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Abstract

Bacterial infection has always been a clinical challenge to humans. One of the biggest
challenges is that bacteria can encase in self-produced extracellular polymeric substances (EPS)
to form biofilms. Bacteria encased in biofilms are difficult to kill due to their tolerance to high
concentrations of antibiotics that can normally kill planktonic bacteria. With the emergence of
antimicrobial resistance (AMR), traditional antibiotics are losing their effectiveness in treating
bacterial infections. To cope with this situation, alternative antibacterial strategies, including
photodynamic therapy (PDT), have been developed. PDT utilizes a photosensitizer (PS) to
generate reactive oxygen species (ROS) under light irradiation. These ROS can damage
essential biological components in bacteria without generating AMR. Recently, aggregation-
induced emission (AIE) PSs have gained popularity for antibacterial PDT because of their
ability to prevent aggregation-caused quenching (ACQ) and enhance ROS generation upon
target binding. Despite significant efforts invested over the last decade, AIE PSs with both good

antibiofilm activity and biocompatibility remain rare.

In this thesis, novel AIE PSs have been developed for antiplanktonic and antibiofilm
applications. A water-soluble and bacterial targeting AIE PS, TPA-1, which is a triphenylamine
derivative, has been designed and synthesized. TPA-1 has minimal cytotoxicity towards human
cells with and without light irradiation. Additionally, TPA-1 exhibits intrinsic antibacterial
activity. Without light irradiation, TPA-1 acts as a narrow-spectrum antibacterial agent,
eradicating S. aureus and preventing their biofilm formation. Upon light irradiation, TPA-1
effectively eradicates planktonic and biofilm S. aureus and P. aeruginosa. The therapeutic
efficacy of TPA-1 has also been assessed with in vivo mice models. Furthermore, the intrinsic
antibacterial activity of TPA-1 was improved through structural modifications. Among the
modified AIE PSs, TPA-C3-C6 was shown to be the most active AIE PS against S. aureus and

P aeruginosa, even without light irradiation, while maintaining relatively low cytotoxicity. The
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combined effects of PDT and the intrinsic antibacterial activity of TPA-C3-C6 enhance the

antibiofilm activity and prevent biofilm recurrence.
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Chapter I Introduction

1.1 Current Obstacles in Treating Bacterial Infections

Bacterial infection has always been a severe challenge to human health. The discovery of
penicillin in 1928 provided us with a weapon to combat bacteria. Following the “golden age”
of antibiotics, other classes of antibacterial agents such as tetracyclines, aminoglycosides and
quinolones, have been discovered and quickly introduced into clinical settings. These
antibiotics, discovered decades ago, remain some of the most effective drugs for treating
bacterial infections.!> However, the inappropriate use of antibiotics has accelerated the
emergence of antimicrobial resistance (AMR). A recently published study estimated that AMR
could cause 8.22 million associated deaths in 2050 if no intervention is made.* In addition,
AMR could reduce the global gross domestic product (GDP) by more than 1 trillion US dollars

annually after 2030.°

1.2 Bacterial Biofilm

Apart from AMR, many bacteria can form biofilms, in which the bacteria are enclosed in self-
produced extracellular polymeric substances (EPS).® EPS mainly consist of polysaccharides,
proteins, lipids and extracellular DNA (eDNA).” These molecules can protect the bacteria from
the host immune system and antibiotics.® 7 Compared to freely moving planktonic bacteria,

bacteria in the biofilm can be 1000 times more resistant to antibiotics.®°
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The formation of bacterial biofilm is illustrated in Figure 1.1. The biofilm cycle starts with the
attachment of planktonic bacteria to a biotic or abiotic surface. Biotic surfaces, like mammalian
tissue, are usually covered with conditioning film that contains host macromolecules.!® This
conditioning film can facilitate the binding of bacteria to the surface. In tissue infection,
bacteria can attach to viscous mucus and damaged tissue to form aggregates.!'> ' The
aggregated cells then multiply and initiate the production of EPS, forming a microcolony. At
this stage, bacteria can also utilize the DNA from damaged host cells to construct the biofilm
matrix.'* * Upon biofilm maturation, the number of bacteria is significantly increased, as well
as the complexity of the biofilm matrix, creating a microenvironment with gradients of
nutrients and oxygen.!> Depending on the location of the bacteria, they will show different
physiological properties that will allow them to adapt to changes in the microenvironment.
Bacteria near the surface can freely access oxygen and nutrients, so they are fast-growing cells,
similar to planktonic bacteria.!® In contrast, bacteria in the deeper layer are slow-growing or
even metabolically inactive, which are called persister cells, due to limited resources.!” Lastly,
a mature biofilm can undergo detachment to release individual bacterial cells or small portions
of the biofilm. This detachment can be actively performed by bacteria or as a response to
environmental stress.!? The dispersed bacteria or biofilm can attach to other locations, leading

to another biofilm cycle.
1.2.1 Biofilm Tolerance to Antimicrobials

Biofilm tolerance to antimicrobials refers to the ability of bacteria in a biofilm to survive high
concentrations of antimicrobials that are lethal to their planktonic counterparts. There are three
major mechanisms that contribute to antimicrobial tolerance: penetration barrier caused by

biofilm matrix, adaptive responses, and metabolic heterogeneity.® '°



Chapter I Introduction

The penetration barrier is provided by the self-produced EPS from the bacteria. For example,
negatively charged components, like polysaccharides and eDNA, can slow down the diffusion
of positively charged antibiotics, such as aminoglycosides and polymyxins.'® !° The barrier can
also directly restrict the penetration of cefotaxime and vancomycin in S. aureus biofilm.2° Apart
from limiting access to antibiotics, this penetration barrier creates an antibiotic gradient,
allowing bacteria in the biofilm that are exposed to a sub-lethal dosage of antibiotics to activate
specific responses.® !° For instance, P. aeruginosa biofilm treated with a subinhibitory

concentration of imipenem showed an increase in alginate production and biofilm volume.*!

Additionally, nutrient and oxygen limitations can activate adaptive responses, such as the
stringent response and SOS response, in bacteria inside the biofilm. The activation of these
responses can help bacteria cope with the accumulation of reactive oxygen species during cell
metabolism by overproducing antioxidants and activating DNA repair mechanisms.?*?*

Bacteria that activate these responses showed tolerance against fluoroquinolones and other

antibiotics that kill bacteria by increasing oxidative stress.?

Regarding metabolic heterogeneity, biofilm consists of a subpopulation of fast-growing
bacteria at the biofilm surface and a subpopulation of slow-growing or metabolically inactive
bacteria inside the biofilm.!” !> These two subpopulations use different strategies to resist
antibiotics. Fast-growing bacteria can undergo adaptation by activating specific antibiotic
resistance mechanisms. For example, upon exposure to colistin, the bacteria at the surface of
P. aeruginosa biofilm showed an increase in expression of the efflux pump and underwent
modification of lipopolysaccharides to reduce the binding affinity towards colistin.!¢ In
addition, limited oxygen and nutrients in the inner layers of biofilm induce the formation of
slow-growing bacteria and persister cells. Persister cells are metabolically inactive bacteria that
can survive under various environmental stresses, such as starvation and exposure to
antibiotics.?> 26 Until now, researchers have been unable to clearly distinguish between slow-

5



Chapter I Introduction

growing bacteria and persister cells as they exhibit similar phenotypic properties.?’ Nonetheless,
both contribute greatly to biofilm tolerance. One of their tolerance strategies is to downregulate
the tricarboxylic acid (TCA) cycle, which can limit the production of reactive oxygen species.?’
Additionally, toxin-antitoxin modules are activated in persister cells.?® Toxins are proteins that
can inhibit the replication and translation of bacteria, while antitoxins counteract the activity
of these toxins.?’ The activation of toxin-antitoxin modules often leads to the accumulation of

toxins in bacteria, further reducing the synthesis of antibiotic target proteins.!%3°

With the above tolerance mechanisms, it is difficult to completely remove bacteria in the
biofilm without using a high dosage of antibiotics. Studies also showed that biofilm-related
infections were the major cause of chronic and recurrent wounds.’!*3 Together with the
emergence of AMR, traditional antibiotics are rapidly losing their effectiveness in treating
bacterial infections. Therefore, there is a pressing need to develop new strategies for treating

bacterial infections.

1.3 Antibacterial Photodynamic Therapy

Antibacterial photodynamic therapy (aPDT) has gained increasing interest in recent years.
aPDT uses non-toxic photosensitizers (PSs) that can be excited by light irradiation to generate
toxic reactive oxygen species (ROS). Like other living organisms, bacteria have defence
systems against oxidative stress. For example, bacteria can remove superoxide anion and
hydrogen peroxide by producing superoxide dismutase and catalase.** However, not all ROS,
especially hydroxyl radical and singlet oxygen, can be effectively removed by bacteria. These
ROS can still destroy essential biological components of the bacteria and eventually lead to
cell death. *>3° One of the biggest advantages of aPDT is that it can overcome antibiotic
resistance. Since antibiotics are usually specific to a single target, bacteria can easily generate
resistance by point mutation of the corresponding targets.*’ In contrast, aPDT generates ROS

that can disrupt multiple targets simultaneously, making it difficult for bacteria to accumulate

6



Chapter I Introduction

enough mutations to resist the treatment. Hence, bacteria can hardly develop resistance against
aPDT.*-#? In addition to avoiding the emergence of AMR, aPDT also offers the advantages of
non-invasive treatment, broad-spectrum antibacterial effects and rapid eradication of bacteria

in minutes. ! 4344

1.3.1 The Mechanisms of Photodynamic Therapy

The photophysical process by which a PS generates ROS is shown in Figure 1.2. Upon
appropriate light irradiation, the PS will transfer from the singlet ground state (So) to the singlet
excited state (S1). The excited PS in the S state can return to the ground state through the
emission of a photon (fluorescence) or by non-radiative decay. Additionally, the PS can
undergo intersystem crossing, which involves the transfer from the S; state to the triplet excited
state (T1). PSs at the T; state can relax to the ground state by phosphorescence or, more
importantly, the generation of ROS. There are two major ROS generation mechanisms, which
are through electron transfer (Type I) to generate radicals and energy transfer (Type II) to

generate singlet oxygen. #>46
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1.3.2 Type I ROS Generation

For the Type I mechanism, the first free radical, superoxide anion (O2"), is generated from
molecular oxygen by capturing an electron from a PS in the triplet excited state (PS")

(Equation (1)) or with the help of a reducing agent, such as NADH and NADPH (Equation
2)-(3)).Y

PS* + 0, > PS** + 0}"

)
2PS* + NAD(P)H — 2PS*~ + NAD(P)* + H*
@
PS*™ + 0, - PS+ 03~
©))

The superoxide anion can undergo disproportionation to form hydrogen peroxide (H20>). This
process is often catalyzed by superoxide dismutase in biological systems or through one
electron reduction of the superoxide anion (Equation (4)).*
20, + 2H* -» 0, + H,0,

(C))
Hydrogen peroxide can then interact with superoxide anion to form strongly oxidizing
hydroxyl radical (¢*OH) (Equation (5)). If the lifetime of triplet excited PS is long enough, it
can also interact with hydrogen peroxide to generate a hydroxyl radical (Equation (6)).*

H,0, + 05" - 0, + OH™ + «OH
)

H,0, +PS* - H,05” +PS"" —» H,0 + PS* + «OH
(6)

The hydroxyl radicals generated through the Type I mechanism are capable of oxidising

enzymes, lipids, and DNA.* For example, hydroxyl radicals can interact with phospholipids
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in the bacterial membrane, forming lipid peroxides. The formation of lipid peroxides can
disrupt the packing efficiency of the bacterial membrane, affecting membrane integrity and

may further cause leakage of cellular components.***

1.3.3 Type II ROS Generation

For the Type II mechanism, the triplet excited PS with light irradiation returns to the ground
state by transferring the energy to a triplet ground state of molecular oxygen (°0>), leading to

the formation of singlet oxygen ('0,") (Equation (7)).*

PS*+ 0, - PS+ 03
(7
Singlet oxygen is highly reactive and can effectively oxidize nearby lipids, amino acids, DNA,
and RNA, disrupting normal cell function and eventually causing cell death.’® For instance,
singlet oxygen can cause DNA strand breakage and mutation in bacterial cells.’! G:C to T:A
transversions were the most observed DNA transversions in a singlet oxygen-damaged plasmid

after overnight amplification in an E.coli strain.”!

1.4 A Brief Review on Organic Antibacterial PSs

The efficiency of aPDT is highly dependent on the properties of the PSs. An effective
antibacterial PS should be selective towards bacteria, have efficient ROS generation under
long-wavelength irradiation, and be non-toxic to human cells. Although inorganic PSs, such as
carbon dots, titanium oxide and copper sulfide, have a remarkable ROS generation ability and
photostability, their toxicity and difficulty in metabolism limit their bioapplications.’* > On the
other hand, organic PSs are relatively less toxic than inorganic PSs as they can often be
metabolized by human cells.! Hence, organic PSs can potentially treat bacterial infections in
vivo. In this section, several types of common and recently developed antibacterial organic PSs

are reviewed.

10
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1.4.1 Xanthenes

Xanthenes are cyclic molecules that contain three aromatic rings and one oxygen atom in the
middle ring (Figure 1.3). They are often used as fluorescent probes for bioimaging due to their
high quantum yield and low toxicity.** The common xanthene PSs are halogenated derivatives
of fluorescein, such as Rose Bengal and Erythrosine B, which have absorption ranging from
500 nm to 550 nm. Under green light irradiation, Rose Bengal and Erythrosine B were able to

eradicate S. aureus and S. typhimurium.>*

Xanthenes have been widely incorporated into various materials for aPDT.*> >® For example,
Wu et al. have designed a pH-sensitive nanoparticle, RB@PMB@GA, to eliminate Gram-
negative biofilm bacteria.”’ Rose Bengal was first mixed with dopamine to form RB-PDA
nanoparticles, which were then coated with polymyxin B and gluconic acid to form
RB@PMB@GA. The decoration of polymyxin B on the nanoparticles helps to increase the
specificity towards Gram-negative bacteria, and the gluconic acid controls the surface charge

of the nanoparticle under different pH environments.

Apart from functionalizing the traditional xanthene PSs, researchers have also developed new
xanthenes with improved ROS generation and extended absorption into the near-infrared
region (NIR). For example, an iodinated xanthene-cyanine PS, [>-XCy, has been developed
with an absorption maximum at 680 nm.>® 1,-XCy has infused two iodine atoms into Xcy,

which enhances the phototoxicity against S. aureus upon 660 nm light irradiation.

11



Chapter I Introduction

I COOH

XL

HO (@) O
I

Xanthene

Erythrosine B

Rose Bengal

XCy I,-XCy

Figure 1.3. Examples of xanthene PSs
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1.4.2 BODIPYs

Apart from xanthenes, boron dipyrromethene (BODIPY) is another type of commonly used PS
due to its great photostability (Figure 1.4).>> BODIPY typically absorbs around 500 nm. The
absorption of BODIPY can also shift towards the NIR region with the infusion of heavy atoms
such as selenium and iodine.®® One of the major drawbacks of BODIPY PSs is the poor water
solubility, which can cause precipitation in body fluids. Therefore, attempts have been made to
improve the water solubility of BODIPY PSs by introducing cationic or hydrophilic groups to
the structure. For example, Dai er al. designed a water-soluble BODIPY copolymer with
galactose and quaternary ammonium groups named P(ATA-C4)-r-GAL-12.%! The galactose
polymer helps to increase the water-solubility and the quaternary ammonium groups guide the
polymer towards bacteria through electrostatic interactions. Upon white light irradiation,

P(ATA-C4)-r-GA-12 is able to eradicate S. aureus and P. aeruginosa.

In addition, Xie’s group developed a guanidine-attached BODIPY PS, LIBDP, to treat bacterial
infections. LIBDP, upon green light irradiation, can generate ROS and eradicate S. aureus in
the biofilm.%?> The ROS generated can also oxidize the guanidine group to form nitric oxide,
which enhances the antibacterial activity and promotes wound healing.®> Moreover, the
inclusion of cationic pyridine at the meso-position of the BODIPY core is a common
modification found in BODIPY PSs. Lin ef al. have studied the effects of the pyridinium cation
orientation on the antibacterial activities of the PSs.** They found that compound 3¢, which has
the positively charged nitrogen at the meta-position, exhibited minimal aggregation and
improved antibacterial activity upon light irradiation compared to the para- and ortho-position.
To further enhance the binding to bacteria, a BODIPY PS (IBDPPy-PBA) with cationic
pyridine and phenylboronic acid was designed.®® Boronic acids have been commonly used for
sugar recognition as they can bind with the adjacent hydroxyl groups on sugars, forming
boronate esters.®® Since teichoic acids in Gram-positive bacteria and lipopolysaccharides in

13



Chapter I Introduction

Gram-negative bacteria are composed of multiple sugars, IBDPPy-PBA can target these
components through the phenylboronic motif. Additionally, the cationic pyridine group can
also bind with negative charges on bacterial surfaces. Upon green light irradiation, IBDPPy-

PBA can eradicate S. aureus and E. coli in the biofilms.
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BODIPY

IBDPPy-PBA

P(ATA-C4)- r-GAL-I2

Figure 1.4. Examples of BODIPY PSs.
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1.4.3 Porphyrins

Porphyrins are macrocyclic molecules that are composed of four pyrroles linked by methine
bridges. (Figure 1.5). They are commonly found in nature, such as in chlorophylls and heme,
and they often exhibit low cytotoxicity and are easily metabolized in the human body.'
Porphyrin PSs are one of the most commonly used antibacterial PSs due to their great quantum
yield and efficient Type II ROS generation." ** Similar to other antibacterial PSs, the affinity
of porphyrins towards bacteria can be increased by introducing positively charged cationic
groups. TMPyP was the first porphyrin PS used for antibacterial purposes. When exposed to
visible light irradiation, TMPyP can eradicate E. coli, E. seriolicida and V. anguillarum.®’ In
2022, Hao et al. further investigated the antibacterial effects of TMPyP on aerobic and
facultative anaerobic bacteria.’® Interestingly, TMPyP can be reduced by some facultative
anaerobic bacteria, including E. coli, S. typhimurium and E. faecalis. These bacteria had a redox
potential lower than or close to that of TMPyP. The reduced form of TMPyP, called Phlorin,
had good photothermal conversion upon 730 nm irradiation. Depending on the type of bacteria,

TMPyP can eradicate them by generating ROS or heat upon light irradiation.

Zhang’s group has also designed a zwitterion porphyrin PS (ZMP).®’ The zwitterion property
of ZMP improved its water solubility. Upon 410 nm light irradiation, ZMP can oxidize colored
chromogen and eradicate biofilm S. mutans. Later, the same group developed Ga-CHP, which
has iron-blocking antibacterial activity.”” During infection, bacteria rely on the host’s heme
(iron protoporphyrin IX) as an iron source. Since the molecular structure of Ga-CHP is similar
to that of heme, Ga-CHP can be taken by the bacteria. The chemical properties of Ga ** are
very similar to Fe*" but Ga** cannot be reduced to Ga** under physiological conditions.”!
Therefore, the redox cycle for several iron-involved enzymes will be disrupted. Hence, Ga-

CHP can kill drug-resistant S. aureus, A. baumannii and P. aeruginosa even without light
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irradiation. Moreover, the iron-blocking activity of Ga-CHP and PDT upon 410 nm irradiation

had synergistic effects against S. aureus and E. coli.
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Figure 1.5. Examples of porphyrin PSs.
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1.4.4 Phthalocyanines

Phthalocyanines are aromatic heterocyclic PSs that are closely related to porphyrins.’® They
consist of four isoindoles linked by nitrogen bridges (Figure 1.6). With the benzene moieties
infused into the isoindole, phthalocyanines can be excited by longer wavelengths of light
(around 600-700 nm) compared to porphyrins, enabling them to work effectively in deeper
layers of tissue.”* Phthalocyanines have gained significant attention for their development into
antibacterial PSs due to their high ROS quantum yield, good photostability and low dark

toxicity.”*

However, traditional phthalocyanines have large planar and hydrophobic structures, which
result in low water solubility and a tendency to aggregate in aqueous environments, thereby
limiting their efficiency in PDT. To address this problem, researchers have attached hydrophilic
substituents to phthalocyanines to improve their water solubility. Cationization is a commonly
used modification that enhances the water solubility of phthalocyanines and increases their
binding affinity towards bacteria. For instance, Fan et al. designed a cationic phthalocyanine,
7b, with four positively charged morpholiums attached to its o positions.”> Compared to its
neutral counterpart 7a, 7b shows improved water solubility and ROS generation in water. With
680 nm light irradiation, 7b was able to eradicate over 90% of C. albicans at 1.12 uM and E.
coli at 0.47 uM through the combination of photodynamic and photothermal effects. Apart from
cationization, Ng’s group have conjugated an antimicrobial peptide (AMP), Bac, with zinc(II)
phthalocyanine to enhance water solubility and bacterial selectivity.’® Moreover, the
combination of AMP and the ROS generated by phthalocyanine under light irradiation resulted
in synergistic antibacterial activity. With >610 nm light irradiation, the minimum inhibitory
concentration (MIC) of AMP-conjugated phthalocyanine against S. aureus and E. coli are 0.5

uM and 4 uM, respectively.
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Apart from cationization, crafting phthalocyanines into nanoparticles is another popular
strategy to increase their biocompatibility. Wang et al. reported a phthalocyanine nanoparticle,
NanoPcN, which is created by attaching a 3-(dimethylamino) phenoxy group to zinc(II)
phthalocyanine to facilitate self-assembly in water.”” Under 655 nm light irradiation, NanoPcN
exhibits good photodynamic and photothermal activities against S. aureus and E. coli.
Additionally, Ding’s group developed a phenyl boronic acid-substituted zinc(II)
phthalocyanine and ciprofloxacin co-assembled nanoparticle, BAPc-CIP.”® Upon incubation
with bacterial cells, the boronic acid groups on the phthalocyanine interact with the bacterial
cell wall, resulting in the disassembly of the nanoparticle and the release of ciprofloxacin. The
synergistic antibacterial activity of ciprofloxacin, combined with the ROS generated by
phthalocyanine, eradicated planktonic S. aureus and E. coli, and inhibited their biofilm

formation.
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Figure 1.6. Examples of phthalocyanine photosensitizers.
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1.4.5 Aggregation-Induced Emission (AIE) PSs

In 2001, Tang’s group proposed the idea of aggregation-induced emission (AIE).” AIE refers
to the phenomenon in which molecules show minimal or no fluorescence in the soluble state
but emit intense fluorescent signals once they are in the aggregation state.’” These molecules
can also be called AIE luminogens (AlEgens). Typically, AIEgens contain an extensive
conjugate system and a propeller-like structure in which large conjugation groups are
connected to the core motif through single bonds (Figure 1.7a). In the soluble state, the
conjugation groups can freely rotate and help dissipate the energy of the excited AIEgens
through intramolecular motions. When AIEgens are in an aggregation state, the intramolecular
motions are inhibited by intermolecular stacking and interactions. The propeller structure also
prevents perfect n-n stacking. Hence, the energy in excited AIEgens will be released in other
forms, including radiative decay and the generation of ROS through intersystem crossing. The
enhancement of ROS generation by aggregation is sometimes referred to as the aggregation-

induced generation of ROS (AIG-ROS).8!: 82

Based on the properties of AIE, multiple AIE PSs have been designed for antibacterial purposes.
For example, Liu’s group developed a bacteria-metabolizable AIE PS, TPEPy-D-Ala, to
eradicate intracellular bacteria.®® D-alanine is an essential amino acid used by bacteria to
construct their cell wall, while it is not commonly metabolized by human cells. TPEPy-D-Ala
contains a D-alanine motif, which can be internalized by bacteria. Once TPEPy-D-Ala is
incorporated into the cell wall, the intramolecular movement will be restricted by the
surrounding cell wall molecules, causing an increase in fluorescence emissions. TPEPy-D-Ala
can also label bacteria inside macrophages. Upon white light irradiation, TPEPy-D-Ala can
eradicate intracellular methicillin-resistant S. aureus (MRSA) while causing minimal toxicity

to the host cell.
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Moreover, Liu ef al. reported an AIE PS, CTBZPyl, with improved ROS generation through
cationization.®® The cationization of the pyridine group increased the HOMO-LUMO
separation. Thus, it can lower the energy gap between singlet and triplet states, further
facilitating the intersystem crossing. The pyridinium cation on CTBZPyI can also enhance
bacterial binding and provide moderate dark toxicity towards MRSA. Upon light irradiation,
CTBZPylI can promote the healing of MRSA-infected wounds. A similar cationization strategy
has also been applied to the design of DMMA-SCPI, which has photodynamic activity towards
S. aureus and E. coli.®® Besides, Lee et al. studied the effect of the hydrophobicity of the
cationic AIE PSs on bacterial binding activity.®® Their results showed that hydrophilic AIE PS,
TTVP-Am (clogP = 0.14), had better Gram-positive and Gram-negative bacteria labelling
ability than hydrophobic AIE PS, TTVP-Nap (clogP = 8.2). This finding indicates that, in
addition to the net charge of the PS, structural hydrophobicity also plays a significant role in

PS-bacteria interactions.
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Figure 1.7. (a) Two typical structures of AIEgens. (B) Examples of AIE PSs.
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Table 1.1. Summary of some of the previously reported PSs.

Antibacterial activity Cytotoxicity
Compound
Type Strain -L +L Cell line -L +L
name
Cell Viability %, compound
Bacteria reduction %, compound concentration
concentration
Xanthenes Rose SA N/A >99.9%, 25 nM N/A
Bengal™*
Biofilm SA >99.9%, 250 pM
ST >99.9%, 75 uM
Biofilm ST >99.9%, 50 uM
Erythrosine SA N/A >99.9%, 500 nM N/A
B54
Biofilm SA >99.9%, 500 uM
ST >99%, 75 uM
Biofilm ST No effect, <1 mM
RB@PMB PA >99.9%, 256 uM >99.9%,4 uM L929 >50%, 256 uM >50%, 256
@GA”’ uM
Biofilm PA No effect at 256 pM 60-80%, 256 M
L-XCy™* SA No effect <10 uM 98.9 %, 1 uM N/A
BODIPY P(ATA-C4)- Biofilm BA N/A >70%, 22 ng/mL A549 No effect, N/A
r-GAL-12¢ <4 mg/mL
Biofilm SA
Biofilm PA
Biofilm EC
LIBDP® SA MIC: 10 pg/mL MIC: 0.3 pg/mL L929 > 80%, 20 <20%,
ug/mL >5 ug/mL
EC No effect, <15 ug/mL No effect, <0.5 NIH 3T3 No effect, <20

25

pg/mL

pg/mL
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3 C64

IBDPPy-

PBA®

Porphyrins TMPyP®

ZMP®

Ga-CHP”

Phthalocyanines 7b7

cBac-Pc’*

SA

EC

CA

MRSA

SA

Biofilm SA

EC

Biofilm EC

BS

PA

SA

EC

ST

SA

SM

Biofilm SM

SA

EC

CA

EC

SA

MRSA

No effect, <5 pM

No effect, < 10 uM

No effect, <2 pyM

No effect, <1.25 uM

No effect, <0.3 pM

> 40%, 30 uM

No effect, <3 uyM

No effect, <2 uM

No effect, <0.1 mM

MIC: 12.5 yuM

No effect, <12.5 uM

>30%, 500 pM

>99.9%, 12.5 yM

>99.9%, 25 uM

No effect, <35 uM

N/A

~50%, 0.5 yM

~50%, 1 pM

26

MIC: 0.63 uM

MIC: 1.25 uM

MIC: 0.63 M

MIC: 0.63 M

MIC: 0.3 uM

>80 %, 30 pM

MIC: 3 uM

> 80%, 2 uM

>99.9%, 0.1 mM

>99%, 0.1 mM

MIC: 1.6 uM

>90%, 12.5 uM

> 80%, 500 uM

>99.9%, 1.6 uM

>99.9%, 6.3 uM

>90 %, 1.12 pM

>90%, 0.47 pM

MIC: 0.5 uM

MIC: 1 yM

HaCaT

L929

NIH 3T3

NCM460

NIH 3T3

NIH 3T3

Raw 264.7

No effect, <20

uM

No effect, <30

pg/mL

No effect, <30

pg/mL

<50%,20.2

mM

>90%, 100 uM

> 80%, 100 uM

N/A

>70%, 50 uM

<25%, 220

pg/mL

N/A

N/A

N/A

N/A

< 10%, 50 M
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PcN”’

BAPc-CIP”

AIE TPEPy-D-

Ala®

CTBZPyI*

DMMA-

SCPI®

TTVP-Am®

EC

MDR EC

SA

MRSA

EC

ESBL EC

SA

EC

MRSA

Intracellular

MRSA

EC

Intracellular

EC

MRSA

SA

EC

SA

EC

~90%, 4 uM

~90%, 4 uM

No effect, <50 nM

No effect, <50 nM

No effect, <5 uM

No effect, < 10 uM

<50 %, 5 uM

<50 %, 5 uM

N/A

> 80%, 2 uM

>50%, 20 uM

No effect, <20 uM

No effect, <1 pM

No effect, <10 uM

MIC: 4 yM

MIC: 4 yM

>99.9 %, 50 nM

>90 %, 50 nM

>90%, 5 uM

>90%, 5 uM

>90%, 5 uM

>90%, 5 uM

>95%, 10 uM

> 90%, 20 uM

>95%, 10 uM

>80 %, 20 uM

>99.8%, 2uM

>99.9%, 10 uM

>97%, 20 uM

>90%, 1 uM

>40%, 10 uM

L929

L929

HaCat

Raw 264.7

LO2

NIH 3T3

>90% 5 uM

N/A

N/A

> 80%, 100 uM

N/A

<20%, 50 pM

> 80%, 20 uM

N/A

N/A

> 80%, 5 uM

> 80%, 5 uM

> 40%, 100

uM

<20%, 50 pM

> 80%, 20 uM

Strain: PA, P. aeruginosa; SA, S. aureus; BA, B. amyloliquefaciens; ML, M. luteus; SF, S.
flexneri; EC, E. coli; MDR EC, multidrug-resistant E. coli; ESBL EC, extended-spectrum -

lactamase-producing E. coil; CA, C. albicans; MRSA, methicillin-resistant S. aureus; BS, B.

subtilis; ST, S. typhimurium; SM, S. mutans. MIC: Minimum inhibitory concentration, in which

no bacterial growth was observed after overnight incubation. N/A: Data not available. -L:

Without light irradiation. +L: With light irradiation.
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1.5 AIE PS as A Promising Class of Antibacterial PS

Traditional PSs, such as porphyrins and xanthenes, have large planar structures. This property
can easily cause aggregation-caused quenching (ACQ), which could happen during a decrease
in solubility in an aqueous environment, upon binding to targets and accumulation in infected
tissue.}” ACQ can allow efficient nonradiative decay of singlet (S; to So) and triplet excitons
(Ty to So) through intermolecular interactions, such as n-w stacking, often leading to loss in
fluorescent signals and reduction in ROS generation.®® 8 Hence, it can limit the antibacterial
PDT efficiency of traditional PSs. In contrast, the twisted structures of AIE PSs prevent
sufficient n-m stacking and help avoid ACQ. In addition, the restriction of intramolecular
motions in the aggregation state causes an increase in fluorescence and ROS generation,
thereby enhancing PDT efficiency.”® Such unique features of AIE PSs make them a promising

class of target-mediated aggregation formation antibacterial PS.

1.6 Limitations of Currently Developed Antibacterial PSs

Over the last decade, tremendous effort has been invested in developing antibacterial PSs. Most
of the reported PSs showed excellent performance against planktonic bacteria; however, only
a few have been proven to be effective against bacterial biofilms.”’”* Since 65-80% of
infections are related to biofilms, there remains an urgent need to develop effective antibiofilm
PSs.”* Among different types of PSs, AIE PSs are one of the popular antibacterial candidates
due to their ability to avoid ACQ. However, common AIE PSs exhibit poor water solubility
because of their extensive hydrophobic structures, which leads to the formation of aggregates
in aqueous environments, including biological fluids.”> These aggregates can accumulate in
cells and cause cytotoxicity, which limits the bioapplication of AIE PSs. Moreover, one of the
weaknesses of PSs is that their antibacterial activity will be lost once the light source is removed.

This could allow for the regrowth of bacteria and biofilms in the dark if bacterial eradication
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is incomplete.”® Therefore, designing a PS with intrinsic antibacterial activity could potentially

improve the overall therapeutic effect.

1.7 Thesis Objectives and Aims

This thesis developed AIE PSs that serve as antiplanktonic and antibiofilm agents. The water
solubility, antibacterial activity, and cytotoxicity of the AIE PSs are improved through
structural design and modifications. The antiplanktonic and antibiofilm activities of the AIE
PSs, both with and without light irradiation, were tested against Gram-positive S. aureus and
Gram-negative P. aeruginosa. These two bacteria were chosen as the model strains due to their
ability to form robust biofilms in vifro and their clinical importance. In addition, the detailed
antibacterial mechanisms of the designed AIE PSs are investigated. The therapeutic efficiency
of the selected AIE PS was also assessed through in vivo mice models. Overall, the research
presented in this thesis aims to explore the potential of incorporating intrinsic antibacterial
activity into a PS, providing insight into the development of new PSs to overcome the

challenges posed by bacterial biofilms and AMR.
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2.1 Introduction

Most of the reported antibacterial AIE PSs are not water-soluble due to the hydrophobicity of
the common AIE structures, such as triphenylamine and tetraphenylethylene.”” *® These
sparingly water-soluble PSs aggregate in aqueous biological fluid and may induce
cytotoxicity.”> %195 Although some AIE PSs were crafted into positively charged nanoparticles
with good water dispersion, these positively charged nanoparticles still tend to accumulate in
human cells, causing toxicity in the dark and during PDT.!%-1% Designing a water-soluble AIE
PS could help minimize the cytotoxic effects and various water-solubilizing groups have been
utilized to improve the water solubility of AIE PSs.?”- 1%-!1IMoreover, only a few antibacterial
AIE PSs have good antibacterial effects on both planktonic Gram-positive and Gram-negative
bacteria.”” 114 In this regard, an AIE PS with good water solubility and broad-spectrum

antibacterial effect is still highly desirable.

In this chapter, the design and synthesis of a novel water-soluble AIE PS, TPA-1, is reported.
Assessments on ROS generation abilities, bacterial targeting abilities and antiplanktonic
activities of TPA-1 have also been conducted. Without light irradiation, TPA-1 can effectively
eradicate planktonic S. aureus through targeting multiple bacterial components. In particular,
TPA-1 inhibits the supercoiling activity of S. aureus DNA gyrase, a property that is not
commonly reported by other antibacterial PSs.3% 14120 Mass spectrometry (MS)-based
proteomic analysis was also conducted to further reveal the antibacterial mechanisms of TPA-
1. Upon light irradiation, TPA-1 is capable of generating type I and type II ROS and shows
good PDT effects on both planktonic Gram-positive S. aureus and Gram-negative P.

aeruginosa by inducing membrane damage.

The work presented in this chapter was published in the Journal of Medicinal Chemistry, titled
“A Water-Soluble Aggregation-Induced Emission Photosensitizer with Intrinsic Antibacterial

Activity as an Antiplanktonic and Antibiofilm Therapeutic Agent” by Hung, C. -H., et al.
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2.2 Materials and Methods

2.2.1 Materials and Instruments

4-Bromo-4’,4” -dimethoxytriphenylamine, 1,3-dibromopropane, 4-bromo-1-butyne,
bromoethane, 2-methylbenzothiazole, 5-Formyl-2-thienylboronic acid, trimethylamine, and
zinc phthalocyanine were purchased from TCI. Boron tribromide and [1,1°-
bis(diphenylphosphino)ferrocene]dichloropalladium(Il) were purchased from Aladdin.
Dulbecco’s Modified Eagle Medium (DMEM), fetal bovine serum (FBS) and penicillin-
streptomycin (10000 U/mL) solution, phosphate-buffered saline (PBS), and trypsin were
purchased from Gibco™. SYTO 9, hydroxyphenyl fluorescein (HPF), dihydrorhodamine 123
(DHR123), singlet oxygen sensor green (SOSG), and BODIPY™-TR-cadaverine were
purchased from Invitrogen™. 3,3-Dipropylthiadicarbocyanine iodide (Disc3(5)), crystal violet,
LB Miller, agar, D-(+)-glucose, LTA from S. aureus and LPS from P. aeruginosa were
purchased from Sigma-Aldrich. Mueller Hinton Broth (MHB) and Tryptic Soy Broth (TSB)
were purchased from BD™. All chemical reagents and solvents were directly used without
further purification. Staphylococcus aureus (ATCC 29213), methicillin-resistant
Staphylococcus aureus (BAA 41 and ATCC 43300), Pseudomonas aeruginosa (ATCC 27853)
and human foreskin fibroblast (HFF-1) cells were obtained from American Type Culture
Collection (ATCC). MTT assays were performed using the MTT assay kit from ThermoFisher

Scientific.

A Bruker Advance-II1 400 MHZ FT-NMR system was used to record the 'H and '*C NMR
spectra of the compounds. High-resolution mass spectra were acquired on an Agilent 6540
Quadrupole-TOF LC/MS. UV-visible absorption spectra were obtained from an Agilent
Technologies Cary 8454 UV-Vis spectrometer. Fluorescence spectra were obtained on an
Agilent Technologies Cary Eclipse Fluorescence Spectrophotometer. A TECAN Infinite

M1000 PRO microplate reader was used to perform assays requiring fluorescence intensity
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measurements. Cytotoxicity, crystal violet staining assays, and cell components leakage assays
were conducted on a BMG Labtech CLARIOstar microplate reader. Fluorescence images were
taken using a Nikon Eclipse Ti2-E Live-cell Fluorescence Imaging System. SEM images were
obtained from a Tescan MAIA3 scanning electron microscope. The photodynamic properties
of the compounds were studied using a CEL-HXF300-T3 xenon light system from CEAulight,
equipped with a 420-780 nm UV-visible cut filter and a 600 nm band-pass filter. The clogP
values of the compounds were obtained using the integrated function in ChemDraw. The graphs
related to biological assays were plotted using GraphPad Prism 8. All HFF-1 cells used in this

study were obtained from Mr. Ka Hin Chan.

2.2.2 Synthesis of Compound 1

4-Bromo-4’,4’-dimethoxytriphenylamine (0.8 g, 2 mmol) was dissolved in dichloromethane
(DCM, 15 mL) and purged with nitrogen. Boron tribromide (6 mmol) was slowly added to the
solution at 0C. The reaction was then allowed to stir at room temperature overnight. The
reaction was quenched with ice water (2 mL). After the addition of water, some deep blue solids
were formed in the solution. DCM (100 mL) was added in several portions to wash the solids.
The organic layer was then filtered, washed with water (30 mL, 3 times), brine (30 mL), and
dried with sodium sulphate. The sodium sulphate was removed by filtration, and the filtrate
was evaporated under vacuum to obtain crude Compound 1 as a green oil. The crude

Compound 1 was directly used to synthesize Compound 2 without further purification.

2.2.3 Synthesis of Compound 2

Crude Compound 1 (0.7 g, 2 mmol) was dissolved in dimethylformamide (DMF, 5 mL) with
1,3-dibromopropane (7.93 g, 40 mmol). Caesium carbonate (1.99 g, 6.2 mmol) was then added
to the solution. The reaction was stirred overnight at room temperature. Upon completion of

the reaction, ethyl acetate (80 mL) was added to the solution. The organic solution was washed
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with water (30 mL, 3 times), brine (30 mL) and dried over sodium sulphate. The solution was
concentrated and purified by column chromatography (hexane:ethyl acetate = 20:1) to obtain
Compound 2 as a colourless oil (0.45 g, 38% yield).'"H NMR (400 MHz, CDCl3) &= 7.29 (d, J
=17.92 Hz, 2H), 7.08 (d, J = 8.04 Hz, 4H), 6.90-6.85 (m, 6H), 4.12 (t, J = 5.28 Hz, 4H), 3.65
(t, J = 6.2 Hz, 4H), 2.38-2.32 ppm (m, 4H). *C NMR (100 MHz, CDCl3) §= 155.2, 147.9,
140.8, 131.9, 126.6, 122.2, 115.6, 112.6, 65.6, 32.5, 30.3 ppm. HRMS (ESI) m/z calcd for

C24H24Br3NO2": 596.9337 [M]; found: 596.9328.
2.2.4 Synthesis of Compound 3

Compound 2 (0.45 g, 0.75 mmol) and 5-formyl-2-thienylboronic acid (0.24 g, 1.5 mmol) were
dissolved in degassed methanol:toluene (30 mL, 2:3) with potassium carbonate (0.52 g, 3.75
mmol) and Pd(dppf)CL> (27 mg, 0.035 mmol). The reaction was purged with nitrogen and
heated to reflux overnight. Then, the solvent was evaporated, and the remaining mixture was
redissolved in DCM (100 mL). The mixture was washed with water (30 mL, 3 times) and brine
(30 mL). The organic layer was dried with sodium sulphate and purified with column
chromatography (hexane:ethyl acetate = 10:1) to obtain Compound 3 as a yellow oil (0.2g, 42%
yield). '"H NMR (400 MHz, CDCl3) 8= 9.82 (s, 1H), 7.67 (d, J=2.76 Hz, 1H), 7.45 (d, J=7.8
Hz, 2H), 7.25 (d, J = 0.8 Hz, 1H), 7.08 (d, J = 7.72 Hz, 4H), 6.91-6.85 (m, 6H), 4.09 (t, J =
5.12 Hz, 4H), 3.61 (t,J = 6 Hz, 4H), 2.31 ppm (m, 4H). 3*C NMR (100 MHz, CDCl3) 5= 182.6,
155.6, 155.0, 149.9, 140.8, 140.1, 137.9, 127.2, 127.2, 124.4, 122.4, 119.5, 115.5, 65.6, 32.4,

30.1 ppm. HRMS (ESI) m/z caled for C290H27BraNO3S™: 629.0058 [M]"; found 629.0068.
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2.2.5 Synthesis of Compound 4

Compound 3 (0.2g, 0.32 mmol) was dissolved in tetrahydrofuran (THF, 5 mL). The solution
was then cooled to -78 C under nitrogen. A large excess of trimethylamine (in THF) was slowly
added to the solution. The reaction was stirred at -78°C for an hour and stirred at room
temperature for three days. The reaction progress was monitored by a mass spectrometer
(Waters QDa mass detector). Upon completion of the reaction, the mixture was centrifuged,
and the supernatant was discarded. The remaining yellow solid was then washed with THF (40
mL, 4 times) to yield Compound 4 (0.18 g, 76% yield) as a yellow solid. 'H NMR (400 MHz,
CDs;0D) 6=9.80 (s, 1H), 7.85, (d, J=2.64 Hz, 1H), 7.54 (d, /= 7.88 Hz, 2H), 7.42 (d, J=2.76
Hz, 1H), 7.07 (d, J = 8.04 Hz, 4H), 6.95 (d, J = 7.88 Hz, 4H), 6.85 (d, /= 7.88 Hz, 2H), 4.12
(t,J=5.12 Hz, 4H), 3.62 (t, J = 7.92 Hz, 4H), 3.22 (s, 18H), 2.35-2.28 ppm (m, 4H). *C NMR
(100 MHz, CD3;0OD) &= 184.6, 157.0, 156.3, 151.4, 142.1, 141.8, 140.4, 128.5, 128.3, 125.8,
124.1, 120.5, 116.8, 66.1, 65.6, 53.7, 24.4 ppm. HRMS (ESI) m/z calcd for C3sHasN303S**

293.6586 [M-2Br]*"; found 293.6590.
2.2.6 Synthesis of M1

2-Methylbenzothiazole (0.5 g, 3.36 mmol) and 4-bromo-1-butyne (2.23 g,16.78 mmol) were
added to a pressure tube with 2 mL acetonitrile. The reaction was heated to 110C overnight.
After the reaction mixture was cooled to room temperature, diethyl ether (10 mL) was added.
The precipitate was filtered and redissolved in water (10 mL). The solution was then washed
with DCM until no starting materials were observed on the TLC plate. The aqueous layer was
then concentrated, and THF was added for precipitation. The solid was filtered and washed
with THF to obtain M1 (0.24 g, 25% yield) as a white solid. "H NMR (400 MHz, CD;OD) &=
8.35-8.31 (m, 2H), 7.95-7.91 (m, 1H), 7.86-7.82 (m, 1H), 5.03 (t, J = 6.56 Hz, 2H), 3.34 (s,

3H), 3.06-3.02 (m, 2H), 2.51 ppm (t, J = 2.64 Hz, 1H). 13C NMR (100 MHz, CD;0OD) 8= 179.4,
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142.4, 131.1, 130.6, 129.9, 125.5, 118.1, 79.5, 74.3, 19.1, 17.8 ppm. HRMS (ESI) m/z calcd

for C12H12NS™ 202.0685 [M-Br]"; found 202.0700.
2.2.7 Synthesis of M2

M2 was synthesized similarly to M1 while replacing 4-bromo-1-butyne with bromoethane. M2
was obtained as a white solid (0.3 g, 35% yield). '"H NMR (400 MHz, DMSO-ds) &= 8.47 (d,
J=28.12 Hz, 1H), 8.35 (d, J= 8.4 Hz, 1H), 7.89 (t,J=7.48 Hz, 1H), 7.80 (t, J = 7.64 Hz, 1H),
4.80-4.75 (m, 2H), 3.22 (s, 3H), 1.45 (t, J = 7.08 Hz, 3H). *C NMR (100 MHz, CD3;0D) 5=
177.8, 142.3, 131.1, 130.9, 129.8, 125.4, 117.8, 46.4, 13.7. HRMS (ESI) m/z calcd for

C1oH12NS™ 178.0685 [M-Br]"; found 178.0692.
2.2.8 Synthesis of TPA-1

Compound 4 (0.1 g, 0.13 mmol), M1 (73 mg, 0.26 mmol), and a catalytic amount of potassium
carbonate (9 mg) were dissolved in absolute ethanol (15 mL). The reaction was heated to reflux
under nitrogen for 24 hours. The reaction was then concentrated, filtered, and purified by
preparative HPLC using a C18 column with acetonitrile (0.1% TFA) and water (0.1% TFA) as
the gradient mobile phase. The eluent was concentrated and freeze-dried to get TPA-1 (40 mg,
30% yield) as a dark purple solid. "H NMR (400 MHz, CDs;OD) &= 8.37 (d, J=15.12 Hz, 1H),
8.21 (d,J=8.08 Hz, 1H), 8.16 (d, J= 8.48, 1H), 7.84 (t, J=7.56 Hz, 1H), 7.77-7.74 (m, 2H),
7.61-7.58 (m, 3H), 7.47 (d, J=4.04, 1H), 7.11 (d, J = 8.84, 4H), 6.97 (d, J = 8.88 Hz, 4H),
6.87 (d, J=8.76, 2H), 5.06 (t, /= 6.12 Hz, 2H), 4.12 (t, /= 5.56 Hz, 4H), 3.62-3.58 (m, 4H),
3.20 (s, 18H), 3.01-2.98 (m, 2H), 2.48 (t, J = 2.4 Hz, 1H), 2.34-2.28 ppm (m, 4H). 3C NMR
(100 MHz, CD30D) &= 173.7, 157.2, 156.0, 151.6,143.2, 142.6, 141.6, 139.6, 138.5, 130.8,
129.6,129.0, 128.6, 128.3,125.2,124.9,120.3,117.3,116.7, 110.5, 79.7, 74.4, 66.0, 65.5, 53.7,
53.6, 53.6, 24.4, 19.4 ppm. HRMS (ESI) m/z caled for C47HssN4O2S2>" 257.1250 [M-3Br]*";

found 257.1263.
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2.2.9 Synthesis of TPA-0

TPA-0 was synthesized similarly to TPA-1 by replacing M1 with M2. TPA-0 was obtained as
a dark purple solid (50 mg, 39% yield). '"H NMR (400 MHz, CDsOD) &= 8.35 (d, J = 15.12,
1H), 8.19 (d, J = 8.04, 1H), 8.13 (d, J = 8.52, 1H), 7.84 (t, J = 7.52, 1H), 7.77-7.72 (m 2H),
7.58 (d, J=8.76 Hz, 2H), 7.47-7.42 (m, 2H), 7.11 (d, J = 8.88 Hz, 4H), 6.97 (d, J = 8.92, 4H),
6.85 (d, J = 8.8, 2H), 4.93-4.84 (m, 2H), 4.13 (t, J = 5.56 Hz, 4H), 3.62-3.58 (m, 4H), 3.21 (s,
18H), 2.35-2.28 (m, 4H), 1.58 ppm (t,J= 7.2 Hz, 3H). 3*C NMR (100 MHz, CD30D) §=172.2,
157.2,155.8,151.6, 143.6, 142.5, 141.6, 139.5, 139.1, 138.3, 130.9, 129.5, 129.4, 128.6, 125.6,
125.1,124.9,120.2, 109.4, 66.0, 65.5, 53.7, 53.6, 53.6, 24.4, 14.2 ppm. HRMS (ESI) m/z calcd

for C4sHssN40282°" 249.1250 [M-3Br]**; found 249.1262.
2.2.10 Synthesis of Compound 5

4-Bromo-4’,4”-dimethoxytriphenylamine (0.25 g, 0.65 mmol), 5-formyl-2-thienylboronic
acid (0.2 g, 1.3 mmol), Pd(dppf)Cl> (24 mg, 0.033 mmol) and potassium carbonate (0.45 g,
3.25 mmol) were added to a mixture of degassed methanol:toluene (1:1). The mixture was
refluxed under nitrogen overnight. The solvent was then evaporated, and the solid was
redissolved in DCM (100 mL). The mixture was washed with water (30 mL, 3 times), brine
(30 mL) and dried with sodium sulphate. Then, the mixture was concentrated and purified by
column chromatography (hexane:ethyl acetate = 5:1) to obtain Compound 5 (190 mg, 70%
yield) as an orange solid. '"H NMR (400 MHz, CDCl3) &= 9.83 (s, 1H), 7.68 (d, J = 2.84 Hz,
1H), 7.46, (d, J=7.68, 2H), 7.25 (d, J=7.92, 1H), 7.09 (d, J=7.72, 4H), 6.91-6.85 (m, 6H),
3.81 ppm (s, 6H). 3*C NMR (100 MHz, CDCls) 8= 182.6, 156.5, 155.1, 150.0, 140.8, 139.9,
137.9, 127.2, 127.2, 124.2, 122.3, 119.3, 114.9, 55.5 ppm. HRMS (ESI) m/z calcd for

C2sH21NO3S* 415.1242 [M]*; found 415.1238.
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2.2.11 Synthesis of TPA-NC-1

Compound 5, M2, and a catalytic amount of potassium carbonate (9 mg) were dissolved in
absolute ethanol. The reaction was purged with nitrogen and refluxed for 24 hours. The mixture
was concentrated and purified by column chromatography (DCM:methanol = 10:1) to obtain
TPA-NC-1 as a black solid (40 mg, 25% yield). '"H NMR (400 MHz, DMSO-ds) 6= 8.44-8.38
(m, 2H), 8.23 (d, J=8.48 Hz, 1H), 7.95 (d, J=3.12 Hz, 1H), 7.83 (t, J=7.56 Hz, 1H), 7.74 (t,
J=17.6 Hz, 1H), 7.61-7.55 (m, 4H), 7.12 (d, J = 8.28 Hz, 4H), 6.97 (d, J = 7.72 Hz, 4H), 6.76
(d,J=8.16 Hz, 2H), 4.91-4.86 (m, 2H), 3.76 (s, 6H), 1.44 ppm (t, J = 6.84 Hz, 3H). 1*C NMR
(100 MHz, CD30D) 6= 172.3, 158.5, 156.2, 151.9, 143.7, 142.5, 141.0, 139.7, 138.2, 130.8,
129.5, 129.4, 128.7, 128.2, 125.2, 125.0, 124.9, 119.9, 117.0, 116.1, 109.2, 56.0, 45.4, 14.2

ppm. HRMS (ESI) m/z calcd for C3sH31N202S>" 575.1822 [M-Br]"; found 575.1833.

A summary of the synthesis of TPA compounds is given in Scheme 2.1.
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2.2.12 LogP Values of TPA Compounds

The LogP values of TPA compounds were obtained according to a previously reported
method.!?' 1-Octanol was first pre-saturated with water. Equal volumes and concentrations of
TPA-NC-1, TPA-0 and TPA-1 were added to a 1-octanol:water (1:1) mixture and vortexed for
I minute. The mixture was then centrifuged for 5 minutes at 13500 rpm. After that, the
absorptions of the compounds in l-octanol and water phases were measured. The
concentrations of the compound in both phases were calculated using the absorption calibration
curve of the corresponding compound. LogP was obtained by the following formula: LogP =

Log (concentration of the compound in 1-octanol/concentration of the compound in water).
2.2.13 LTA and LPS Binding Assay

LTA and LPS stock solutions (1 mg/mL) were prepared in water. A BODIPY ™-TR-cadaverine
stock solution (500 uM) was prepared in DMSO. In a 96-well plate, BODIPY™-TR-
cadaverine (final working concentration = 5 pM) was first mixed with LTA (final working
concentration = 5 ug/mL) or LPS (final working concentration = 10 pg/mL) in Tris buffer (50
mM, pH 7.4) and incubated in the dark for 15 minutes at room temperature. Then, TPA
compounds (final working concentration = 10 pM) were added to the well. The mixture was
further incubated for 30 minutes before the fluorescence intensities were recorded (excitation
580 nm, emission 620 nm) with a plate reader (TECAN Infinite M1000 PRO). The
displacement percentage was calculated as (Fcompound — Fouffer)/(Fprobe only — Fouffer) X 100 % where
Feompound 18 the fluorescence intensity after the addition of compound, Fuutter is the fluorescence
intensity after the addition of buffer as a negative control, and Fprobe onty 1S the fluorescence
intensity of BODIPY™-TR-cadaverine alone in buffer without LPS or LTA as a positive

control. The experiments were at least triplicated.!?> 123
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2.2.14 Cytotoxicity Assay

The cytotoxicity of TPA-1, TPA-0, and TPA-NC-1 against HFF-1 cells was evaluated using the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit from
ThermoFisher Scientific. In general, HFF-1 cells (MEM, 10% FBS, 1% penicillin-
streptomycin) were seeded in a 96-well plate with a density of 3000 cells/well overnight at
37C with 5% COx. The cells were then treated with different concentrations of compounds for
24 hours. MTT (10 pL, 5 mg/mL) was added to the medium, and the cells were further
incubated for 3 hours. The medium was then replaced by DMSO (100 pL). After gently shaking
the plate for 30 seconds, the optical density of the solutions at 570 nm was measured by a BMG
Labtech CLARIOstar microplate reader. The cell viability was calculated as (ODcompound —
ODpbms0)/(ODmedium - ODpmso) X 100% where ODcompound, ODmedium, and ODpwmso are the
optical densities of the treated cell, non-treated cells, and DMSO at 570nm, respectively. The
experiments were conducted in triplicate. The CCso = Standard Deviation (SD) values were

calculated using GraphPad Prism 8.

2.2.15 Fluorescence Imaging of HFF-1 Cells

HFF-1 cells were seeded in confocal dishes at a cell density of 50,000 cells overnight at 37 C.
TPA compounds (10 uM) were added to the medium and incubated with the cells for 20 minutes.
The fluorescence images of the cells were then taken using a Nikon Eclipse Ti2-E Live-cell
Fluorescence Imaging System with an excitation wavelength of 550 nm. The emission was

collected from 590 nm to 670 nm (ET630/75m filter).

2.2.16 ROS Generation Assay

Commercial ROS detection probes (DHR123, HPF, SOSG) were used to evaluate the ROS
generation abilities of TPA compounds. DHR123, HPF, and SOSG were used to detect non-

specific ROS, hydroxyl radical, and singlet state oxygen, respectively. In general, DHR123 (5
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uM), HPF (5 uM), or SOSG (5 uM) was mixed with 10 uM of TPA compounds in PBS. TPA-
1 and TPA-0 were irradiated by 600 nm light (60 mW/cm?) for 15 minutes. The change in
fluorescence intensity of the mixture was recorded by a plate reader. The fluorescence intensity
for DHR123 was recorded at 529 nm with an excitation wavelength of 507 nm. The
fluorescence intensity for HPF was measured at an excitation wavelength of 490 nm with an
emission wavelength of 515 nm. The fluorescence intensity for SOSG was recorded at 525 nm

with an excitation wavelength of 504 nm. The experiments were performed in triplicate.
2.2.17 Fluorescence Imaging of Bacterial Cells

Overnight culture of S. aureus (ATCC 29213) or P. aeruginosa (ATCC 27853) in Tryptic Soy
Broth (TSB) was diluted 100 times in fresh TSB and grown to OD = 1. The bacterial culture
was diluted to 2 x 10® CFU/mL with PBS. TPA compounds (20 pM) were mixed with the
bacteria and incubated for 20 minutes at 30°C. SYTO 9 (2.5 uM) was also used to stain the
bacterial DNA. The bacteria (1 uL) were then immobilized on a 1.2 % agarose pad. The
fluorescence images of the bacteria were captured using a Nikon Eclipse Ti2-E Live-cell
Fluorescence Imaging System with an excitation wavelength of 490 nm (SYTO 9) and 550 nm
(TPA-1). Emission was collected from 500 nm to 550 nm (ET525/50m filter) for SYTO9 and

590 nm to 670 nm (ET630/75m filter) for TPA-1.
2.2.18 Minimum Inhibitory Concentration (MIC) Assay

MIC assays of TPA-1 were conducted according to the broth microdilution methods described
in the Clinical and Laboratory Standards Institute (CLSI) standard.!** A single colony of S.
aureus (ATCC 29213), methicillin-resistant S. aureus (BAA 41) or P. aeruginosa (ATCC 27853)
on an LB agar plate was picked and suspended in Mueller-Hinton Broth (MHB). The bacterial
culture was grown overnight at 37C for 16 to 18 hours. The bacterial culture was then diluted

100 times in fresh MHB and grown to the mid-log phase. Bacteria in the mid-log phase were
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further diluted to 5 x 10° CFU/mL in Cation-Adjusted MHB (S. aureus) or MHB (P
aeruginosa). 10 puL of the diluted bacteria were added to a 96-well plate containing 90 pL of
serially diluted TPA-1 in the corresponding medium. The plate was incubated overnight at 37 C
for 16 to 18 hours. The MICs of the TPA compounds are the concentrations at which no
apparent bacteria were observed by the naked eye. Different concentrations of LTA were also
added to examine the change in MIC values of TPA-1 against S. aureus. The experiments were

triplicated.
2.2.19 Time-Kill Kinetics Against S. aureus

Similar to the MIC assay, the overnight culture of S. aureus incubated in the dark was diluted
in fresh MHB and grown to the mid-log phase. The S. aureus was then diluted to 1 x 10°
CFU/mL in Cation-Adjusted MHB. 2 mL of diluted S. aureus was transferred into a 15 mL
culture tube. 2 x MIC or 4 x MIC of TPA-1 were added into the bacterial culture and incubated
in the dark for 24 hours. 2 x MIC of vancomycin and PBS were taken as the positive and
negative controls, respectively. At times 0, 0.5, 1, 2, 4, 6, 8, and 24 h, 20 puL of the bacterial
culture was taken out. The bacteria were serially diluted, and the number of viable bacteria was

recorded using the plate counting method. The experiments were conducted in triplicate.
2.2.20 Resistance Generation Assay on S. aureus

The MICs for TPA-1 and norfloxacin against S. aureus were first determined by the
abovementioned method. The wells with 0.5 x MIC of compounds were transferred to 3 mL
fresh MHB and incubated in the dark for 3-4 hours at 37°C. The bacteria were then used to
conduct another MIC assay. The experiments were repeated for 20 days. The fold changes in

the MIC values of the compounds were recorded. The experiments were performed in duplicate.
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2.2.21 Bacterial Membrane Depolarization Assay on S. aureus

This assay was conducted according to a previous publication with minor changes.'?* Disc3(5)
was used to evaluate the membrane depolarization ability of the TPA compounds. The
overnight culture of S. aureus was diluted 100 times in fresh MHB and grown to the mid-log
phase. The bacterial culture was centrifuged (3900 x g, 5 minutes) and washed with glucose-
supplemented HEPES buffer (5 mM glucose, 5 mM HEPES, pH 7.4). The cell platelet was
resuspended in glucose-supplemented HEPES buffer with the addition of 100 mM potassium
chloride and diluted to 1 x 108 CFU/mL. Diluted bacteria (150 pL) were transferred to each
well of a 96-well plate. Disc3(5) (8 uM, 50 puL) was mixed with the cells and incubated in the
dark for 30 minutes. Before adding TPA compounds, the background fluorescence was
measured for 2 minutes at 670 nm with an excitation wavelength of 622 nm. Then, 10 pL of
TPA compounds were added to the wells. The fluorescence intensity at 670 was further

recorded for 24 minutes. The experiments were performed in triplicate.
2.2.22 Scanning Electron Microscope (SEM) Imaging of Bacterial Cells

Regarding the intrinsic antibacterial abilities of TPA-1, S. aureus was prepared to the mid-log
phase according to the method described in the MIC assay. The S. aureus was then diluted to 1
x 108 CFU/mL in Cation-Adjusted MHB. 4 x MIC, and 8 x MIC of TPA-1 was added into the
bacterial culture and incubated for 3 hours at 37°C in darkness. The cells were centrifuged
(3900 x g, 5 minutes) and washed with PBS. 2.5 % Glutaraldehyde was used to fix the bacteria
at 4 C overnight. The fixed bacteria were then gradually dehydrated with 30%, 50%, 70%, 90%,
and absolute ethanol. The samples were allowed to stand for 5 minutes in each dehydration
step. After dehydration, the samples were resuspended in 10 pL absolute ethanol and dropped

on silicon slides. The samples were air-dried and imaged by SEM (Tescan MAIA3).
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To study the photodynamic eradication abilities of TPA-1 against planktonic bacteria, an
overnight culture of S. aureus or P. aeruginosa in TSB was diluted 100 times in fresh TSB and
regrown to OD = 1. The bacterial culture was diluted to 1 x 10¥ CFU/mL in PBS. TPA-1 (10
uM) was added to the cells and incubated for 20 minutes at 30 C in darkness. Then, the bacteria
were irradiated by 600 nm light (60 mW/cm?) for 45 minutes. After irradiation, the sample was

prepared for SEM imaging as described above.
2.2.23 DNA Binding Assay

The genomic DNA of S. aureus was extracted using the DNA extraction kit from Sigma-
Aldrich. The extracted DNA was diluted to 10 pg/mL and mixed with different concentrations
of TPA-1 or 5 uM of SYTOX Green. The mixtures were mixed with loading dye and loaded
on a 0.8% agarose gel with DNA stain for electrophoresis (120 V, 40 minutes). The gel image

was then observed and captured using a Bio-Rad ChemiDoc imaging system.
2.2.24 S. aureus DNA Gyrase Inhibition Assay

The assay was conducted using a S. aureus gyrase supercoiling assay kit from Inspiralis. In
general, relaxed bacterial plasmid (pBR322), S. aureus gyrase and different concentrations of
TPA-1 were mixed and incubated at 37 C for 30 minutes. The mixtures were then quenched
and subjected to electrophoresis (1% agarose gel, 75V, 2 hours). The gel image was captured

with a Bio-Rad ChemiDoc imaging system.
2.2.25 Mass Spectrometry-Based Proteomic Study

Overnight culture of S. aureus was diluted 100 times in CaMHB and grown to OD = 0.8 to 1.0.
The S. aureus was then diluted to 1 x 108 CFU/mL in CaMHB. The diluted bacteria culture
with or without 2 x MIC of TPA-1 (6.25 uM) was incubated for 1 hour at 37°C. The bacterial

culture without TPA-1 was used as a control. After incubation, the bacteria were collected by
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centrifugation (3900 x g, 10 minutes). The proteomic samples were prepared from the bacterial

cell pellets using an EasyPep™ MS Sample Prep Kit from Thermo Scientific™.

The tryptic digests (2 pL) were injected into a Dionex UltiMate 3000 RSLCnano (Thermo
Scientific, USA). A trap-and-elute method was employed using a PepMap 7cm % 75 pm C18
column (Thermo Scientific, USA) and an Aurora 25cm X 75 pum C18 column with CSI emitter
(IonOpticks, Australia), with a trapping flow rate of 50 pL/min for 2 min at 50 °C. The elution
gradient was applied with water (Solvent A) and acetonitrile (Solvent B) in 0.1% formic acid
as follows: 2% B in 0-2 min, 6-30% B in 2-79 min, 30-90% B in 79-82 min, 90% B in 82-87
min, and 2% B from 87-89 min, in a constant 300 nL/min flow rate. Eluted samples were then
analysed by an Orbitrap Fusion Lumos Mass Spectrometer (Thermo Scientific, USA) using
data-independent acquisition (DIA) in positive ion mode. The source parameters were 2600 V
of capillary voltage with a capillary temperature of 300 °C. Full-scan MS spectra were acquired
from 400 to 1500 m/z, with a resolution of 60,000 and an automatic gain control (AGC) target
0f 400,000. MS/MS was acquired using an Orbitrap as a mass analyzer with a mass resolution
of 15,000 and a standard AGC target. Data analysis was done using Spectronaut (Version 19,
Biognosys). Default directDIA+ workflow was used to search against the reviewed S. aureus
(11,274 sequences; 8 December 2024) and P. aeruginosa (3,966 sequences, 31 October 2024)
database from UniProt. Peptides search for Tryp-sin/P cleavages with a maximum allowance
of 2 missed cleavages. Fixed modifications of carbamidomethyl on cysteine residues and
variable modifications of oxidation on methylation resides are included. 0.01 False Discovery

Rate (FDR) was applied for peptide identification.

Differentially expressed protein was defined as a p-value < 0.05 and Log>(fold change) > 1 or
<-1. GO enrichment analysis was conducted using the PANTHER Overrepresentation Test
(Released 20240807) with Fisher’s Exact as the significant test and Bonferroni correction for
multiple testing.'?® 27 Enrichment results with a corrected p-value < 0.05 were considered
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significant. Staphylococcus aureus (all genes in database) was used as the reference list for S.
aureus. KEGG pathway enrichment analysis was conducted in RStudio using the
clusterProfiler package.!?® The analysis was performed with an adjusted p-value cutoff = 0.05
and Bonferroni as the p-value-adjusted method. The differentially expressed proteins were

searched against the KEGG organism sao for S. aureus.
2.2.26 Photodynamic Eradication Assay for Planktonic Bacteria

Overnight culture of S. aureus or P. aeruginosa was diluted 100 times in TSB and grown to
OD = 1. The bacterial cultures were then diluted to 5 x 10° CFU/mL in PBS. TPA-1 (2 uM)
was added to the diluted cultures and incubated in the dark for 20 minutes at 30 C. The bacterial
cultures (200 pL) were transferred to the wells of a 96-well plate. The plate was irradiated at
600 nm light (60 mW/cm?) for 45 minutes. Then, the bacterial cultures were serially diluted,
and the number of viable bacteria was counted using the plate counting method. The

experiments were performed in triplicate.
2.2.27 DNA and Protein Leakage Assay

Mid-log phase S. aureus and P. aeruginosa in TSB were prepared as described above. The
bacteria were washed and resuspended in PBS to a final OD = 1. TPA-1 (10 uM) was added to
the bacteria and incubated for 20 minutes at 30 ‘C in darkness. The bacteria were then irradiated
by 600 nm light for 45 minutes. After treatments, the bacteria were centrifuged (3900 x g, 5
minutes), and the supernatant was transferred to a UV-transparent 96-well plate. The absorption
at 260 nm (DNA) and 280 nm (protein) were recorded by a plate reader. The experiments were

performed in triplicate.
2.2.28 Statistical Analysis

Experimental data were presented as the mean + standard deviation (SD). Analysis was

conducted using GraphPad Prism 8. Group comparisons were performed using one- or two-
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way ANOVA followed by the Tukey posthoc test. A p-value less than 0.05 was taken as

statistical significance (p < 0.05).
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2.3 Results and Discussion

2.3.1 Molecular Design of Triphenylamine (TPA) Derivatives

TPA-NC-1 is an AIE PS that has been reported to have high ROS generation abilities, and its
nanoparticles have been shown to be effective in killing breast cancer cells.'?® The structure of
TPA-NC-1 can be divided into three fragments: a triphenylamine as an electron donor, a
thiophene bridge, which can extend the m system of the structure, and a positively charged
benzothiazolium as an electron acceptor (Figure 2.1). Combining these three fragments can
form a donor-m-acceptor (D-m-A) system. PS with a D-n-A system can often promote
intramolecular charge transfer and further lower the HOMO-LUMO gap, causing the
absorption of the compound to redshift.!** Additionally, triphenylamine is a typical molecule
that can introduce AIE properties to the structure. The propeller structure of triphenylamine
can prevent good intermolecular n-n stacking, thereby restraining fluorescence quenching in
aggregates. Besides, the thiophene and the benzothiazolium moiety contain heavy atoms
(sulphur), which allow more efficient intersystem crossing and improve ROS generation

abilities.!? 131. 132
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Figure 2.1  The chemical structure of TPA-NC-1.
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However, like other AIE PS, TPA-NC-1 is insoluble in water and toxic to human cells. As
shown in Figure 2.2a, the 50% cytotoxicity concentration (CCso) of TPA-NC-1 against HFF-
1 was as low as 7.8 £ 0.7 uM, indicating its high toxicity towards human cells. The fluorescence
image of HFF-1 cells with TPA-NC-1 also showed that TPA-NC-1 can stain the HFF-1 cells
(Figure 2.2b). Therefore, TPA-NC-1 cannot be used as an antibacterial PS directly. Further

modifications have to be made in order to improve the water solubility and reduce cytotoxicity.

Based on the structure of TPA-NC-1, two novel derivatives, TPA-O and TPA-1, have been
designed and synthesized (Figure 2.3a). Two quaternary ammonium groups were first attached
to the triphenylamine core of the TPA-NC-1 to improve its water solubility (TPA-0). Partition
coefficient (LogP) was used to evaluate the water solubility of the compounds. LogP is the
partition coefficient between 1-octanol and water (Figure 2.3b). A lower LogP value indicates
that the molecule is more likely to dissolve in water than in 1-octanol, suggesting improved
water solubility. The LogP value for TPA-NC-1 was 1.1, while the value for TPA-0 was -1.7,

indicating that TPA-0 has better water solubility than TPA-NC-1.

Additionally, the introduction of quaternary ammonium groups on TPA-NC-1 reduced the
cytotoxicity against human cells. The CCsg value for TPA-0 was 120 +£ 20 uM, which was
higher than that of TPA-NC-1 (Figure 2.3c¢). Besides, the binding affinity of TPA-0 on human
cells was reduced since the fluorescence image of TPA-O-treated HFF-1 cells showed no

observable fluorescence signal (Figure 2.4).

51



Chapter II Design of An Aggregation-Induced Emission Photosensitizer with Antiplanktonic Properties

Ii/}
S

N
(3]
|
-

HFF-1 Cell Viability (%)
a0~
© o
] 1
/'

o
1

Logo[TPA-NC-1] (uM)

TPA-NC-1

HFF-1
TPA-NC-1

Figure 2.2.  (a) Cell viability of HFF-1 cells treated with different concentrations of TPA-NC-1
for 24 hours in the dark. Data are presented as the mean + SD, n = 3. (b) DIC and fluorescence
image of HFF-1 cells after incubation with TPA-NC-1 (10 uM). DIC: Differential Interference
Contrast. The excitation wavelength for TPA-NC-1 was 550 nm. The emission was collected from

590 nm to 670 nm (ET630/75m filter).
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Figure 2.3.  (a) Structural modifications of TPA compounds. (b) Photographs of TPA

compounds in 1-octanol:water (1:1) mixture. (¢) The viability of HFF-1 cells after incubation

with different TPA compounds for 24 hours. Data are presented as the mean + SD, n = 3 per

group. (d) The normalized absorption spectrum of TPA compounds in water. (e) The

fluorescence spectrum of TPA-1 in methanol with an increasing percentage of toluene. TPA-1

dissolves poorly in toluene. The fluorescence intensity of TPA-1 increased along with the

concentration of toluene, indicating the AIE properties of TPA-1.
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Figure 2.4. DIC and fluorescence image of HFF-1 cells after incubation with TPA-NC-1
(10 uM), TPA-0 (10 uM) or TPA-1 (10 uM). The excitation wavelength for TPA compounds
was 550 nm. The emission was collected from 590 nm to 670 nm (ET630/75m filter).
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Apart from improving water solubility and reducing cytotoxicity, the two quaternary
ammonium groups were also designed to increase binding towards bacteria. The surface of the
bacteria is negatively charged, which is mainly due to the presence of the anionic lipoteichoic
acid (LTA) and wall teichoic acid (WTA) in the Gram-positive bacteria and lipopolysaccharide
(LPS) in the Gram-negative bacteria (Figure 2.5). The addition of the positively charged
quaternary ammonium groups was expected to increase the binding between the PS and these
negatively charged molecules on the surface of the bacteria. A fluorescent dye, BODIPY™ TR
Cadaverine (BTRC), was used to determine the binding between TPA compounds and LTA
from S. aureus or LPS from P. aeruginosa.'* The fluorescence signal of BRTC was initially
quenched when binding with LTA or LPS. However, an intense fluorescence signal at 620 nm
was generated if BRTC was displaced by LTA or LPS binding molecules (Figure 2.6a).'%% 2%
133 As shown in Figure 2.6b, TPA-0 displaced BTRC from S. aureus LTA and P. aeruginosa
LPS more effectively than TPA-NC-1, suggesting that TPA-0 had a stronger binding affinity
toward S. aureus LTA and P. aeruginosa LPS than TPA-NC-1. Therefore, the addition of

quaternary ammonium groups can improve water solubility, reduce cytotoxicity and enhance

the binding affinity towards bacteria.

Based on the structure of TPA-0, TPA-1 was synthesized by modifying the ethyl group on the
benzothiazolium to 1-butyne. TPA-1 not only preserves the desirable properties of TPA-0, such
as similar water solubility and LTA/LPS binding affinity (Figure 2.3b, Figure 2.6b), but also
exhibits lower cytotoxicity. The CCso of TPA-1 against HFF-1 cells was 260 + 40 uM, which
was higher than that of TPA-0 (Figure 2.3¢). The ROS generation assays were conducted using
commercial fluorescent probes for the detection of ROS. DHR123, HPF, and SOSG were used
to detect non-specific ROS, hydroxyl radical (Type I), and singlet oxygen (Type II),
respectively. After mixing TPA-1 or TPA-0 with the ROS detection probes, the fluorescence

signals increased gradually with the irradiation time using 600 nm (60 mW/cm?) light,
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including both Type I and Type II ROS. (Figure 2.7a). In contrast, when incubating TPA-1 or
TPA-0 with the ROS probes in the dark, only a minimal amount of fluorescence signal was
generated (Figure 2.7b). These indicated that ROS generation from TPA-1 and TPA-0 was
triggered by irradiation of 600 nm light. In addition, TPA-1 and TPA-0 had similar fluorescence
intensities on DHR 123 and SOSG, while TPA-1 showed a slightly higher fluorescence intensity
on HPF than TPA-0. Overall, the modification of the ethyl group to 1-butyne has improved the
properties of TPA-1. Given these enhanced properties, it is suggested that TPA-1 is a PS worthy

of further study in its antibacterial performance.
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Figure 2.5.  (a) The structure of wall teichoic acid (WTA) and lipoteichoic acid (LTA) of S.
aureus. (b) An illustration of the lipopolysaccharide (LPS) of P. aeruginosa. The LPS contains
three domains: lipid A, the oligosaccharide core, and the O-antigen. The charges on LPS are
mainly derived from the phosphates and the acid groups in the lipid A head group and the

oligosaccharide core.!**
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Figure 2.6.  (a) Illustration of LTA/LPS binding assays using BODIPY™ TR Cadaverine
(BTRC). (b) The LTA/LPS binding assay results for TPA compounds (10 uM). Alexidine (10
ng/mL) was used as a positive control. Data are presented as the mean + SD, n = 3 per group.

** p value < 0.01.
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Figure 2.7. The ROS generation assay results of TPA-1 (10 uM) and TPA-0 (10 uM) (a)

with or (b) without 600 nm light irradiation (60 mW/cm?) for 0 to 15 minutes. PBS was used
as the negative control. DHR123, HPF, and SOSG were used to detect non-specific ROS,
hydroxyl radical, and singlet oxygen, respectively. Data are presented as the mean = SD, n =3

per group. ** p value < 0.01, ns (not significant) p value > 0.05.
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2.3.2 Antiplanktonic Activities of TPA-1 without Light Irradiation

Fluorescence imaging was first used to validate the binding of TPA-1 towards bacteria. Figure

2.8 shows that TPA-1 can label both Gram-positive S. aureus and Gram-negative P. aeruginosa.

The minimum inhibitory concentrations (MICs) of TPA-1 on S. aureus (ATCC 29213), MRSA
(BAA 41) and P. aeruginosa (ATCC 27853) were first tested to see if TPA-1 has any intrinsic
antibacterial activities (Table 2.1). Surprisingly, TPA-1 showed excellent antibacterial activity
against S. aureus and methicillin-resistant S. aureus (MRSA), even without light irritation. The
MIC values of TPA-1 against S. aureus and MRSA were both found to be 3.13 uM, while no
inhibition on P. aeruginosa was observed at concentrations < 100 uM (Table 2.1). Also, the
time-kill kinetics of TPA-1 on S. aureus showed that 2 x MIC of TPA-1 can eradicate 10°
CFU/mL of S. aureus in 2 hours, which is more rapid than 2 x MIC of vancomycin (Figure
2.9). The rapid killing rate of TPA-1 indicated a bactericidal killing mode (= 3 log reduction)
on S. aureus. Additionally, the resistance development assay of TPA-1 on S. aureus was
conducted to assess the antibacterial ability over different bacterial passages. In Figure 2.10,
TPA-1 only showed a < 2-fold increase in MIC value, whereas the antibiotic control,
norfloxacin, had increased over 1000-fold after 20 days of consecutive treatments. These
results indicated that the consecutive treatment of TPA-1 did not lead to the development of
significant resistance in S. aureus. The great antibacterial activity of TPA-1 without light

irradiation has prompted further investigation into its underlying antibacterial mechanisms.

60



S. aureus

P. aeruginosa

Chapter II Design of An Aggregation-Induced Emission Photosensitizer with Antiplanktonic Properties

DIC SYTO 9 TPA-1 Merge

Figure 2.8.  Fluorescence images of S. aureus and P. aeruginosa with SYTO 9 (2.5 uM) and
TPA-1 (20 uM). SYTO 9 is a commercially available DNA stain. The excitation wavelengths
for SYTO 9 and TPA-1 were 490 nm and 550 nm, respectively. The emissions for SYTO 9 and
TPA-1 were collected from 500 nm to 550 nm (ET525/50m filter) and 590 nm to 670 nm
(ET630/75m filter), respectively.

61



Chapter II Design of An Aggregation-Induced Emission Photosensitizer with Antiplanktonic Properties

Table 2.1. The minimum inhibitory concentrations (MICs) of TPA-1 and control

antibiotics on different bacteria.

Methicillin-resistant

Compound S. aureus S aureus P. aeruginosa
ATCC 29213 ' ATCC 27853
( ¢ ) (BAA41) ( ¢ )
TPA-1 3.13uM 3.13uM > 100 uM
Vancomycin 0.625 UM 0.625 uM Not determined
Meropenem 0.313 uM Not determined 2.5 uM
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Figure 2.9.  The time-kill kinetics of 2 x MIC TPA-1 (6.25 uM), 4 x MIC TPA-1 (12.5 uM),

and 2 x MIC vancomycin (1.25 pM) against S. aureus. Data are presented as the mean + SD,

n =3 per group.
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Figure 2.10. The two independent replicates of the resistance development assay results of

TPA-1 and norfloxacin against S. aureus for 20 consecutive days.
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2.3.3 Antibacterial Mechanisms of TPA-1 without Light Irradiation

The LTA binding assay showed that TPA-1 can bind to S. aureus LTA. Besides, the MIC value
of TPA-1 against S. aureus increased upon the addition of S. aureus LTA (Figure 2.11). These

results suggested that the binding of TPA-1 to LTA was important for its antibacterial effect.

Since S. aureus LTA is attached to the cytoplasmic membrane, it is logical to hypothesize that
the positively charged TPA-1 might depolarize the S. aureus cell membrane and affect its
integrity. To validate this idea, a membrane depolarization assay was conducted using Disc3(5),
a cationic fluorescent dye with sufficient hydrophobicity that can accumulate in polarized
cells.!*> 136 The fluorescence signal of Disc3(5) is quenched when it accumulates in polarized
cells. If the cells are depolarized, the transmembrane potential drops toward zero, causing the
release of Disc3(5) molecules from the cells and generating a fluorescence signal (Figure 2.12).
From Figure 2.13, the addition of TPA-1 to a mixture of Disc3(5) and S. aureus caused an
increase in the fluorescence signal of Disc3(5), suggesting the release of Disc3(5) from S.
aureus. A higher concentration of TPA-1 also induced a more rapid increase in fluorescence.
These findings indicated that TPA-1 could cause the depolarization of S. aureus membrane in

a concentration-dependent manner.

In addition to examining membrane depolarization, scanning electron microscopy (SEM) was
used to study the morphology of S. aureus after TPA-1 treatment. As shown in Figure 2.14,
collapses of the cell envelope were found on the TPA-1-treated S. aureus, suggesting damage

to the bacterial cell membrane.
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Figure 2.11. The fold change in MIC of TPA-1 after the addition of S. aureus LTA. Data are

presented as the mean + SD, n = 2.
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Figure 2.12. An illustration shows the principle of Disc3(5) assay.
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Figure 2.13. Membrane depolarization assay results of TPA-1 on S. aureus using Disc3(5).

Data are presented as the mean + SD, n = 3 per group.
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Figure 2.14. The SEM images of S. aureus incubated with 4 x MIC (12.5 pM) and 8 x MIC
(25 uM) of TPA-1 for 3 hours in the dark.
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Additionally, TPA-1 also showed binding affinity towards S. aureus genomic DNA. As shown
in Figure 2.15, the DNA bands of the sample with the addition of 4 uM or 10 uM TPA-1 were
upshifted. This phenomenon was also observed in the SYTOX Green positive control group.
This shift in band position might result from an increase in the molecular weight and a decrease
in the net negative charge of the DNA upon TPA-1 binding. Also, a decrease in band intensities
of the DNA + TPA-1 samples was observed, likely due to the binding of TPA-1 to DNA, which

hindered the binding of the DNA gel stain (SYBR Safe) to the DNA.

Furthermore, TPA-1 inhibited the negative supercoiling activity of S. aureus DNA gyrase. DNA
gyrase is an enzyme that converts relaxed double-stranded DNA to negatively supercoiled
DNA."*7 The negative supercoiling provides torsional strain to the DNA strand, which can
lower the energy required for DNA double-strand separation.'*® Biological processes that are
required for unwinding the DNA strand, such as DNA replication and transcription, are
promoted by negative supercoiling.!***!. In the gel image (Figure 2.16a), the addition of S.
aureus DNA gyrase to the relaxed DNA caused the DNA band to shift towards the bottom of
the gel. This shift occurred because the supercoiled DNA has a higher charge density than the
relaxed DNA. When TPA-1 was added to the enzyme reaction mixture, the intensity of the
supercoiled DNA band decreased with increasing concentration of TPA-1. At 25 uM of TPA-
1, the supercoiled DNA band disappeared, and the remaining DNA band resembled the negative
control band containing only the substrate plasmid (pBR322) with 25 uM of TPA-1 (Figure
2.16b). These results indicated that TPA-1 could disrupt the DNA supercoiling process of S.

aureus DNA gyrase.

In summary, even without light irradiation, TPA-1 can efficiently eradicate S. aureus by

affecting the bacterial membrane integrity and inhibiting the DNA supercoiling process.
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Figure 2.15. The DNA gel (0.8% agarose) images of TPA-1 or SYTOX Green mixed with
genomic DNA of S. aureus. STYOX Green is a commercial DNA stain. M represented the
DNA marker.
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Figure 2.16. (a) The DNA gel (1% agarose) image showed the supercoiling inhibition
activity of TPA-1. (b) The DNA gel (1% agarose) image of the substrate DNA in S. aureus
DNA gyrase assay mixed with TPA-1.
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2.3.4 Mass Spectrometry (MS)-Based Proteomic Study on TPA-1-Treated S. aureus

without Light Irradiation

To further investigate the antibacterial effects of TPA-1 on S. aureus without light irradiation,
mass spectrometry (MS)-based proteomic analysis was performed on S. aureus treated with 2
x MIC of TPA-1 for 1 hour in the dark (Figure 2.17). A total of 631 unique protein groups were
identified, and 578 of them were considered as differentially expressed proteins (DEPs) based
on p-value less than 0.05 and Logx(Fold change) larger than 1 or less than -1. Among the DEPs,
524 proteins were downregulated, and 54 proteins were upregulated (Figure 2.17a). Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment
analysis were then conducted on the genes corresponding to DEPs, using the PANTHER
Classification System and the clusterProfiler package in RStudio.!?*'?® The GO enrichment
analysis categorized the DEPs into biological processes, molecular functions, and cellular
components (Figure 2.17b - Figure 2.17d). The KEGG enrichment analysis also identified
one major KEGG pathway (Figure 2.17¢). Among all the GO and KEGG pathway terms, three
biological processes, which included cytokinesis, peptidoglycan biosynthetic process, and
tRNA aminoacylation for protein translation, were selected for further investigation as they are
important for bacterial viability. The Logx(Fold change) of the DEPs that are involved in these

biological processes are shown in Figure 2.17f.

Cytokinesis and peptidoglycan synthesis are crucial biological processes during bacterial cell
division and growth. All identified proteins in both processes were downregulated after one
hour of treatment with 2 x MIC of TPA-1. For cytokinesis, the expression levels of FtsZ, FtsA,
SepF, and DivIB were decreased. FtsZ is a tubulin-like protein that polymerizes at the midcell
to form the Z ring at the beginning of bacterial cell division.'*? The Z ring will further act as a
platform to recruit other division proteins for divisome assembly and guide septal cell wall
synthesis.!*> ** FtsA and SepF help the Z ring to anchor to the bacterial membrane while DivIB

73



Chapter II Design of An Aggregation-Induced Emission Photosensitizer with Antiplanktonic Properties

accompanies the FtsW/PBP1 complex for cell constriction.!*"'*7 TPA-1 caused the
downregulation of these proteins, which might interfere with the formation of the divisome and
further inhibit cell division. In terms of peptidoglycan synthesis, several proteins related to
peptidoglycan precursor synthesis, such as the Mur family proteins (MurB, MurC, MurD, MurF,
MurG, and Murl), D-alanine ligase (ddl), and alanine racemase 1 (alrl), were downregulated,
indicating that TPA-1 could also affect the cell wall synthesis of S. aureus.'*® Additionally,
treatment with TPA-1 led to the downregulation of ten tRNA-ligases in S. aureus. tRNA-ligases
are essential for protein translation as they catalyse the attachment of amino acids to the
corresponding tRNA. The decrease in tRNA-ligase expression may result in poor translation
efficiency. In summary, the proteomic study on planktonic S. aureus revealed that TPA-1
without light irradiation might affect cell division, cell wall synthesis, and translation efficiency

in S. aureus.
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Figure 2.17  (a) Volcano plot showed the differentially expressed proteins (DEP)s in TPA-1
(2 x MIC, 6.25 uM)-treated S. aureus versus control S. aureus after an hour of incubation at
377 in the dark. (b) Biological function, (c) cellular component, (d) molecular function GO
enrichment, and (¢) KEGG pathway enrichment analysis of the corresponding genes of the
DEPs in TPA-1-treated S. aureus. (f) Selected biological processes in S. aureus that were
affected by TPA-1. Inner blocks are the names of the selected biological processes. Outer
blocks show the fold change of the DEPs, which are represented by their gene names, in the
corresponding biological processes. Three independent biological replicates were performed in

this proteomic study.
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2.3.5 Antiplanktonic Activities of TPA-1 with Light Irradiation

The PDT efficiency of TPA-1 on S. aureus and P. aeruginosa were assessed by irradiating the
bacterial samples with a 300 W Xenon Lamp installed with a 420-780 nm UV-visible cut filter
and a 600 nm band-pass filter (Figure 2.18). The final output light density was 50-60 mW/cm?.
The optimal therapeutic window for PDT is between 600 nm and 800 nm, as tissue absorption
is lower in this range and it provides enough energy for PS to generate ROS.!*° Therefore, 600
nm light was chosen as the wavelength for conducting the antibacterial assays rather than 540

nm, which is the absorption maximum for TPA-1.

As shown in Figure 2.19, 2 uM of TPA-1, which was the sub-MIC of TPA-1 against S. aureus,
was able to eradicate 99.2% + 0.7% (2.2 + 0.4 log CFU/mL reduction) of S. aureus and 99.96%
+0.03% (3.4 £ 0.2 log CFU/mL reduction) of P. aeruginosa in 30 minutes of irradiation. If the
irradiation was extended to 45 minutes, TPA-1 was capable of reducing over 99.99% (>5 log
CFU/mL reduction) of S. aureus and P. aeruginosa. In contrast, irradiating bacteria with 600
nm light in PBS did not affect their viability. These results indicated that the PDT with TPA-1

could effectively eradicate both Gram-positive and Gram-negative bacteria.
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Figure 2.18. The absorption spectrum of the combined 420-780 nm UV-visible cut filter and
the 600 nm band-pass filter.
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Figure 2.19. (a) Photographs of the LB agar plates and (b) the number of viable planktonic
bacteria after PDT with TPA-1. -L: without light irradiation. +L: with 600 nm light irradiation
(60 mW/cm2). Data are presented as the mean + SD, n = 3 per group.
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2.3.6 Antiplanktonic Mechanism of TPA-1 with Light Irradiation

The previous BTRC assays showed that TPA-1 could bind with LTA and LPS (Figure 2.6b),
which are located on the respective bacterial membranes of S. aureus and P. aeruginosa.

Therefore, the ROS generated by TPA-1 is expected to damage the bacterial membrane.

SEM images of S. aureus and P. aeruginosa were taken to investigate the PDT effect of TPA-
1 on bacterial morphologies (Figure 2.20). Intact surfaces were found on bacteria in the PBS
control groups with and without irradiation, indicating that light irradiation alone did not affect
bacterial morphology. In contrast, shrinkages and collapses were found on S. aureus and P.
aeruginosa after PDT with TPA-1, suggesting damage to the cell envelope. Additionally, the
changes in the DNA and protein contents in the supernatants from different treatments of S.
aureus and P. aeruginosa were monitored by recording the absorbances at 260 nm (DNA) and
280 nm (Protein). As shown in Figure 2.21, the supernatants for S. aureus and P. aeruginosa
after PDT with TPA-1 showed higher absorptions at 260 nm and 280 nm than the control groups,
indicating that PDT with TPA-1 could cause DNA and protein leakage from the bacteria. Since
the DNA and protein should be kept inside the cell by the bacterial membrane, these results,
along with the SEM images, implied that the PDT with TPA-1 eradicated planktonic S. aureus

and P. aeruginosa by causing bacterial membrane damage.
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Figure 2.20. SEM images of S. aureus and P. aeruginosa after PDT with TPA-1 (10 uM). -
L: without light irradiation. +L: with 600 nm light irradiation (60 mW/cm?) for 45 minutes.
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Figure 2.21. DNA/RNA and protein leakage after the PDT with TPA-1 were detected by the
absorption at 260 nm and 280 nm, respectively. (a, b) Protein and DNA/RNA leakage from S.

aureus. (c, d) Protein and DNA/RNA leakage from P. aeruginosa. -L: without light irradiation.

+L: with 600 nm light irradiation (60 mW/cm?) for 45 minutes. Data are presented as the mean

+ SD, n = 3 per group. * p-value < 0.05, ** p-value < 0.01 and *** p-value < 0.001
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2.4 Chapter II Summary

In summary, a novel antibacterial AIE PS, TPA-1, was synthesized. Compared to the previously
reported TPA-NC-1, TPA-1 contains two quaternary ammonium groups, which help to improve
the water solubility, enhance binding towards S. aureus LTA and P. aeruginosa LPS, and
decrease the cytotoxicity against HFF-1 cells. Modifying the benzothiazolium group can
further decrease cytotoxicity. Unlike conventional PSs, TPA-1 shows excellent antibacterial
activity against S. aureus even without light irradiation. This property is due to the intrinsic
antibacterial activity of TPA-1, which causes membrane damage and inhibits the DNA
supercoiling activity of S. aureus DNA gyrase. Proteomic study also revealed that TPA-1
treatment could affect several biological processes in S. aureus, including cell division, cell
wall synthesis, and translation. Upon light irradiation, TPA-1 shows broad-spectrum
antibacterial activity against Gram-positive S. aureus and Gram-negative P. aeruginosa by

causing damage to their bacterial cell membranes.
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Chapter III Assessments on the Antibiofilm Activities, Potential Off-Target Effects, and /n Vivo Efficacy of TPA-1

3.1 Introduction

In biofilm-related infections, bacteria can encase themselves in self-produced extracellular
polymeric substances (EPS) so that they are shielded from immune cells and antibiotics in the
infected area.® 1% Apart from EPS, bacteria can alter their metabolic rate to adapt to the changes
in environmental pressure, thereby enhancing their tolerance against antibiotics.!> '>! Many
reported antibacterial agents, including small molecules, peptides, and PSs, show antibacterial

activities against planktonic bacteria, yet they often fail in antibiofilm performance. ! 18 120.

152,153

In this chapter, the antibiofilm activities of the designed PS, TPA-1, are reported. Without light
irradiation, TPA-1 can inhibit the formation of S. aureus biofilm. Upon light irradiation, TPA-
1 can eradicate mature biofilms formed by S. aureus and P. aeruginosa. Additionally, assays
related to selectivity, haemolytic activity and light toxicity towards human cells were conducted
to assess the potential off-target effects of TPA-1. Furthermore, in vivo wound infection models
were designed to evaluate the therapeutic efficacy of TPA-1 in treating methicillin-resistant S.

aureus (MRSA) and P. aeruginosa infections.

The work presented in this chapter was published in the Journal of Medicinal Chemistry, titled
“A Water-Soluble Aggregation-Induced Emission Photosensitizer with Intrinsic Antibacterial

Activity as an Antiplanktonic and Antibiofilm Therapeutic Agent” by Hung, C. -H., et al.

84



Chapter III Assessments on the Antibiofilm Activities, Potential Off-Target Effects, and /n Vivo Efficacy of TPA-1

3.2 Materials and Methods

3.2.1 Materials and Instruments

Crystal violet and D-(+)-glucose were purchased from Sigma-Aldrich. Calcein AM was
purchased from Invitrogen™. Human erythrocytes were purchased from HaemoScan. All other
materials used for bacterial growth and incubation were the same as in Chapter II (Section

2.2.1).
3.2.2 Photographs and Fluorescence Imaging of Bacterial Biofilms

Overnight culture of S. aureus or P. aeruginosa was diluted to 1 x 10° CFU/mL in TSB (with
1% glucose). 200 pL of the diluted bacterial culture was added to an 8-well chamber slide
(Nunc™ Lab-Tek™ Chamber). The slide was incubated at 37°C for 24 hours for biofilm
formation. After incubation, the planktonic bacteria were removed carefully by a micropipette.
For photograph taking, the biofilm was incubated with PBS or 20 uM of TPA-1 at 30°C for 20
minutes. Then, the biofilm was washed with PBS (3 times). The photographs were taken using
a Nikon Ti2 DS-Ri2 high-speed color camera. For fluorescence images, the biofilm was first
incubated with SYTO 9 (2.5 uM) at room temperature for 15 minutes. SYTO 9 solution was
removed after incubation using a micropipette. 20 uM of TPA-1 or PBS was added to the
biofilm and incubated at 30 °C for 20 minutes. The TPA-1 solution or PBS was removed using
a micropipette right before taking the fluorescence images. The fluorescence images were taken
with a Nikon Ti2 Eclipse DS-Qi2 CMOS camera. The excitation wavelengths for SYTO 9 and
TPA-1 were 490 nm and 550 nm, respectively. Emission for SYTO 9 and TPA-1 were collected
from 500 nm to 550 nm (ET525/50m filter) and 590 nm to 670 nm (ET630/75m filter),

respectively.
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3.2.3 Inhibition and Eradication of S. aureus Biofilm by TPA-1 without Light

Irradiation

For the biofilm inhibition assay, an overnight culture of S. aureus in TSB was diluted to 1 %
107 CFU/mL with TSB (with 1% glucose). 10 pL of the diluted bacteria were added to a 96-
well plate containing 90 pL of serially diluted TPA-1 in TSB (with 1% glucose). After overnight
incubation at 37 C in the dark, the medium in the well was removed using a micropipette. The
remaining biofilm was washed with 200 uL PBS (3 times) and fixed with 100 uL. methanol for
10 minutes. The methanol was then removed using a micropipette. After the remaining
methanol had been completely evaporated, 150 pL of 0.1% crystal violet was added to the wells
to stain the biofilm for 10 minutes. The liquid in the wells was removed using a micropipette,
and the wells were washed with 200 pL PBS (3 times). The crystal violet adsorbed on the
biofilm was dissolved in 100 pL of 95% ethanol with gentle shaking, and the absorbance at
570 nm was recorded. The biofilm inhibition % was calculated as [ — (ODtpa-1 —
ODwlank)/(ODmedium — ODplank)] X 100% where ODtpa-1, ODmedium and ODplank are the
absorbances obtained from the wells with TPA-1-treated bacteria, with bacteria without

treatment and with medium only, respectively. The experiments were carried out in triplicate.

For the biofilm eradication assay, an overnight culture of S. aureus in TSB was diluted to 1 x
10° CFU/mL in TSB (with 1% glucose). 100 pL of the diluted culture was transferred to a 96-
well plate. The plate was incubated at 37 C for 24 hours to allow the formation of mature
biofilms. The medium was removed using a micropipette, and the biofilms were washed with
200 puL PBS (3 times). 100 pL of 2-fold diluted TPA-1 solutions in TSB (with 1% glucose)
were added to the wells. The plate was further incubated for 24 hours in the dark. Crystal violet
staining was then applied as above. The biofilm survival rate (%) was calculated as (ODTpa-1 —

ODpblank)/(ODmedium — ODpblank)* 100% where ODrpa-1, ODmedium and ODpiank are the absorbances
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of the wells with TPA-1-treated bacteria, with bacteria without treatment and with medium only,

respectively. The experiments were carried out in triplicate.
3.2.4 Photodynamic Eradication Assay on Bacterial Biofilms

Overnight culture of S. aureus or P. aeruginosa was diluted to 1 x 10° CFU/mL in TSB (with
1% glucose). 100 puL of the diluted bacterial culture was added to the wells of a 96-well plate.
The plate was incubated in the dark for 24 hours at 37°C. Then, the planktonic bacterial
suspensions were removed from the wells by a micropipette. The biofilms were washed with
PBS (3 times) to remove any remaining planktonic bacteria. Different concentrations of TPA-
1 were dissolved in PBS. TPA-1 solution was added to the biofilms (120 pL for S. aureus, 150
uL for P. aeruginosa). After 20 minutes of incubation in the dark at 30 C, the biofilms were
kept in the dark or irradiated by 600 nm light (60 mW/cm?2) for 45 minutes. After that, the TPA-

1 solution was replaced by 120 pyL of PBS. The biofilm was then suspended in PBS by
scratching, followed by sonication (5 minutes, <42 kHz) and vortexing (5 minutes, 950 rpm).

The number of viable bacteria was determined by the plate counting method. All experiments

were carried out in triplicate.
3.2.5 Change in Metabolic Rate of Bacterial Biofilms

Calcein-AM was used to study the metabolic rate of treated bacterial biofilms.!>* Mature S.
aureus and P. aeruginosa biofilms were prepared as described above. The biofilms were treated
with TPA-1 (10 uM) with or without light irradiation. After treatments, the biofilms were
further incubated for an hour at 37 C in darkness. Then, the TPA-1 solution was removed using
a micropipette, and 2 uM of Calcein-AM in PBS was added to the biofilms. The biofilms were
incubated for another hour at 37 °C in darkness. The Calcein-AM was removed and replaced
with PBS using a micropipette. After 15 minutes of incubation at room temperature in darkness,

the green fluorescence signal of Calcein-AM was captured by a Nikon Eclipse Ti2-E Live-cell
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Fluorescence Imaging System with an excitation wavelength of 490 nm. The emission signal

was collected from 500 nm to 550 nm. The experiments were duplicated.
3.2.6 Scanning Electron Microscope (SEM) Imaging of Biofilm Bacteria

Overnight cultures of S. aureus or P. aeruginosa were diluted to 1 x 10° CFU/mL in TSB (with
1 % glucose). 100 pL of diluted S. aureus was added to a 96-well plate and 200 pL of P
aeruginosa was added to an 8-well chamber. The plate and chamber were incubated at 37°C
for 24 hours to allow the formation of biofilms. After the biofilms were formed, the planktonic
cells were carefully removed using a micropipette, and the remaining biofilms were washed
with PBS (3 times). Then, TPA-1 (40 uM for S. aureus and 10 uM for P. aeruginosa) solution
diluted in PBS or PBS (as control) was added to the biofilms and further incubated at 30 C for
20 minutes. After incubation, the biofilms were irradiated with light at 600 nm (60 mW/cm?)
or kept in the dark for 45 minutes. 2.5% Glutaraldehyde was then added to the S. aureus biofilm
for overnight fixation at 4 C after PDT treatment. The S. aureus biofilm was then resuspended
by scratching and centrifuged at 3900 % g for 5 minutes to collect the biofilm. The supernatant
was removed, and the biofilm was gradually dehydrated with ethanol (30%, 50%, 70%, 90%,
100%). The dehydrated S. aureus biofilm was dropped on a silicon slide with absolute ethanol.
After air drying, images of the biofilms on the silicon slide were taken using a Tescan MAIA3
SEM. For P. aeruginosa, the biofilm was first centrifuged at 3900 x g for 5 minutes. Then, 2.5%
glutaraldehyde was added, and the biofilm was fixed overnight. The remaining steps for SEM

sample preparation of P. aeruginosa biofilm were the same as those S. aureus biofilm.
3.2.7 Mass Spectrometry(MS)-Based Proteomic Analysis on Bacterial Biofilms

The bacterial biofilms for proteomic analysis were prepared using the same methods as
described in the photodynamic eradication assay (Section 3.2.4). After PDT, the TPA-1

solution or PBS was removed. Then, the biofilm samples were prepared using an EasyPepTM
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MS Sample Prep Kit. Mass spectrometry and data analysis were conducted in a similar manner

as described in Section 2.2.25.
3.2.8 Selective Labelling of Bacteria over HFF-1 Cells

HFF-1 cells were seeded and cultured in confocal dishes at a density of 50,000 cells for 12
hours at 37°C in darkness. The cells were washed with PBS (3 times) to remove the antibiotics
from the medium. TPA-1 (10 uM) was first mixed with 1 x 10 CFU/mL S. aureus or P
aeruginosa in PBS. The mixture was then added to the cells and incubated for 20 minutes at
30C in darkness. The fluorescence signal from TPA-1 was observed using a Nikon Eclipse
Ti2-E Live-cell Fluorescence Imaging System with an excitation wavelength of 550 nm and

the emission was collected from 500 nm to 550 nm.
3.2.9 Light Toxicity of TPA-1 on HFF-1 Cells

HFF-1 cells were seeded in a 96-well plate with a density of 10,000 cells/well for 12 hours at
37 C in the dark. Different concentrations of TPA-1 were added to the cell culture medium and
incubated for 20 minutes at 37C in the dark. The cells were then incubated in the dark or
irradiated by 600 nm light for 45 minutes. The cell viability was then evaluated using the MTT

assay, which was described in the cytotoxicity assay (Section 2.2.14).
3.2.10 Haemolysis of TPA-1 on HFF-1 Cells

Human erythrocyte concentrate was prepared according to the kit manual from the Biomaterial
Haemolytic Assay Kit (Haemoscan).!>®> After the human erythrocytes had been washed and
diluted with manufacturer’s buffers, 100 puL of erythrocytes were added to 100 pL of various
concentrations of compounds in PBS. 1% of Triton X was used as the positive control, while
PBS was used as the negative control. The erythrocytes were then gently mixed with the TPA
compounds and further incubated for an hour at 37°C. After that, the erythrocytes were

centrifuged (1000 rpm, 5 minutes), and 20 puL of supernatant was added to 180 uL of PBS in a
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96-well plate. The optical densities at 380 nm, 415 nm and 450 nm were measured using a plate
reader. The final OD value of the compounds was calculated as (2 x OD415) — (ODaso + OD33g0)
where OD3sgo, ODa1s, and ODaso are the optical densities of the solution at 380 nm, 415 nm, and
450 nm, respectively. The haemolysis rates of the compounds were calculated as (ODcompound —
ODpgs)/(ODrritonx-ODpgs) *x 100% where ODcompound, ODpgs, and ODrritonx are the final OD
values of the erythrocytes mixed with TPA compounds, PBS and 1% Triton X, respectively.

All experiments were triplicated.
3.2.11 In vivo Efficacy of TPA-1

All in vivo animal experiments were conducted by Hangzhou Yanqu Information Technology
Co.,Ltd. and approved by the Department of Science and Technology of Zhejiang Province

(SYXK(3#1)2021-0043). Female BALB/c mice (10-12 weeks old) were kept in 12-hour light

and 12-hour dark cycle with access to free food and water for 7 days before and throughout the
experiment. The backs of the mice were shaved and disinfected with iodine. A full-thickness
circular wound (7 mm in diameter) was then created at the back of the mice. The mice were
allowed to recover for 24 hours after surgery to prevent sepsis.!*® 10 uL of 1 x 108 CFU/mL
MRSA (ATCC 43300) or P. aeruginosa (ATCC 27853) in saline was added to the wound. The
wound was covered with an adhesive dressing (3M Tegadarm, 1624w, 6 % 7 cm) for 24 hours
of infection. Next, the mice were randomly divided into four groups: (1) 100 pL TPA-1 (90
uM) with 600 nm light irradiation (60 mW/cm?) for 15 minutes, (2) 100 uL TPA-1 (90 uM) in
the dark, (3) 100 pL saline with 600 nm light irradiation (60 mW/cm?) for 15 minutes and (4)
100 pL saline in the dark. For light irradiation groups, TPA-1 and saline were incubated on the
wound for 10 minutes before irradiation. The treatment was sustained for four days. The wound
size and body weight of the mice were recorded every day. On day 6, the mice were
euthanatized, and the wound tissue was collected. After that, the wound tissue was cut in half.

Half of the tissue was used in hematoxylin and eosin (H&E) staining. The other half of the
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tissue was homogenized, and the number of viable bacteria was measured using the plate

counting method.

3.2.12 Statistical Analysis

Data in this chapter were reported as mean + standard deviation (SD). Statistical analysis was
conducted using GraphPad Prism 8. Multiple comparison tests were performed using Two-way

ANOVA, followed by Tukey’s tests, and p-value < 0.05 was defined as statistically significant.
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3.3 Results and Discussion

3.3.1 Biofilm Labelling by TPA-1

The photographs of S. aureus and P. aeruginosa biofilms showed that TPA-1 stained the
biofilms in blue color (Figure 3.1). PBS was used to wash the TPA-1-stained biofilms, but the
blue color stayed on the biofilms, indicating that TPA-1 molecules can strongly bind to the S.

aureus and P. aeruginosa biofilms.

A major challenge in eradicating bacterial biofilms is to overcome the penetration barrier of
the EPS produced by bacteria. To investigate the penetration efficiency of TPA-1 in S aureus
and P. aeruginosa biofilms, z-stacked fluorescence imaging was employed. As shown in
Figure 3.2, TPA-1 could label the bacteria in the S. aureus and P. aeruginosa biofilms. Besides,
the fluorescence signals of TPA-1 were found throughout the entire biofilms, suggesting that

TPA-1 could penetrate and label the bacteria inside the S. aureus and P. aeruginosa biofilms.
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S. aureus

. @eruginosa

P

Figure 3.1.  Photographs of S. aureus and P. aeruginosa biofilms with PBS or 20 uM TPA-
1.
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a .
S. aureus Biofilm

SYTO 9 TPA-1 Merge

P. aeruginosa Biofilm

SYTO 9 TPA-1 Merge

Figure 3.2.  The fluorescence images of (a) S. aureus and (b) P. aeruginosa biofilms with
SYTO 9 (2.5 uM, Aex =490 nm, Aem = 500nm to 550 nm) and TPA-1 (20 uM, Aex = 550 nm,
Aem = 590 nm to 670 nm). SYTO 9 is a commercial DNA stain that has been used to label

biofilm bacteria.'>’
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3.3.2 TPA-1 Against S. aureus Biofilm without Light Irradiation

As discussed in Section 2.3.2, TPA-1 can effectively kill S. aureus even without light
irradiation. Hence, the antibiofilm activities of TPA-1 on S. aureus biofilm without light

irradiation were also evaluated.

In Figure 3.3a, the biofilm inhibition percentage of TPA-1 on S. aureus increased from 0.781
uM to 3.13 uM and reached 100% at 6.25 pM. This result demonstrated that TPA-1 exhibited
good biofilm inhibition ability against S. aureus. However, TPA-1 cannot eradicate preformed
S. aureus biofilm. As shown in Figure 3.3b, even up to 100 uM of TPA-1, the S. aureus biofilm
can still maintain a survival rate of over 90%. Therefore, without light irradiation, TPA-1 has
good inhibition activity on the formation of S. aureus biofilm, but it has poor activity in

eradicating mature S. aureus biofilm.
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Figure 3.3.  (a) The inhibition rate of the formation of S. aureus biofilm by TPA-1 without
light irradiation. (b) The survival rate of mature S. aureus biofilm after incubation with TPA-1

without light irradiation. Data are presented as the mean + SD, n = 3 per group.
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3.3.3 Antibiofilm Activities of TPA-1 with Light Irradiation

Upon light irradiation at 600 nm, TPA-1 showed excellent antibiofilm activity against both S.
aureus and P. aeruginosa. As shown in Figure 3.4a to Figure 3.4d, the biofilm eradication
ability of TPA-1 is concentration and irradiation time dependent. The increase in TPA-1
concentration and irradiation time could enhance the antibiofilm activity of TPA-1. Figure 3.4a
and Figure 3.4c demonstrated that 40 uM of TPA-1 was able to eradicate 92% =+ 3% (1.18 £
0.05 log CFU/mL reduction) of S. aureus in the biofilm and 99.8% = 0.1 % (2.6 £ 0.2 log
CFU/mL reduction) of P. aeruginosa in the biofilm in 45 minutes. The eradication ability of
TPA-1 was better than that of vancomycin against S. aureus and meropenem against P.
aeruginosa. Moreover, the PDT with TPA-1 was more effective than the commercial PS zinc

phthalocyanine in eradicating bacterial biofilms at the same concentration (Figure 3.5).

The metabolic rates of the bacteria inside biofilms were also compared using Calcein-AM, a
fluorescent dye that generates a green fluorescence signal within metabolically active cells.
After PDT with TPA-1, both S. aureus and P. aeruginosa biofilms showed lower fluorescence
signals than the PBS control groups (Figure 3.6), suggesting that the metabolic rate of S. aureus
and P. aeruginosa inside the biofilms were decreased after PDT with TPA-1. This decrease in
metabolic rates could be attributed to the eradication of bacteria in the biofilms during PDT.
Additionally, S. aureus biofilm treated with TPA-1 in the dark (TPA-1 -L group) showed a
lower fluorescence signal than the control groups but higher than that from TPA-1 PDT-treated
S. aureus biofilm (TPA-1 +L group). These results suggested that the intrinsic antibacterial
effect of TPA-1 eradicated some of the S. aureus in the biofilm, while light irradiation further

enhanced the eradication ability of TPA-1.

In addition, SEM has been used to investigate the effects of TPA-1 on the morphology of

bacteria in the biofilms (Figure 3.4e). Following PDT with TPA-1, the S. aureus and P.
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aeruginosa in the biofilms showed shrinkages and collapses on the cell. In contrast, the bacteria
treated with TPA-1 without light irradiation did not exhibit significant cell defects compared to
the PBS control groups, indicating that TPA-1 had minimal effects on the cell envelope in the
absence of light irradiation. Along with the results from fluorescence imaging, it is suggested
that TPA-1 could penetrate the EPS barrier and target the bacteria inside the biofilms. Upon
light irradiation, TPA-1 could eradicate bacteria in the biofilms by generating ROS that damage

their cell membranes.

98



Chapter III Assessments on the Antibiofilm Activities, Potential Off-Target Effects, and /n Vivo Efficacy of TPA-1

a 9.0 c 9
/= -L i = -L
. [ .
ég&s- B +L 45 min _é’_,; 8- BN +L 45 min
8 D 8.0 55 ]
“wo T Q
E 2757 e ]
R E 9 61
E - 7.0 uo- | 4
o 54
6.5-
) N N 2 & o N N N &
& &I &S PO S
N & & & S N s &
SR R MR ST Y ¢
b 2 d o
» »
9.0 9
= PBS ” | = PBS
gjs.s- B 40uMTPA-1 :.E‘ 8- EE 40 uM TPA-1
L E S
" D 801 52 7
%o ® O
£ o7.5- Qg
58 £g o
o~ 7.0 6 -
@ g
6.5-
-L +L 15 min +L 30 min +L 45 min -L +L 15 min +L 30 min +L 45 min
PBS +L TPA-1 -L
] Al -
%)
o
<
S
@©
(75
@©
%)
o
S
9
g
()
@®©
Q

Figure 3.4. (a) Number of viable S. aureus in the biofilm after PDT with different
concentrations of TPA-1 and (b) various irradiation times. (c) Number of viable P. aeruginosa
in the biofilm after PDT with different concentrations of TPA-1 and (d) various irradiation
times. (¢) SEM images of S. aureus and P. aeruginosa biofilms with and without PDT with
TPA-1. The red arrows indicate some of the shrinkages and collapses of the bacterial cells. -L:
without light irradiation. +L: with 600 nm light (60 mW/cm?) irradiation. Data are presented

as the mean = SD, n = 3 per group.
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(a) Number of viable S. aureus and (b) P. aeruginosa in the biofilms after PDT

with TPA-1 or zinc phthalocyanine. -L: without light irradiation. +L: with 600 nm light (60

mW/cm?) irradiation. Data are presented as the mean + SD, n = 3 per group.
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PBS -L PBS +L TPA-1-L TPA-1 +L

S. aureus

TPA-1 +L

P. aeruginosa

Figure 3.6.  Fluorescence images of (a) S. aureus and (b) P. aeruginosa biofilms stained by
Calcein-AM after various treatments with PBS or TPA-1. -L: without light irradiation. +L: with
600 nm light (60 mW/cm?) irradiation. The excitation wavelength was 490 nm and the emission

was collected from 500 nm to 550 nm.
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3.3.4 MS-Based Proteomic Analysis on TPA-1 PDT-Treated S. aureus and P

aeruginosa Biofilm

To further investigate the antibacterial effects of TPA-1, MS-based proteomic analyses were
performed on S. aureus and P. aeruginosa biofilm after PDT with TPA-1 (Figure 3.7). A total
of 804 unique protein groups were identified in the S. aureus biofilm, while 56 were considered
as DEPs. Within the DEPs, 44 were downregulated, and 12 were upregulated (Figure 3.7a).
For P. aeruginosa biofilm, 1393 unique protein groups were identified. However, only 4 were
DEPs, and all of them were downregulated (Figure 3.7b). GO and KEGG enrichment analyses
were performed on the genes corresponding to the DEPs for S. aureus and P. aeruginosa
biofilms. No significant enrichment was found in the P. aeruginosa biofilm. In contrast,
enrichment analysis on S. aureus biofilm has classified the genes into three GO terms and one
KEGG pathway (Figure 3.7¢ - Figure 3.7f). Based on the annotations, we focused on two
terms, cell wall organization (GO) and Staphylococcus aureus infection (KEGG), as they are

related to cell growth and virulence.

The expressions of cell wall organization-related proteins were decreased in S. aureus biofilm
after PDT with TPA-1 (Figure 3.7g). Teichoic acid glycerol-phosphate primase (farB) and
lipoteichoic acid synthase (/faS), which are proteins required in the synthesis of wall teichoic
acid (WTA) and LTA, respectively, were downregulated.'>® 1> WTA and LTA are important
components in S. aureus colonization and infection.!®® 1! The decrease in expression of these
proteins might inhibit the synthesis of WTA and LTA, further reducing the virulence of S.
aureus biofilm. Additionally, TPA-1 with light irradiation caused the downregulation of
proteins related to Staphylococcus aureus infection. These proteins included y-hemolysin
components B, C (hlgB, hig(C) and staphylococcal superantigen-like 7 (ss/7), which are
virulence factors released by S. aureus to evade the host immune system.'®> '® The
downregulation of these proteins could also reduce the virulence of S. aureus biofilm. Overall,

102



Chapter III Assessments on the Antibiofilm Activities, Potential Off-Target Effects, and /n Vivo Efficacy of TPA-1

the proteomic data hinted that the PDT with TPA-1, apart from eradicating bacteria in the

biofilm, could also reduce the virulence of S. aureus biofilm.
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Figure 3.7  (a) Volcano plot showed the DEPs in TPA-1 (40 uM)-treated S. aureus biofilm
versus PBS-treated S. aureus biofilm and (b) TPA-1 (40 uM)-treated P. aeruginosa biofilm
versus PBS-treated P. aeruginosa biofilm after 45 minutes of 600 nm (60 mW/cm?2) irradiation.
(c) Biological process, (d) molecular function, (e) cellular component GO enrichment, and (f)
KEGG pathway enrichment analysis of the corresponding genes of the DEPs in TPA-1-treated
S. aureus biofilm after light irradiation. (g) Selected biological processes and KEGG pathway
in S. aureus biofilm after PDT with TPA-1. Inner blocks are the names of the selected biological
process and KEGG pathway. Outer blocks show the fold change of the DEPs, which are
represented by their gene names, in the corresponding biological process and KEGG pathway.

Three independent biological replicates were performed in this proteomic study.
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3.3.5 Evaluation of Potential Off-Target Effects of TPA-1

Before conducting further in vivo studies, assessments were made on the potential off-target

effects of TPA-1 to ensure its high biocompatibility.

To assess the selectivity of TPA-1, mixtures of HFF-1 cells (50000 cells/well) with 1 x 108
CFU/mL of S. aureus or P. aeruginosa were incubated with TPA-1. As shown in Figure 3.8,
the fluorescence signal of TPA-1 was observed on S. aureus or P. aeruginosa but barely found

on HFF-1 cells. This result demonstrated that TPA-1 is highly specific towards bacteria.

Moreover, TPA-1 showed minimal haemolysis on human erythrocytes. At concentrations as
high as 200 uM, TPA-1 only induced less than 2% of the haemolysis rate (Figure 3.9a). The
light toxicity of TPA-1 on HFF-1 cells was also investigated. The viability of HFF-1 cells still

exceeded over 90% after PDT with 40 uM of TPA-1 for 45 minutes (Figure 3.9b).

Collectively, these results indicated that TPA-1 could specifically target bacterial cells while
maintaining low toxicity against human cells, both in the absence and presence of light.
Therefore, it is suggested that TPA-1 could be safely and effectively applied in further in vivo

studies.
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DIC | TPA-1 Merge

S. aureus

P. aeruginosa

Figure 3.8. The fluorescence images of HFF-1 cells were mixed with S. aureus or P.
aeruginosa and incubated with TPA-1 (10 uM). The yellow dotted circles were the nuclei of
the HFF-1 cells.
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Figure 3.9. (a) The haemolysis rate of TPA-1 on human erythrocytes. (b) The viability of
HFF-1 cells after PDT with TPA-1. Data are presented as the mean + SD, n = 3 per group.
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3.3.6 In Vivo Efficacy of TPA-1 on MRAS- or P. aeruginosa-Infected Mice

Wound infection models of MRSA and P. aeruginosa were designed to study the therapeutic
efficacy of TPA-1. The experimental workflow is illustrated in Figure 3.10a. The detailed

experimental procedures were reported in Section 3.2.11.

As shown in Figure 3.10b and Figure 3.10c, the MRSA- and P. aeruginosa-infected wounds
after PDT with TPA-1 (TPA-1 +L) produced less pus than the rest of the groups. Besides, PDT
with TPA-1 significantly reduced 96% + 3 % (1.4 £ 0.6 log CFU/mg tissue reduction) of MRSA
and 96% = 4% (1.4 = 0.4 log CFU/mg tissue reduction) of P. aeruginosa in the wound tissues
(Figure 3.11a, Figure 3.11c¢). Additionally, the mice receiving 4 days of PDT treatment with

TPA-1 had the smallest wound size compared to the other groups (Figure 3.11b, Figure 3.11d).

To further assess the therapeutic efficacy of TPA-1, histological analysis on MRSA-infected
wounds was conducted. Although all wounds showed signs of inflammation, the wounds after
PDT with TPA-1 had fewer inflammatory cells infiltrated (Figure 3.12a). Masson’s trichrome
staining also showed that the TPA-1 +L group had a higher extent of collagen deposition than
the other groups (Figure 3.12b). These results indicated that, with light irradiation, TPA-1
effectively eradicated MRSA and P. aeruginosa in vivo and promoted wound healing in
bacteria-infected wounds. In contrast, the application of TPA-1 on wounds without light
irradiation showed no therapeutic significance over the saline control groups, suggesting that

light irradiation was essential for TPA-1 to deliver good therapeutic results in vivo.
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Figure 3.10. (a) An illustration shows the experimental workflow of the in vivo models. (b)
Photographs of MRAS- and (c) P. aeruginosa-infected wounds after different treatments. -L:
without light irradiation. +L: with 600 nm (60 mW/cm?) light irradiation for 15 minutes.
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Figure 3.11. (a) Number of viable MRSA and (c) P. aeruginosa in the infected tissue after 4
days of treatments. (b) The wound area of MRSA- and (d) P. aeruginosa-infected wounds
throughout the treatments. Data are presented as the mean £ SD. n = 8 per group for MRSA-
infected mice. n = 4 per group for P. aeruginosa-infected mice. * p-value < 0.05; *** p-value
<0.001, **** p value-< 0.0001. -L: without light irradiation. +L: with 600 nm (60 mW/cm?)

light irradiation for 15 minutes.
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a Saline -L Saline +L TPA-1-L TPA-1+L
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Figure 3.12. (a) Hematoxylin and eosin (H&E) and (b) Masson’s trichrome staining of

MRSA-infected tissue after 4 days of treatments. -L: without light irradiation. +L: with 600 nm
(60 mW/cm?) light irradiation for 15 minutes.
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Figure 3.13. Body weight of (a) MRSA- and (b) P. aeruginosa-infected mice throughout the

experiment. Data are presented as the mean = SD. n = 8 per group for (a), n =4 per group for

(b).
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3.4 Chapter III Summary

In summary, TPA-1 can penetrate the EPS barrier and stain the bacteria inside bacterial biofilms.
Without light irradiation, TPA-1 can inhibit the formation of S. aureus biofilm, but it has no
significant antibacterial effect on mature biofilm. Upon light irradiation, TPA-1 can effectively
eradicate S. aureus and P. aeruginosa in the biofilms. The proteomic results also showed that
PDT with TPA-1 could reduce the virulence of S. aureus biofilm. Apart from great antibiofilm
activity, TPA-1 also has minimal off-target effects. TPA-1 can selectively bind with S. aureus
and P. aeruginosa in the presence of HFF-1 cells. Moreover, TPA-1 has minimal haemolytic
activity against human erythrocytes, and the PDT with TPA-1 against HFF-1 cells induces
minimal cell death. Furthermore, the therapeutic efficacy of TPA-1 was evaluated with in vivo
MRSA- and P. aeruginosa-infected wound models. The PDT treatment of TPA-1 can
significantly reduce the number of viable bacteria in wound tissue and promote wound healing.
The good therapeutic efficacy and biocompatibility of TPA-1 make it a potential PS for treating

clinical biofilm-related infections.
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4.1 Introduction

PDT is an emerging technique for treating bacterial infections. The potential of TPA-1 as a
photosensitizer (PS) in eradicating bacteria in planktonic and biofilm forms has been
demonstrated in Chapter II and Chapter III. However, PDT has its weaknesses. One of the
major flaws of the antibacterial PSs reported in the literature is that they will lose their
antibacterial activity once the light source is removed.® 19% 164167 [nterestingly, as discussed in
previous chapters, TPA-1 has good antibacterial activity against S. aureus even without light
irradiation. Therefore, TPA-1 can serve as a new starting point for developing PSs that can

extend the antibacterial effects in the dark.

In this chapter, based on the structure of TPA-1, several PSs that aim to achieve broad-spectrum
antibacterial activity in the dark were designed and synthesized. Among these compounds,
TPA-C3-C6 has the overall best MIC values against various bacteria. Studies related to
cytotoxicity, antibiofilm activity and antibacterial mechanisms were also conducted. TPA-C3-
C6 shows significant antibiofilm activities through the combined effect of photosensitizing and

intrinsic antibacterial activity.
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4.2 Materials and Methods

4.2.1 Materials and Instruments

2,3,3-Trimethylindolenine, 1,1,2-trimethyl-1H-benzo[e]indole and lepidine were purchased

from TCI. 1,6-Dibromohexane, 1-bromohexane, N,N,N N -tetramethylethylenediamine,

polymyxin B sulfate, and ciprofloxacin were purchased from Sigma-Aldrich. SYTOX Green
and TRIzol™ Plus RNA Purification Kit were purchased from Invitrogen™. Chlorin €6 was
purchased from Santa Cruz Biotechnology. BeyoFast™ SYBR Green One-Step gRT-PCR Kit
was purchased from Beyotime. P. aeruginosa DNA gyrase assay kit was purchased from
Inspiralis. Quantitative polymerase chain reaction (qPCR) was conducted using a

QuantStudio™ 7 Flex Real-Time PCR System with MicroAmp™ Fast 8-Tube Strip.

The other materials and instruments used in this chapter were the same as those reported in

Chapter II (Section 2.2.1) and Chapter III (Section 3.2.1).
4.2.2 Synthesis of TPA-IN

The synthesis of membrane disruptor-like TPA derivatives was similar to that described in
Section 2.2.8. TPA-IN was synthesized by replacing M1 with 1-ethyl-3,3-dimethyl-3H-indol-
1-ium. TPA-IN was obtained as a deep blue solid (20 mg, 15% yield). 'H NMR (400 MHz,
CD;0D) 6= 8.61 (d, J = 15.33 Hz, 1H), 7.97 (d, J = 4.14 Hz, 1H), 7.75-7.72 (m, 2H), 7.66-
7.56 (m, 5H), 7.14-7.08 (m, 5H), 6.98 (d, J = 9.02 Hz, 4H), 6.87 (d, J = 8.89 Hz, 2H), 4.61-
4.55 (m, 2H), 4.13 (t, J = 5.62 Hz, 4H), 3.62-3.58 (m, 4H), 3.21 (s, 18H), 2.35-2.28 (m, 4H),
1.83 (s, 6H), 1.55 ppm (t, J=7.28, 3H). *C NMR (100 MHz, CD;0D) &= 180.0, 157.3, 156.0,
150.9, 146.7, 143.5, 140.6, 140.0, 138.0, 129.1, 128.7, 127.4,127.2,124.4, 123.8, 122.7, 118.5,
115.4, 113.7, 107.2, 64.6, 64.1, 52.3, 52.23, 52.20, 51.8, 41.3, 25.3, 23.0. 12.3 ppm. HRMS

(ESI) m/z calcd for CasHe1N4O2S** 252.4833 [M-3Br]*"; found 252.4842.
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4.2.3 Synthesis of TPA-BIN

TPA-BIN was synthesized by replacing M1 with 3-ethyl-1,1-dimethyl-1H-benzo[e]indol-3-
ium. TPA-BIN was obtained as a deep blue solid (40 mg, 28.5% yield). '"H NMR (400 MHz,
CD;0D) 6= 8.68 (d, /= 15.45 Hz, 1H), 8.38 (d, J = 8.46 Hz, 1H), 8.21 (d, J = 8.83 Hz, 1H),
8.13 (d, /J=8.09 Hz, 1H), 7.97 (d, J=3.86 Hz, 1H), 7.92 (d, /= 8.83 Hz, 1H), 7.79 (t,J=7.45
Hz, 1H), 7.69-7.64 (m, 3H), 7.57 (d, /= 4.23 Hz, 1H), 7.16-7.11 (m, 5H), 6.98 (d, /= 8.65 Hz,
4H), 6.87 (d, J=8.46 Hz, 2H), 4.73-4.68 (m, 2H), 4.13 (t, /= 5.52 Hz, 4H), 3.63-3.58 (m, 4H),
3.21 (s, 18H), 2.35-2.28 (m, 4H), 2.08 (m, 6H), 1.61 ppm (t, J= 7.17 Hz, 3H). 3C NMR (100
MHz, CD;0D) 6= 180.9, 156.8, 155.8, 150.6, 145.3, 140.4, 140.0, 133.6, 131.3, 130.0, 128.1,
127.42,127.36,127.2,126.8, 124.4,124.0, 122.6, 118.6, 115.4, 1117.8, 106.9, 64.6, 64.1, 53.5,
52.3, 52.25, 52.22, 41.5, 25.2, 23.0, 12.5 ppm. HRMS (ESI) m/z caled for Cs:He3sN4O2S>"

269.1552 [M-3Br]**; found 269.1561.
4.2.4 Synthesis of TPA-C3-C6

TPA-C3-C6 was synthesized by replacing M1 with 3-hexyl-2-methylbenzo[d]thiazol-3-ium.
TPA-C3-C6 was obtained as a dark purple solid (40 mg, 19% yield). 'H NMR (600 MHz,
CD;0OD) 6= 8.36 (d, J = 15.5 Hz, 1H), 8.20 (d, J = 7.96 Hz, 1H), 8.12 (d, J = 7.96 Hz, 1H),
7.86-7.83 (m, 1H), 7.76-7.73 (m, 2H), 7.58 (d, J = 8.80 Hz, 2H), 7.47 (d, J = 4.19 Hz, 1H),
7.43 (d, J=14.65 Hz, 1H), 7.11 (d, J = 8.80 Hz, 4H), 6.97 (d, J = 8.80 Hz, 4H), 6.86 (d, J =
8.80 Hz, 2H), 4.83 (t, J = 7.96 Hz, 2H), 4.12 (t, /= 6.07 Hz, 4H), 3.61-3.59 (m, 4H), 3.21 (s,
18H), 2.33-2.29 (m, 4H), 1.99-1.94 (m, 2H), 1.54-1.49 (m, 2H), 1.43-1.33 (m, 4H), 0.92 ppm
(t,J=7.12 Hz, 3H). *C NMR (150 MHz, CD30D) 6= 172.4, 157.2, 155.8, 151.6, 143.5, 142.8,
141.6, 139.6, 138.3, 130.8, 129.6, 129.3, 128.6, 128.2, 125.6, 125.1, 124.9, 120.3, 117.2, 116.7,
109.6, 66.0, 65.6, 65.54, 65.51, 53.7, 53.63, 53.61, 32.5, 29.9, 27.2, 24.4, 23.6, 14.3 ppm.

HRMS (ESI) m/z calcd for C49Hs3N402S2°" 267.8125 [M-3Br]**; found 267.8134.
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4.2.5 Synthesis of TPA-C3-C8

TPA-C3-C8 was synthesized by replacing M1 with 2-methyl-3-octylbenzo[d]thiazol-3-ium.
TPA-C3-C8 was obtained as a dark purple solid (20 mg, 14% yield). '"H NMR (600 MHz,
CDs0D) 6= 8.36 (d, J = 14.96 Hz, 1H), 8.20 (d, J = 8.35 Hz, 1H), 8.12 (d, J = 8.35 Hz, 1H),
7.84 (t, J=7.95 Hz, 1H), 7.76-7.73 (m, 2H), 7.58 (d, J = 8.76 Hz, 2H), 7.47 (d, J = 3.91 Hz,
1H), 7.42 (d, J = 15.09 Hz, 1H), 7.11 (d, J = 8.89 Hz, 4H), 6.97 (d, J = 8.91 Hz, 4H), 6.86 (d,
J=8.91Hz, 2H), 4.83 (t, J= 7.5 Hz, 2H), 4.12 (d, J = 5.63 Hz, 4H), 3.61-3.59 (m, 4H), 3.21
(s, 18H), 2.34-2.29 (m, 4H), 1.99-1.94 (m, 2H), 1.53-1.48 (m, 2H), 1.45-1.40 (m, 2H), 1.33-
1.28 (m, 6H), 0.85 ppm (t, J = 6.80 Hz, 3H). '*C NMR (150 MHz, CD;0D) &= 172.5, 157.2,
157.2,155.8,151.6, 143.5,142.8, 141.6, 139.6, 138.4, 130.7, 129.6, 129.3, 128.6, 128.3, 125.6,
125.2,124.9,120.3,117.3,116.8, 109.7, 66.0, 65.6, 65.55, 65.53, 53.7, 53.65, 53.63, 33.0, 30.3,
30.2, 29.9, 27.5, 24.4, 23.7, 14.5 ppm. HRMS (ESI) m/z caled for CsiHe7N402S2*" 277.1563

[M-3Br]**; found 277.1573.
4.2.6 Synthesis of TPA-C6-C6

TPA-C6-C6 was synthesized by replacing dibromopropane with dibromohexane in compound
2 and M1 with 3-hexyl-2-methylbenzo[d]thiazol-3-ium. TPA-C6-C6 was obtained as a dark
purple solid (40 mg, 18% yield). '"H NMR (600 MHz, CD;0D) &= 8.35 (d, J = 15.06 Hz, 1H),
8.19 (d, J=8.10 Hz, 1H), 8.11 (d, J = 8.58 Hz, 1H), 7.84 (t, J = 7.89 Hz, 1H), 7.75-7.73 (m,
2H), 7.57 (d, J = 8.64 Hz, 2H), 7.46 (d, J=4.02 Hz, 1H), 7.41 (d, J = 15.12 Hz, 1H), 7.09 (d,
J=28.70 Hz, 4H), 6.92 (d, J = 8.76 Hz, 4H), 6.85 (d, J = 8.64 Hz, 2H), 4.82 (t, J = 7.53 Hz,
2H), 4.00 (t, /= 6.21 Hz, 4H), 3.37-3.34 (m, 4H), 3.31 (s, 18H), 1.99-1.94 (m, 2H), 1.83-1.82
(m, 8H), 1.64-1.59 (m, 4H), 1.53-1.45 (m, 6H), 1.43-1.33 (m, 4H), 0.92 ppm(t, J = 7.14 Hz,
3H). 3C NMR (150 MHz, CD;0D) 6= 172.4, 157.9, 156.0, 151.9, 143.5, 142.8, 141.0, 139.7,

138.2, 130.8, 129.6, 129.3, 128.7, 128.2, 125.2, 125.0, 124.9, 119.9, 116.6, 109.5, 69.0, 67.8,
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53.5,53.499, 53.474, 32.5, 30.2, 30.0, 27.3, 27.1, 26.8, 23.9, 23.6, 14.3 ppm. HRMS (ESI) m/z

calcd for CssH7sN402S>°" 295.8438 [M-3Br]**; found 295.8449.
4.2.7 Synthesis of TPA-C6-C8

TPA-C6-C8 was synthesized by replacing dibromopropane with dibromohexane in compound
2 and M1 with 2-methyl-3-octylbenzo[d]thiazol-3-ium. TPA-C6-C8 was obtained as a dark
purple solid (40 mg, 17% yield). "H NMR (600 MHz, CD3OD) &= 8.25 (d, J= 15.00 Hz, 1H),
8.14 (d, J=17.98 Hz, 1H),8.06 (d, J=8.58 Hz, 1H),7.81-7.79 (m, 1H), 7.70-7.68 (m, 2H), 7.47
(d, J=8.82 Hz, 2H), 7.39 (d, J = 4.02 Hz, 1H), 7.30 (d, J = 15.12 Hz, 1H), 7.05 (d, J = 8.88
Hz, 4H), 6.91(d, J = 8.94 Hz, 4H), 6.75 (d, J = 8.76 Hz, 2H),4.75 (t, J= 7.53 Hz, 2H),4.00 (t,
J=6.21 Hz, 4H),3.37-3.34 (m, 4H), 3.14 (s, 18H), 1.95-1.89 (m, 2H), 1.86-1.81 (m, 8H), 1.63-
1.58 (m, 4H), 1.50-1.46 (m, 6H), 1.42-1.38 (m, 2H), 1.33-1.26 (m, 6H), 0.85 ppm (t, J = 6.84
Hz, 3H). °C NMR (150 MHz, CDs;0D) &= 172.1, 157.9, 156.0, 151.8, 143.4, 142.7, 140.8,
139.9, 138.2, 130.8, 129.5, 129.2, 128.7, 128.2, 125.0, 124.9, 119.6, 116.6, 109.3, 69.0, 67.8,
53.52, 53.50, 53.47, 33.0, 30.31, 30.27, 30.2, 29.9, 27.5, 27.1, 26.8, 23.9, 23.7, 14.5 ppm.

HRMS (ESI) m/z calcd for Cs7H79N402S2°" 305.1876 [M-3Br]**; found 305.1887.
4.2.8 Synthesis of TPA-C3-C6P

TPA-C3-C6P was synthesized by replacing M1 with 1-hexyl-4-methylquinolin-1-ium. TPA-
C3-C6P was obtained as a dark purple solid (10 mg, 5% yield). '"H NMR (600 MHz, CD;0D)
0=9.06 (d, J = 6.60 Hz, 1H), 8.81 (d, J = 8.22 Hz, 1H), 8.44 (d, J = 8.94 Hz, 1H), 8.30-8.27
(m, 2H), 8.25-8.22 (m, 1H), 8.02 (t,J=7.74 Hz, 1H),7.86 (d, J=15.48 Hz, 1H), 7.59-7.57 (m,
3H), 7.40 (d, J=3.96 Hz, 1H), 7.10 (d, J = 8.94 Hz, 4H), 6.96 (d, J=9.00 Hz, 4H), 6.89 (d, J
=8.82 Hz, 2H), 4.12 (t, J=5.64 Hz, 4H), 3.61-3.58 (m, 4H), 3.21 (s, 18H), 2.34-2.29 (m, 4H),
2.09-2.03 (m, 2H), 1.52-1.47 (m, 2H), 1.42-1.35 (m, 6H), 0.92 ppm (t, J = 7.11 Hz, 3H). 1*C

NMR (150 MHz, CD;O0D) 6= 156.9, 154.9, 151.8, 150.9, 147.6, 142.0, 140.4, 139.8, 137.9,
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136.5, 136.2, 128.4, 127.9, 127.5, 126.5, 124.6, 120.9, 119.9, 117.8, 116.7, 116.4, 66.0, 65.6,
65.6, 65.6, 58.4,53.7,53.7,53.6,32.4,30.9,27.3,24 .4, 23.6, 14.3 ppm. HRMS (ESI) m/z calcd

for Cs1HesN402S*" 265.8271 [M-3Br]**; found 265.8280.
4.2.9 Synthesis of TPA-N2-C3-C6

TPA-N2-C3-C6 was synthesized by replacing trimethylamine with N,N,N',N'-

Tetramethylethylenediamine in compound 4 and M1 with 3-hexyl-2-methylbenzo[d]thiazol-3-
ium. TPA-N2-C3-C6 was obtained as a dark purple solid (100 mg, 50 % yield). 'H NMR (600
MHz, CD;0D) 6= 8.36 (d, J=15.18 Hz, 1H), 8.20 (d, /= 8.04 Hz, 1H), 8.12 (d, /= 8.52 Hz,
1H), 7.86-7.83 (m, 1H), 7.76-7.73 (m, 2H), 7.59 (d, J = 8.16 Hz, 2H), 747 (d, J = 3.84
Hz, 1H), 7.43 (d, J=15.06 Hz, 1H), 7.11 (d, /= 8.28 Hz, 4H), 6.97 (d, J = 8.34 Hz, 4H), 6.86
(d, J=8.16 Hz, 2H), 4.83 (t, J = 7.44 Hz, 2H), 4.14-4.13 (m, 4H), 3.90-3.88 (m, 4H), 3.69-
3.67 (m, 8H), 3.27 (s, 12H), 2.94 (s, 12H), 2.36-2.32 (m, 4H), 1.99-1.94 (m, 2H), 1.54-1.50 (m,
2H), 1.43-1.38 (m, 2H), 1.37-1.32 (m, 2H), 0.92 ppm (t, /= 7.05 Hz, 3H). *C NMR (150 MHz,
CD30OD) 6=172.5, 157.1, 155.8, 151.6, 143.5, 142.8, 141.6, 139.6, 138.4, 130.9, 129.6, 129.3,
128.6, 128.3, 125.7, 125.2, 124.9, 120.3, 119.2, 117.3, 117.2, 116.8, 109.7, 65.9, 64.4, 58.9,
51.9, 51.1, 44.3, 32.5, 30.0, 27.3, 24.0, 23.6, 14.3 ppm. HRMS (ESI) m/z calcd for

CssH77N602S2*" 305.8511 [M-3Br]**; found 305.8522.
4.2.10 SYTOX Green Assay

Overnight cultures of S. aureus and P. aeruginosa were washed with PBS three times and
diluted to OD = 0.2 with PBS. 4 uM of SYTOX Green was added to the bacterial suspension
and incubated for 15 minutes in the dark at room temperature. 196 pL of bacteria suspension
was transferred to the wells of a black 96-well plate. The fluorescence signals of the wells were

monitored at 523 nm with an excitation at 504 nm. 4 uL. of TPA-C3-C6 or PBS was added to
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the solution after the fluorescence signals were stabilized (about an hour). The fluorescence

signals were further recorded for 5 minutes. This experiment was conducted in triplicate.
4.2.11 Real-Time Quantitative Reverse Transcription PCR (RT-qPCR)

Overnight cultures of S. aureus and P. aeruginosa in TSB were diluted to 10’ CFU/mL in MHB
(1% glucose). 10 pL of the diluted cultures were added to a 96-well plate containing 90 pL of
serially diluted TPA-C3-C6 in MHB (1% glucose). The plate was incubated at 37°C for 24
hours. The wells without the addition of TPA-C3-C6 were used as a control. RNA extraction
was performed on four independent wells of each TPA-C3-C6 concentration as well as the
control without TPA-C3-C6, using a TRIzolTM Plus RNA Purification Kit. The extracted RNA
was quantified by measuring the absorption at 260 nm. RT-qPCR reaction mixtures were
prepared with a BeyoFast™ SYBR Green One-Step qRT-PCR Kit. qPCR reactions were
conducted using a QuantStudio™ 7 Flex Real-Time PCR System. The PCR cycle was set up
as follows: (a) 50°C 30 minutes (reverse transcription) = (b) 95°C 2 minutes (preheat for
denaturation) = (c) 95C 15 seconds (denaturation) = (d) 60C 30 seconds (annealing &
extension). (c¢) to (d) were repeated for 40 cycles. A melting curve analysis was conducted after
the PCR reactions with the following settings: 95C 15 seconds = 60°C 15 seconds 2 95C 15

seconds.
4.2.12 Biofilm Recurrence Assay

After the S. aureus and P. aeruginosa were cultured in TSB for 16 to 20 hours, they were diluted
to 105 CFU/mL in MHB (1% glucose). 100 uL of the diluted cultures was transferred to 96-
well plates and incubated at 37 C for 24 hours to form biofilms. The biofilms were then washed
with PBS three times. 150 pL of serially diluted TPA-C3-C6 in PBS was added to the biofilms
with blank PBS as a control and incubated for 20 minutes at 30 °C. Vancomycin (S. aureus) and

meropenem (P. aeruginosa) were used to compare the antibacterial effects of TPA-C3-Cé6.
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After incubation, the biofilms were irradiated with 600 nm light (60 mW/cm?) for 45 minutes.
The solution in the wells was removed and replaced with corresponding compounds or PBS in
MHB (1% glucose). The plates were incubated for another 16 to 20 hours. Finally, the number
of viable bacterial cells inside the biofilm was quantified by plate colony counting, as described

in Section 3.2.4.
4.2.13 Mass Spectrometry (MS)-Based Proteomic Study

Biofilms treated with TPA-C3-C6 or PBS with and without light irradiation were prepared in
accordance with the procedures reported in Section 4.2.12. Then, the proteins in the biofilms
were extracted and digested using an EasyPep™ MS Sample Prep Kit from Thermo

Scientific™.

The tryptic digests (2 pL) were injected into a DIONEX UltiMate 3000 RSLCSnano UPLC
system (Thermo Scientific, USA). A trap-and-elute method was adopted with a PepMap 5 mm
x 300 pm C18 (Thermo Scientific, USA) and an Aurora 25 cm x 75 um C18 column with CSI
emitter (IonOpticks, Australia) with a trapping flow of 50 pL/min for 2 min in 50 °C. The
elution gradient was applied with water (Solvent A) and acetonitrile (Solvent B) in 0.1% formic
acid as follows: 2% B in 0-2 min, 5-35% B in 2-47 min, 35-90% B in 47-51 min, 90% B in 51-
56 min, and 2% B from 56-60 min, in a constant 300 nL/min flow rate. Eluted samples were
then introduced into a TimsTOF Pro 2 mass spectrometer (Bruker Daltonics, USA). The source
parameters were 1400 V of capillary voltage and 3.0 L/min of dry gas at 180 °C. The inverse
reduced ion mobility (1/Ko) of TIMS was set between 0.6-1.6 By/cm?, and the ramp time was
100 ms. Data analysis was performed using the Spectronaut 19 proteomics software with
factory settings to search against the reviewed S. aureus database (11,274 sequences; 8

December 2024) from UniProt.
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Differentially expressed proteins (DEP)s were identified as p-value < 0.05 and Logx(Fold
Change) > 1 or < -1. Gene Ontology (GO) enrichment analysis was conducted using the
PANTHER Overrepresentation Test (Released 20240807).!2% 27 The UniProt IDs of the
identified proteins were used to search against the Staphylococcus aureus (all genes in database)
and the Pseudomonas aeruginosa (all genes in database) reference database. Fisher’s exact test
and Bonferroni correction test were used as the statistical significance test and correction for
multiple testing, respectively. Only GO terms with a Bonferroni-adjusted p-value less than 0.05
were considered significant. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was performed using the clusterprofiler package in RStudio.'”® The
UniProt IDs of the identified proteins were searched against KEGG organisms code sao and
pae for S. aureus and P. aeruginosa, respectively. The Bonferroni test was used as the correction

test with an adjusted p-value cutoff of 0.05.
4.2.14 Other Assays in Chapter IV

Other assays discussed in this chapter were conducted in a similar manner as described in

Section 2.2 and Section 3.2.
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4.3 Results and Discussions

4.3.1 Structural Design of New TPA Derivatives for Eradicating Bacteria in the Dark

As discussed in Section 2.3.3, the intrinsic antibacterial mechanisms of TPA-1 can be attributed
to its interaction with the bacterial cell membrane. Damaging the bacterial membranes has been
proven to be an effective antibacterial strategy.!®® ' Many membrane-disruptive molecules
have a detergent-like structure, which includes positively charged fragments for electrostatic
interactions with the negatively charged bacterial membranes and a highly hydrophobic tail for

membrane disruption.!?> 170 171

Besides, modifications to the charged fragments and
hydrophobic tails could alter the antibacterial activity of these molecules against both Gram-
positive and Gram-negative bacteria. Based on the common structure of membrane disruptive
molecules, several new TPA-1 derivatives that aim to maintain the photosensitizing ability and

provide extra bacterial cell membrane disruptive activity on a broad-spectrum of bacteria have

been designed and synthesized.

As shown in Figure 4.1, the newly synthesized TPA derivatives still maintain a donor-rn-
acceptor (D-m-A) structure, which promotes intramolecular charge transfer (Section 2.3.1). In
order to keep the molecule as an AIE active PS, the triphenylamine core and thiophene bridge
were retained as triphenylamine is important for AIE activity, and thiophene can extend the
conjugate system while introducing sulphur atom into the system to promote intersystem
crossing (Section 2.3.1). The major modifications are the quaternary ammonium side chains
and the electron acceptors. The length and the polarity of the ammonium side chains were
modified. Several electron acceptor groups with different hydrophobicity were also introduced

into the structure for structure-activity relationship studies.
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Figure 4.1.  The structures of the membrane disruptor-like TPA derivatives.
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4.3.2 Structure-Activity Relationship Studies of TPA Derivatives on Antiplanktonic

Activities and Cytotoxicity without Light Irradiation

The antiplanktonic activities of different TPA derivatives against S. aureus and P. aeruginosa

without light irradiation were assessed by MICs. The results are shown in Table 4.1.

The effect of different electron acceptor groups on the antibacterial activity was evaluated.

Three electron acceptor groups were chosen, namely 3-ethyl-2-methylbenzo[d]thiazol-3-ium
_<5

( " ), 1-ethyl-2,3,3-trimethyl-3H-indol-1-ium ( N ), and 3-ethyl-1,1,2-trimethyl-1H-

benzo[e]indol-3-ium ( /;N* ). The hydrophobicity of the electron acceptor groups increases
from 3-ethyl-2-methylbenzo[d]thiazol-3-ium to 3-ethyl-1,1,2-trimethyl-1H-benzo[e]indol-3-
ium. The MIC results showed that the TPA derivative with the least hydrophobic electron
acceptor, which is TPA-0 with 3-ethyl-2-methylbenzo[d]thiazol-3-ium, had the best overall
MIC values (3.13 uM against S. aureus and 50 uM against P. aeruginosa). Therefore, the 2-

methylbenzothiazol-3-ium derivative was selected for further modifications.

The effect of the length of the quaternary ammonium side chains on the triphenylamine core
and the substituents of the benzothiazolium were investigated. From the MIC results,
increasing the quaternary ammonium side chain length from three carbons to six carbons
decreased the antibacterial activity. In addition, increasing the length of the substituents on the
2-methylbenzothiazol-3-ium moiety from two carbons to six carbons enhanced the
antibacterial activity. However, a further increase from six carbons to eight carbons lowered
the antibacterial effects. The optimal lengths are three carbons on quaternary ammonium side
chains and six carbons on the substituents of the benzothiazolium moiety (TPA-C3-C6). TPA-
C3-C6 showed good antiplanktonic activity against S. aureus (MIC: 3.13 uM) and moderate

activity against P. aeruginosa (MIC: 20 uM).
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Based on TPA-C3-C6, TPA-C3-C6P was synthesized to investigate the effect of molecular
shape. TPA-C3-C6 has an L shape from the TPA core, whereas TPA-C3-C6P is linear in shape.
For the MIC values, the shape did not affect the antibacterial activity. TPA-N2-C3-C6 was
also synthesized from TPA-C3-C6 by increasing the number of polar groups on the
quaternary ammonium side groups. This modification reduced the antibacterial effects of
TPA-C3-C6. Overall, TPA-C3-C6 and TPA-C3-C6P have the best antibacterial activities
against S. aureus and P. aeruginosa. Moreover, TPA-C3-C6 and TPA-C3-C6P are also active
against a drug-resistant strain (MRSA) with a MIC of 3.13 uM, and three additional Gram-
negative bacteria (E. coli, K. pneumoniae, and A. baumannii) ranged from 6.25 uM to 10 uM

(Table 4.2).

Apart from antibacterial activity, it is also important for the compounds to have low cytotoxicity.
Therefore, the cytotoxic effects of TPA-C3-C6 and TPA-C3-C6P against human cells were
studied. As shown in Figure 4.2a and Figure 4.2b, TPA-C3-C6P showed high toxicity (CCso
=29 £ 5 uM) against human fibroblast cells (HFF-1), indicating that TPA-C3-C6P may have
low selectivity between the bacterial cell membrane and the human cell membrane. On the
other hand, TPA-C3-C6 showed a low cytotoxicity against HFF-1 cells. The CCso value of
TPA-C3-C6 is 150 + 10 uM, which is higher than the US FDA-approved PS Chlorin e6 (Ce6).
The structure of TPA-C3-C6 and TPA-C3-C6P is very similar, except for the electron acceptor.
The low cytotoxicity of TPA-C3-C6 may be due to the benzothiazolium group, which makes
the overall structure bend into an L shape (Figure 4.3). This L-shaped structure may help to

prevent the hydrophobic part of the molecule from inserting into the human cell membrane.

Furthermore, the haemolytic activity of TPA-C3-C6 was investigated (Figure 4.2¢). At a
concentration as high as 400 uM, TPA-C3-C6 only induced 10% =+ 1% of haemolysis on human
erythrocytes. As shown in Figure 4.4, TPA-C3-C6 is capable of generating ROS under light
irradiation. Therefore, the light toxicity of TPA-C3-C6 against human cells was also assessed
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(Figure 4.2d). After irradiating HFF-1 cells with 80 uM TPA-C3-C6 for 45 minutes, the HFF-
1 cell viability remained over 60%. This result indicated that PDT with TPA-C3-C6 caused
limited toxicity to human cells. Along with its antibacterial activities, these results suggested
that TPA-C3-C6 exhibited broad-spectrum antibacterial activity while maintaining relatively
low cytotoxicity. Hence, TPA-C3-C6 is a promising candidate for further investigation into its

antibacterial mechanisms and antibiofilm activity.
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Table 4.1. The minimum inhibitory concentrations of TPA derivatives and control

antibiotics against S. aureus and P. aeruginosa.

Compound

TPA-IN

TPA-BIN

TPA-0

TPA-1

TPA-C3-C6

TPA-C3-C8

TPA-C6-C6

TPA-C6-C8

TPA-C3-C6P

TPA-N2-C3-C6

Vancomycin

Polymyxin B

Ciprofloxacin

S. aureus

(ATCC 29213)

3.13 uM

6.25 uM

3.13 uM

3.13 uM

3.13 uM

3.13 uM

6.25 UM

6.25 UM

3.13 uM

6.25 UM

0.313 pM

0.5 uM

P, aeruginosa

(ATCC 27853)

100 uM

50 uM

50 uM

>100 uM

20 uM

50 uM

50 uM

50 uM

20 uM

20 uM

1.56 uM

0.25 uM
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Table 4.2. The minimum inhibitory concentrations of TPA derivatives and control

antibiotics against four additional Gram-positive and Gram-negative bacteria.

Compound

TPA-C3-C6

TPA-C3-C6P

Vancomycin

Polymyxin B

MRSA
(BAA 41)

3.13 uM

3.13 uM

0.625 uM

K. pneumoniae A. baumannii E. coli
(BAA 1144) (ATCC 196006) (ATCC 25922)

10 uM 10 uM 6.25 uM
10 uM 10 uM 6.25 uM
1.56 uM 1.56 uM 1.56 uM
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Figure 4.2.  (a) The viability of HFF-1 cells after incubation with different compounds for
24 hours. (b) The CCso values of different compounds on HFF-1. (c) The haemolysis rate of
TPA-C3-C6 against human erythrocytes. (d) The viability of HFF-1 cells after PDT with
different concentrations of TPA-C3-C6. (e) The normalized absorption spectrum of TPA-C3-
C6 in water. (f) The fluorescence spectrum of TPA-C3-C6 in methanol with increasing
percentages of toluene. TPA-C3-C6 is barely soluble in toluene. The fluorescence intensity
increased with the toluene content, indicating the AIE effect of TPA-C3-C6. -L: without light
irritation. +L: with 600 nm (60 mW/cm?2) light irradiation for 45 minutes. Data are presented

as the mean = SD, n = 3 per group.
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/
Br-

TPA-C3-C6 TPA-C3-C6P

Figure 4.3.  The chemical structures of TPA-C3-C6 and TPA-C3-C6P. TPA-C3-C6 has an
L shape from the TPA core, while TPA-C3-C6P is linear.
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The ROS generation assay results of TPA-C3-C6 (10 uM) (a) with or (b) without

600 nm light irradiation (60 mW/cm?) for 0 to 15 minutes. PBS was used as the negative control.

HPF, DHR123, and SOSG were used to detect hydroxyl radical, non-specific ROS, and singlet

oxygen, respectively. Data are presented as the mean + SD, n = 3 per group.
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4.3.3 Antibacterial Mechanisms of TPA-C3-C6 without Light Irradiation

The time-kill kinetics of TPA-C3-C6 on S. aureus and P. aeruginosa were conducted to study
the antibacterial mechanisms of the compound. As shown in Figure 4.5a, 2 X MIC (6. 25 uM),
4 x MIC (12.5 uM) of TPA-C3-C6, and 4 x MIC (1.25 uM) of vancomycin were able to
completely eradicate around 1 x 10° CFU/mL of S. aureus in 24 hours, indicating a bactericidal
killing mode (> 3 log CFU/mL reduction). Moreover, 4 x MIC of TPA-C3-C6 eradicated all S.
aureus in six hours, which was more rapid than 4 x MIC of vancomycin, demonstrating that

TPA-C3-C6 can kill S. aureus more efficiently than vancomycin.

In Figure 4.5b, TPA-C3-C6 showed two different killing modes on P. aeruginosa. 4 x MIC
(80 uM) of TPA-C3-C6 and 4 x MIC (6.25 uM) of polymyxin B could eradicate around 1 x
10® CFU/mL of P. aeruginosa within 30 minutes, indicating a strong bactericidal killing mode.
However, 2 x MIC (40 uM) of TPA-C3-C6 could only suppress the growth of P. aeruginosa
but cannot reduce the bacterial count by more than 3 log CFU/mL, suggesting a bacteriostatic

mechanism.

Resistance development assays of TPA-C3-C6 against S. aureus and P. aeruginosa were also
conducted to assess if the bacteria can easily generate resistance to TPA-C3-C6. S. aureus and
P aeruginosa at half MICs were continuously treated with TPA-C3-C6 and ciprofloxacin for
20 days, and the change in MIC of the two compounds was recorded. As shown in Figure 4.6,
the MIC values of TPA-C3-C6 against S. aureus and P. aeruginosa were stable throughout the
20 days of treatment. No more than a 2-fold change in MIC was observed. However, the
continuous treatment of ciprofloxacin on S. aureus and P. aeruginosa gave rise to a 16 to 32-
fold increase in MIC values on the twentieth day, indicating a significant development of
ciprofloxacin resistance. These results suggested that treatment with TPA-C3-C6 had a low

tendency to generate resistance.
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Figure 4.5.  The time-kill kinetics assay results of TPA-C3-C6 against (a) S. aureus with
vancomycin as positive control and (b) P. aeruginosa with polymyxin B as positive control.

Data are presented as the mean + SD, n = 3 per group.
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Figure 4.6. The resistance development assay results of TPA-C3-C6 and ciprofloxacin

(positive control) against S. aureus and P. aeruginosa. (a) and (b) are the two independent

replicates for S. aureus. (c) and (d) are the two independent replicates for P. aeruginosa.
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Since the structure of TPA-C3-C6 still contains the quaternary ammonium groups, BODIPY™
TR Cadaverine (BTRC) was used to investigate the binding of TPA-C3-C6 with S. aureus
lipoteichoic acid (LTA) and P. aeruginosa lipopolysaccharide (LPS). As shown in Figure 4.7a
and Figure 4.7b, TPA-C3-C6 could displace the BTRC dye from LTA and LPS, indicating that
TPA-C3-C6 could bind with LTA and LPS. Additionally, both MIC values of TPA-C3-C6
against S. aureus and P. aeruginosa increased after the addition of the corresponding LTA and
LPS (Figure 4.7c, Figure 4.7d). This finding supported the hypothesis that binding of TPA-

C3-C6 to LTA and LPS is necessary for its antibacterial activity.

TPA-C3-C6 was designed as a bacterial membrane-disruptive molecule. Therefore, assays
related to membrane integrity were performed. The bacterial membrane permeability was
assessed using SYTOX Green, which is a DNA-binding fluorescent probe. When the bacterial
membrane is intact, it blocks SYTOX Green from entering the cell. However, if the bacterial
membrane is damaged, SYTOX Green can penetrate the membrane and bind to the genomic
DNA to generate a fluorescence signal (Figure 4.8a).!”> As shown in Figure 4.8b and Figure
4.8¢, TPA-C3-C6 caused an increase in SYTOX Green signals in both S. aureus and P
aeruginosa. Meanwhile, the fluorescence signal for PBS control remained relatively stable.
These suggested that TPA-C3-C6 could cause bacterial cell membrane damage in Gram-

positive S. aureus and Gram-negative P. aeruginosa.

Apart from investigating the effects on membrane permeability, Disc3(5) was used to evaluate
the change in bacterial membrane potential (Figure 4.9). Upon the addition of TPA-C3-C6 to
S. aureus and P. aeruginosa, the Disc3(5) fluorescence signals of both bacteria increased, while
the fluorescence signal for PBS control remained steady. These results show that TPA-C3-C6
can depolarize the bacterial membrane. Together with the SYTOX Green results, it implied that
TPA-C3-C6 could affect the bacterial membrane integrity of both Gram-positive and Gram-
negative bacteria.
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Figure 4.7.  The (a) LTA and (b) LPS binding assay results of TPA compounds (10 pM) and
alexidine (positive control, 10 uM) using BODIPY™ TR Cadaverine. Data are presented as
the mean + SD, n = 3 per group. (c¢) The fold change in MIC values of TPA-C3-C6 against S.
aureus after the addition of LTA and (d) against P. aeruginosa after the addition of LPS. Data

are presented as the mean = SD, n = 2 per group.
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uM) and (b) P. aeruginosa (1 x MIC, 20 uM). Data are presented as the mean = SD, n = 3 per

group.
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TPA-C3-C6 also exhibits binding ability towards S. aureus and P. aeruginosa genomic DNA.
Figure 4.10a and Figure 4.10b showed that the S. aureus and P. aeruginosa DNA bands were
slightly upshifted, and band intensities decreased after adding TPA-C3-C6. The upshift of the
DNA band is probably due to the increase in molecular weight and decrease in negative charge
upon binding with TPA-C3-C6. The binding of TPA-C3-C6 on DNA could also hinder the

labelling by DNA stain (SYBR Safe), resulting in a decrease in band intensity.

Similar to TPA-1, TPA-C3-C6 interferes with the negative DNA supercoiling process carried
out by bacterial DNA gyrases. As shown in Figure 4.10c and Figure 4.10d, S. aureus DNA
gyrase and P. aeruginosa DNA gyrase could convert multiple bands of relaxed DNA (pBR322
plasmid) into a single supercoiled DNA band. The downshift of the DNA bands is due to the
increase in charge density of the supercoiled DNA. For the S. aureus DNA gyrase, the addition
of 20 uM of TPA-C3-C6 caused a decrease in the intensity of the supercoiled DNA band
(Figure 4.10c). When the concentration of TPA-C3-C6 was increased to 40 uM, the
supercoiled DNA band disappeared. For P. aeruginosa DNA gyrase, increasing the
concentration of TPA-C3-C6 from 5 uM to 20 pM converted the single supercoiled DNA band
into multiple DNA bands, indicating a decrease in supercoiling efficiency (Figure 4.10d).
These results demonstrated that TPA-C3-C6 could interfere with the supercoiling activity of

both S. aureus and P. aeruginosa DNA gyrases.
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Figure 4.10. (a) The DNA gel (0.8% agarose) images of different concentrations of TPA-C3-
C6 mixed with S. aureus genomic DNA or (b) P. aeruginosa genomic DNA. (c¢) The DNA gel
image (1% agarose) showed the inhibition of the supercoiling activity on S. aureus DNA gyrase

and (d) P. aeruginosa DNA gyrase with different concentrations of TPA-C3-C6.
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Figure 4.11. (a) The DNA gel image (1% agarose) of different concentrations of TPA-C3-C6
mixed with the substrate plasmid of the DNA supercoiling assay was used as the negative
control. (b) The inhibition effect of ciprofloxacin on the supercoiling activity of S. aureus DNA

gyrase and (¢) P. aeruginosa DNA gyrase.

143



Chapter IV Improving Antibiofilm Effects by Enhancing Intrinsic Antibacterial Activity

The effects of TPA-C3-C6 on the cell morphologies of S. aureus and P. aeruginosa were also
studied using SEM (Figure 4.12a). After incubation with 2 x MIC of TPA-C3-C6 (6.25 uM)
in the dark for 3 hours, the S. aureus cells showed shrinkages and collapses on the cell envelope,
suggesting damage to the cell membrane. When the concentration of TPA-C3-C6 was increased
to 4 x MIC (12.5 uM), intense cell lysis was observed on S. aureus, which is likely caused by

the increase in the extent of cell membrane damage.

Additionally, the cell length of P. aeruginosa was elongated after incubation with 2 x MIC of
TPA-C3-C6 (40 uM), while no significant damage was found on the cell envelope. This
phenomenon was also found in 2 x MIC (0.5 pM) and 4 x MIC of ciprofloxacin (1 uM), which
is an antibiotic that inhibits the activity of bacterial DNA gyrase (Figure 4.12b). The increase
in cell length is a typical phenomenon observed in rod-shaped bacteria after treatment with -
lactams, DNA synthesis inhibitors, and FtsZ inhibitors due to their ability to interfere with
proper cell division.!”3!”> Therefore, 2 x MIC of TPA-C3-C6 could likely affect the cell
division of P. aeruginosa. Moreover, instead of cell elongation, rough surfaces and spherical
cell shapes were observed in P. aeruginosa that had been treated with 4 x MIC of TPA-C3-C6
(80 uM). This finding is similar to that of P. aeruginosa after treatment with p-lactams.!76-178

These results implied that different concentrations of TPA-C3-C6 could induce distinct changes

in P. aeruginosa morphology.
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Figure 4.12. The SEM images of S. aureus and P. aeruginosa after incubation with different

concentrations of (a) TPA-C3-C6 and (b) ciprofloxacin.
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4.3.4 Biofilm Labelling and Biofilm Inhibitory Activity of TPA-C3-C6 without Light

Irradiation

The penetration efficiency of TPA-C3-C6 in S aureus and P. aeruginosa biofilms was
investigated using z-stacked fluorescence imaging (Figure 4.13). The fluorescence signals
generated by TPA-C3-C6 can be observed throughout the entire bacterial biofilm, suggesting

that TPA-C3-C6 could penetrate both S. aureus and P. aeruginosa biofilms.

TPA-C3-C6 also showed biofilm inhibition activity on both S. aureus and P. aeruginosa. As
shown in Figure 4.14a, a 0.5 x MIC of TPA-C3-C6 (1.56 uM) can inhibit 70% + 10% of S.
aureus biofilm formation. The inhibition activity on S. aureus biofilm formation increased to
over 95% at 2 3.13 uM of TPA-C3-C6. For P. aeruginosa, 1 x MIC of TPA-C3-C6 (20 uM)
inhibited 30% =+ 10% of P. aeruginosa biofilm formation. When the concentration of TPA-C3-

C6 was increased to 2 30 uM, TPA-C3-C6 inhibited over 90% of P. aeruginosa biofilm

formation (Figure 4.14b).

Since TPA-C3-C6 showed promising biofilm inhibitory activity, its biofilm inhibition
mechanisms were further studied using real-time quantitative reverse transcription polymerase
chain reaction (RT-qPCR), as shown in Figure 4.14¢ and Figure 4.14d. The detailed RT-qPCR

results are summarized in Table 4. 3 and Table 4.4.

For S. aureus, the accessory gene regulator (agr) quorum sensing system is essential in
intercellular communication and initial biofilm attachment.!” As shown in Figure 4.14c, the
expression of agr4 and RNAIII, which are involved in agr quorum sensing system, decreased
with increasing concentration of TPA-C3-C6. This result indicated that TPA-C3-C6 could
inhibit the quorum sensing system of S. aureus and might further affect the initial biofilm
attachment. Additionally, fnbB and clfB, which translate into proteins that are involved in

adhesion and binding with host fibronectin and fibrinogen during biofilm formation, were also
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downregulated.'%182 Apart from quorum sensing and cell adhesion, extracellular DNA (eDNA)
is also an important component in S. aureus and other bacterial biofilms. eDNA has been
reported to be crucial for the formation of a mature biofilm.!? The release of eDNA for S.
aureus biofilm formation is regulated by cidA, which translates into a holin-like protein that
promotes cell autolysis.'®* 185 Upon addition of TPA-C3-C6, the transcription level of cid4 in
S. aureus was lowered, implying that TPA-C3-C6 could reduce the release of eDNA by

inhibiting cell autolysis.

Regarding P. aeruginosa, Psl and Pel are two exopolysaccharides that maintain the structure
and compactness of P. aeruginosa biofilm.'3® The qPCR results showed that genes related to
Psl (psIB) and Pel (pelB) synthesis in TPA-C3-C6-treated P. aeruginosa were downregulated,
suggesting that TPA-C3-C6 might inhibit the P. aeruginosa biofilm by affecting the structural
stability of the biofilm. In addition, the expression of alg44, which is responsible for
exopolysaccharide alginate synthesis, was decreased in TPA-C3-C6-treated P. aeruginosa.'
Apart from affecting the production of exopolysaccharides, TPA-C3-C6 also affected the
quorum sensing systems in P. aeruginosa. The quorum sensing systems in P. aeruginosa
control the expression of multiple virulence factors and biofilm formation.'®” Inhibiting these
systems has been reported to be effective in reducing P. aeruginosa biofilm formation.!83 18
As shown in Figure 4.14d, the gene expressions related to the three major quorum sensing
systems in P. aeruginosa, which include Las (lasl), Rhl (vh/R) and PQS (pgsR), were lowered
after treatment with TPA-C3-C6. Las and Rhl quorum sensing systems are involved in the
production of rhamnolipid.'”® Rhamnolipid is a biosurfactant that creates channels inside P
aeruginosa biofilm to maintain the biofilm structure.'®! The inhibition of TPA-C3-6 on the Las
and Rhl quorum sensing system could affect P. aeruginosa biofilm integrity. Additionally, pgsR

is a gene in the PQS quorum sensing system that positively regulates the expression of

pgsABCDE."” It has been identified that pgsA4 is involved in the release of eDNA.!'* Therefore,
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the decrease in the expression of pgsR could reduce the expression of pgsA, further inhibiting

the release of eDNA.
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Figure 4.13. The fluorescence images of (a) S. aureus and (b) P. aeruginosa biofilms with

SYTO 9 (2.5 uM, Aex =490 nm, Aem = 500nm to 550 nm) and TPA-C3-C6 (20 uM, Aex = 550

nm, Aem = 590 nm to 670 nm).
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Figure 4.14. (a) The biofilm inhibition (%) of TPA-C3-C6 against S. aureus and (b) P.
aeruginosa. Data are presented as the mean + SD, n = 3 per group. (c) Real-time quantitative
reverse transcription PCR (RT-qPCR) analysis results on several biofilm-related genes in S.

aureus and (d) P. aeruginosa with different concentrations of TPA-C3-C6.
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Table 4. 3.

concentrations of TPA-C3-C6. n = 4 per group.

Samples

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

S. aureus Biofilm
0.316 uM TPA-C3-C6
0.781 uM TPA-C3-C6

1.56 uM TPA-C3-C6

Genes

rpoB
(housekeeping)

agrd

IrgB

cidA

RNAIIT

fnbB

clfB

CT
(mean + SD)

222+0.2
22.2+0.1
20.8+0.1
20.0£0.4

19.1£0.1
18.9+0.1
17.3+£0.1
18.7+0.3

25.28 £0.07
25.19+£0.2
25.0£0.1
24.7+0.3

20.7+£0.2
20.6+£0.2
18.5+£0.1
199+0.4

15.0£0.1
14.9+0.1
13.30 £ 0.09
13.7+£0.3

25.6+£0.2
254+04
249+0.1
249+0.2

244+0.1
24.1+£0.2
22.7+£0.2
23.9+0.1

ACT
(mean + SD)

-3.2+0.2
-3.3+£0.2
-34+0.2
-1.3+£0.5

3.0+0.2
3.0+£0.2
43+0.3
47+£04

-1.6 £0.2
-1.6+0.3
-22+0.2
-0.1+£0.5

-7.2£0.2
-7.3+£0.2
-7.4+0.2
-6.2+0.5

34+0.2
32+04
41+0.2
50=x0.5

2.1+£0.2
1.9+0.2
20+0.2
39+0.5

AACT
(mean + SD)

-0.1+0.3
-0.3+£0.3
1.8+0.5

-0.0£0.3
1.2+0.2
1.7+£0.5

-0.0+0.4
-0.6+0.3
1.4£0.6

-0.0+0.3
-02+0.2
1.0£0.6

-0.1+04
0.7+0.3
1.6£0.5

-02+0.3
-0.1+0.3
1.8+£0.5

Summary table of the RT-qPCR results of S. aureus with different

p-value for
ACT
compared to
S. aureus
Biofilm

0.48
0.07
P<0.001

0.88
P<0.001
P<0.001

0.98
0.005
0.003

0.67
0.13
0.01

0.55
0.003
P<0.001

0.23
0.51
P<0.001
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Table 4.4.

concentrations of TPA-C3-C6. n = 4 per group.

Summary table of the RT-qPCR results of P aeruginosa with different

p-value for
Samples Genes T ACT AACT comigrzd to
(mean + SD) (mean + SD) (mean + SD) e
Biofilm
rpoD
(housekeeping)
P aeruginosa Biofilm 22.1+0.1
10 uM TPA-C3-C6 19.7+0.1
20 uM TPA-C3-C6 19.54 £ 0.09
25 uM TPA-C3-C6 19.1+0.1
alg44
P. aeruginosa Biofilm 252+0.2 3.0£0.2
10 uM TPA-C3-C6 25.15+0.07 54+0.1 24+03 p<0.001
20 uM TPA-C3-C6 25.29+0.09 5.8+0.1 27403 p<0.001
25 uM TPA-C3-C6 257+0.3 6.6+£04 35+£04 p<0.001
psiB
P. aeruginosa Biofilm 23.76 £ 0.07 1.6 £0.1
10 uM TPA-C3-C6 22.4+0.1 2.7+0.2 1.1+£0.2 p<0.001
20 uM TPA-C3-C6 23.2+0.1 3.7+£0.2 2.1+0.2 p<0.001
25 uM TPA-C3-C6 23.9+0.7 4.7+0.8 3.1£0.8 p<0.001
pelB
P aeruginosa Biofilm 262+0.2 41+0.3
10 uM TPA-C3-C6 26.0+0.1 6.3+0.2 22403 p<0.001
20 uM TPA-C3-C6 27.0+0.2 75+£0.2 34+£03 p<0.001
25 uM TPA-C3-C6 26.95+0.08 7.8+£0.2 37+£03 p<0.001
PgsR
P, aeruginosa Biofilm 22.5+0.2 0.5+0.2
10 uM TPA-C3-C6 21.20 £ 0.09 1.4+£0.2 1.0£0.3 »<0.001
20 uM TPA-C3-C6 213+0.2 1.7£0.2 1.2+0.3 p<0.001
25 uM TPA-C3-C6 21.4+0.3 23403 1.8+0.4 p<0.001
rhiR
P. aeruginosa Biofilm 24.0+0.1 1.9+0.2
10 uM TPA-C3-C6 23.61 £ 0.06 3.8+£0.1 2.0+0.2 p<0.001
20 uM TPA-C3-C6 23.4+0.3 3.8+0.3 1.9+04 p<0.001
25 uM TPA-C3-C6 23.7+0.3 4.6+0.3 2.7+0.3 p<0.001
lasl
P. aeruginosa Biofilm 22.99 +0.08 0.9+0.2
10 uM TPA-C3-C6 23.2+0.1 3.6£0.2 2.6+0.2 »<0.001
20 uM TPA-C3-C6 23.1+04 3.6+0.4 2.7+04 p<0.001
25 uM TPA-C3-C6 23.9+04 48+04 39+04 »<0.001
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Table 4.5. The genes and their corresponding primers that were used in RT-qPCR of S.

aureus.
Gene Gene Description Primer (5°—3’) Reference
agr4 agr quorum sensing system Forward: TGCGAAGACGATCCAAAAC 194
Reverse: TTTAGCTTGCTCAAGCACCTC
IrgB Negative control on Forward: TATTGCCCGAGGATTAGCAC 194
peptidoglycan hydrolysis
Reverse: CAAAGACAGGCACAACTGCTAC
cidA Promote cell lysis to release Forward: CTTAGCCGGCAGTATTGTTG 194
eDNA
Reverse: GTTTGCACCGTCTTCTACCC
RNAIIT P.osttranscriptional regulato?, Forward: AAGCCATCCCAACTTAATAACC 194
activated by agr quorum sensing
system Reverse: GCACTGAGTCCAAGGAAACTAAC
Reverse: ACGCCATAATTACCGTGACC
clfB Promote binding with fibrinogen Forward: TTATGGTGGTGGAAGTGCTG 194
Reverse: ACGCCATAATTACCGTGACC
rpoB B subunit of RNA polymerase Forward: ACAACCACTTGGCGGTAAAG 194
(housekeeping gene)

Reverse: ATGCTTCAAGTGCCCATACC
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Table 4.6.

aeurginosa.

Gene

alg44

psiB

pelB

PgsR

rhiR

lasI

rpoD

Gene Description

Synthesis of exopolysaccharide
alginate
Synthesis of exopolysaccharide
psl
Synthesis of exopolysaccharide

pel

Pgs quorum sensing system

rhl quorum sensing system

las quorum sensing system

RNA polymerase sigma factor

(housekeeping gene)

Primer (5 —37)
Forward: CCACCAGATGAAAGGGACC
Reverse: AAGATCACCTGGCCCTTGTT

Forward: CAACGAATCCACCTTCATCC

Reverse: ACTCGCCGCTCTGTACCTC

Forward: AGCGCTTGCAACAGATTCTC

Reverse: AACAGGTTCCAGTGGGTTTC

Forward: GATAGCCTGGCGACGATCAA

Reverse: CACTGGTTGAAGCGGGAGAT

Forward: GTTTGCGTAGCGAGATGCAG

Reverse: GGCGTAGTAATCGAAGCCCA

Forward: CTACAGCCTGCAGAACGACA

Reverse: ATCTGGGTCTTGGCATTGAG

Forward: GCGACGGTATTCGAACTTGT

Reverse: CGAAGAAGGAAATGGTCGAG

The genes and their corresponding primers that were used in RT-qPCR of P,

Reference

195

196

195

197

197

198

199
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4.3.5 Prevention of Biofilm Recurrence by TPA-C3-C6

One of the limitations of traditional PSs is that they lose their antibacterial effect once the light
source is removed. Besides, most antibacterial PSs can rarely eradicate all bacteria in the
biofilm within a single PDT treatment.?’* 2! Therefore, the bacteria that survive PDT can
regrow and lead to recurrence of the biofilm. However, if a PS has potent antibacterial activity
even without light irradiation, like TPA-C3-C6, it may be able to extend the antibacterial

activity after PS and prevent biofilm recurrence.

To investigate the ability of TPA-C3-C6 to prevent biofilm recurrence, the number of viable
biofilm bacteria right after treatments and with an additional overnight incubation in a nutrient-

rich medium (MHB + 1% glucose) was compared.

The effects of TPA-C3-C6 on biofilms without light irradiation were first investigated. TPA-
C3-C6 and vancomycin had a limited effect (< 0.3 log CFU/mL reduction) on the S. aureus in
the biofilm after 45 minutes of treatment in the dark (Figure 4.15a). With further overnight
incubation, the number of viable S. aureus in the biofilm treated with PBS and 80 uM
vancomycin increased by 0.9 + 0.3 log CFU/mL and 0.5 + 0.3 log CFU/mL, respectively. On
the other hand, those treated with 80 uM TPA-C3-C6 without light irradiation showed a
decrease of 2 £ 1 log CFU/mL. These results suggested that extending the incubation time
could allow TPA-C3-C6 to eradicate S. aureus in the biofilm without light irradiation.

Meanwhile, 80 M of vancomycin failed to inhibit the growth of S. aureus in the biofilm.

Similar antibacterial effects were observed against P. aeruginosa biofilm (Figure 4.15b).
During the initial 45 minutes of incubation in the dark, the treatment with 80 uM of TPA-C3-
C6 resulted in a decrease of 1.2 + 0.1 log CFU/mL of P. aeruginosa in the biofilm. In contrast,
80 uM of meropenem only caused a decrease of 0.4 £ 0.1 log CFU/mL. Upon overnight

incubation, 80 uM of TPA-C3-C6 caused a decrease of 2 + 1 log CFU/mL of P. aeruginosa in

155



Chapter IV Improving Antibiofilm Effects by Enhancing Intrinsic Antibacterial Activity

the biofilm, which was more efficient than 80 uM of meropenem (1.3 + 0.4 log CFU/mL

reduction).

The antibiofilm activity of TPA-C3-C6 was further investigated upon light irradiation. The
PDT with 80 pM of TPA-C3-C6 resulted in a reduction of 1.5 + 0.3 log CFU/ml for S. aureus
and 1.3 £ 0.1 log CFU/mL for P. aeruginosa in the biofilms (Figure 4.15a and Figure 4.15b).
After further overnight incubation, the antibacterial activity of TPA-C3-C6 was enhanced. 80
uM of TPA-C3-C6 led to a decrease of 3.3 + 0.4 log CFU/mL for S. aureus and 3.0 = 0.7 log
CFU/mL for P aeruginosa in the biofilms. These results suggested that the intrinsic
antibacterial activity of TPA-C3-C6 could extend its antibiofilm effect and help prevent the

recurrence of biofilms in the dark after PDT.
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S. aureus Biofilm

P. aeruginosa Biofilm

Figure 4.15.
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(a) The number of viable S. aureus in the biofilm right after treatment (blue bars)

or with further overnight incubation (red bars) with TPA-C3-C6 and vancomycin. (b) The

number of viable P. aeruginosa in the biofilm right after treatment or with further overnight

incubation with TPA-C3-C6 and meropenem. -L: without light irritation. +L: with 600 nm (60

mW/cm?) light irradiation. Data are presented as the mean + SD, n = 3 per group.
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4.3.6 Biofilm Eradication Mechanisms of TPA-C3-C6

Since TPA-C3-C6 can disrupt the planktonic bacteria membrane without light irradiation, the
surface integrity of bacteria in the biofilms was investigated using SEM. As shown in Figure
4.16a, the morphology of S. aureus treated with TPA-C3-C6 without light irradiation (TPA-
C3-C6 -L) right after the treatment showed smooth and intact cell surfaces, similar to those in
the PBS control group. However, after overnight incubation, collapses and shrinkages were
found on the S. aureus in the biofilm, suggesting that prolonged incubation is needed to induce
damage to the cell envelope of the S. aureus in the biofilm. Moreover, a portion of S. aureus
treated with TPA-C3-C6 with light irradiation (TPA-C3-C6 +L) showed signs of cell lysis right
after the treatment, indicating that PDT with TPA-C3-C6 can immediately eradicate some of
the S. aureus inside the biofilm by causing structural damage. Following overnight incubation,
the majority of S. aureus in the TPA-C3-C6 with light irradiation (TPA-C3-C6 +L) group were
found to be damaged and lysed, which was more severe than the damage observed in the group

of TPA-C3-C6 without light irradiation (TPA-C3-C6 -L).

For the P. aeruginosa biofilm, TPA-C3-C6 treatments, both with (TPA-C3-C6 +L) and without
light irradiation (TPA-C3-C6 -L), caused rough cell surfaces and signs of cell lysis right after
the treatment (Figure 4.16b). These findings indicated that TPA-C3-C6 could damage the cell
envelope regardless of ROS generation, which is consistent with the similar eradication effects
seen in both groups, as shown in Figure 4.15b. The TPA-C3-C6 without light irradiation (TPA-
C3-C6 -L) group showed similar cell damage on P. aeruginosa with and without overnight
incubation. However, some P. aeruginosa in the TPA-C3-C6 with light irradiation (TPA-C3-
C6 +L) group failed to maintain the rod-like structure after overnight incubation. This
phenomenon was also observed in the planktonic P. aeruginosa that were treated with the same
concentration (4 x MIC, 80 uM) of TPA-C3-C6 in the dark for three hours (Figure 4.12a).
Since the morphology of S. aureus and P. aeruginosa from the TPA-C3-C6 with light
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irradiation (TPA-C3-C6 +L) groups after overnight incubation resembled that of planktonic S.
aureus and P. aeruginosa treated with TPA-C3-C6, it is proposed that, besides causing bacterial
membrane damage, the ROS generated during PDT may also cause damage to the extracellular
polymeric substances (EPS), allowing TPA-C3-C6 to penetrate the biofilm more effectively

and eradicate the bacteria by inducing additional membrane damage.
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S. aureus Biofilm

TPA-C3-C6 -L TPA-C3-C6 +L

Right After
Treatments
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P. aeruginosa Biofilm
PBS +L TPA-C3-C6 -L

Right After
Treatments
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Figure 4.16. (a) The SEM images of S. aureus biofilm right after the treatments or with
further overnight incubation in MHB (1% glucose) with PBS or 80 uM TPA-C3-C6. (b) The
SEM images of P. aeruginosa biofilm right after the treatments or with further overnight
incubation in MHB (1% glucose) with PBS or 80 uM TPA-C3-C6. -L: without light irritation.
+L: with 600 nm (60 mW/cm?) light irradiation.
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To further validate the effect of TPA-C3-C6 on the bacteria inside the biofilm, mass
spectrometry (MS)-based proteomic analysis was performed on TPA-C3-C6 PDT-treated and
overnight incubated S. aureus and P. aeruginosa biofilms. A total of 1000 unique protein groups
were identified in biofilm S. aureus, and 186 of them are considered as differentially expressed
proteins (DEPs) based on p-value < 0.05 and log>(Fold change) >1 or <-1. Among the DEPs,
153 were downregulated, and 33 were upregulated (Figure 4.17a). Gene ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis on the
genes corresponding to the DEPs were conducted using the PANTHER Classification System
and the clusterprofiler package in RStudio.!?*'?® The GO enrichment analysis categorized the
DEPs into biological processes, molecular functions, and cellular components (Figure 4.17b -
Figure 4.17d). In addition, KEGG pathway analysis identified two major KEGG pathways
(Figure 4.17e). Within the identified GO and KEGG pathway, one biological process and one
KEGG pathway, namely translation (GO) and Staphylococcus aureus infection (KEGG), were

selected for investigation as they are related to bacterial growth and virulence (Figure 4.17f).

Regarding translation, all the DEPs identified in this GO term were downregulated. These
proteins include large ribosomal subunit proteins bL.27, uL 18, bL36, uL.30, bL33B, uL14, bL9,
and bL33A (rpmA, rplR, rpmJ, romD, romG2, rpIN, rpll, rpmG1) and small ribosomal subunit
proteins bS20, uS9, uS19, and bS21 (rpsT, rpsl, rpsS, rpsU). The bacterial ribosome (70S) is
constructed by a large ribosomal subunit (50S) and a small ribosomal subunit (30S).2°? The
downregulation of these subunits could inhibit the assembly of ribosomes, subsequently
reducing the translation efficiency in S. aureus. Moreover, the TPA-C3-C6 treatment also
caused the downregulation of proteins in the Staphylococcus aureus infection KEGG pathway.
For example, clumping factor B (c/fB), which facilitates the binding of S. aureus towards
human cells, was downregulated.!®? y-hemolysin component B, C (higB, higC)'*?, FPRLI

inhibitory protein (f7r)*%, and leucotoxin LukDv ({ukDv)***, which are proteins produced by S.
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aureus to counteract the immune system, were also downregulated. This finding suggested that

TPA-C3-C6 could reduce the virulence of S. aureus biofilm.

As discussed in Section 4.3.4, the quorum sensing system, especially agr system, controls S.
aureus biofilm formation and expression of virulence factors.!”” Therefore, all DEPs that are
involved in the quorum sensing system of S. aureus were manually selected for investigation.
As shown in Figure 4.17g, most of the DEPs that are related to quorum sensing, such as
accessory gene regulator protein A and B (agrd, agrB) and delta-hemolysin (4/d), were
downregulated, indicating that PDT with TPA-C3-C6, followed by overnight incubation, could

inhibit the quorum sensing system in S. aureus biofilm.
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Figure 4.17. (a) Volcano plot showed the differentially expressed proteins (DEP)s in TPA-C3-
C6 (80 uM)-treated S. aureus biofilm versus control S. aureus biofilm after PDT and overnight
incubation. (b) Biological function, (c) molecular function, (d) cellular component GO
enrichment, and (¢) KEGG pathway enrichment analysis of the corresponding genes of the
DEPs in TPA-C3-C6-treated S. aureus biofilm. (f) Selected biological process, KEGG pathway,
and (g) quorum sensing proteins in S. aureus biofilm that were affected by TPA-C3-C6. Inner
blocks were the names of the selected biological process or pathway. Outer blocks show the
fold change of the DEPs, which are represented by their gene names, in the corresponding
biological process or pathway. Three independent biological replicates were performed in this

proteomic study.
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For TPA-C3-Cé6-treated P. aeruginosa biofilm, 1262 unique protein groups were identified, and
118 of them were considered DEPs. Within the DEPs, 87 were downregulated, and 31 were
upregulated (Figure 4.18a). GO and KEGG pathway enrichment analyses were then conducted.
Three GO terms and 2 KEGG pathways showed statistically significant enrichment (Figure
4.18b - Figure 4.18d). Among these terms and pathways, translation (GO) and phenazine
biosynthesis (KEGG) were selected for investigation as they are also related to bacterial growth

and virulence (Figure 4.18e).

Similar to the TPA-C3-Cé6-treated S. aureus biofilm, the majority of the DEPs related to the
GO term, translation, were downregulated, which include large ribosomal subunits ul.29, bL.33,
ul.15, bL32, and bL27 (rpmC, rpmG, rplO, romF, rpmA) and small ribosomal subunits uS15
and bS20 (rpsO, rpsT). Therefore, it is also suggested that TPA-C3-C6 can cause a decrease in
translation efficiency, which may inhibit the growth of P aeruginosa in the biofilm.
Additionally, TPA-C3-C6 reduced the expression of proteins involved in phenazine
biosynthesis (KEGG). For instance, phenazine biosynthesis proteins PhzB1, PhzB2, and
PhzD1 (phzBl, phzB2, phzD1) were downregulated, potentially inhibiting the synthesis of
phenazines in P. aeruginosa biofilm. Phenazines are pigmented metabolites produced by
various bacteria, including P. aeruginosa.*®® According to reported literature, phenazines
contribute to P. aeruginosa virulence.’’® For example, phenazine produced by P. aeruginosa
can downregulate the transcription and directly inhibit the catalase activity in human lung
epithelial cells, which can cause damage to the epithelial cells due to oxidative stress.?”’
Therefore, the inhibition in phenazine synthesis caused by TPA-C3-C6 treatment may reduce

the virulence of P. aeruginosa biofilm.

The DEPs related to quorum sensing of P. aeruginosa have also been studied. As shown in
Figure 4.18f, all quorum-sensing related DEPs, such as HTH-type quorum-sensing regulator
RhIR (hIR) and 2-heptyl-3-hydroxy-4(1H)-quinolone synthase (pgsH), were downregulated,
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suggesting that treatment of TPA-C3-C6 could inhibit the quorum sensing system of the P,

aeruginosa inside the biofilm.

Collectively, SEM images showed that TPA-C3-C6 could eradicate S. aureus and P. aeruginosa
in the biofilms by PDT-caused cell membrane damage and intrinsic membrane disruption
activity. The MS-based proteomic studies further revealed that the combined effects of intrinsic
antibacterial activity and PDT with TPA-C3-C6 could affect translation efficiency, virulence

and quorum sensing systems in S. aureus and P. aeruginosa biofilms.
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Figure 4.18. (a) Volcano plot showed the differentially expressed proteins (DEP)s in TPA-C3-
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C6 (80 uM)-treated P. aeruginosa biofilm versus control P. aeruginosa biofilm after PDT and
overnight incubation. (b) Biological function, (¢) cellular component GO enrichment, and (d)
KEGG pathway enrichment analysis of the corresponding genes of the DEPs in TPA-C3-C6-
treated P. aeruginosa biofilm. (e) Selected biological process, KEGG pathway, and (f) quorum
sensing proteins in P. aeruginosa biofilm that were affected by TPA-C3-C6. Inner blocks were
the names of the selected biological process or pathway. Outer blocks show the fold change of
the DEPs, which are represented by their gene names, in the corresponding biological process

or pathway. Three independent biological replicates were performed in this proteomic study.
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4.4 Chapter IV Summary

To improve the intrinsic antibacterial activity and preserve the PDT ability, eight new PSs based
on the structure of TPA-1 were synthesized. Among these, TPA-C3-C6 showed the best
intrinsic antiplanktonic activity without light irradiation and good compatibility with human
cells, as demonstrated by the cytotoxicity and haemolysis assays. The antibacterial mechanism
studies show that TPA-C3-C6 targets bacterial membranes and interferes with the negative
supercoiling activity of bacterial DNA gyrases. TPA-C3-C6 also inhibits S. aureus and P.
aeruginosa biofilm formation by inducing downregulation of biofilm-related genes. Besides,
the combined effects of PDT and intrinsic antibacterial activities provide TPA-C3-C6 with
good activity against mature biofilms and prevent biofilm recurrence. Proteomic analysis
suggested that the intrinsic antibacterial activity of TPA-C3-C6, along with PDT, could reduce
translation efficiency and virulence in S. aureus and P. aeruginosa biofilms. Overall, TPA-C3-
C6 can serve as an example for developing antibacterial PSs that retain their antibacterial

activity even without light irradiation.
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5.1 General Conclusions

Bacterial infections have always been a threat to human health. With the ability to form
bacterial biofilms and the emergence of AMR, traditional antibiotics that were discovered
decades ago are losing their effectiveness against bacteria. This urgency has driven the
development of new antibacterial agents to treat bacterial infections, including PDT, which
requires a PS to generate ROS upon light irradiation. Despite efforts invested in developing
efficient PS, only a limited number of compounds show low cytotoxicity and good antibiofilm
activity. Besides, most of the antibacterial PSs lose their activity once the light source is

removed. This property can result in biofilm recurrence if some bacteria have survived in PDT.

In this thesis, PSs with AIE properties have been developed as antiplanktonic and antibiofilm
agents. Various designs and structural modifications have been made to improve the water
solubility, antibacterial activity, and biocompatibility of the AIE PSs. Additionally, intrinsic
antibacterial activities have also been incorporated into the PSs, which help extend the

antibacterial effects even without light irradiation.

In the work as reported in this thesis, a water-soluble and bacteria-targeting AIE PS, TPA-1,
has been designed. TPA-1 exhibits minimal toxicity towards human cells with and without light
irradiation. Unlike traditional PS, TPA-1 acts as a narrow-spectrum antibacterial agent, killing
planktonic S. aureus and inhibiting their biofilm formation even without light irradiation. The
mechanism study reveals that TPA-1 can depolarize the S. aureus membrane and inhibit the
negative supercoiling activity of the S. aureus DNA gyrase. Mass spectrometry (MS)-based
proteomic analysis further shows that TPA-1 can cause downregulation of multiple essential
proteins in S. aureus, including proteins related to cell division, cell wall synthesis and
translation. With light irradiation, TPA-1 can eradicate S. aureus and P. aeruginosa in their
planktonic and biofilm forms by generating ROS that cause cell membrane damage. Besides,

TPA-1 with light irradiation can significantly reduce the bacterial burden and promote wound
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healing in MRSA- and P. aeruginosa-infected mice models, indicating that TPA-1 has good in

vivo therapeutic efficacy.

Inspired by the intrinsic antibacterial properties of TPA-1, several membrane disruptor-like ATE
PSs that aim to achieve broad-spectrum antibacterial effects without light irradiation were also
designed. Among these AIE PSs, TPA-C3-C6 has the best intrinsic antibacterial activity while
exhibiting relatively low cytotoxicity. Without light irritation, TPA-C3-C6 shows good
antiplanktonic activity against S. aureus and moderate activity against P. aeruginosa. The
intrinsic antibacterial activity of TPA-C3-C6 is attributed to its ability to disrupt bacterial
membranes and interfere with the negative supercoiling activity of S. aureus and P. aeruginosa
DNA gyrases. In addition, TPA-C3-C6 can inhibit the biofilm formation of S. aureus and P.
aeruginosa by downregulating quorum sensing and biofilm-related genes. Furthermore, TPA-
C3-C6 can prevent biofilm recurrence through the combined effects of PDT and intrinsic
antibacterial activity, which can also reduce translation and virulence in S. aureus and P.

aeruginosa biofilms.

5.2 Future Perspectives

The work presented in this thesis has demonstrated the incorporation of intrinsic antibacterial
properties as well as biocompatibility into a PS. It is believed that the examples shown here
can drive the development of PSs with extended activity in the dark. Meanwhile, some other
weaknesses of the currently developed PSs have yet to be addressed. For example, biofilm-
infected wounds are hypoxic, which greatly limits the effectiveness of PDT. To improve in vivo
PDT efficiency, it is suggested that oxygen-carrying or oxygen-generating materials can be
introduced with PSs into the wounds. Perfluorocarbons are commonly used to develop artificial
blood due to their ability to dissolve substantial amounts of oxygen.?*® Perfluorocarbon-based
oxygen carriers, such as Perftoran, can be used as mediums to dissolve PSs or crafted into

nanocarriers that deliver both PSs and oxygen.?’® 2% These mixtures or nanocarriers can
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increase the oxygen content in the infected area, thereby further enhancing the efficacy of PDT.
Moreover, antibacterial PSs often rely on cationization to target negatively charged bacteria.
Although human cells carry less negatively charged than bacteria, a small portion of positively
charged PSs can still be internalized by human cells, potentially causing cytotoxicity. Therefore,
there is a need to develop alternative targeting strategies. One possible approach could be
designing low molecular weight PSs that can passively diffuse into bacterial cells and target
specific proteins or cellular components without requiring cationization. For instance, small
and neutral PSs, such as thiocarbonyl-substituted naphthalimides, could be coupled with a D-
alanine moiety, allowing them to enter the bacterial cells and metabolically incorporate into the
bacterial cell wall. Hopefully, these proposed strategies can overcome some of the
shortcomings of currently developed PSs and lead to the development of a safe and effective

antibacterial PS that can enter clinical trials.
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1. Characterizations for Compounds Synthesized in Chapter II
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Figure S1. '"H NMR spectrum (400 MHz, CDCIs) of compound 2.
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Figure S2. 3C NMR spectrum (101 MHz, CDCIs) of compound 2.
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Figure S3. High-resolution mass spectrum (ESI) of compound 2.
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Figure S5. 1°C NMR spectrum (101 MHz, CDCl3) of compound 3.
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Figure S6. High-resolution mass spectrum (ESI) of compound 3.
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Figure S8. *C NMR spectrum (101 MHz, CD;0D) of compound 4.
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Figure S9. High-resolution mass spectrum (ESI) of compound 4.
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Figure S10. '"H NMR spectrum (400 MHz, CD30D) of M1.
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Figure S11. '*C NMR spectrum (101 MHz, CD;0D) of compound M1.
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Figure S12. High-resolution mass spectrum (ESI) of compound M1
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Figure S13. 'H NMR spectrum (400 MHz, DMSO-ds) of M2.

Al

e -

T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 S0 80 70 60 50 40 30 20 10 0 ppm

Figure S14. 3*C NMR spectrum (101 MHz, CD;0D) of M2.
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Figure S17. 3C NMR spectrum (101 MHz, CD30D) of TPA-1.
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Figure S18. High-resolution mass spectrum (ESI) of TPA-1.
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Figure S20. 3C NMR spectrum (101 MHz, CD;0D) of TPA-0.
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Figure S21. High-resolution mass spectrum (ESI) of TPA-0.
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Figure S22. '"H NMR spectrum (400 MHz, CDCl3) of Compound 5.
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Figure S23. '3C NMR spectrum (101 MHz, CDCl3) of Compound 5.

0.75

045

0.25
0.15

01
0.05

x108

-]

O

T

T T T T
190 180 170 160 150

140

T T T

T T T T
130 120 110 100 90 80

10

0 ppm

+ESI Scan (0.127-0.144 min, 2 Scans) Frag=150.0V 20230715,_tpa-thio_2.d
2451364
309.2040
[M]"=415.1238 o
415.1238 541.1210  §15.1402
689.1591
121.0509 763.1781 9220008
J t t { J 987.2291 1061.2486 1135.2678 1209.2875 1283.3058 1357.3246 1431.3437 1506.3615 1579.3829 1654.3995
AU N A | L I T J L L i i i i X i i Y A P
50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700
Counts (%) vs. Mass-to-Charge (m/z)
+ES| Scan (0.127-0.144 min, 2 Scans) Frag=150.0V 20230715_tpa-thio_2.d
415.1238
416.1282
. I
4105 41 4115 412 4125 413 4135 414 4145 415 4155 416 4165 417 4175 418 4185 419 4195 420 4205 421 4215 422 4225 423

Counts (%) vs. Mass-to-Charge (miz)

Figure S24. High-resolution mass spectrum (ESI) of Compound 5.
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Figure S26. '>*C NMR spectrum (101 MHz, CD;0D) of TPA-NC-1.
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Figure S27. High-resolution mass spectrum (ESI) of TPA-NC-1.
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2. Characterizations for compounds synthesized in Chapter IV
Figure S28. 'H NMR spectrum (400 MHz, CDs0D) of TPA-IN.
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Figure S29. °C NMR spectrum (101 MHz, CD30D) of TPA-IN.
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Figure S30. High-resolution mass spectrum (ESI) of TPA-IN.
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Figure S31. '"H NMR spectrum (400 MHz, CDs0D) of TPA-BIN.
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Figure S32. °C NMR spectrum (101 MHz, CD30D) of TPA-BIN.
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Figure S33. High-resolution mass spectrum (ESI) of TPA-BIN.
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Figure S34. 'H NMR spectrum (600 MHz, CD30D) of TPA-C3-C6.
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Figure S35. *C NMR spectrum (151 MHz, CD30D) of TPA-C3-C6.
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Figure S36. High-resolution mass spectrum (ESI) of TPA-C3-C6.
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Figure S37. '"H NMR spectrum (600 MHz, CD30D) of TPA-C3-C8.
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Figure S39. High-resolution mass spectrum (ESI) of TPA-C3-CS8.
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Figure S41. °C NMR spectrum (151 MHz, CD30D) of TPA-C6-C6.
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Figure S42. High-resolution mass spectrum (ESI) of TPA-C6-C6.
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Figure S43. '"H NMR spectrum (600 MHz, CD30D) of TPA-C6-C8.
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Figure S44. °C NMR spectrum (151 MHz, CD30D) of TPA-C6-CS8.
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Figure S45. High-resolution mass spectrum (ESI) of TPA-C6-CS8.
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Figure S46. 'H NMR spectrum (600 MHz, CD30D) of TPA-C3-C6P.
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Figure S47. °C NMR spectrum (151 MHz, CD30D) of TPA-C3-C6P.
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Figure S48. High-resolution mass spectrum (ESI) of TPA-C3-C6P.

Figure S49. 'H NMR spectrum (600 MHz, CD30D) of TPA-N2-C3-C6.
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Figure S51. High-resolution mass spectrum (ESI) of TPA-N2-C3-C6.

S27

307.9




