bio-
logical responses has motivated researchers to investigate the combined effect of the
two therapies for cancer treatment [81],[82],]83],[84],[85]. Xu et al. reported the first
integrative use of PDT and SDT for the treatment of antibiotic resistant bacteria. In
his study, hematoporphyrin monomethyl ether (HMME) was enclosed into the core of
yolk-structured multifunctional up-conversion nanoparticles (UCNPs). The combined
PDT and SDT efficacy of these UCNPs for the inhibition of MRSA and extended
spectrum beta-lactamase (ESBL)-producing E. coli strains, was tested in wvitro. Re-
sults revealed that the combined PDT and SDT resulted in a greater inhibition rate
(100%) as compared with either PDT (74.2%) or SDT (70%) alone [86]. Few studies
have recently investigated the combined effect of PDT and SDT for bacterial infections
[87],[88].

To our knowledge, the antimicrobial photodynamic and sonodynamic potentials

of MSN encapsulating IR780 iodide has not been investigated so far.

In the light of this background, we report the investigation of the antimicrobial
photodynamic, sonodynamic, and combined photodynamic and sonodynamic poten-
tials of IR780 iodide, and IR780 iodide loaded mesoporous silica nanoparticles on S.
aureus, MRSA, P. aeruginosa, and MDR P. aeruginosa for the first time, in addi-
tion to the evaluation of the post treatment antibiofilm efficacy of IR780 iodide loaded
mesoporous silica nanoparticles mediated PDT, SDT, and combined PDT and SDT on
MRSA and MDR P. aeruginosa.
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3. PRELIMINARY STUDIES

3.1 Introduction

Preliminary studies were conducted to determine the suitable laser and ultra-

sound doses on S. aureus (ATCC 25923) and P. aeruginosa (ATCC 27853).

3.2 Materials and Methods

3.2.1 Materials

Tryptic soy agar (TSA) and Tryptic soy broth (TSB) were purchased from Merck
KGaA (Darmstadt, Germany). Phosphate buffer saline (PBS, pH 7.4) was purchased
from AppliChem GmbH (Darmstadt, Germany).

3.2.2 Bacterial Strains

The bacterial strains used were S. aureus (ATCC 25923) and P. aeruginosa
(ATCC 27853). Working in the biosafety cabinet, 10 ml of Sterile TSB was added
to a sterile 50 ml falcon tube. An isolated colony from a freshly prepared agar plate
was picked with a sterile loop, and used to inoculate the sterile TSB by submerging
the loopful of bacteria into the sterile TSB. After overnight incubation at 37 °C in
a shaking incubator (rpm=225 for S. aureus, and rpm=200 for P. aeruginosa), the
bacterial suspension was centrifuged at 3000 rpm for 10 min at room temperature, and

the pellet was resuspended in PBS (pH 7.4) to a final concentration of 107-10% CFU /ml.
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3.2.3 Laser Source

Laser irradiation was provided by an infrared diode laser system at 785 nm
(MDL-III-785, Changchun, China) in a continuous wave mode. The distance from
the tip of the laser output to the bottom of the 12-well plate was adjusted so that
the diameter of the laser beam matches exactly with the diameter of the wells of the
12-well plate, in order to maximize the irradiated surface covered. The laser output
power was changed to give five different light intensities (100, 200, 300, 400, and 500
mW /cm?).

3.2.4 Effect of 785 nm Laser Light on Bacterial Cell Viability

800 pl aliquots of bacterial suspensions were transferred into the wells of 12-
well plate and mixed with 800 ul of PBS (pH 7.4) in each well. The wells were then
exposed to laser light (except for a control group) at five different intensities (100,
200, 300, 400, and 500 mW /cm?), for a duration of 5 min. One well was irradiated
at a time. Following laser irradiation, the bacterial suspensions in all groups were
diluted according to serial dilution method. Diluted samples were plated on tryptic
soy agar plates, and incubated in the dark for 24 h. The number of CFU was counted
with the naked eye and multiplied by the dilution factor to determine viable bacteria.

Experiments were conducted in triplicate.

3.2.5 Ultrasound Source

Ultrasound (US) irradiation was provided by a therapeutic ultrasound unit
(Sonoplus 190, Enraf-Nonius B.V., Rotterdam, Netherlands), which has a frequency of
1 MHz and a maximum intensity of 2 W/ecm?. The US probe was placed in contact
with the 12-well plate. Adequate contact between the bottom of the multi-well plate

and the surface of the US probe was facilitated by using an ultrasound gel.
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3.2.6 Effect of Ultrasound on Bacterial Cell Viability

To test the effect of US, 800 ul aliquots of bacterial suspensions were transferred
into the wells of 12-well plates and mixed with 800 ull of PBS (pH 7.4) in each well.
The wells (except for a control group) were then exposed to US at different doses.
Following US irradiation, the bacterial suspensions in all groups were diluted according
to serial dilution method. Diluted samples were plated on tryptic soy agar plates and
incubated in the dark for 24 h. The number of CFU was counted with the naked eye
and multiplied by the dilution factor to determine viable bacteria. Experiments were

conducted in triplicate.

3.2.7 Temperature Measurements
Infrared thermal thermometer (Raytek, Raynger ST, CA, USA) was used to

record temperature before and after each laser or US application. Results are means

of three independent experiments (n=3).

3.2.8 Statistical Analysis
All data were expressed as mean + standard deviation (SD). Comparison among

the different groups was assessed by one-way analysis of variance (ANOVA) followed

by the Tukey test. A (p < 0.05) was used to indicate statistical significance.

3.3 Results

3.3.1 Effect of 785 nm Laser Light on Bacterial Cell Viability

No decrease in bacterial cell viability was observed in any group compared to

the control group, for both tested strains S. aureus (ATCC 25923) and P. aeruginosa
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(ATCC 27853) (P > 0.05). The highest dose (500 mW /cm?, 5 min) was selected to be

used in PDT studies for S. aureus, MRSA, P. aeruginosa, and MDR. P. aeruginosa.

The results are plotted in Figure 3.1 for S. aureus, and Figure 3.2 for P. aeruginosa.

Effect of 785 nm laserlight on
S. aureus (ATCC 25923)

B 5 min
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Figure 3.1 Effect of 785 nm laser light (5 min) on S. aureus (ATCC 25923) viability. Data are mean

values + SD of triplicate experiments (n=3).

Effect of 785 nm laser light on
P. aeruginosa (ATCC 27853)
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Figure 3.2 Effect of 785 nm laser light (5 min) on P. aeruginosa (ATCC 27853) viability. Data are

mean values + SD of triplicate experiments (n=3).
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3.3.2 Effect of Ultrasound on Bacterial Cell Viability

Power densities up to 2W/cm?, exposure times up to 5 min, and duty cycles
(20%, 50%, and 100%) were tested. 2 W/cm? and continuous wave (100% duty cy-
cle) caused heating of the probe and frequent stops during irradiation, so they were
excluded. The combination of 1.5 W/em? with 50% duty cycle was tested for dif-
ferent irradiation times. For S. aureus (ATCC 25923), exposure times 4 min and 5
min showed some decrease in cell viability compared to the control group (p < 0.05).
Therefore, the US dose of (1.5 W/cm?, 50% duty cycle, 3 min) was chosen to be used in
SDT experiments for S. aureus (ATCC 25923) and MRSA. For P. aeruginosa (ATCC
27853), no decrease in bacterial cell viability was observed in any group compared to
the control group (P > 0.05). However, and for comparative reasons, the US dose of
(1.5 W/em?, 50% duty cycle, 3 min) was chosen to be used in SDT experiments for P.
aeruginosa (ATCC 27853) and MDR. P. aeruginosa. The results are plotted in Figure

3.3 for S. aureus, and Figure 3.4 for P. aeruginosa.

Effect of US on 8. aureus (ATCC 25923)

* *
o
E: I I I I
-
H 0 1 2 3 4 5

Exposure time (min)

Normalized Swrvival

Figure 3.3 Effect of US (1.5 W/em?2, 50% duty cycle, 1-5 min) on S. aureus (ATCC 25923) viability.
* indicates statistical significance (p < 0.05) compared to the control group. Data are mean values
+ SD of triplicate experiments (n=3).
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Effectof US on P. aeruginosa (ATCC 27853)
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Figure 3.4 Effect of US (1.5 W/em?, 50% duty cycle, 1-5 min) on P. aeruginosa (ATCC 27853)
viability. * indicates statistical significance (p < 0.05) compared to the control group. Data are mean
values £ SD of triplicate experiments (n=3).

3.3.3 Temperature Measurements

Figures 3.5 and 3.6 show the increase in temperature during laser light (500
mW /em?, 5 min) and US (1.5 Wem?, 50% duty cycle, 3 min) irradiations on S. au-
reus (ATCC 25923) and P. aeruginosa (ATCC 27853), as recorded by an infrared
thermometer. No statistically significant difference was found between S. aureus and
P. aeruginosa, in response to laser light or US irradiations (P > 0.05). Temperature
increase in response to laser light irradiation was about 2 °C, while it was about 6 °C

in response to US irradiation.
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Increase in temperature during laser application
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Figure 3.5 Temperature increase during laser light exposure (500 mW /cm?, 5 min) on S. aureus
(ATCC 25923) and P. aeruginosa (ATCC 27853). Data are mean values = SD of triplicate experi-
ments (n=3).
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Figure 3.6 Temperature increase during US exposure (1.5 W/cm?, 50% duty cycle, 3 min) on S.
aureus (ATCC 25923) and P. aeruginosa (ATCC 27853). Data are mean values = SD of triplicate
experiments (n=3).

3.4 Discussion and Conclusion

It is important to optimize the laser parameters (power density, irradiation time,
etc.), and US parameters (power density, irradiation time, duty cycle, etc.), to achieve
optimal PDT and SDT effects. The aim of this study was to determine the suitable
laser and US doses on S. aureus (ATCC 25923) and P. aeruginosa (ATCC 27853). The

highest nontoxic doses of laser and US were selected to be used for upcoming PDT,
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SDT, and combined PDT and SDT studies, because this would give higher treatment

efficiencies at the same photo/sonosensitizer doses.
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4. ANTIMICROBIAL PDT, SDT, AND COMBINED PDT
AND SDT USING IR780 IODIDE: IN VITRO STUDY

4.1 Introduction

IR780 iodide is a NIR dye with a peak absorption of 780 nm in human plasma,
which coincides with the therapeutic window (600-1000 nm) [38], allowing relatively
deeper tissue penetration. IR780 iodide has some favorable characteristics that make it
desirable for use in medical diagnosis and therapy: Its high fluorescence intensity and
preferential accumulation in tumor cells, make it a desirable dye for medical imaging
[39],]40],[41], its ability to generate heat upon laser irradiation, enables its utilization as
a photothermal agent in photothermal therapy |41],|42|, and its capability of producing
reactive oxygen species, makes it a promising agent for use as a photosensitizer in PDT

[43],[44],]45], and as a sonosensitizer in SDT [46].

The aim of this study is to investigate the photodynamic, sonodynamic, and
combined photodynamic and sonodynamic potentials of IR780 iodide on gram-positive
S. aureus and MRSA, and gram-negative P. aeruginosa and MDR, P. aeruginosa in

vitro.

4.2 Materials and Methods

4.2.1 Materials

IR-780 iodide (>95%), Absolute ethanol (>99.9%), and 1,3 Diphenylisobenzofu-
ran (DPBF, 97%) were purchased from Sigma-Aldrich (Darmstadt, Germany). Tryptic
soy agar and Tryptic soy broth were purchased from Merck KGaA (Darmstadt, Ger-
many). Phosphate buffer saline (PBS, pH 7.4) was purchased from AppliChem GmbH
(Darmstadt, Germany). Sodium Azide (NaN3, >99%) was purchased from Biomatik
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Corporation (Ontario, Canada). All chemicals were used without further purification.

4.2.2 Bacterial Strains

The bacterial strains used in this study were methicillin susceptible S. aureus
(ATCC 25923), methicillin-resistant S. aureus (MRSA, clinically isolated), P. aerug-
inosa (ATCC 27853), and multi-drug resistant P. aeruginosa (MDR P. aeruginosa,
clinically isolated). Working in the biosafety cabinet, 10 ml of sterile TSB was added
to a sterile 50 ml falcon tube. An isolated colony from a freshly prepared agar plate
was picked with a sterile loop and used to inoculate the sterile TSB by submerging
the loopful of bacteria into the sterile TSB. After overnight incubation at 37 °C' in a
shaking incubator (rpm=225 for S. aureus and MRSA, and rpm=200 for P. aeruginosa
and MDR P. aeruginosa), the bacterial suspension was centrifuged at 3000 rpm for 10
min at room temperature, and the pellet was resuspended in PBS (pH 7.4) to a final

concentration of 107-10% CFU /ml.

4.2.3 Laser Source

Laser irradiation was provided by an infrared diode laser system at 785 nm
(MDL-III-785, Changchun, China) in a continuous wave mode with an output laser
power of 1.95 W. The distance from the tip of the laser output to the bottom of the

2. Laser exposure

multi-well plate was fixed to give laser irradiation of 500 mW /cm
time was 5 min, based on the preliminary studies conducted. The experimental setup

is shown in Figure 4.1.
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~ Laser fiber output

Figure 4.1 Experimental setup for PDT studies using 785 nm diode laser. The distance from the
tip of the laser output to the bottom of the multi-well plate was fixed to give laser irradiation of 500
mW /cm?.

4.2.4 Ultrasound Source

US irradiation was provided by a therapeutic ultrasound unit (Sonoplus 190,
Enraf-Nonius B.V., Rotterdam, Netherlands) at a frequency of 1 MHz, intensity of 1.5
W/em?, 50% duty cycle, and 3 min exposure time. US parameters were selected based
on the preliminary studies conducted. The US probe was placed in contact with the
12-well plate. Adequate contact between the bottom of the multi-well plate and the
surface of the US probe was facilitated by using an ultrasound gel. The experimental

setup is shown in Figure 4.2.
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Ultrasound device

Figure 4.2 Experimental setup for SDT studies using therapeutic ultrasound unit (Sonoplus 190,
Enraf-Nonius B.V., Rotterdam, Netherlands). Adequate contact between the bottom of the multi-well
plate and the surface of the US probe was facilitated by using an ultrasound gel.

4.2.5 PDT Studies

The following groups were tested for each bacterial strain:

e G1: control; no laser, no PS.
e G2: IR780 iodide only (1-3 uM).

e G3: PDT; IR780 iodide (1-3 pM) + laser (500 mW/cm?, 5 min).

12-well plates were used for the experiments, as the diameter of the wells
matched well with the laser beam diameter, thus maximizing the irradiated surface
covered. 800 ul aliquots of bacterial suspensions were transferred into the wells of
12-well plates. For groups G2 and G3, 800 pul of TR780 iodide solutions (1-3 M) were
added to each well, mixed with bacteria, and incubated in the dark for 30 min. In G1
group, the bacterial suspension in the well was mixed with equal volume (800 ul) of
PBS (pH 7.4). The bacterial suspensions in PDT groups were exposed to laser light
(500 mW /cm?, 5 min). Following laser light exposure, the bacterial suspensions in all

groups were diluted according to serial dilution method. Diluted samples were plated
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on tryptic soy agar plates and incubated at 37 °C for 24 h. The number of CFU was
counted with the naked eye and multiplied by the dilution factor to determine viable

bacteria. Experiments were conducted in triplicate.

4.2.6 SDT Studies

The following groups were tested for each bacterial strain:

e G1: control; no US, no sonosensitizer.
e (GG2: TR780 iodide only (1-3 puM).

e G3: SDT; IR780 iodide (1-3 puM) + US (1.5 W/em?, 50% duty cycle, 3 min).

12-well plates were used for the experiments. 800 ul aliquots of bacterial sus-
pensions were transferred into the wells of 12-well plates. For groups G2 and G3, 800
pl of IR780 iodide solutions (1-3 uM) were added to each well, mixed with bacteria,
and incubated in the dark for 30 min. In G1 group, the bacterial suspension in the
well was mixed with equal volume (800 ul) of PBS (pH 7.4). The bacterial suspensions
in G2 and G3 groups were exposed to US irradiation (1.5 W/cm?, 50% duty cycle, 3
min). One well was irradiated at a time. Following ultrasound exposure, the bacterial
suspensions in all groups were diluted according to serial dilution method. Diluted
samples were plated on tryptic soy agar plates and incubated at 37 °C' for 24 h. The
number of CFU was counted with the naked eye and multiplied by the dilution factor

to determine viable bacteria. Experiments were conducted in triplicate.

4.2.7 Combined PDT and SDT studies

Based on the results of PDT and SDT studies, The concentration of 2 puM

IR780 iodide was chosen to be applied in the combined treatment, as it showed no
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dark toxicity and best PDT and SDT results. The following groups were tested for

each bacterial strain:

e (1: control; No laser, no US, no PS.

e G2: IR780 iodide only (2 uM)

e G3: PDT; IR780 iodide (2 puM) + laser (500 mW /cm?, 5 min).

e G4: SDT; IR780 iodide (2 uM) + US (1.5 W/em?, 50% duty cycle, 3 min).
e G5: SPDT; SDT followed by PDT.

e G6: PSDT; PDT followed by SDT.

12-well plates were used for the experiments. 800 ul aliquots of bacterial sus-
pensions were transferred into the wells of 12-well plates. For groups G2-G6, 800 ul
of IR780 iodide solutions (2 uM) were added to each well, mixed with bacteria, and
incubated in the dark for 30 min. In G1 group, the bacterial suspension in the well
was mixed with equal volume (800 ul) of PBS (pH 7.4). The bacterial suspension in
G3 group was exposed to laser light (500 mW /cm?, 5 min). The bacterial suspension
in G4 group was exposed to US irradiation (1.5 W/em?, 50% duty cycle, 3 min). The
bacterial suspension in G5 group was exposed to US irradiation (1.5 W/cm?, 50% duty
cycle, 3 min) followed by laser light (500 mW /cm?, 5 min). The bacterial suspension in
G6 group was exposed to laser light (500 mW /cm?, 5 min), followed by US irradiation
(1.5 W/em?, 50% duty cycle, 3 min). Following light and US exposures, the bacterial
suspensions in all groups were diluted according to serial dilution method. Diluted
samples were plated on tryptic soy agar plates and incubated at 37 °C for 24 h. The
number of CFU was counted with the naked eye and multiplied by the dilution factor

to determine viable bacteria. Experiments were conducted in triplicate.
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4.2.8 Bacterial Cell Viability in the Presence of ROS Quenchers

For MRSA and MDR P. aeruginosa, the photodynamic and sonodynamic effects
of IR780 iodide were tested utilizing NaN3 as a singlet oxygen quencher. For MRSA,

the following groups were tested:

e GG1: control.
e (G2: control + NaN3.
o G3: PDT.

e G4: PDT + NaN3.

For MDR P. aeruginosa, the following groups were tested:

e (G1: control.

e (G2: control + NaN3.
e G3: PDT.

e G4: PDT + NaN3.
e G5: SDT.

e G6: SDT -+ NaN3.

12-well plates were used for the experiments. 800 ul aliquots of bacterial sus-
pensions were transferred into the wells of 12-well plates. In groups G3 and G5, 800 pul
of TR780 iodide solutions (specific concentration for each bacterial strain) were added
to each well, mixed with bacteria, and incubated in the dark for 30 min. In groups G4,
and G6, 800 ul of IR780 iodide and NaN3 were added to each well, mixed with bacteria
(final concentration of NaN3 was 50 mM), and incubated in the dark for 30 min. In

G1 group, the bacterial suspension in the well was mixed with 800 ul of PBS. In G2
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group, the bacterial suspension in the well was mixed with 800 ul of PBS and NaN3
(final concentration of NaN3 was 50 mM). The bacterial suspensions in G3 and G4
groups were exposed to laser light (500 mW /cm?, 5 min). The bacterial suspensions
in G5 and G6 groups were exposed to US irradiation (1.5 W/cm?, 50% duty cycle, 3
min). Following light and US exposures, the bacterial suspensions in all groups were
diluted according to serial dilution method. Diluted samples were plated on tryptic
soy agar plates and incubated at 37 °C for 24 h. The number of CFU was counted
with the naked eye and multiplied by the dilution factor to determine viable bacteria.

Experiments were conducted in triplicate.

4.2.9 Temperature Measurements

An infrared thermal thermometer (Raytek, Raynger ST, CA, USA) was used
to record the temperature before and after each laser or US application. Also, an
infrared thermal camera (Flir E5, Teledyne FLIR, Taby, Sweden) was used to detect
the temperature change during 785 nm laser irradiation (500 mW /cm?, 5min), and
US irradiation (1.5 W/cm?, 50% duty cycle, 3 min) of TR780 iodide solution (2 pdf).

Results are means of three independent experiments (n=3).

4.2.10 Reactive Oxygen Species (ROS) Detection

1,3-Diphenylisobenzofuran (DPBF) was used to detect the ability of by IR780
iodide to produce ROS in response to laser or US irradiation, indirectly. Briefly, 10 mM
stock solution of DPBF was prepared in ethanol, and kept in the dark. 1 ul of the stock
solution was mixed with 1 ml of either IR780 iodide (0.25, 1.5, and 2 uM) or PBS (pH
7.4) in 10 mm cuvettes, and the solutions in the cuvettes were exposed to either laser
or US. For laser irradiations, 785 nm laser light (500 mW /cm?) was applied for 5 min,
and the absorbance intensity at 410 nm was recorded initially and after every 1 min of
laser irradiation. For US irradiations, US (1.5 W/em?2, 50% duty cycle) was applied for

3 min, and the absorbance intensity at 410 nm was recorded initially and after every 1
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min of US irradiation. Results are means of three independent experiments (n=3).

4.2.11 Statistical Analysis
All data were expressed as mean + SD. Comparison among the different groups

was assessed by one-way analysis of variance (ANOVA) followed by the Tukey test. A

(p < 0.05) was used to indicate statistical significance.

4.3 Results

4.3.1 PDT Studies

4.3.1.1 PDT application on S. aureus. It was observed that IR780 iodide did

not cause bacterial cell death at 1 and 2 uM concentrations, however, at 3 uM con-
centration, it caused bacterial cell death, which was statistically significantly different
from the control group (P < 0.05). All PDT groups caused significant decrease in
bacterial cell viability with respect to the control group (93%, 99.8%, and 99.95% for
PDT (1 uM), PDT (2 uM), and PDT (3 uM), respectively). The results are plotted

in Figure 4.3 normalized to the control group.

4.3.1.2 PDT application on P. aeruginosa. It was observed that IR780 io-

dide did not cause bacterial cell death at 1 and 2 uM concentrations, however, at 3
M concentration, it caused bacterial cell death which was statistically significantly
different from the control group (P < 0.05). All PDT groups caused significant de-
crease in bacterial cell viability with respect to the control group (96.5%, 99.8%, and
99.96% for PDT (1 uM), PDT (2 uM), and PDT (3 pM), respectively). The results

are plotted in Figure 4.4 normalized to the control group.
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Figure 4.3 Viability of S. aureus (ATCC 25923) after PDT using 785 nm diode laser (500 mW /em?,
5 min). * indicates statistical significance (P < 0.05) compared to the control group. Data represent
mean values + SD of triplicate experiments (n=3).
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Figure 4.4 Viability of P. aeruginosa (ATCC 27853) after PDT using 785 nm diode laser (500
mW /cm?, 5 min). * indicates statistical significance (P < 0.05) compared to the control group. Data
represent mean values + SD of triplicate experiments (n=3).

4.3.1.3 PDT application on MRSA. The concentrations of IR780 iodide tested

on S. aureus (ATCC 25923) were so toxic on MRSA, therefore, dark toxicity of IR780

iodide with concentrations less than 1 M were tested on MRSA first, then, the highest

concentration with no dark toxicity was selected to be applied in PDT studies.

The results are shown in Figure 4.5. IR780 iodide concentrations more than

0.25 uM caused significant bacterial cell death with respect to the control group (P <



30

Dark toxicity of IR780 iodide on
MRSA
120
< 100 .
B
£ BO
=
@ B0
T
N 40
g
E 20 *
A
5 -
0 0.25 0.5 0.73
Concentration of IR780 iodide (pM)

Figure 4.5 Dark toxicity of IR780 iodide on MRSA. x indicates statistical significance with respect
to the control group. Data represent mean values + SD of triplicate experiments (n=3).

0.05).Based on these results, the concentration of TR780 iodide (0.25 uM) was applied
in PDT studies. The results indicated that there was a significant decrease in bacterial
cell viability (98.31%) in PDT group with respect to the control group (P < 0.05).

The results are plotted in Figure 4.6 normalized to the control group.
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Figure 4.6 Viability of MRSA after PDT using 785 nm diode laser (500 mW /cm?, 5 min). x indicates
statistical significance (P < 0.05) compared to the control group. Data represent mean values + SD
of triplicate experiments (n=3).
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4.3.1.4 PDT application on MDR P. aeruginosa. The concentrations of
IR780 iodide (2 and 3 uM) tested on P. aeruginosa (ATCC 27853) were toxic on MDR

P. aeruginosa, therefore, dark toxicity of IR780 iodide with concentrations less than
2 puM were tested on MDR, P. aeruginosa first, then, the highest concentration with
no dark toxicity was selected to be applied in PDT studies. The results are shown in
Figure 4.7. TR780 iodide concentrations more than 1.5 uM caused significant bacterial
cell death with respect to the control group (P < 0.05). Based on these results, the
concentration of IR780 iodide (1.5 uM) was applied in PDT studies. The results
indicated that there was a significant decrease in bacterial cell viability (97.76%) in
PDT group with respect to the control group (P < 0.05). The results are plotted in

Figure 4.8 normalized to the control group.

Dark toxicity of IR780 iodide on
MDR P. aeruginosa

= =
[= P
=] (=]

=)
[=]

B
=]

Normalized Survival (%)
5] &

=

0 1 15 2
Concentration of IR780 iodide (uM)

Figure 4.7 Dark toxicity of IR780 iodide on MDR P. aeruginosa. * indicates statistical significance
with respect to the control group. Data represent mean values & SD of triplicate experiments (n—3).
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Figure 4.8 Viability of MDR P. aeruginosa after PDT using 785 nm diode laser (500 mW /cm?, 5
min). = indicates statistical significance (P < 0.05) compared to the control group. Data represent
mean values + SD of triplicate experiments (n=3).

4.3.2 SDT Studies

4.3.2.1 SDT application on S. aureus. It was observed that IR780 iodide did

not cause bacterial cell death at 1 and 2 pM) concentrations, however at 3 M)
concentration, it caused bacterial cell death, which was significantly different from the
control group (P < 0.05). After exposure to US, IR780 iodide at concentrations of 2
and 3 pM), caused significant decrease in bacterial cell viability (10.76% and 30.77%,
respectively), with respect to the control group. The results are plotted in Figure 4.9

normalized to the control group.

4.3.2.2 SDT application on P. aeruginosa. It was observed that IR780 iodide

did not cause bacterial cell death at 1 and 2 uM concentrations, however at 3 uM)
concentration, it caused bacterial cell death, which was significantly different from the
control group (P < 0.05). After exposure to US, IR780 iodide at concentrations of 2
and 3 M), caused significant decrease in cell viability (19.79% and 38%, respectively)
with respect to the control group. The results are plotted in Figure 4.10 normalized to

the control group.
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Figure 4.9 Viability of S. aureus (ATCC 25923) after SDT using 1-MHz US unit (1.5 W/em?, 50%
duty cycle, 3 min). * indicates statistical significance (P < 0.05) compared to the control group.

Data represent mean values 4+ SD of tripli

cate experiments (n=3).
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Figure 4.10 Viability of P. aeruginosa ATCC 27853 after SDT using 1-MHz US unit (1.5 W/cm?,
50% duty cycle, 3 min). x indicates statistical significance (P < 0.05) compared to the control group.

Data represent mean values 4+ SD of tripli

4.3.2.3 SDT application on MRSA.

cate experiments (n=3).

Based on the dark toxicity results shown

in Figure 4.5, the concentration of IR780 iodide (0.25 uM)) was applied in SDT studies.

The results indicated that there was no significant difference in bacterial cell viability

between SDT group and the control group (P > 0.05). The results are plotted in

Figure 4.11 normalized to the control group.
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Figure 4.11 Viability of MRSA after SDT using 1-MHz US unit (1.5 W/cm?, 50% duty cycle, 3
min). Data represent mean values £ SD of triplicate experiments (n=3).

4.3.2.4 SDT application on MDR P. aeruginosa. Based on the dark toxic-

ity results shown in Figure 4.7, the concentration of IR780 iodide (1.5 uM)) was applied
in SDT studies. The results indicated that there was a significant difference in bacte-
rial cell viability (9.43%) between SDT group and the control group (P < 0.05). The

results are plotted in Figure 4.12 normalized to the control group.
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Figure 4.12 Viability of MDR P. aeruginosa after SDT using 1-MHz US unit (1.5 W/em?2, 50%
duty cycle, 3 min). x* indicates statistical significance (P < 0.05) compared to the control group.
Data represent mean values + SD of triplicate experiments (n=3).



4.3.3 Combined PDT and SDT Studies

4.3.3.1

Combined PDT and SDT application on S. aureus.
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It was observed

that SDT, PDT, SPDT, and PSDT caused significant decrease in bacterial cell viability
with respect to the control group (10.76%, 99.85%, 99.87%, and 99.94%, respectively).

There was no statistically significant difference between the last three groups, but they

were statistically significantly different from SDT group (P < 0.05). The results are

plotted in Figure 4.13 normalized to the control group.
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Figure 4.13 Viability of S. aureus (ATCC 25923) after combined PDT and SDT using 785 nm
diode laser (500 mW /em?, 5 min), and 1-MHz US unit (1.5 W/em?2, 50% duty cycle, 3 min). SPDT:
SDT followed by PDT. PSDT: PDT followed by SDT. * indicates statistical significance (P < 0.05)
compared to the control group.** indicates statistical significance (P < 0.05) compared to SDT group.
Data represent mean values £ SD of triplicate experiments (n—3).

4.3.3.2 Combined PDT and SDT application on P. aeruginosa.

It was ob-

served that SDT, PDT, SPDT, and PSDT caused significant decrease in bacterial cell
viability with respect to the control group (19,79%, 99.84%, 99.82%, and 99.91%, re-

spectively). There was no statistically significant difference between the last three

groups, but they were statistically significantly different from SDT group (P < 0.05).

The results are plotted in Figure 4.14 normalized to the control group.
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Figure 4.14 Viability of P. aeruginosa (ATCC 27853) after combined PDT and SDT using 785
nm diode laser (500 mW /cm?, 5 min), and 1-MHz US unit (1.5 W/em?2, 50% duty cycle, 3 min).
SPDT: SDT followed by PDT. PSDT: PDT followed by SDT. * indicates statistical significance (P
< 0.05) compared to the control group.x* indicates statistical significance (P < 0.05) compared to
SDT group. Data represent mean values + SD of triplicate experiments (n=3).

4.3.3.3 Combined PDT and SDT application on MRSA. It was observed
that SDT did not cause bacterial cell death. PDT, SPDT, and PSDT caused significant

decrease in bacterial cell viability with respect to the control group (98.54%, 98.70%,
and 98.79%, respectively). The results are plotted in Figure 4.15 normalized to the
control group. There was no statistically significant difference between PDT, SPDT
and PSDT groups, but they were statistically significantly different from SDT group
(P < 0.05).

4.3.3.4 Combined PDT and SDT application on MDR P. aeruginosa. It
was observed that SDT, PDT, SPDT, and PSDT caused significant decrease in bac-

terial cell viability with respect to the control group (9.43%, 97.76%, 99.44%, and
99.54%, respectively). There was no statistically significant difference between the last
three groups, but they were statistically significantly different from SDT group (P <
0.05). The results are plotted in Figure 4.16 normalized to the control group.
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Figure 4.15 Viability of MRSA after combined PDT and SDT using 785 nm diode laser (500
mW /cm?, 5 min), and 1-MHz US unit (1.5 W/cm?, 50% duty cycle, 3 min). SPDT: SDT followed by
PDT. PSDT: PDT followed by SDT. * indicates statistical significance (P < 0.05) compared to the
control group. Data represent mean values + SD of triplicate experiments (n=3).
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Figure 4.16 Viability of MDR P. aeruginosa after combined PDT and SDT using 785 nm diode laser
(500 mW /em?, 5 min), and 1-MHz US unit (1.5 W/em?, 50% duty cycle, 3 min). SPDT: SDT followed
by PDT. PSDT: PDT followed by SDT. * indicates statistical significance (P < 0.05) compared to the
control group.xx indicates statistical significance (P < 0.05) compared to SDT group. Data represent
mean values + SD of triplicate experiments (n=3).

4.3.4 Bacterial Cell Viability in the Presence of ROS Quenchers

The effects of the presence of NaN3, as a singlet oxygen quencher, on bacterial
cell viability with or without TR780 iodide are shown in Figure 4.17 for MRSA, and

Figure 4.18 for MDR P. aeruginosa. Control groups involve bacterial cells incubated
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with 0 or 50 mM of NaN3 for 30 min, to test for its toxicity (without laser or US
irradiation). No decrease in cell viability associated with NaN3 dissolved in PBS (pH

7.4), was observed.

For MRSA, the second cluster of bars in figure 4.17 corresponds to the groups
incubated with 0.25 uM of IR780 iodide with 0 or 50 mM of NaN3 for 30 min, be-
fore laser irradiation. Addition of NaN3 caused a significant increase in bacterial cell
viability due to laser irradiation (99% survival), compared to PDT group without the
addition of NaN3 (1.5% survival). The effect of the presence of NaN3 on bacterial cell
viability due to US irradiation was not tested for MRSA, since US irradiation with-
out NaN3 did not cause any decrease in bacterial cell viability as indicated in section

4.3.2.3 and Figure 4.11.
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Figure 4.17 Viability of MRSA after PDT (500 mW /cm?, 5 min) in the presence and absence of
NaN3 (50 mM). IR780 iodide concentration used was 0.25 uM. * indicates statistical significance (P
< 0.05) compared to the control group. Data represent mean values £+ SD of triplicate experiments
(n=3).

For MDR P. aeruginosa, the second cluster of bars in Figure 4.18 corresponds
to the groups incubated with 1.5 pM of IR780 iodide with 0 or 50 mM of NaN3 for
30 min, before laser irradiation. The third cluster of bars corresponds to the groups
incubated with 1.5 uM of IR780 iodide with 0 or 50 mM of NaN3 for 30 min, before US
irradiation. Addition of NaN3 caused a significant increase in bacterial cell viability due

to laser and US irradiations, compared to PDT and SDT groups without the addition
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of NaN3 (P < 0.05).
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Figure 4.18 Viability of MDR P. aeruginosa after PDT (500 mW /em?, 5 min) and SDT (1.5 W /em?,
50% duty cycle, 3 min), in the presence and absence of NaN3 (50 mM). IR780 iodide concentration
used was 1.5 M. * indicates statistical significance (P < 0.05) compared to the control group. Data
represent mean values + SD of triplicate experiments (n—3).

4.3.5 Temperature Measurements

Thermal changes of IR780 iodide solutions (2 uM) during 785 nm laser irradi-
ation (500 mW /cm?, 5 min), and US irradiation (1.5 W/em?, 50% duty cycle, 3 min)

were recorded.

For laser irradiation, the increase in temperature after 5 min irradiation of IR780
iodide (2 M) and PBS (control), was about 1.5 °C' and 2 °C, respectively. The results
are plotted in Figure 4.19. For US irradiation, the increase in temperature after 3 min
irradiation of IR780 iodide (2 pM) and PBS (control), was about 5 °C' and 7 °C,
respectively. The results are plotted in Figure 4.20.
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Figure 4.19 Thermal change analysis obtained using an infrared thermal camera for the control
(PBS, pH 7.4) and IR780 iodide (2 M), under 785 nm laser light irradiation (500 mW /cm?, 5 min).

Data represent mean values £ SD of triplicate experiments (n=3).
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Figure 4.20 Thermal change analysis obtained using an infrared thermal camera for the control
(PBS, pH 7.4) and IR780 iodide (2 uM), under 1-MHz US irradiation (1.5 W/em?, 50% duty cycle,

3 min). Data represent mean values + SD of triplicate experiments (n=3).

These results are consistent with the results obtained using an infrared ther-

mal thermometer before and after each laser and US application in PDT and SDT

experiments. The results are shown in Figure 4.21 for PDT, and Figure 4.22 for SDT.

As can be seen in Figure 4.21, the maximum temperature increase during PDT

was about 1.5 °C', and there was no statistically significant difference between the

different bacterial strains examined (P > 0.05).



41

Increase in Temperature during PDT

5
U 5
Q@ A
- 2
w 3.5
[-11]

g s
5 25
E 2
= 15
E
Foos

5. aureus MRSA P. aeruginosa MDR P.

aeruginosa

Figure 4.21 Thermal change during PDT (785 nm laser light, 500 mW /cm?, 5 min), for the different
tested bacterial strains, obtained using an infrared thermal thermometer. IR780 iodide concentrations
used were 2 uM, 2 pM, 0.25 pM, and 1.5 uM for S. aureus (ATCC 25923), P. aeruginosa (ATCC
27853), MRSA, and MDR P. aeruginosa, respectively. Data represent mean values + SD of triplicate
experiments (n=3).

Increase in Temperature during SDT

5. aureus MRSA P.aeruginosa MDR P. aeruginosa

10

=~ M|

oo

P

Temperature Change A *C

[T S A N T

Figure 4.22 Thermal change during SDT (1.5 W/em?, 50% duty cycle, 3 min), for the different
tested bacterial strains, obtained using an infrared thermal thermometer. IR780 iodide concentrations
used were 2 uM, 2 pM, 0.25 uM, and 1.5 uM for S. aureus (ATCC 25923), P. aeruginosa (ATCC
27853), MRSA, and MDR P. aeruginosa, respectively. Data represent mean values + SD of triplicate
experiments (n=3).

As can be seen in Figure 4.22, the maximum temperature increase during SDT
was about 8 °C', and there was no statistically significant difference between the differ-

ent bacterial strains examined (P >0.05).
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4.3.6 Reactive Oxygen Species (ROS) Detection

DPBF reacts with ROS causing absorbance bleaching of the probe near 410
nm, and the change in the absorbance can be measured using a spectrophotometer
[89]. By utilizing this method, the ability of IR780 iodide to generate ROS under 785
nm laser light irradiation (500 mW/ ¢m?), and US (1.5 W/em?, 50% duty cycle), was
monitored via absorption reduction of DPBF at 410 nm. For laser irradiation, the
absorbance intensity of DPBF was observed over a period of 5 min, and the decrease
in absorbance, , after every 1 min of laser irradiation, was plotted versus time. For US
irradiation, the absorbance intensity of DPBF was observed over a period of 3 min, and
the decrease in absorbance, after every 1 min of US irradiation, was plotted versus time.
The results are shown in Figure 4.23 and Figure 4.24. As can be seen, TR780 iodide
caused significant DPBF bleaching (reduction in absorbance intensity) under laser and
US irradiations, indicating ROS production. The reduction in absorbance intensity
was concentration dependent. The figures also show that the bleaching caused under
laser irradiation (40%, 50%, and 72% for TR780 (0.25 pM), TR780 (1.5 M), and TR780
(2 uM), respectively) was more than the bleaching caused under US irradiation (13%,
19%, and 26% for IR780 (0.25 uM ), IR780 (1.5 uM), and IR780 (2 uM), respectively).
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Figure 4.23 ROS production shown as a decrease in DPBF absorbance at 410 nm, under 785 nm
laser light irradiation (500 mW /cm?) for a duration of 5 min, in the presence of IR780 iodide (0, 0.25,
1.5, and 2 pM). Data represent mean values of triplicate experiments (n= 3).
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Figure 4.24 ROS production shown as a decrease in DPBF absorbance at 410 nm under US irradi-
ation (1.5 W/em?, 50% duty cycle) for a duration of 3 min, in the presence of IR780 iodide (0, 0.25,
1.5, and 2 pM). Data represent mean values of triplicate experiments (n—= 3).

A summary of the results obtained in PDT, SDT, SPDT, and PSDT studies is

presented in Table 4.1.
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4.4 Discussion

The choice of the photo/sonosensitizer plays an important role in the success of
PDT and SDT. Identification of novel photo/sonosensitizers is one of the approaches
taken by researchers to enhance PDT and SDT. This study aimed to investigate the
photodynamic, sonodynamic, and combined photodynamic and sonodynamic poten-
tials of IR780 iodide on reference and resistant strains of gram-positive and gram-
negative bacteria. To our best knowledge, there are no studies in literature reporting

the use of IR780 iodide as a photo/sonosensitizer in PDT or SDT of bacterial infections.

The results of our study suggest that IR780 iodide can function both, as a
photosensitizer and as a sonosensitizer, in PDT and SDT of gram-positive S. aureus
(ATCC 25923) and MRSA, and gram-negative P. aeruginosa (ATCC 27853) and MDR

P. aeruginosa.

The results of PDT indicated that IR780 iodide effectively reduced the number
of living bacterial cells after irradiation with 785 nm laser light (500 mW /cm?, 5 min)

for all the tested strains.

For the same laser dose and IR780 iodide concentration (2 pM), no differ-
ence was observed between gram-positive S. aureus (ATCC 25923) and gram-negative
P. aeruginosa (ATCC 27853), in their sensitivity to PDT. In various studies, gram-
positive bacteria were shown to be more sensitive to PDT than gram-negative bacteria
[19],]28],190],[91]. The reason for that could be the nature of the photosensitizer. Ac-
cording to George et al. (2009), gram-negative bacteria are less sensitive to PDT than
gram-positive bacteria, due to the membrane barrier that prevents uptake of anionic
and neutral photosensitizers, and this can be overcome by using cationic photosensitiz-
ers, or by coupling anionic photosensitizers with positively charged entities [92]. This
can explain why our photosensitizer IR780 iodide, which is a cationic dye, was equally

effective on gram-positive S. aureus (ATCC 25923) and gram-negative P. aeruginosa

(ATCC 27853).
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Resistant strains of S. aureus and P. aeruginosa were less sensitive to PDT
than their reference strains. This is probably due to the lower concentrations of IR780
iodide used (0.25 pM and 1.5 uM for MRSA and MDR. P. aeruginosa, respectively)
compared to the 2 puM concentration used for both S. aureus (ATCC 25923) and P.
aeruginosa (ATCC 27853). The fact that IR780 iodide was more toxic on resistant
strains of S. aureus and P. aeruginosa can be linked to a phenomenon termed "col-
lateral sensitivity", which makes resistant strains more sensitive to specific drugs or
chemicals [88],[93]. Lower concentrations of IR780 iodide, as expected, were less effi-
cient in ROS production in response to laser light irradiation, as was confirmed by the

DPBF bleaching results. Less ROS, in turn, would result in lower PDT efficiency.

The results of SDT studies indicated that SDT was less effective than PDT for
all the tested strains. This is consistent with studies [28],[86]. This can be explained by
the less ROS production in SD'T compared to PDT, as confirmed by DPBF bleaching
results, which showed that ROS production in response to US, was less than ROS
production in response to laser light (Figures 4.23 and 4.24).

For the same US dose and TR780 iodide concentration (2 uM), gram-negative
P. aeruginosa (ATCC 27853) was more sensitive to SDT than gram-positive S. au-
reus (ATCC 25923). Again, this could be due to the use of a cationic sonosensi-
tizer. The positive charge of the photo/sonosensitizer can enhance the uptake of the
photo/sonosensitizer by gram-negative bacteria. In a study by Costley et al., it was
shown that gram-positive S. aureus was more sensitive to sonodynamic treatment
by Rose Bengal (anionic dye), than gram-negative P. aeruginosa. However, when
using a Rose Bengal-antimicrobial peptide conjugate (Rose Bengal-C(KLAKLAK)2),
the gram-negative P. aeruginosa was more sensitive to SDT (7 log reduction) than
the gram-positive S. aureus (5 log reduction). It was suggested that the net positive
charge on the peptide, could enhance the uptake of the Rose Bengal-C(KLAKLAK)2
by the bacteria [94].

Similar to PDT results, resistant strains of S. aureus and P. aeruginosa were

less sensitive to SD'T than their reference strains, due to the lower concentrations of
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IR780 iodide used. For MRSA, SDT treatment with 0.25 M IR780 iodide, did not
induce any reduction in bacterial cell viability compared to the control group. Lower
concentrations of IR780 iodide, were less efficient in ROS production in response to
US irradiation, as confirmed by the DPBF bleaching results. Less ROS, in turn, would

result in lower SDT efficiency.

For the combined treatment of SD'T and PDT, the order by which SDT or PDT
was applied (SPDT or PSDT), did not have an effect on the results. Both treatments
resulted in significant reduction in bacterial cell viability compared to SDT, but not

PDT, for all the tested strains. This could be due to the lower treatment efficiency of
SDT compared to PDT, especially for MRSA, where SDT didn’t kill any bacteria.

The photodynamic, sonodynamic, and photothermal properties of IR780 iodide
were evaluated by measuring the temperature rise, and ROS production during laser

and US irradiations.

The ability of IR780 iodide to generate ROS upon laser radiation was confirmed
by the significant decrease in absorbance intensity of DPBF at 410 nm after laser
irradiation. The temperature rise in response to PDT was about 1.5 °C". These results
indicate that the killing caused by TR780 iodide, in response to laser irradiation, was
mainly due to photodynamic effect, and no photothermal effect was involved. This
was also confirmed by the results obtained from testing the photodynamic effect of
IR780 iodide in the presence of NaN3, a singlet oxygen quencher, on MRSA and MDR
P. aeruginosa. The addition of NAN3 caused a significant increase in bacterial cell
viability after laser irradiation, as compared to PDT groups without the addition of

NaN3, for both strains, excluding any photothermal effect involved.

In response to US irradiation, IR780 iodide was also able to generate ROS,
as confirmed by the decrease in absorbance intensity of DPBF at 410 nm after US
irradiation. The temperature rise in response to SDT reached a maximum of about
8 °C'in S. aureus. Although US alone didn’t cause any bacterial cell death in any

of the tested strains, investigating the effect of the presence of NaN3 on bacterial



48

cell viability of MDR P. aeruginosa, was utilized to test if there was any thermal
effect involved in the killing caused by TR780 iodide and US. The results revealed that
the addition of NaN3 caused a significant increase in bacterial cell viability after US
irradiation, as compared to SDT without the addition of NaN3, excluding any thermal
effect involved. These results indicate that the killing caused by IR780 iodide, in
response to US irradiation, was mainly due to sonodynamic effect. The results also
indicate that the killing was caused specifically by singlet oxygen ('O;), and this is
consistent with the study conducted by Huang et al. [50].

4.5 Conclusion

In conclusion, TR780 Todide was investigated as a photo/sonosensitizer for an-
tibacterial PDT, SDT, and combined PDT and SDT of S. aureus (ATCC 25923), P.
aeruginosa (ATCC 27853), MRSA, and MDR P. aeruginosa, for the first time. The
results confirmed that TR780 iodide, possesses high photodynamic and sonodynamic
potentials for antimicrobial therapy. However, the hydrophobicity of IR780 iodide could
limit its application in wvivo. Therefore, encapsulating it within nanoparticles, could
be a right choice to overcome this limitation, while benefitting from its potentials for

PDT and SDT. In the next chapter, this choice is investigated.
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5. ANTIMICROBIAL PDT, SDT, AND COMBINED PDT
AND SDT USING IR780 IODIDE LOADED MESOPOROUS
SILICA NANOPARTICLES: IN VITRO STUDY

5.1 Introduction

Mesoporous silica nanoparticles (MSN) have received high attention for their
potential biomedical applications, especially as nanocarriers, due to their unique prop-
erties such as ease of synthesis, controllable particle size, good biocompatibility, easy
functionalization, and large specific surface area and pore volume, enabling high loading

capacity of drugs [60],[61],[62],|63],[64],|65]

The anticancer and antimicrobial photodynamic potential of MSN encapsulating
different PSs has been investigated so far with promising results [66],[67],[68],[69],[70],|71],
[72],[73],]74],|75],|76],[77], while their sonodynamic potential was investigated in few
studies [79],[80]. To our knowledge, the antimicrobial photodynamic and sonodynamic
potentials of MSN encapsulating TR780 iodide have not been investigated so far. The
results of the studies conducted in Chapter 4, revealed that IR780 iodide has a poten-
tial to be used as a photo/sonosensitizer in antimicrobial PDT and SDT, however, its
hydrophobicity could limit its clinical application [44],[45]. Using MSN to encapsulate
IR780 iodide is expected to overcome this limitation, while benefiting from its high

potentials for PDT and SDT.

The aim of this study is to investigate the antimicrobial photodynamic, sonody-
namic, and combined photodynamic and sonodynamic potentials of mesoporous silica
nanoparticles encapsulating IR780 iodide on gram-positive S. aureus and MRSA, and

gram-negative P. aeruginosa and MDR P. aeruginosa in vitro.
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5.2 Materials and Methods

5.2.1 Materials

IR-780 iodide (>95%), Absolute ethanol (>99.9%), Crystal Violet (>90%), 1,3-
Diphenylisobenzofuran (DPBF, 97%), Hexadecyl-trimethyl-ammonium bromide (CTAB),
NH40H, Tetraethyl orthosilicate (TEOS), Dimethyl sulfoxide (DMSO), Hydrochloric
acid (HCL, 36.5-38%), and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenylte-trazolium bro-
mide (MTT) were purchased from Sigma-Aldrich (Darmstadt, Germany). Tryptic soy
agar and Tryptic soy broth were purchased from Merck KGaA (Darmstadt, Germany).
Phosphate buffer saline (PBS, pH 7.4) was purchased from AppliChem GmbH (Darm-
stadt, Germany). Sodium Azide (NaN3, >99%) was purchased from Biomatik Corpora-
tion (Ontario, Canada). RPMI 1640, fetal bovine serum (FBS), penicillin/streptomycin
solution and trypsin/EDTA solution were purchased from Biosera (Nuaille, France).

All chemicals were used without further purification.

5.2.2 Bacterial strains

The Bacterial strains used in this study were methicillin-susceptible S. aureus
(ATCC 25923), methicillin-resistant S. aureus (MRSA, clinically isolated), P. aerugi-
nosa (ATCC 27853) and multidrug-resistant (MDR) P. aeruginosa (clinically isolated).
All strains were provided by Dr. Nermin Topaloglu Avsar from Izmir Katip Celebi Uni-
versity in Turkey. Working in the biosafety cabinet, 10 ml of sterile TSB was added
to a sterile 50 ml falcon tube. An isolated colony from a freshly prepared agar plate
was picked with a sterile loop and used to inoculate the sterile TSB by submerging
the loopful of bacteria into the sterile TSB. After overnight incubation at 37 °C' in a
shaking incubator (rpm 225 for S. aureus and MRSA, and rpm=200 for P. aeruginosa
and MDR P. aeruginosa), the bacterial suspension was centrifuged at 3000 rpm for 10
min at room temperature, and the pellet was resuspended in PBS (pH 7.4) to a final

concentration of 107-10% CFU /ml.
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5.2.3 Nanoparticles Synthesis and Characterization

5.2.3.1 MSN synthesis. MSN were synthesized using a modified Stober method
[95]. Briefly, 1.057 ml of NH,OH was added to 7.5 ml of distilled water under magnetic

stirring at 500 rpm. 21.44 ml of distilled water was then added to complete the volume
to 30 ml. Temperature of the solution was raised to 40 °C', and 0.058 g CTAB was
added. When CTAB was fully dissolved, the temperature of the solution was raised
to 60 °C'. After that, 118 ul TEOS and 482 ul Ethanol were added, and kept 2 hours
under magnetic stirring at 500 rpm. The solution was then centrifuged (14800 rpm,
15 min), supernatant collected, and the pellet was washed thrice by resuspending in
ethanol. To remove CTAB, the pellet was dissolved in 20 ml ethanol, the temperature
of the solution was raised to 60 °C, and 20 pul HCL was added. The solution was
kept under magnetic stirring at 500 rpm for 3 h. The solution was then centrifuged,
supernatant collected, and the pellet was washed thrice by resuspending in ethanol.
The nanoparticles pellet was dried in an incubator (EN 025, Niive Laboratory and
Sterilization Technology, Ankara, Turkey) at 60 °C' overnight, weighted, and dissolved

in distilled water to get a final concentration of 10 mg/ml.

5.2.3.2 TR780 iodide loaded MSN (MSN@IR780) synthesis. As
synthesized MSN (15 mg) were dissolved in 22 ml ethanol, and 2 ml of IR780 iodide

solution -prepared in ethanol (1 mg/ml)- was then added to the solution and kept in
the dark for 24 h under magnetic stirring (500 rpm). The solution was then centrifuged,
supernatant collected, and the pellet was resuspended in distilled water, washed one

time, then resuspended in distilled water to a final concentration of 10 mg/ml.

5.2.3.3 Characterization of nanoparticles. STEM images of MSN were ob-

tained using Scanning Transmission Electron Microscopy (Quattro ESEM, Thermos
Fisher Scientific, MA, USA). The absorption spectrums of MSN, TR780 iodide, and
MSN@IR780 were measured with a UV-VIS spectrophotometer (NanoDrop 2000c,
Thermo Fisher Scientific, MA, USA) to confirm the loading of IR780 iodide into MSN.
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The loading efficiency of IR780 iodide into MSN was determined spectrophoto-
metrically. Briefly, the absorption spectrum of the supernatant following the loading
step in nanoparticles synthesis, was measured at 780 nm. Then, by using established
calibration curve for IR780 iodide, the concentration of IR780 iodide in the supernatant
was determined, and the loading efficiency was calculated according to Eq. 5.1:

IR780(Initial) — I R7T80(Supernatant)
IR780(Initial)

LoadingE f ficiency = x 100 (5.1)

where IR 780 (Initial) = Initial concentration of IR780 iodide in nanoparticle solution,

IR 780 (Supernatant) = concentration of IR780 iodide in supernatant.

5.2.4 Laser Source

Laser irradiation was provided by an infrared diode laser system at 785 nm
(MDL-III-785, Changchun, China) in a continuous wave mode with output laser power
of 1.95 W. The distance from the tip of the laser output to the bottom of the multi
well plate was fixed to give laser irradiation of 500 mW /cm?. Laser exposure time was
5 min, based on the preliminary studies conducted. The experimental setup is shown

in Figure 4.1.

5.2.5 Ultrasound Source

US irradiation was provided by a therapeutic ultrasound unit (Sonoplus 190,
Enraf-Nonius B.V., Rotterdam, Netherlands) at a frequency of 1 MHz, intensity of 1.5
W/em?, 50% duty cycle, and 3 min exposure time. US parameters were selected based
on the preliminary studies conducted. The US probe was placed in contact with the
12-well plate. Adequate contact between the bottom of the multi-well plate and the
surface of the US probe was facilitated by using an ultrasound gel. The experimental

setup is shown in Figure 4.2.
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5.2.6 Dark Toxicity Studies

The dark toxicity of IR780 iodide loaded MSN on S. aureus (ATCC 25923) and
P. aeruginosa (ATCC 27853) was investigated to determine the nontoxic concentrations
to be used in PDT, SDT, and combined PDT and SDT studies. The concentrations
(50, 100, 150, 200, 250 and 300 pg/ml) were tested.

5.2.7 Cytotoxicity of MSN@IR780 on Mammalian Cells

The MTT assay was used to assess the cytotoxicity of MSN@IR780 on mouse
fibroblast L929 cells. L929 cells were cultured in 25 cm? flasks in RPMI-1640 medium,
supplemented with 10% fetal bovine serum and 1% Penicillin-Streptomycin Solution,
at 37 °C in a humidified 5% CO, atmosphere. Culture medium was changed every 24
h and cells were sub cultured upon reaching confluence. The cells were detached using
0.25% (w/v) trypsin/EDTA solution, and counted in a cell counter (TC20 Automated
Cell Counter, Bio-Rad Laboratories, Inc., California, USA). 1929 cells were seeded
at a density of 5000 cells/well in a 96-well polystyrene plate, in a culture medium
consisting of RPMI supplemented with 10% FBS and 1% penicillin-streptomycin, in
a total volume of 100 ul, and incubated for 24 h at 37 °C' with 5% CO2 in air. The
medium was replaced with either fresh medium (Control group), or fresh medium with
MSN@IR780 solution (150 and 250 pg/ml), and incubated for 2 h at 37 °C' with 5%
COy in air. The culture medium was removed and replaced with fresh medium and
10% MTT in a total volume of 100 ul, and incubated for 1 h at 37 °C', which led to
the formation of Formazan dye. The medium was then removed and 100 pul DMSO
was added to each well to solubilize the dye. The Formazan product was dissolved
after 10 min shaking. Finally, a microplate reader (iMark Microplate Reader, Bio-
Rad Laboratories, Inc., California, USA) was used to measure the absorbance at a
wavelength of 570 nm against 750 nm, and the viability of cells was determined by
comparing the absorbance of MSN@IR780 groups and control group. Experiments

were conducted in triplicate.
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5.2.8 PDT Studies

The following groups were tested for each bacterial strain:

G1: control; no laser, no nanoparticles.

G2: Laser ONLY; (500 mW /cm?, 5 min).

e G3: (MSN@IR780); IR780 iodide loaded MSN only (150, 250 pg/ml).

e G4: (MSN@IR780 PDT); IR780 iodide loaded MSN —+ laser.

12-well plates were used for the experiments, as the diameter of the wells matched with
laser beam diameter, thus maximizing the irradiated surface covered. 800 ul aliquots
of bacterial suspensions were transferred into the wells of 12-well plates. For groups
G3 and G4, 800 ul of MSN@QIRT780 solutions were added to each well, mixed with
bacteria, and incubated in the dark for 30 min. In G1 and G2 groups, the bacterial
suspensions in the wells were mixed with equal volumes of PBS (800 ul). The bacterial
suspensions in PDT groups were exposed to laser light (500 mW /ecm?, 5 min). Following
light exposure, the bacterial suspensions in all groups were diluted according to serial
dilution method. Diluted samples were plated on tryptic soy agar plates and incubated
at 37 °C' for 24 h. The number of CFU was counted with the naked eye and multiplied
by the dilution factor to determine viable bacteria. Experiments were conducted in

triplicate.

5.2.9 SDT Studies

The following groups were tested for each bacterial strain:

e G1: control; no US, no nanoparticles.

e G2: (MSN@IR780); IR780 iodide loaded MSN only (150, 250 pg/ml).
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e G3: (MSN@IR780 SDT); IR780 iodide loaded MSN + US (1.5 W /ecm?, 50% duty

cycle, 3 min).

12-well plates were used for the experiments. 800 ul aliquots of bacterial sus-
pensions were transferred into the wells of 12-well plates. For groups G2 and G3, 800 ul
of MSN@IR780 solutions were added to each well, mixed with bacteria, and incubated
in the dark for 30 min. In G1 group, the bacterial suspension in the well was mixed
with 800 ul of PBS (pH 7.4). The bacterial suspensions in G2 and G3 groups were
exposed to US irradiation (1.5 W/em?, 50% duty cycle, 3 min). One well was irradi-
ated at a time. Following US exposure, the bacterial suspensions in all groups were
diluted according to serial dilution method. Diluted samples were plated on tryptic
soy agar plates and incubated at 37 °C for 24 h. The number of CFU was counted
with the naked eye, and multiplied by the dilution factor to determine viable bacteria.

Experiments were conducted in triplicate.

5.2.10 Combined PDT and SDT studies

The following groups were tested for each bacterial strain:

G1: control; no laser, no US, no nanoparticles.

G2: (MSN@IR780 PDT); IR780 iodide loaded MSN + laser.

G3: (MSN@IR780 SDT); IR780 iodide loaded MSN -+ US.

G4: MSN@IR780 SPDT; SDT followed by PDT.

12-well plates were used for the experiments. 800 ul aliquots of bacterial sus-
pensions were transferred into the wells of 12-well plates. For groups G2-G4, 800 ul
of MSN@IR780 solutions (150 and 250ug/ml) were added to each well, mixed with

bacteria, and incubated in the dark for 30 min. In G1 group, the bacterial suspension
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in the well was mixed with equal volume of PBS (800 ul). The bacterial suspension in
G2 group was exposed to laser light (500 mW /cm?, 5 min). The bacterial suspension
in G3 group was exposed to US irradiation (1.5 W/em?, 50% duty cycle, 3 min). The
bacterial suspension in G4 group was exposed to US irradiation (1.5 W/cm?, 50% duty
cycle, 3 min) followed by laser light (500 mW /cm?, 5 min). Following light and US
exposures, the bacterial suspensions in all groups were diluted according to serial dilu-
tion method. Diluted samples were plated on tryptic soy agar plates, and incubated at
37 °C' for 24 h. The number of CFU was counted with the naked eye, and multiplied
by the dilution factor to determine viable bacteria. Experiments were conducted in

triplicate.

5.2.11 Bacterial Cell Viability in the Presence of ROS Quenchers

The photodynamic and sonodynamic effects of MSNQIR780 were tested uti-
lizing NaN3 as a singlet oxygen quencher on resistant strains (MRSA and MDR P.
aeruginosa). The concentrations of MSNQIR780 used were 150 pug/ml and 250 pg/ml
for MRSA and MDR P. aeruginosa, respectively. The following groups were tested for

each bacterial strain:

e G1: control.

e (G2: control + NaN3.

e G3: MSN@IR780 PDT.

e G4: MSNQIR780 PDT + NaN3.
e G5: MSN@IR780 SDT.

o G6: MSN@QIR780 SDT + NaN3.

12-well plates were used for the experiments. 800 ul aliquots of bacterial sus-

pensions were transferred into the wells of 12-well plates. In groups G3 and G5, 800 pul
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of MSN@IR780 solutions were added to each well, mixed with bacteria, and incubated
in the dark for 30 min. In groups G4, and G6, 800 ul of MSN@IR780 and NaN3 were
added to each well, mixed with bacteria (final concentration of NaN3 was 50mM), and
incubated in the dark for 30 min. In G1 group, the bacterial suspension in the well was
mixed with equal volume of PBS (800 wl). In G2 group, the bacterial suspension in
the well was mixed with 800 ul of PBS and NaN3 (final concentration of NaN3 was 50
mM). The bacterial suspensions in G3 and G4 groups were exposed to laser light (500
mW /em?, 5 min). The bacterial suspensions in G5 and G6 groups were exposed to US
irradiation (1.5 W/cm?, 50% duty cycle, 3 min). Following light and US exposures,
the bacterial suspensions in all groups were diluted according to serial dilution method.
Diluted samples were plated on tryptic soy agar plates and incubated at 37 °C' for 24
h. The number of CFU was counted with the naked eye and multiplied by the dilution

factor to determine viable bacteria. Experiments were conducted in triplicate.

5.2.12 Temperature Measurements

An infrared thermal thermometer (Raytek, Raynger ST, CA, USA) was used
to record temperature before and after each laser or US application. Also, an in-
frared thermal camera (Flir E5, Teledyne FLIR, Tdby, Sweden) was used to detect
the temperature change during 785 nm laser irradiation (500 mW /cm?, 5 min), or US
irradiation (1.5 W/em?2, 50% duty cycle, 3 min) of MSN@IR780 solution (250 pg/ml).

Results are means of three independent experiments (n=3).

5.2.13 Reactive Oxygen Species (ROS) Detection

1,3-Diphenylisobenzofuran (DPBF') was used to detect the ability of MSN@QIR780
to produce ROS in response to laser or US irradiation, indirectly. Briefly, 10 mM stock
solution of DPBF was prepared in ethanol, and kept in the dark. 1 ul of the stock
solution was mixed with 1 ml of either MSN@QIR780 (150 and 250 pg/ml) or PBS in

10 mm cuvettes, and the solutions in the cuvettes were exposed to either laser or US.
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For laser irradiations, 785 nm laser light (500 mW /em?) was applied for 5 min, and the
absorbance intensity at 410 nm was recorded initially and after every 1 min of laser
irradiation. For US irradiations, US (1.5 W/em?, 50% duty cycle) was applied for 3
min, and the absorbance intensity at 410 nm was recorded initially and after every 1

min of US irradiation. Results are means of three independent experiments (n=3).

5.2.14 Post-treatment Biofilm Formation Assay

For MRSA and MDR P. aeruginosa, the post-treatment (after PDT, SDT, and
SPDT) biofilm formation, was assessed. Briefly, an overnight culture of bacteria was
diluted to 107-108 CFU/ml in fresh TSB. 800 pl aliquots of bacterial suspensions were
transferred into the wells of 12-well plates. In MSN@IR780 PDT group, the bacterial
suspension was incubated with 800 pl of MSN@IR780 (150 and 250 ug/ml, for MRSA
and MDR P. aeruginosa, respectively), for 30 min in the dark, then exposed to laser
light (500 mW /cm?, 5 min). In MSNQIR780 SDT group, the bacterial suspension
was incubated with 800 pl of MSN@IR780 (150 and 250 pg/ml, for MRSA and MDR
P. aeruginosa, respectively), for 30 min in the dark, then exposed to US irradiation
(1.5 W/cem?, 50% duty cycle, 3 min). In MSN@IR780 SPDT group, the bacterial
suspension was incubated with 800 pl of MSN@IR780 (150 and 250 pg/ml, for MRSA
and MDR P. aeruginosa, respectively), for 30 min in the dark, then exposed to US
irradiation (1.5 W/cm?, 50% duty cycle, 3 min), followed by laser light (500 mW /cm?,
5 min). In the control group, the bacterial suspension was mixed with 800 ul of PBS.
Plates were incubated for 24 h at 37 °C' for biofilm formation. After incubation, the
broth containing unattached bacterial cells was discarded, and biofilms were washed
twice with PBS. Next, Crystal Violet (CV) (0.2% w/v) was added to the biofilms,
and allowed to sit for 15 min. After staining, excess CV was removed, and the wells
were washed with PBS again to remove any remaining planktonic bacteria. The wells
were then air-dried, and 95% ethanol was added to them. Then, the well plate was
left on a shaker for 5 min, in order to lyse all bacteria and remove excess CV. Finally,
100 pl aliquots were transferred into 96-well plates, and their Optical Density at 570

nm (ODs7) was measured using a microtiter plate reader (iMark Microplate Reader,
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Bio-Rad Laboratories, Inc., California, USA). Results are means of three independent

experiments (n= 3).

5.2.15 SEM Examination of Post-treatment Biofilms

Scanning Electron Microscopy (SEM) images were obtained to examine the
morphology of MRSA and MDR P. aeruginosa biofilms 72 h after PDT, SDT, and
SPDT treatments. Biofilms were let to grow at the bottom of 12-well plates as described
in section 5.2.14. After 72 h of growth, the biofilms were rinsed with sterile PBS
and washed with sterile deionized water. The samples were then fixed using 2.5%
glutaraldehyde solution for 16 h at 4 °C'. The plates were washed further with deionized
water before being dehydrated by successive insertion in solutions containing 25%, 50%,
75%, and 100% ethanol. The wells were then left to dry in an incubator at 37 °C' for
24 h. After incubation, the bottoms of the experimental wells were cut out, platinum
sputtered, and scanned with SEM (Quattro ESEM, Thermos Fisher Scientific, MA,
USA).

5.2.16 Statistical Analysis
All data were expressed as mean + SD. Comparison among the different groups

was assessed by one-way analysis of variance (ANOVA) followed by the Tukey test. A

(p < 0.05) was used to indicate statistical significance.

5.3 Results

5.3.1 Nanoparticles Synthesis and Characterization

Mesoporous silica nanoparticles were successfully synthesized. STEM images

confirmed the synthesis of spherical nanoparticles with a diameter of around 60 nm
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(Figure 5.1A and B). MSN were then loaded with IR780 iodide. The loading was
confirmed by UV-VIS absorption spectrum of MSN@IR780 as shown in Figure 5.1C.
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Figure 5.1 STEM images of MSN showing (A) Successful synthesis of spherical MSN, (B) Size
of synthesized MSN. (C) UV-VIS spectrum of MSN, IR780 iodide, and MSN@IR780 confirming the
loading of IR780 iodide into MSN.

To be able to determine the amount of IR780 iodide loaded into MSN, a cali-
bration curve for TR780 iodide was established first: Briefly, solutions of IR780 iodide
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were prepared in ethanol at different concentrations, and their absorbances were mea-
sured at 780 nm and plotted versus concentration values. Then, the absorbance of
the supernatant following the loading step in nanoparticles synthesis was measured at
780 nm. From this value and the calibration curve, the concentration of IR780 iodide
in the supernatant was determined. By subtracting this value from the concentration
of TR780 iodide initially added into nanoparticle solution, the concentration of TR780
iodide loaded into MSN was determined, and the loading efficiency was calculated from

Eq. 5.1 The results are shown in Table 5.1.

Table 5.1
Loading amount and efficiency of IR780 iodide into MSN

Concentration in preparation solution || 83,33 pg/ml
Concentration in supernatant 3.93 pg/ml
Concentration loaded into MSN 79.4 pg/ml
Loading Efficiency 95%

5.3.2 Dark Toxicity of IR780 Iodide Loaded MSIN

To determine the nontoxic doses for MSN@QIR780, six different concentrations
(50, 100, 150, 200, 250, and 300 ug/ml) were tested on S. aureus (ATCC 25923), and
P. aeruginosa (ATCC 27853). For S. aureus, no cytotoxicity was observed for up to
150 pg/ml, so this concentration was selected to be applied in PDT, SDT, and SPDT
studies of S. aureus and MRSA. For P. aeruginosa, no cytotoxicity was observed for
up to 250 pg/ml, so this concentration was selected to be applied in PDT, SDT, and
SPDT studies of P. aeruginosa and MDR. P. aeruginosa. The results are shown in

Figure 5.2 for S. aureus and Figure 5.3 for P. aeruginosa.
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Figure 5.2 Dark toxicity of IR780 iodide loaded MSN on S. aureus (ATCC 25923). * indicates
statistical significance with respect to the control group. Data represent mean values 4+ SD of triplicate

experiments (n=3).
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Figure 5.3 Dark toxicity of IR780 iodide loaded MSN on P. aeruginosa (ATCC 27853). « indicates
statistical significance with respect to the control group. Data represent mean values 4+ SD of triplicate

experiments (n=3).

5.3.3 Cytotoxicity of MSN@IR780 on L929 cells

The cytotoxic effect of MSN@IR780 at concentrations of 150 and 250 pg/ml (the

concentrations used in PDT, SDT, and SPDT studies), on 1929 cells was evaluated.

No cytotoxicity was observed at the tested concentrations, compared to the control

group (P > 0.05). The results are plotted in Figure 5.4.
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Figure 5.4 Cytotoxicity of IR780 iodide loaded MSN on 1929 cells. Data represent mean values +
SD of triplicate experiments (n=3).

5.3.4 PDT Studies

5.3.4.1 PDT application on S. aureus. It was observed that there was a sig-

nificant decrease in bacterial cell viability in MSN@QIR780 PDT group with respect to
the control group (P < 0.05). Almost 74% of the bacteria in MSN@QIR780 PDT group
were killed. The results are plotted in Figure 5.5 normalized to the control group.

There was no statistically significant difference between laser ONLY and MSN@QIR780

groups, and the control group.

5.3.4.2 PDT application on P. aeruginosa. The results of PDT application

on P. aeruginosa are plotted in Figure 5.6 normalized to the control group. In
MSN@IR780 PDT group, it was observed that there was about 32% decrease in bac-
terial cell viability with respect to the control group (P < 0.05). Laser ONLY and
MSN@IR780 had no effect on bacterial cell viability.
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Figure 5.5 Viability of S. aureus (ATCC 25923) after PDT using 785 nm diode laser (500 mW /em?,
5 min) and MSN@IR780 (150 ug/ml). x indicates statistical significance (P < 0.05) compared to
the control, laser ONLY, and MSN@IR780 groups. Data represent mean values + SD of triplicate
experiments (n=3).

P. aeruginosa

BO
*
D I

Contrel Laser ONLY MEN@IR780 WNESN@IRTS0PDT

Normalized Survival (%)
P o
(=] (=]

[
(=]

Figure 5.6 Viability of P. aeruginosa (ATCC 27853) after PDT using 785 nm diode laser (500
mW /em?, 5 min) and MSN@IR780 (250 ug/ml). * indicates statistical significance (P < 0.05) com-
pared to the control, laser ONLY, and MSN@IR780 groups. Data represent mean values + SD of
triplicate experiments (n=3).

5.3.4.3 PDT application on MRSA. For MRSA, it was observed that 99.97%

of the bacteria in MSN@IR780 PDT group were killed. The results are plotted in Figure
5.7 normalized to the control group. It was observed that there was no statistically

significant difference between laser ONLY and MSN@IR780 groups, and the control

group.
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Figure 5.7 Viability of MRSA after PDT using 785 nm diode laser (500 mW /cm?, 5 min) and
MSN@IR780 (150 pg/ml). = indicates statistical significance (P < 0.05) compared to the control,
laser ONLY, and MSN@IR780 groups. Data represent mean values = SD of triplicate experiments
(n=3).

5.3.4.4 PDT application on MDR P. aeruginosa. The results of PDT ap-

plication on MDR P. aeruginosa are plotted in Figure 5.8 normalized to the control
group. In MSN@IR780 PDT group, it was observed that there was about 36% decrease
in bacterial cell viability, with respect to the control group (P < 0.05). Laser ONLY
and MSN@IR780 had no effect on bacterial cell viability.
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Figure 5.8 Viability of MDR P. aeruginosa after PDT using 785 nm diode laser (500 mW /cm?,
5 min) and MSN@IR780 (250 pg/ml). * indicates statistical significance (P < 0.05) compared to
the control, laser ONLY, and MSN@QIR780 groups. Data represent mean values + SD of triplicate
experiments (n=3).
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5.3.5 SDT Studies

5.3.5.1 SDT application on S. aureus. It was observed that there was a sig-

nificant decrease in bacterial cell viability in MSN@IR780 SDT group with respect to
the control group. About 15% of the bacteria in MSN@IR780 SDT group were killed.
The results are plotted in Figure 5.9 normalized to the control group. There was no

statistically significant difference between MSN@IR780 group and the control group.

S. aureus

Normalized Survival (%)
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Figure 5.9 Viability of S. aureus (ATCC 25923) after SDT using using 1-MHz ultrasound unit (1.5
W /em?, 50% duty cycle, 3 min) and MSN@IR780 (150 jg/ml). * indicates statistical significance (P
< 0.05) compared to the control group. Data represent mean values + SD of triplicate experiments
(n=3).

5.3.5.2 SDT application on P. aeruginosa. The results of SDT application

on P. aeruginosa are plotted in Figure 5.10 normalized to the control group. In
MSN@IR780 SDT group, it was observed that there was about 18% decrease in bac-
terial cell viability with respect to the control group (P < 0.05).

5.3.5.3 SDT application on MRSA. For MRSA, it was observed that 21% of
the bacteria in MSN@IR780 SDT group were killed. The results are plotted in Figure

5.11 normalized to the control group. No statistically significant difference was found

between MSN@IR780 group and the control group.
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Figure 5.10 Viability of P. aeruginosa (ATCC 27853) after SDT using using 1-MHz ultrasound unit
(1.5 W/em?, 50% duty cycle, 3 min) and MSN@IR780 (250 p1g/ml). * indicates statistical significance
(P < 0.05) compared to the control group. Data represent mean values + SD of triplicate experiments
(n=3).
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Figure 5.11 Viability of MRSA after SDT using using 1-MHz ultrasound unit (1.5 W /cm?, 50% duty
cycle, 3 min) and MSN@QIR780 (150 pg/ml). * indicates statistical significance (P < 0.05) compared
to the control group. Data represent mean values + SD of triplicate experiments (n—=3).

5.3.5.4 SDT application on MDR P. aeruginosa. The results of SDT appli-

cation on MDR P. aeruginosa are plotted in Figure 5.12 normalized to the control
group. In MSN@IR780 SDT group, it was observed that there was about 14% decrease

in bacterial cell viability with respect to the control group (P < 0.05).



68

MDRP. aeruginosa

120
= 100
£ *
E 80
E
=
6D
=
o
= 40
E
=]
Z 20

o

Cortrol MSN@IR 780 MSN@IR780 SDT

Figure 5.12 Viability of MDR P. aeruginosa after SDT using using 1-MHz ultrasound unit (1.5
W /em?, 50% duty cycle, 3 min) and MSN@IR780 (250 jg/ml). * indicates statistical significance (P
< 0.05) compared to the control group. Data represent mean values + SD of triplicate experiments
(n=3).

5.3.6 Combined PDT and SDT Studies

5.3.6.1 Combined PDT and SDT application on S. aureus. Figure 5.13
shows the effects of SDT, PDT, and SPDT on S. aureus (ATCC 25923). In the three

groups, there was a significant decrease in bacterial cell viability with respect to the
control group (P < 0.05). When exposed to SDT followed by PDT, about 47% of
bacteria was killed, as compared to 14% and 44%, when exposed to SDT alone and
PDT alone, respectively. There was no statistically significant difference between PDT
and SPDT groups, but both were statistically significantly different from SDT group
(P < 0.05).

5.3.6.2 Combined PDT and SDT application on P. aeruginosa. When ex-
posed to SDT followed by PDT, about 44% of bacteria was killed, as compared to 18%

and 31%, when exposed to SDT alone and PDT alone, respectively. The decrease in
bacterial cell viability in any group was statistically significantly different from all other

groups (P < 0.05). The results are shown in figure 5.14.
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Figure 5.13 Viability of S. aureus (ATCC 25923) after combined SDT and PDT using 1-MHz
ultrasound unit (1.5 W/em?2, 50% duty cycle, 3 min), 785 nm diode laser (500 mW /cm?, 5 min), and
MSN@IR780 (150 pg/ml). SPDT: SDT followed by PDT. * indicates statistical significance (P <
0.05) compared to the control group. s*x indicates statistical significance (P < 0.05) compared to
SDT group. Data represent mean values + SD of triplicate experiments (n=3).
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Figure 5.14 Viability of P. aeruginosa (ATCC 27853) after combined SDT and PDT using 1-MHz
ultrasound unit (1.5 W/ecm?, 50% duty cycle, 3 min),785 nm diode laser (500 mW /cm?, 5 min), and
MSN@IR780 (250 pg/ml). SPDT: SDT followed by PDT. * indicates statistical significance (P <
0.05) compared to the control group. ** indicates statistical significance (P < 0.05) between the two
related groups. Data represent mean values + SD of triplicate experiments (n=3).

5.3.6.3 Combined PDT and SDT application on MRSA. For MRSA,
almost all bacteria in PDT and SPDT groups were killed. In SPDT group, there was

a 4.1-log reduction in bacterial cell viability (99.99% decrease), while in PDT group,
there was a 3-log reduction in bacterial cell viability (99.90% decrease). However,

there was no statistically significant difference between the two groups (P > 0.05).
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SDT caused a 21% decrease in bacterial cell viability with respect to the control group

(P < 0.05). The results are shown in figure 5.15.
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Figure 5.15 Viability of MRSA after combined SDT and PDT using 1-MHz ultrasound unit (1.5
W /em?, 50% duty cycle, 3 min), 785 nm diode laser (500 mW /cm?, 5 min), and MSN@IR780 (150
pg/ml). SPDT: SDT followed by PDT. x indicates statistical significance (P < 0.05) compared to
the control group. =*x indicates statistical significance (P < 0.05) compared to SDT group. Data
represent mean values + SD of triplicate experiments (n=3).

5.3.6.4 Combined PDT and SDT application on MDR P. aeruginosa. Fig-
ure 5.16 shows the effects of SDT, PDT, and SPDT on MDR Pa. aeruginosa. In the

three groups, there was a significant decrease in bacterial cell viability with respect
to the control group (P < 0.05). When exposed to SDT followed by PDT, about
45% of bacteria was killed, as compared to 14% and 30%, when exposed to SDT alone
and PDT alone, respectively. The decrease in bacterial cell viability in any group was

statistically significantly different from all other groups (P < 0.05).
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Figure 5.16 Viability of MDR P. aeruginosa after combined SDT and PDT using 1-MHz ultrasound
unit (1.5 W/em?2, 50% duty cycle, 3 min),785 nm diode laser (500 mW /cm?, 5 min), and MSN@IR780
(250 pg/ml). SPDT: SDT followed by PDT. * indicates statistical significance (P < 0.05) compared
to the control group. *x indicates statistical significance (P < 0.05) between the two related groups.
Data represent mean values £+ SD of triplicate experiments (n=3).

5.3.7 Bacterial Cell Viability in the Presence of ROS Quenchers

The effects of the presence of NaN3, as a singlet oxygen quencher, on bacterial
cell viability with or without MSN@QIR780 are shown in Figure 5.17 for MRSA, and
Figure 5.18 for MDR P. aeruginosa. Control groups involve bacterial cells incubated
with 0 or 50 mM of NaN3 for 30 min, to test for its toxicity (without laser or US
irradiation). No decrease in cell viability associated with NaN3 dissolved in PBS (pH

7.4), was observed.

For MRSA, the second cluster of bars in figur 5.17 corresponds to the groups
incubated with 150 pug/ml of MSN@IR780 iodide, with 0 or 50 mM of NaN3 for 30 min,
before US irradiation. The third cluster of bars corresponds to the groups incubated
with 150 pg/ml of MSN@IR780 iodide with 0 or 50 mM of NaN3 for 30 min, before
laser light irradiation. The fourth cluster of bars corresponds to the groups incubated
with 150 pg/ml of MSN@IR780 iodide with 0 or 50 mM of NaN3 for 30 min, before US
irradiation followed by laser light irradiation. Addition of NaN3 showed a significant

increase in bacterial cell viability due to US, laser, and US followed by laser irradiations,
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compared to SDT, PDT, and SPDT groups without the addition of NaN3 (P < 0.05).
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Figure 5.17 Viability of MRSA after combined SDT and PDT using 1-MHz ultrasound unit (1.5
W /em?, 50% duty cycle, 3 min), 785 nm diode laser (500 mW /cm?, 5 min), and MSN@IR780 (150
pg/ml) in the presence and absence of NaN3 (50 mM). * indicates statistical significance (P < 0.05)
compared to the control group. Data represent mean values £+ SD of triplicate experiments (n—=3).

For MDR P. aeruginosa, the second cluster of bars in figure 5.18 corresponds to
the groups incubated with 250 pg/ml of MSN@IR780 iodide with 0 or 50 mM of NaN3
for 30 min, before US irradiation. The third cluster of bars corresponds to the groups
incubated with 250 pg/ml of MSN@IR780 iodide with 0 or 50 mM of NaN3 for 30
min, before laser light irradiation. The fourth cluster of bars corresponds to the groups
incubated with 250 pg/ml of MSN@IR780 iodide with 0 or 50 mM of NaN3 for 30 min,
before US irradiation followed by laser light irradiation. Addition of NaN3 showed a
significant increase in bacterial cell viability due to US, laser, and US followed by laser
irradiations, compared to SDT, PDT, and SPDT groups without the addition of NaN3
(P < 0.05).
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Figure 5.18 Viability of MDR P. aeruginosa after combined SDT and PDT using 1-MHz ultrasound
unit (1.5 W/em?, 50% duty cycle, 3 min), 785 nm diode laser (500 mW /em?, 5 min), and MSN@IR780
(250 pg/ml) in the presence and absence of NaN3 (50 mM). x indicates statistical significance (P <
0.05) compared to the control group. Data represent mean values = SD of triplicate experiments
(n=3).

5.3.8 Temperature Measurements

Thermal changes of MSN@ IR780 solutions (250 pg/ml) during 785 nm laser
irradiation (500 mW /em?, 5 min), and US irradiation (1.5 W/em?, 50% duty cycle,
3 min) were recorded. For laser irradiation, the increase in temperature after 5 min
irradiation of MSN@ IR780 (250 pg/ml) and PBS (control), was about 1.7 °C' and
2 °C, respectively. The results are plotted in Figure 5.19. For US irradiation, the
increase in temperature after 3 min irradiation of MSN@ IR780 (250 pg/ml) and PBS
(control), was about 5.8 °C' and 7.3 °C, respectively. The results are plotted in Figure
5.20.
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Figure 5.19 Thermal change analysis obtained using an infrared thermal camera for the control
(PBS, pH 7.4) and MSN@IR780 (250 1g/ml), under 785 nm laser light irradiation (500 mW /cm?, 5

min). Data represent mean values of triplicate experiments (n=3).
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Figure 5.20 Thermal change analysis obtained using an infrared thermal camera for the control
(PBS, pH 7.4) and MSN@IR780 (250 pg/ml), 1-MHz US irradiation (1.5 W/cm?, 50% duty cycle, 3

min). Data represent mean values of triplicate experiments (n=3).

These results are consistent with the results obtained using an infrared ther-

mal thermometer before and after each laser and US application in PDT and SDT

experiments. The results are shown in Figure 5.21 for PDT, and Figure 5.22 for SDT.

As can be seen in Figure 5.21, the maximum temperature increase during PDT

was about 2 °C', and there was no statistically significant difference between the differ-

ent bacterial strains examined (P > 0.05).
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Figure 5.21 Thermal change during PDT (785 nm laser light, 500 mW /cm?, 5 min), for the different
tested bacterial strains, obtained using an infrared thermal thermometer. MSN@IR780 concentrations
used were 150 pg/ml for S. aureus (ATCC 25923) and MRSA, and 250 p1g/ml for P. aeruginosa (ATCC
27853) and MDR, P. aeruginosa. Data represent mean values + SD of triplicate experiments (n—=3).
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Figure 5.22 Thermal change during SDT (1.5 W/cm?, 50% duty cycle, 3 min), for the different tested
bacterial strains, obtained using an infrared thermal thermometer. MSN@IR780 concentrations used
were 150 pg/ml for S. aureus (ATCC 25923) and MRSA, and 250 pg/ml for P. aeruginosa (ATCC
27853) and MDR, P. aeruginosa. Data represent mean values + SD of triplicate experiments (n=3).

As can be seen in Figure 5.22, the maximum temperature increase during SD'T
was about 6 °C', and there was no statistically significant difference between the differ-

ent bacterial strains examined (P > 0.05).
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5.3.9 Reactive Oxygen Species (ROS) Production

DPBF reacts with ROS causing absorbance bleaching of the probe near 410
nm, and the change in the absorbance can be measured using a spectrophotometer
[89]. By utilizing this method, the ability of MSNQIR780 to generate ROS under 785
nm laser light irradiation (500 mW /cm?), and US (1.5 W/em?, 50% duty cycle), was
monitored via absorption reduction of DPBF at 410 nm. For laser irradiation, the
absorbance intensity of DPBF was observed over a period of 5 min, and the decrease
in absorbance after every 1 min of laser irradiation, was plotted versus time. For US
irradiation, the absorbance intensity of DPBF was observed over a period of 3 min, and
the decrease in absorbance, , after every 1 min of US irradiation, was plotted versus
time. As can be seen from Figure 5.23 and Figure 5.24, MSN@IR780 caused significant
DPBF bleaching (reduction in absorbance intensity) under laser and US irradiations,
indicating ROS production. Increasing the concentration of MSN@IR780 from 150
pg/ml to 250 pg/ml; had negligible effect on DPBF bleaching. The figures also show
that the bleaching caused under laser irradiation (45%) was more than the bleaching

caused under US irradiation (15
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Figure 5.23 ROS production shown as a decrease in DPBF absorbance at 410 nm under 785 nm
laser light irradiation (500 mW /cm?) for a duration of 5 min, in the presence of MSN@IR780 (0, 150
and 250 pg/ml). Data represent mean values £ SD of triplicate experiments (n—3).
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Figure 5.24 ROS production shown as a decrease in DPBF absorbance at 410 nm US irradiation
(1.5 W/em?, 50% duty cycle) for a duration of 3 min, in the presence of MSN@IR780 (0, 150 and 250
pg/ml). Data represent mean values = SD of triplicate experiments (n=3).

5.3.10 Post-treatment Biofilm Formation Assay

Biofilm formation of resistant strains of S. aureus and P. aeruginosa (MRSA
and MDR P. aeruginosa) post PDT, SDT, and SPDT was assessed by CV assay, 24 h
after the treatments. For MRSA, optical density (ODs79) measurements demonstrated
that sonodynamic treatment with MSN@IR780 decreased the biofilm formation by
7% compared to the untreated control group, but the difference was not statistically
significant (P > 0.05). In PDT and SPDT groups, there was a significant decrease
(45%) in biofilm formation compared to the untreated control group (P < 0.05). There
was no statistically significant difference between PDT and SPDT groups (P > 0.05).
The results are shown in Figure 5.25 normalized to the untreated control group. For
MDR P. aeruginosa, optical density (ODs79) measurements demonstrated that there
was no statistically significant difference in biofilm formation between the treated SDT,
PDT, and SPDT groups, and the untreated control group (P > 0.05). The results are

shown in Figure 5.26 normalized to the control group.
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Figure 5.25 Post-treatment biofilm formation by MRSA, assessed by CV assay 24 h post treatments:
Control; no laser and no nanoparticles, SDT; MSN@IR780 (150 pg/ml) with US (1.5 W/em?, 50%
duty cycle, 3 min), PDT; MSN@IR780 (150 pg/ml) with laser light (500 mW /cm?, 5 min); SPDT;
SDT followed by PDT. * indicates statistical significance (P < 0.05) compared to the control group.
Data represent mean values £ SD of triplicate experiments (n=3).
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Figure 5.26 Post-treatment biofilm formation by MDR P. aeruginosa, assessed by CV assay 24 h
post treatments: Control; no laser and no nanoparticles, SDT; MSN@IR780 (250 pg/ml) with US
(1.5 W/em?, 50% duty cycle, 3 min), PDT; MSN@IR780 (250 1g/ml) with laser light (500 mW /cm?,
5 min); SPDT; SDT followed by PDT. Data represent mean values = SD of triplicate experiments
(n=3).

5.3.11 SEM Examination of Post-treatment Biofilms

The SEM images shown in Figure 5.27 were obtained for the control, SDT, PDT,
and SPDT groups of MRSA, 72 h post-treatments, to visualize the extent of biofilm

formation. Significant reduction of recurrent MRSA biofilm was observed in PDT and
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SPDT groups compared to the untreated control group. In SDT group, there was only
a slight reduction in biofilm formation compared to the control group, as can be seen

in Figure 5.27B.

1000 x 500KV 35 Highvacuum ETD SE 118 mm 414 pm

Figure 5.27 SEM images of MRSA biofilms 72 h post treatments: (A) Control; no laser, no US, and
no nanoparticles. (B) MSN@IR780 SDT; MSN@IR780 (150 jg/ml) with US (1.5 W/cm?2, 50% duty
cycle, 3 min). (C) MSN@IR780 PDT; MSN@IR780 (150 ug/ml) with laser light (500 mW /cm?2, 5
min). (D) MSN@IR780 SPDT; SDT followed by PDT. Left column (1000x), middle column (5000x),
right column (20 000x).

The SEM images shown in Figure 5.28 were obtained for the control, SDT,
PDT, and SPDT groups of MDR, P. aeruginosa, 72 h post-treatments, to visualize the
extent of biofilm formation. No difference can be seen between SDT and the control
groups which is consistent with CV assay results. In PDT group, there is only a slight

reduction in biofilm formation compared to the control and SDT groups. Less recurrent
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biofilm is observed in SPDT group compared to the control, SDT and PDT groups,

although the CV assay revealed that there was no statistically significant difference

between these groups.

Figure 5.28 SEM images of MDR P. aeruginosa biofilms 72 h post treatments: (A) Control; no
laser, no US, and no nanoparticles. (B) MSN@IR780 SDT; MSN@IR780 (250 pg/ml) with US (1.5
W /em?, 50% duty cycle, 3 min). (C) MSN@IR780 PDT; MSN@IR780 (250 jg/ml) with laser light
(500 mW /cm?, 5 min). (D) MSN@IR780 SPDT; SDT followed by PDT. Left column (1000x), middle
column (5000x), right column (20 000x).

A summary of the results obtained in PDT, SDT, and SPDT studies using
MSN@IR780, is presented in Table 5.2.
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5.4 Discussion

The aim of this study was to overcome the limitations of toxicity and hydropho-
bicity of IR780 iodide, by encapsulating it into mesoporous silica nanoparticles, and to
investigate the photodynamic, sonodynamic, and combined photodynamic and sono-
dynamic potentials of these loaded nanoparticles on reference and resistant strains of
gram-positive and gram-negative bacteria. At first, MSN were synthesized and loaded
with TR780 iodide. STEM images indicated successful synthesis of spherical MSN with
a diameter of around 60 nm. UV-VIS spectrum confirmed the loading of IR780 iodide
into MSN. The loading efficiency was high (95%).

The results of PDT on planktonic bacteria, suggest that MSN@IR780 effectively
reduced the number of living bacterial cells after irradiation with 785 nm laser light (500
mW /em?, 5 min), for all the tested strains. The killing was mainly due to photodynamic
and not photothermal effect, as confirmed by temperature, and DPBF bleaching mea-
surement results. The ability of MSN@IR780 to generate ROS under laser irradiation
was confirmed by the decrease in absorbance intensity of DPBF at 410 nm after laser
irradiation. Temperature measurements showed no significant change in temperature
in MSN@IR780 PDT groups for all the tested strains, indicating that MSN@IR780
have no photothermal effect. This was also confirmed by the results obtained from
testing the photodynamic effect of MSN@QIR780 in the presence of NaN3, as a singlet
oxygen quencher, on MRSA and MDR P. aeruginosa. The addition of NaN3 caused
a significant increase in bacterial cell viability, compared to PDT groups without the
addition of NaN3 for both strains, excluding any photothermal effect involved. The
results also indicate that the killing was caused specifically by singlet oxygen (1Oy).

For the same laser dose and MSN@QIR780 dose, it was found that resistant strains
of S. aureus and P. aeruginosa (MRSA and MDR P. aeruginosa) were more sensitive
to PDT than their reference strains (ATCC 25923 and ATCC 27853). These results
are consistent with previous studies [19],[96]. Topaloglu et al. showed that ICG-PDT
was more effective on resistant strains of S. aureus and P. aeruginosa, than on their

reference wild type strains for the same laser energy and ICG doses [19]. Similarly,
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Tang et al. found that MRSA strain was more sensitive to pL-ce6 and TBO mediated
PDT than S. aureus (ATCC 25923) strain [96]. The increased susceptibility of resistant
strains, compared to their reference strains, might be due to the variation in their cell
wall structures, which might possibly affect the binding and uptake of photosensitizers
[19]. Tang et al. suggested that MRSA has a more permeable cell wall than S. aureus
(ATCC 25923) strain, and this altered architectural structure in MRSA may favor the
penetration of photosensitizers across the cell wall, resulting in higher killing of MRSA

due to PDT [96].

MSN@IR780 -mediated PDT was more effective on gram-positive strains than
on gram-negative strains. The increased susceptibility of gram-positive bacteria com-
pared to gram-negative bacteria can be explained by the difference in cell envelope
constituents between the two types. Gram-positive bacteria have a simpler and rela-
tively porous peptidoglycan layer surrounding the cytoplasmic membrane, compared
to the complex double lipid bilayer cell envelope structure surrounding the cytoplasmic
membrane of gram-negative bacteria [97|, which may restrict the entry and internaliza-
tion of photosensitizers in gram-negative bacteria compared to gram-positive bacteria

[19],]71],198],[99].

SDT was less effective than PDT for all the tested strains. These results are
similar to the results obtained from IR780 iodide studies, and are consistent with
previous studies [28],[86]. The reason for that can be explained by less ROS production
in SDT compared to PDT, as was confirmed by DPBF bleaching results, which showed
that ROS production in response to US, was less than ROS production in response to

laser light.

The reduction in bacterial cell viability due to SDT ranged between 15 and
21% for the different tested strains. The killing was mainly due to sonodynamic effect
with no thermal effect involved. This was confirmed by the results obtained from
testing the sonodynamic effect of MSN@IR780, in the presence of NaN3, as a singlet
oxygen quencher, on MRSA and MDR P. aeruginosa. The addition of NAN3 caused

a significant increase in bacterial cell viability compared to SDT groups without the
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addition of NaN3 for both strains, excluding any thermal effect involved. The results
also indicate that the killing was caused specifically by singlet oxygen (*O,), which is
consistent with the study conducted by Huang et al. [50].

The combined treatment of SDT and PDT, resulted in enhanced reduction in
bacterial cell viability compared to SDT and PDT. For MRSA, SPDT caused a 4.1-log
reduction in bacterial cell viability, compared to a 3-log reduction caused by PDT, but
the difference between the two groups was not statistically significant. For P. aerug-
imosa and MDR P. aeruginosa, the enhanced killing effect by SPDT was statistically
significant than SD'T and PDT, which is expected and consistent with previous studies

[86],]87],[88].

A successful antimicrobial treatment should not only be able to inactivate plank-
tonic bacteria, but also be able to inhibit biofilm formation. Biofilms show stronger
resistance to antibiotics due to their sophisticated matrix [99|, and therefore, combat-
ing them is of great concern when dealing with bacterial infections. Post treatment
biofilm analysis of MRSA and MDR, P. aeruginosa was carried out. For MRSA, CV
assay revealed that PDT and SPDT inhibited the formation of biofilms by almost
45%. No statistically significant difference was found between the two groups similar
to the results of planktonic cells. This reduction in post treatment biofilm formation is
probably a result of less bacteria being present in the treated PDT and SPDT groups
compared to the control group [100], due to the antimicrobial effect of MSN@IR780.
SDT caused a slight reduction in post treatment biofilm formation (7%). This was
expected, since the reduction in bacterial cell viability due to SDT was only 15%,
which means that there was a lot of bacteria present in SDT group that formed the
biofilm afterwards. SEM images confirmed the results of CV assay. They clearly show
less developed biofilms in PDT and SPDT groups, while only a slight reduction in the
developed biofilm in SDT group, compared to the control group.

For MDR P. aeruginosa, although the SEM images showed some reduction in
SPDT and PDT groups compared to the control group, CV assay didn’t reveal any

statistically significant difference between the treated groups and non-treated control
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group. Similar to SDT of MRSA, this is probably due the presence of significant

number of bacteria in the treated groups, that were able to develop the biofilms.

5.5 Conclusion

The present study shows that IR780 iodide loaded mesoporous silica nanopar-
ticles have photodynamic and sonodynamic potentials for the inactivation of resistant
strains of gram-positive and gram-negative bacteria. The photodynamic potential was
superior to the sonodynamic potential, and gram-positive bacteria were more suscep-
tible to the treatments than gram-negative bacteria. IR780 iodide loaded mesoporous
silica nanoparticles also showed a potential to inhibit post treatment biofilm forma-
tion, especially for MRSA. Future work will focus on improving the therapeutic output
of sonodynamic therapy using these nanoparticles, and on enhancing the anti-biofilm

capability of these nanoparticles.
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6. OVERALL DISCUSSION AND CONCLUSION

The rapid spread of antimicrobial resistance has become a serious threat to
global health [101]. Therefore, alternative treatments to conventional antibiotics are
urgently needed. Photodynamic therapy (PDT) is a promising approach. The killing
caused by PDT is entirely based on the generation of ROS by light activated pho-
tosensitizers. ROS act on nonspecific targets within a microbe, so it is unlikely that
resistance to PDT could be developed [102|. The main limitation of PDT is the limited
penetration depth of visible light needed to activate most of the common photosen-
sitizers, limiting the therapeutic potential to superficial areas [23]. Identifying and
developing novel photosensitizers that can absorb NIR light, is one possible approach
to increase the targeted depth in tissue. Researchers also developed sonodynamic ther-
apy (SDT) as a complementary or alternative therapy to PDT, to overcome the light
penetration depth limitation, by using ultrasound to excite the photosensitizers, as it
has superior tissue penetration compared to light |24]. Due to the similarities between
PDT and SDT, investigation of the combined effect has been a trend in research, espe-
cially for the treatment of cancer [81],[82],[83],[84],[85], and recently for the treatment
of microbial infections [86],[87],[88].

The aim of this study was to develop a combined PDT and SDT for the treat-
ment of microbial infections caused by resistant bacterial strains. Identifying and devel-
oping a novel photo/sonosensitizer was the main factor to consider in order to achieve
this aim. IR780 iodide was chosen because it is a NIR dye with a peak absorption
of 780 nm, which coincides with the therapeutic window (600-1000 nm) [38], allowing
relatively deeper tissue penetration. Moreover, it has a capability of producing ROS,
which makes it a good candidate for being used as a photo/sonosensitizer. In addition
to that, and to our best knowledge, it was not investigated as a photo/sonosensitizer

for the treatment of bacterial infections.

At first, preliminary studies were conducted to find the optimal laser and ultra-
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sound parameters. After that, investigation of the photodynamic, sonodynamic, and
combined photodynamic and sonodynamic potentials of IR780 iodide on gram-positive
S. aureus and MRSA, and gram-negative P. aeruginosa and MDR, P. aeruginosa was
carried out in wvitro. The results of PDT showed that IR780 iodide inactivated all the
tested strains after being irradiated with a low dose of 785 laser light (500 mW /cm?,
5 min). It is suggested that the cationic nature of IR780 iodide makes it as effective
in inactivating gram-negative P. aeruginosa, as it is on gram-positive S. aureus. The
results also showed that IR780 iodide can function as a sonosensitizer in SDT. How-
ever, SDT was less effective than PDT, due to lower ROS production in response to
US compared to ROS production in response to laser light, for the same IR780 iodide
concentration. Due to the low efficacy of SDT, the combined therapy of SDT and PDT
didn’t result in a significant enhancement in bacterial inactivation compared to PDT

alone.

It is expected that higher concentrations of IR780 iodide would result in higher
ROS production, and hence, better PDT, SDT, and combined therapy efficacy. How-
ever, the concentrations used in this study were the highest non-toxic concentrations
(no dark toxicity) that could be used. As a solution to this problem, encapsulating
IR780 iodide into nanoparticles was suggested, as it would result in increasing the
amount of TR780 iodide that can be delivered to bacterial cells, due to the large surface
to volume ratios of the nanoparticles. Moreover, it could overcome the hydrophobicity

drawback of IR780 iodide which could limit its clinical application [44],[45].

Mesoporous silica nanoparticles (MSN) were chosen to be the nanocarriers for
IR780 iodide, due to their unique properties such as ease of synthesis, controllable
particle size, good biocompatibility, easy functionalization, and large specific surface

area and pore volume, enabling high loading capacity of drugs [60],[61],[62],|63],[64],]65].

MSN were successfully synthesized and loaded with IR780 iodide, and their po-
tentials for PDT and SDT were studied. The results of PDT revealed that MSN@IR780
inactivated bacterial cells after irradiation with 785 nm laser light (500 mW /cm?, 5

min), for all the tested strains. The degree of inactivation was found to be strain
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dependent. MRSA showed the best results where almost all bacteria were killed af-
ter PDT. Overall, gram-positive and resistant strains were more sensitive to PDT
than gram-negative and reference strains, which is consistent with previous studies
[19],[71],198],[99]. Structural differences between the different strains affect the bind-
ing and uptake of the photosensitizers, which affect the susceptibility of the different
strains to PDT. For example, gram-positive bacteria have a simpler and relatively
porous peptidoglycan layer surrounding the cytoplasmic membrane, which allows pho-
tosensitizers to enter bacterial cells more easily than in gram-negative bacteria, which
have a complex double lipid bilayer cell envelope structure surrounding the cytoplas-
mic membrane, which may restrict the entry and internalization of photosensitizers,

resulting in less susceptibility to PDT.

Similar to the results obtained from free IR780 iodide studies, SDT was less
effective than PDT for all the tested strains. This can be explained by DPBF bleaching
results, which showed that ROS production in response to US, was less than ROS

production in response to laser light, for the same MSN@IR780 concentrations.

The combined treatment of SDT and PDT, resulted in enhanced reduction in
bacterial cell viability compared to SDT and PDT. For MRSA, SPDT caused a 4.1-log
reduction in bacterial cell viability, compared to a 3-log reduction caused by PDT. For
P. aeruginosa and MDR P. aeruginosa, the enhanced killing by SPDT was statistically
significant from SDT and PDT, which is expected and consistent with previous studies

[86],[87],[88].

In order to investigate if there was any thermal effect involved in the killing
caused by MSN@IR780-mediated PDT, SDT, and SPDT, the experiments were con-
ducted in the presence of NaN3, as a singlet oxygen quencher, on MRSA and MDR
P. aeruginosa. The addition of NAN3 caused a significant increase in bacterial cell
viability, compared to PDT, SDT, and SPDT groups without the addition of NaN3,
for both strains, excluding any thermal effect involved. The results also indicate that

the killing was caused specifically by singlet oxygen (*O,).
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Since combating biofilms is of great concern when dealing with bacterial in-
fections, the ability of MSN@QIR780-mediated PDT, SDT, and SPDT to inhibit post-
treatment biofilm formation of MRSA and MDR P. aeruginosa was investigated via
CV assay and SEM images. For MRSA, both methods revealed that PDT and SPDT
inhibited the formation of biofilms by almost 45%, while SDT caused a slight reduc-
tion in post treatment biofilm formation (7%). For MDR P. aeruginosa, MSN@IR780-
mediated PDT, SDT, and SPDT were not able to inhibit post-treatment biofilm forma-
tion, probably due the presence of significant amount of bacteria in the treated groups,

that were able to develop the biofilms.

In summary, both IR780 iodide and MSN@IR780 have potentials for PDT and
SDT of bacterial infections. The results revealed that designing a successful combined
therapy depends on many factors, such as the concentration of the photo /sonosensitizer,
the nature of the photo/sonosensitizer (i.e., cationic or anionic), the strain being
treated, and the laser and US parameters. The best results obtained were for MRSA,
where the combined treatment (SPDT) using MSN@IR 780 caused a 4.1-log reduction in
bacterial cell viability, and inhibited post-treatment biofilm formation by 45%. For the
remaining tested strains, IR780 iodide-mediated PDT and combined PDT and SDT,
were more efficient in reducing the bacterial cell viability, compared to MSN@IR780-
mediated PDT, SDT, and SPDT, which could be due to the cationic nature of TR780,
which facilitated the uptake of IR780 iodide into bacterial cells. MSN@IRT780 surface
charge was not tested, but probably it is less cationic than IR780 iodide, and thereby
affected the uptake of MSN@IRT780 by bacterial cells. Despite this, encapsulating
IR780 iodide in MSN has many advantages over using IR780 iodide in free form, such
as overcoming its hydrophobicity and increasing its stability, which will make it more

suitable for clinical application.

Future work will focus on the functionalization of MSN@QIR780 to enhance their
uptake by bacteria. This may include modifying their surface charge, conjugating
them with antimicrobial peptides and/or targeting entities, which is expected to re-
sult in enhanced PDT and SDT results, and enhanced anti-biofilm capability of these

nanoparticles. In addition to that, further studies will be conducted to study the up-
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take of MSN@IR780 by bacteria, to examine the leakage of IR780 iodide from MSN,
to assess the photostability of the nanoparticles, and to understand the bacterial cell

death mechanisms by MSNQIR780-mediated PDT and SDT.
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1. Inactivation of planktonic cells and inhibitory effect on post-treatment biofilm
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light H. Z. Alagha, M. Giilsoy, Journal of Microbiological Methods, Vol. 211, pp.
106773, 2023.
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