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ABSTRACT

VARSHA SANJAY GODAKHINDI. Development of light-activable silver nanoparticles for
the elimination of antibiotic-resistant bacteria and biofilm (Under the direction of DR. JUAN L.
VIVERO-ESCOTO)

With the rise in antibiotic resistance (AR) and multidrug-resistant (MDR) bacteria, there is an
urgent need for novel antimicrobials that can exert antibacterial action via multiple mechanisms.
Nanoparticles such as silver nanoparticles (AgNP) can be a potential alternative due to their unique
optical and physiochemical properties and innate broad-spectrum antibacterial activity. AgNPs
antibacterial property is associated with the release of silver ions (Ag™), a slow process taking up
to days to achieve effective antibacterial levels. Recent findings indicate combining photodynamic
inactivation (PDI) with AgNP shows antibacterial synergy. This research aims to develop light-
activable silver nanoparticles and investigate their light-responsive Ag* release Kinetics to
understand their role in antibacterial synergy.

Herein, protoporphyrin IX (PplX) conjugated on the AgNP surface (PpIX-AgNP) was developed,
and Ag" release kinetics were investigated to correlate the Ag+ release kinetics to the antibacterial
synergy of PS-AgNP. These PpIX-AgNPs serve as excellent light-activated antimicrobial agents,
and this antibacterial action was demonstrated in gram-positive, Methicillin-resistant
Staphylococcus aureus (MRSA) and gram-negative, multi-drug resistant (MDR) Escherichia coli.
The antibacterial action of this light-activated PpIX-AgNP was further modulated by adopting a
dual-step irradiation strategy to ensure the controlled release of Ag*. Finally, this research includes
a preliminary study demonstrating the transport of nanoparticles within biofilms and light-
activated inhibition of Vibrio cholerae biofilms. This research provides crucial knowledge for

designing light-responsive silver-based antimicrobials for potential wound-healing applications.
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1 CHAPTER 1: INTRODUCTION

1.1 Rise of antibiotic resistance

In the 20" century, antibiotics were credited for playing a pivotal role in advancing
medicine and surgery, contributing to the extension of the average US lifespan from 54.6 years to
nearly 80 years !. Unfortunately, the declining efficacy of antibiotics and the resulting rise in
antibiotic resistance (AR) has led to concerns about reverting modern medicine to a pre-antibiotic
era 2. Multiple reports from WHO and CDC have corroborated that AR is an urgent global public
health threat facing humanity *7. In 2019, an estimated 4.95 million deaths were associated with
AR worldwide with 1.27 million deaths attributable to antibiotic resistance bacteria (ARBs) ®.
CDC has supported the prediction by some researchers that these mortality figures could rise to 10
million per year by 2050 7% 1%, Over the 21% century, a gradual rise in ARBs associated with
infectious disease has made antibiotics class such as carbapenem, vancomycin, methicillin,
fluoroquinolone, and cephalosporin less effective for clinical use '°. More current studies report
that in the USA the excess cost of up to ~$29,289 per patient is attributable to ARB infections 1.
The total economic burden in the USA associated with ARBs is estimated to be $20 -55 billion per

1,7,12
year "

Typically, conventional antibiotics kill or inhibit bacteria by interfering with a specific
cellular function or metabolic pathway resulting in their cell death !> 14, Common antibiotic
targets include inhibition of cell wall synthesis, cell membrane functions, protein or nucleic acid
synthesis, folic acid or mycolic acid production, and other metabolic processes !> 5. However,
multiple bacteria have evolved via mutations, selective pressure, genetic interventions horizontal

gene transfer (HGT) to overcome the antibacterial action of these antibiotics, leading to antibiotic



resistance (AR). The prevalence of AR is linked to the overuse, misuse, and underuse of antibiotics
in human, animal treatment, and agricultural practices ' '®17. The resistance mechanism associated
with ARBs (Figure 1.1) includes, a) active efflux of antibiotics via efflux pumps, b) decrease in
bacterial wall permeability, ¢) modification in the antibiotic pathway or targets, d) overexpression
of antibiotic-resistant genes (ARGs) and subsequent enzymes > '#2°. There is evidence of at least

one mechanism of bacterial resistance to all the classes of antibiotics available '® 2!,

From the clinical perspective, ARBs entering the human body can evade the host immune
response as well as many antibiotics. These persistor ARBs can also form biofilms which can delay
the wound-healing process inside the body *?*. The AR problem is compounded by the fact that
the evolution of ARB strains has been faster than the development of innovative antibiotic classes
13.21.25 The antibiotics development pipeline has been unable to produce viable compounds since
the 1980s, leading to a discovery void '* 12, As of 2023, only 97 antibacterial agents are in the

clinical pipeline and only 12 among these are considered innovative by WHO .

active efflux
of antibiotics

inactivation of antibiotic
targets/ pathway

o 08
e

Figure 1.1 Antibiotic resistance mechanisms in bacteria.

decreased uptake
of antibiotics )

overexpression of
antibiotic resistant
genes and enzymes



1.2 Antibiotic resistance in biofilms

Some bacteria’s ability to form communities in a polymeric matrix is one of the many
mechanisms of resistance adopted by bacteria to evade antibiotics 227, IUPAC defines biofilm as
“aggregates of microorganisms in which cells, that are frequently embedded within a self-produced
extracellular polymeric substance (EPS), adhere to each other and/or to a surface” 2%, Biofilms,
prominently growing either on indwelling medical implants or dead/live tissue, account for up to
80% of all human bacterial infections contributing to the high mortality rates *. They are the
leading cause of delayed wound healing, exacerbating chronic wounds and related infections. The
development of biofilm is divided into four stages: initial adhesion, early biofilm formation,
biofilm maturation, and dispersion *°. Adhesion molecules assist in the initial interaction with the
surface followed by bacterial cell division and production of EPS. The matrix matures as bacteria
multiply providing crucial architectural support to the biofilm 3!. Small channels inside mature
EPS transport nutrients, metabolic waste, and water >2. Post maturation, some bacteria escape the
EPS (due to environmental or internal factors) and disperse promoting the formation of new
biofilms at a different location *. Bacteria outside the biofilm, which may or may not originate
from the biofilm, are called as planktonic bacteria 3*. In biofilms, EPS serves as a physical barrier
against the entry and antibacterial action of antibiotics. Bacteria within a biofilm are 1000 times
more tolerant to antibiotics and require much higher doses for treatment. This contributes to the

aggressive use of antibiotics, which may lead to potential new resistance 273> 3,

1.3 Photodynamic inactivation

Photodynamic therapy is a century-old technique that has been applied for anti-cancer
therapy, especially melanoma 7. Researchers in the late 1960s successfully demonstrated that PDT

showed antimicrobial activity in gram-positive bacteria ***°, Photodynamic inactivation (PDI) is



a non-antibiotic option to eliminate pathogens by using light excitation of photosensitizers (PSs)
in the presence of molecular oxygen to generate reactive oxygen species (ROS) such as singlet
oxygen (102), superoxide (O2) and hydroxyl radicals (OH) 4%, Light excitation (wavelength
corresponding to the PS’s absorption peak) of any PS molecule to an excited electronic state, is
generally followed by fluorescence. In PDI, the excited singlet state of PS undergoes an electronic
transition (spin-orbital) to a triplet state, a process called intersystem crossing, where it can
undergo one of two reaction pathways i.e. a) Type I pathway, which involves electron transfer
between the triplet state photosensitizer molecule and nearby molecules, such as water or
biological molecules, to produce a wide range of reactive oxygen species (ROS) and radical ions;
b) Type II process that involves energy transfer between the triplet state photosensitizer and
molecular oxygen, which has a triplet ground state, resulting in the generation of highly reactive
singlet oxygen (102) *'#*. The ROS and !O; are highly reactive and can nonspecifically attack the
cellular membrane, essential enzymes, and cellular nucleic acids, inducing bacterial cell death via

oxidative stress ** .

The broad-spectrum antibacterial action serves as an advantage over
antibiotics since the development of resistance to photochemical reactions is unlikely *°. The ROS
generation in PDI has shorter lifetimes and a close association with PS and bacteria is crucial to
initiate cell death mechanisms * %, Studies have reported that cationic PSs are more effective at
PDI than anionic PSs 4% 6. In biofilms, cationic PS such as methylene blue, toluidine blue O,
phenothiazinium, phthalocyanines have shown 3-6 log inactivation with up to 80% EPS reduction
reported *> 47 A broad spectrum of cationic PSs as a topical strategy to treat chronic wounds

showed a significant reduction in bacterial load in a randomized Phase II clinical trial *®. PDI can

be a viable alternative to antibiotics for both treatment against ARBs and biofilms.



1.4 Role of nanoparticles as antibacterial agents

The rapid decline in antibiotic efficacy against ARBs has led researchers to look for
innovative antibacterial alternatives with high antibacterial efficiency and low drug-resistance
risks. These non-antibiotic approaches include antimicrobial peptides (AMPs), antibacterial
oligonucleotides, monoclonal antibodies, bacteriophages, metal-organic frameworks (MOFs),
nanozymes, and nanoparticles '> %2, Among these, nanoparticles (NPs) have recently aroused
great interest as a treatment option for ARBs, owing to their small size, large surface area to volume
ratio, surface-altering chemical functionalization, and unique optical properties % 2% 33, These
materials show different antibacterial mechanisms than traditional antibiotics and have a lower

risk of inducing bacterial resistance.

A nanoparticle has at least one dimension in the nanometer range (1- 100 nm). These NPs
show different antibacterial mechanisms than traditional antibiotics and have a lower risk of
inducing bacterial resistance. Thus, it holds great promise to employ nanomaterials as an
alternative to antibiotics to eliminate drug-resistant bacteria. Nanomaterial's role in antibacterial
applications can be categorized into a) Antibacterial nanoparticles such as metal nanoparticles with
innate antibacterial properties; b) Nanoparticles aiding delivery of antimicrobials, where they serve

as carriers or protective agents.

1.5 Silver Nanoparticles (AgNP) and its antibacterial properties

AgNPs can be synthesized by reducing silver salts to generate stable AgNPs of variable
nanostructures >* 3, This approach requires a silver precursor, a reducing agent (chemical or
biological), and a stabilizing agent to generate colloidal AgNPs. The chemical-reducing agents

include sodium citrate, sodium borohydride, ascorbic acid, tannic acid, and glucose *°. Biological



reducing agents such as bacteria, fungi, and plant extracts allow for exploring environmentally

friendly synthetic methods *’.

The antibacterial property of silver, in all its ionic forms, has been known since ancient
times and commercially used as “colloidal silver” %, Silver cations (Ag") are highly reactive
species and can effectively bind to various proteins, inducing structural changes in the cells of
bacteria and causing their death. Ag" can also interfere with the DNA replication process and
disassembly of ribosome subunits, resulting in cell death >’ %, The antibacterial action of AgNPs
is closely associated with the release of Ag" ions. However, AgNPs offer unique advantages over
bulk silver such as small size, increased surface area to volume ratio, and surface functionalization
that allow better interaction with the bacteria and its cellular components * 37%. AgNPs also
exhibit unique optical and catalytic properties. In effect, one can say that AgNPs have a higher
antibacterial activity than colloidal silver, whereby the antibacterial properties are attributed to
both the physiochemical properties and the elution of Ag" 3%, AgNPs are known to kill bacteria
via multiple mechanisms (as seen in Figure 1.2), such as disrupting the bacterial cell wall,
interfering with the metabolic processes, deactivating the enzymes, DNA damage, and generating

ROS thereby increasing oxidative stress >* %%,

The physicochemical properties of AgNPs, such as size, shape, and surface charge, play a
crucial role in their antibacterial action. Several studies have confirmed that smaller AgNPs of size

< 30 nm have a superior antibacterial effect than larger AgNPs 3% 37 38 61

. Some reports have
correlated the size (5-30 nm) to the dissolution of AgNPs into Ag" ions, which enhances the
antibacterial action of AgNPs >* 6263 Other studies have suggested that AgNPs with cubic-, plate-

and rod-shape perform better as antibacterial agents than their spherical counterparts due to the

presence of high atom density facets 26>, Nevertheless, other reports have suggested that AgNPs



with spherical shapes with increased surface area result in a higher release of Ag”, making these
nanoparticles better antibacterial candidates % 7. Therefore, the impact of AgNPs’ shape on their
bactericidal activity is still under investigation. On the other hand, AgNPs with positive surfaces
have shown a more significant antibacterial effect, presumably due to the increased interaction of
AgNPs with the surface of bacteria >*. It should be noted that the colloidal stability of AgNPs also
plays a crucial role wherein lower stability is associated with aggregation, which subsequently

reduces the antibacterial activity of AgNPs 3¢

Despite these advantages, the key skepticism associated with any antimicrobials is their
decreased efficacy over time due to the development of resistance. There have been studies that
have identified the elimination of Ag" via efflux pumps or reduction of Ag" to its less toxic Ag’
oxidation state as potential resistance mechanisms ' 7!, It should be noted that most studies
attribute AgNP resistance to the premise that AgNPs serve only as reservoirs for Ag” and their
elimination drives the AgNP resistance. However, as described above in Figure 1.2, AgNPs use
mechanisms other than releasing Ag" to eliminate bacteria. Studies have demonstrated that bacteria
can develop resistance against AgNP post-repeated exposure by inducing their aggregation at
bacterial surfaces. In gram-negative bacteria, it was observed that repeated exposure led to the
development of adhesive flagella that induce the aggregation of AgNPs, reducing their
bioavailability 7> 73, Nevertheless, unlike antibiotics, the AgNP resistance mechanism in bacteria

has not yet been associated with a genetic origin 7.
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Figure 1.2 The antibacterial mechanisms of AgNP and Ag™ ions are: 1. Binding and disruption of
the cell membrane, 2. Denaturation of thiol-containing protein on the cellular membrane, 3.
Interference with the intracellular metabolic pathways and ROS generation, 4. Interfering with the
DNA replication process, 5. Disassembly of the ribosomal subunit. Ag™ resistance in bacteria is
associated with the reduction of Ag* to less toxic forms and the elimination of intracellular Ag*

via efflux pumps.

1.6 Combination of PDI and AgNP

AgNPs are among the most used materials worldwide due to their well-known antibacterial
activity, which makes them a promising alternative to antibiotics. However, there is a gap in the
literature on the antibacterial mechanisms of AgNPs. Moreover, bacterial resistance against AgNPs
is growing and is a significant concern. The widespread use of AgNPs is associated with delayed
and moderate antibacterial effects, due to the slow release of Ag™ and improper colloidal stability
in biological environments >* %2, Additionally, it is important to accelerate the Ag"* release in a
controlled manner to combat any unnecessary cytotoxic effects °> 7. Therefore, there is a need to
develop novel technologies that combine AgNPs with other approaches to eliminate pathogens

efficiently. One of the key advantages of NPs (in this case, AgNP) is that their unique



physiochemical properties allow the combining of multiple antibacterial modes into a single entity.
This way, the antimicrobial potency of AgNPs can be increased in a combinatorial system.
Multiple reports show that AgNP combined with photodynamic inactivation (PDI) demonstrates

antibacterial synergy.

Photosensitizers (PS) are highly reactive to light and can attack the cellular membrane,
essential enzymes, and cellular nucleic acids, leading to bacteria cell death by oxidative stress **
4. Generally, NPs are combined with PDI platforms to increase the delivery efficiency of the PSs
via surface conjugation ** 6 % However, AgNPs conjugated/ combined with PS offer an
additional advantage in this context due to the increased Ag’ release and increased ROS
generation. The increase in Ag” is associated with the generation of an oxidative environment near
the AgNP surface ' 77. This allows for light-controlled generation of Ag* from AgNPs at levels
effective enough for bacterial killing but confers minimal toxicity in humans. Another added
advantage of using a combination system of PDI and AgNPs with multiple antibacterial

mechanisms is that the development of resistance against them is unlikely >.

The optical properties of AgNPs play a crucial role in exploring the light-mediated
antibacterial properties of AgNPs. AgNPs are plasmonic nanoparticles that can generate free
electrons post visible light irradiation as a result of their surface plasmon resonance (SPR) effect
7880 The SPR wavelength depends on the nanoparticle’s size and shape; in the case of AgNPs, it
is in the 400-500 nm range. Researchers have generated different shapes of AgNPs to extend this
wavelength range to near-infrared (NIR) regions. Bourgonje et al., in a recent report, demonstrated
the phototherapeutic activity of triangular AgNPs (tAgNPs) and decahedral AgNPs (dAgNPs)
under NIR and blue LED light ’®. These LED lights were selected to overlap with the SPR peak of

the respective AgNPs, 1.e. tAgNPs showing high absorbance at 800 nm and dAgNPs showing peak



10

absorbance at 500 nm. In S.aureus and E.coli, tAgNPs showed exceptional >9 log reduction in
bacteria at 20 ppm post 1 min and 15 min NIR irradiation, respectively. This antibacterial action
was dependent on concentration and irradiation time, with ~4 logs and ~9 log reduction achieved
for 5 ppm and 10 ppm after 15 min of NIR irradiation. In E.coli, dAgNPs reached only a 5 log
reduction at 20 ppm concentration after 1 min blue light irradiation, whereas dAgNP and tAgNP
performed the same in S. aureus under the same conditions. Interestingly, tAgNPs and dAgNPs
were unresponsive at light sources complementary to their SPR absorption wavelengths. The
authors also monitored Ag" release post LED irradiation, wherein tAgNPs showed slightly higher
leaching than dAgNPs. However, the levels of Ag" (0.21 ppm) were too low to contribute to
antibacterial action. The reactive oxygen and nitrogen species (ROS/RNS) fluorescent probes
indicated increased emission under NIR irradiation. Additionally, the antibacterial response tested
in anaerobic conditions showed areduced response (~2 log reduction). The decrease in
antibacterial action in anaerobic conditions points to the importance of oxygen driving the
antibacterial mechanism of these NPs. Thus, the authors concluded that the potential antimicrobial
mechanism of NIR-activated tAgNPs was associated with increased ROS/RNS generation and

plasmonic heating.

Generally, nanoparticles are combined with PDI platforms to increase the delivery
efficiency of the photosensitizer via surface conjugation. AgNPs conjugated with PS offer a unique
advantage in this context due to Ag" release and its intrinsic antibacterial properties. Multiple
studies have reported that combining PS with AgNP allows for metal-enhanced PDI effect, optical
and plasmonic advantage, “on-demand” release properties, and photocatalytic effect 334,
However, this section is limited to the studies that have experimentally demonstrated antimicrobial

effects in resistant and non-resistant strains and biofilms. This review focuses mainly on
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understanding the design and synthetic strategies for developing light-activated AgNPs for the
treatment of resistant and non-resistant bacterial strains and biofilms. First, we provide insights
into the intrinsic antimicrobial properties of AgNP. In the second section, we elaborate on the
light-mediated antimicrobial properties of AgNPs. In the final section, we summarize the

combination of PS with AgNP to eliminate bacteria and biofilms.

1.6.1 Combination of PS and AgNPs for antibacterial applications.

Silver nanoparticles have been physically or chemically combined with PSs such as
porphyrins, phthalocyanines, and methylene blue %**7. These PS-AgNP combinations serve three
main purposes: a) increase the bioavailability of water-insoluble PSs, b) tune the optical properties
for PDI via plasmonic coupling with AgNPs or aggregation-induced emission (AIE), ¢) control the
oxidation of the AgNPs surface to enhance the release of Ag" ions. In the first role, AgNPs are
used as delivery vehicles of PSs, increasing their bioavailability for effective PDI performance at
low concentrations %%. In the second function, AgNPs can tune the optical absorption of PSs
according to the electronic overlap between the SPR of the AgNPs and the absorption band of the
PS 81891 The third role deals with the oxidation effect of singlet oxygen and/or ROS on the
surface of AgNPs to afford Ag” ions, which improves the antibacterial outcome of the system '
9295 Qverall, it has been demonstrated that a synergistic effect exists between the combination

of PS-AgNPs that improves their antibacterial effect 7% 7%,

Studies have also explored introducing either PS and AgNP in sequence i.e. PS first
followed by AgNP, to demonstrate the synergy between PDI and AgNP °*°7. Nakonieczna and
group reported that initial inactivation of S. aureus via PDI (PpIX) effect makes them susceptive

to AgNP antimicrobial action, resulting in up to 7 log reduction °’. This sequential PDI and AgNP
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combination was also demonstrated in methicillin-resistant Staphylococcus aureus 4591 (MRSA)

and extended-spectrum beta-lactamases-producing Klebsiella pneumoniae 2486 (ESBL-KP) °.

The antibacterial synergy of PS-AgNP reported in the literature can be divided into three
categories i.e. a) PS physically associated with AgNPs, b) PS chemically conjugated to AgNPs and
c) PS and AgNP incorporated into a nano platform termed as PS- AgNP nanocomposites. The
details regarding the NP design, bacterial strains tested, and experimental conditions from these
PS-AgNP combinations have been summarized in Table 1.1. The antibacterial mechanisms
demonstrated in ARBs and non-resistant strains for these PS and AgNP combinations have been

described in Figure 1.3.
PS physically associated with AgNPs

The association of AgNPs and PSs is carried out through different molecular interactions
between the surface of the nanoparticles and PSs, including electrostatic and hydrophobic
interactions, which results in the adsorption of PS molecules on the AgNPs’ surface. There have
been multiple reports that show PS physically linked to AgNPs show antibacterial synergy %1%,
Li et al. reported a study elaborating on the synergy of AgNP/ Ag+ ions and methylene blue in
five bacterial strains: Serratia marcescens (SM), Escherichia coli, Klebsiella pneumoniae (KP),
Pseudomonas aeruginosa (PA), and Enterobacter cloacae (EC) as proof of the relevance of this

combination *®. The authors argued that the mechanism behind this synergy is an Ag" interaction

with the bacterial cell membrane that facilitates better MB uptake.

Elashnikov, Lyutakov, and co-workers have reported two studies wherein meso-
tetraphenylporphyrin (TPP), was combined with silver nitrate followed by further interaction with

polymethylmethacrylate (PMMA) nanofibers via electrospinning ** %, The presence of AgNPs
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was confirmed via TEM images. The authors first tracked the changes in absorbance of soret band
of TPP under illumination (405 nm, 110 mW) and concluded that AgNPs/TPP/PMMA
demonstrated higher photostability than only TPP/PMMA. These results implied that the AgNPs
protected the TPP within the PMMA nanofibers against photobleaching. The antibacterial tests
performed on E. faecalis and S. epidermidis showed that the AgNPs/TPP/PMMA nanofibers
exhibited a significantly higher reduction of bacteria than TPP/PMMA. This result was associated
with the cumulative release of silver/ AgNP and the production of ROS. In a similar study, they
argue that this release of AgNPs from the nanofibers is promoted by the illumination of TPP,

inducing heat-related changes in polymer, contributing to the escape of AgNPs.

Peng and co-workers have developed a hybrid core-shell nanoparticle with a silver as the
core and mesoporous silica as the shell (Ag@MS). Several photosensitizers such as mesoporphyrin
IX (PIX), Hematoporphyrin IX (HPIX), meso-tetra(4-carboxyphenyl) porphine (TCPP), Cu(II)
mesotetra(4-carboxyphenyl) porphine (Cu-TCPP), tris(2,20-bipyridyl) dichlororuthenium(II)
hexahydrate (RuBPy), and rose Bengal (RB) have been adsorbed to the surface of Ag@MS 8% 101
12 Among these PS, all except RB show stronger resonance coupling with AgNP core that

positively correlated to the enhanced production of singlet oxygen - 192,

Lismont et al. validated this claim wherein PpIX loaded on Ag@MS NP with a larger
AgNP core (100 nm) and thin silica coating (5 nm) led to a 5-fold increase in singlet oxygen
generation than PpIX ®. The Ag@MS@HPIX hybrid shows increased singlet oxygen generation
and increased antibacterial killing compared to its PS counterpart. In MRSA, these
Ag@MS@HPIX hybrid nanoparticles resulted in up to ~6 log inactivation at a concentration

equivalent to 2 uM of HPIX. In §. epidermidis 5-log bacterial killing was seen at a HPIX
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concentration of 2 uM. While in both E. coli and A. baumannii 4-log inactivation was observed at

HPIX concentration of 1 pM .
PS chemically conjugated to AgNPs

Unlike the physical interaction between PSs and AgNPs approach, the chemical
conjugation between PSs and AgNPs ensures stable nanoformulations with minimal leaking. A
chemical bond between PS and AgNP also allows control of distance and target delivery to enhance
antibacterial synergy 34. Most reports in the literature have utilized cysteinyl groups, NHS-EDC
chemistry, thiol-Ag affinity, polymer-assisted self-assembly, and coordination via COOH and NH;
groups. Below, we provide representative examples of how the chemical conjugation approach has

been used to treat pathogens.

Masilela et al. reported on the antimicrobial response of PS-conjugated spherical,
triangular, and cubic AgNPs against S. aureus. Phthalocyanines were selected as the PS to utilize
the amines (NHz) and carboxylic group (COOH) of the cysteinyl moiety for coordination with the
AgNP surface. All the PS-AgNP conjugates generated an equivalent amount of singlet oxygen;
however, the spherically shaped AgNPs gave the highest antimicrobial activity compared to the
triangular and cubic structures . The authors accounted for this result based on the increased
surface area provided by the spherical AgNPs due to their smaller size (15 nm) compared to
triangular (54 nm) and cubic (60 nm) AgNPs. This can be due to increased Ag" release associated

with the higher surface area of spherical AgNPs, which contributes to their antibacterial action .

Elashnikov, and co-workers also synthesized chemically conjugated PS-AgNP systems 56,
These researchers generated porphyrin-AgNPs by reacting thiolated porphyrin on the surface of

AgNPs. To achieve this, the authors synthesized 2,7,12,18-tetramethyl-3,8-divinyl-13,17-[bis(((4-
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aminothiophenyl)-carbamoyl]ethyl) porphyrin via amide coupling procedure between the free
carboxylic acid groups of protoporphyrin IX and the aromatic amine with thiol groups from 4-
aminothiophenol. Under 1 h blue LED exposure, this nanoplatform was successfully able to
eradicate S.epidermidis and E. coli completely. This study argued that the ROS generation is
enhanced due to the inclusion of AgNPs leading to an elevated antibacterial effect. This can be

associated with the plasmonic coupling of AgNP with PpIX, causing an increase in ROS 8!- %991,

Another crucial aspect of the light-activated PS-AgNPs is the release of Ag® cations
associated with the oxidation of the AgNPs surface in the presence of PS generated ROS. However,
only a couple of studies have elaborated on the porphyrin-mediated enhanced release of Ag” ions
and their corresponding antibacterial effect ** ®°. Sorinolu and co-workers reported an in-depth
study detailing the release kinetics of Ag™ post-light irradiation to understand their role in
the antibacterial inactivation of PpIX-AgNP conjugates **. Cysteamine-modified PpIX derivatives
were synthesized, followed by the thiol-Ag reaction to generate PpIX-AgNP conjugates. The
results indicated that PpIX-AgNPs showed higher Ag" release than AgNPs. Due to its ionic
composition, this effect was more pronounced (25-fold) in Dulbecco’s phosphate buffer solution
(DPBS) than in nanopure water. The study further proved that this light-mediated increase in Ag"
contributes to the antibacterial synergy resulting in up to ~7-8 log inactivation of methicillin-
resistant Staphylococcus aureus (MRSA) and a wild-type multidrug-resistant (MDR) E. coli in

DPBS.
PS and AgNP incorporated into nanoplatforms (PS- AgNP nanocomposites)

Another approach to developing light-activated AgNP-based systems is incorporating PS-
AgNP conjugates, physically or chemically loaded with PSs, into hybrid platforms at the nano or

micro scale. These systems have been termed PS-AgNP nanocomposites. These nanocomposites



16

include fabrics, doped nanomaterials, and polymeric nanomaterials °* °> 19 This alternative
confers unique benefits such as stability, target delivery, and potential multi-modal antibacterial

applications.

Chen et al. developed an antimicrobial cellulose-based fabric embedded with AgNPs and
zinc-phthalocyanines (PS) . The PS was first mixed with DMF solution containing N, N'-
Carbonyldiimidazole, followed by the introduction of cellulose fabric into the solution to obtain
PS/Fabric via an ester bond. This PS/Fabric was further mixed with Ag" ions which are reduced in
the presence of the hydroxyl groups in the cellulose fabric to generate AgNPs (AgNP/PS/fabric).
SEM studies showed that the size of AgNPs embedded in the fabric is ~ 100 nm in diameter.
Moreover, the UV-Vis spectrum depicted 420 nm and 600-800 nm peaks, which are associated
with AgNPs and the Q-band of phthalocyanines, respectively. The authors tested the
physicochemical properties of the system wherein AgNP/PS/fabric demonstrated 2-fold higher
Ag" ions release under light conditions than dark conditions. In addition, a higher increase in the
ROS generation by the AgNP/PS/fabric system than PS/fabric was also observed. These results
corroborated that the AgNP/PS/fabric is capable of producing both Ag" and ROS. The
antimicrobial properties of the material were evaluated; PS/fabric showed only 7.56% inhibition
whereas the AgNP/PS/fabric resulted in a significant 3-log or 99.996 % inhibition in E.coli, S.
aureus (non-resistant) and MRSA under 10 min irradiation with light. This further provides

evidence to support the broad-spectrum application of PS-AgNPs.

Kuthati employed a similar nanocomposite design to demonstrate the synergy between
silver nanoparticles (SNP) and PS by combining AgNP-loaded Cu-MSN with curcumin '®. Three
antimicrobial agents play a crucial role in the synergy in this design, i.e., copper ions, silver

nanoparticles, and curcumin. The design improved antibacterial activity since curcumin delivery
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was enhanced using MSN carriers and the positive charge of AgNP-loaded Cu-MSN facilitated
better interaction with bacteria. The Cur-Cu-MSN-SNP hybrid with a curcumin concentration of
1.5 uM resulted in ~90% (5 logs higher than curcumin only) eradication of gram-negative E. coli.
The authors concluded that blue LED light-mediated bactericidal synergy against E.coli was

effective due to elevated Ag" ions release and ROS generation.

Xu and collaborators developed a photoactive nanocomposite containing AgNPs, chlorin
e6 (Ceb6), and bacteria-targeting ligands to allow light-controlled elimination of MRSA and E. coli
3. The surface of the AgNPs was modified with a polydopamine shell (PDA) to load the Ce6
molecules to obtain Ce6-AgNPs. Following this, a bacteria-targeting ligand (GP) was tethered to
the PDA shell of Ce6-AgNPs via a PEG linker containing amine and thiol groups to obtain the
final nanocomposites i.e. GP-Ce6-AgNPs (~50 nm size, ~4 nm PDA shell). The authors
demonstrated that the continuous 30-minute laser irradiation of GP-Ce6-AgNPs resulted in a
gradual release of Ag" ions. When these nanocomposites were exposed to short laser pulses in an
ON (5 min) and OFF (5- 10 min) pattern, the release of Ag" ions increased only during ON,
whereas the amount of Ag" reached saturation during OFF, followed by a similar pattern in the
other two irradiation cycles. The in-vitro relative antibacterial rate for GP-Ce6-AgNP in MRSA
and E. coli was reported as 99.6% and 98.8%, respectively. These values were significantly higher
than AgNO; and Ce6 control groups. The authors argued that the presence of bacteria-specific
ligands allowed close interaction of the nanocomposites and bacteria surface, followed by
triggered Ag" release that disrupts the membrane proteins, compromising the bacterial cell

membrane permeability.

Hou and group employed polymeric micelles (PM) with PpIX located in the core and

AgNPs decorating the polymeric shell (PM@PpIX@AgNP) 7. The design consisted of
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hydrophilic self-assembled amphiphilic diblock copolymer poly(aspartic acid)-block-poly(e-
caprolactone) (PAsp-b-PCL) micellar nanoparticles with a hydrophobic core containing PpIX. The
Ag" ions were introduced within the shell of these polymeric micelles which were eventually
reduced to generate in-situ AgNPs. The zeta potential was reduced from -55 mV (PM only) to -17
mV  (PM@PpIX@AgNPs) with a 100-110 nm hydrodynamic size. PM@PpIX and
PM@PpIX@AgNP showed similar ROS generation ability evaluated by using a singlet oxygen
generation probe. The antibacterial activity assessed in bioluminescent S.aureus XEN36 (MDR
strain) indicated that PM@PpIX@AgNP showed better antibacterial response than PM@PpIX at
concentrations lower than 200 nug/ mL. These results were further validated using a LIVE/DEAD
confocal study, which showed that the PM@PpIX@AgNP after irradiation completely eliminated
bacteria. The in vivo antibacterial activity was further tested using the bioluminescent S. aureus
Xen36-infected mouse model. PM@PpIX@AgNP + light exhibited the strongest eradication effect

of S.aureus XEN36 with no area of infection visible post 5 days.

In summary, the PS-AgNPs conjugates synthesis can be accomplished via physical mixing
and covalent conjugation. The chemical conjugation offers an advantage in terms of stable
conjugates and maintaining distance between AgNPs and PSs. The antibacterial synergy of PS-
AgNP is associated with increased generation of ROS and release of Ag’. Resistant and non-
resistant forms of S. aureus and E.coli were found to be the most studied bacterial species. Finally,
incorporation of the PS-AgNP conjugates within a micro or nano-scale platform such as fabric,
polymeric nanomaterials, or doped nanomaterials allows for the generation of light-activated

nanocomposites for potential multi-modal antibacterial applications.
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Figure 1.3 Summary of different approaches used to combine PSs and AgNPs, including
chemically conjugated PS-AgNPs, physically associated PS-AgNPs, and PS-AgNP composites.

All these systems have been tested in non-resistant and resistant bacterial strains.

1.6.2 Combination of PS and AgNPs for inhibition and elimination of biofilms

Biofilm is a slim layer composed of surface-attached aggregates of micro-organisms 28,
Biofilms are more complex environments composed of extracellular polysaccharide substances
(EPS), proteins, extracellular DNA, and bacterial cells **. AgNPs have been used as a preventative
measure in implants and prosthetics to inhibit biofilm formation % !%+197 Reports have suggested
that AgNPs tested in vitro in planktonic Klebsiella pneumoniae, S. aureus, and E. coli disrupt cell-
cell adhesion and inhibit biofilm formation % !9 Incorporating PS into the AgNPs can further

assist in EPS disruption, making PS-AgNP conjugates excellent candidates for biofilm inhibition



20

or elimination. Table 1.2 summarizes the PS-AgNPs conjugates reported in the literature for

inhibition or elimination of biofilms.

Misba et al. were the first ones to test the biofilm inhibition activity of toluidine blue
(TBO)-AgNP conjugates in Streptococcus mutans using a 630 nm light source (130 mW/cm?) '°,
Two types of TBO-AgNP conjugates were synthesized by electrostatic interaction of TBO with
dextran-capped AgNP (AgNPyex) or citrate-capped AgNP (AgNP.i). These nanoparticles showed
46% and 62% reduction in biofilm at a concentration of 10 pg/mL, respectively. The authors also
reported that both types of TBO-AgNP conjugates inhibited biofilm formation by 99% whereas
TBO by itself reduced it by only 70%. Cellular ROS assessment revealed that the TBO-AgNPgex
and TBO-AgNP.it mainly generated hydroxyl radical (OH¢) and resulted in a 12-fold and 10-fold
increase in ROS generation compared with AgNPs. Aydin and co-workers tested a mixture of
TBO-AgNP conjugates in 120 teeth samples layered with 3-week-old biofilms. After treatment, a
2.71 average log reduction of bacteria was observed post-60 sec irradiation '''. However, it should
be noted that the control treatment with 2.5% NaOCI showed a higher bacterial reduction of 4.29

log. NaOCl is suggested as the primary irrigation solution in endodontics due to its wide-spectrum

antimicrobial efficiency as well as its capability of dissolving organic substances ''>.

Methylene blue (MB) is also a phenothiazinium-based cationic dye similar to TBO, which
has been widely used to eliminate bacteria. Parasuraman reported a study where MB was
physically loaded via electrostatic interactions on the surface of AgNPs. The antibacterial and
antibiofilm activity of MB-AgNPs was tested in ESKAPE pathogens such as S. aureus and P.
aeruginosa biofilms '3, MB-AgNPs showed a UV-Vis peak at 668 nm associated with MB,
confirming its successful conjugation. The bacterial uptake studies showed that MB-AgNPs has

greater localization within the bacteria than MB. In P. aeruginosa and S. aureus, 75.4% and
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78.33% of MB was internalized using MB-AgNPs, whereas only 43.6% and 35.5% of MB was
internalized. The MIC value in S. aureus and P. aeruginosa was estimated to be 125 ug/mL. This
MIC is two-fold and four-fold higher antimicrobial activity than AgNPs and free MB, respectively.
At MIC concentration, 61.41% and 69.15% biofilm inhibition was observed in light-irradiated
MB-AgNPs in P. aeruginosa and S. aureus, respectively. The authors reported that MB-AgNPs
showed higher levels of ROS generated by MB-AgNPs, confirming that oxidative stress drove

their antibacterial and antibiofilm action.

Curcumin is another PS that has been combined with AgNPs. Ghasemi et al. tested a
mixture of curcumin and AgNPs in P. aeruginosa planktonic bacteria and biofilms ''*. The mixture
containing 200 and 20 pg/mL of curcumin and AgNPs, respectively, was irradiated for 10 min with
blue light in the presence of P. aeruginosa. An inhibition of 85% of biofilm formation was
determined; whereas curcumin and AgNPs only showed 50% and 60% biofilm inhibition,
respectively. The mixture of curcumin and AgNPs showed the highest generation of ROS, which
contributed to the superior biofilm inhibition capability. The authors reported that the effect
induced by this mixture was more effective in inhibiting biofilm formation than removing adhered

biofilm.

The above studies have mainly focused on demonstrating the use of PS-AgNP systems for
inhibiting biofilm formation. However, Sun and collaborators developed a nanocomposite
containing chlorin e6 (Ce6) modified PEI associated with AgNPs to demonstrate the synergistic
effect of eliminating biofilms from gram-positive (S. aureus) and gram-negative (E. coli) bacteria
7. The authors showed that the presence of AgNPs raised the production of singlet oxygen and
ROS due to the SPR effect. The nanocomposite, a size of 60 nm in diameter, was tested in

planktonic S. aureus and E. coli under 660 nm irradiation; 20 mW/cm? for 20 min at a 1 mg/mL
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concentration. The antibacterial action was more pronounced in E. coli with 100% elimination.
The authors argued that this is due to the higher sensitivity of Gram-negative bacteria toward Ag"
ions. In the case of S. aureus, 99.9% elimination was achieved, corresponding to ~ 2 log reduction.
The penetration of the variable mass ratio of the PEI-Ce6/AgNP, i.e., 0.3 (negative charge, smaller
diameter), 1.5 (a positive charge, larger diameter; 240 nm), and 3.0 (a positive charge, smaller
diameter: 70 nm) within the S. aureus biofilm was evaluated. This approach showed that the
highest ratio, i.e., 3.0 with a positive charge (+ 35 mV) and smaller hydrodynamic size (70 nm),
showed better infiltration within the EPS matrix than other ratios, indicating that both size and
surface charge plays a crucial role. The PEI-Ce6/AgNPs showed increased biofilm elimination in
preformed biofilms, resulting in a 2-3 log reduction in bacterial growth in both S. aureus and E.coli.
Nevertheless, in the case of E. coli, the authors had to employ a membrane-damaging antibiotic
polymyxin B (PMB) in addition to the nanocomposite to show improved results. As a proof of
concept for wound healing applications, these nanocomposites were tested in vivo in mice models
with S. aureus skin infection. The nanocomposite and light-treated mice showed faster wound

healing, with complete biofilm eradication achieved on the 12 day.

In summary, fewer PS-AgNPs conjugates have been tested in biofilms than bacteria. Most
of these PS-AgNP combinations, comprised of photosensitizers such as toluidine blue, methylene
blue, and curcumin, reportedly displayed inhibition of biofilm formation (Figure 1.4). There has
been only one study that has studied penetration of PS-AgNP within biofilms as well as red-light
induced eradication of biofilms (S. aureus and E. coli) 7". This study also points to the fact that
smaller and positively charged PS-AgNPs show greater penetration within biofilms. The
PDI/AgNP synergistic effect has been demonstrated in multiple biofilm-forming bacterial strains

such as Pseudomonas aeruginosa, Enterococcus faecalis, and Streptococcus mutans 1% 11113,
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Figure 1.4 Summary of PS-AgNP nanocomposites design for the light-activated inhibition and

elimination of bacterial biofilms

Table 1.1 List of PS and AgNP combinations reported for antibacterial applications (antibiotic-

resistant bacterial and non-resistant bacterial strains)

Nanoparticle | Photosensitizer Conjugation | Bacterial Light Refere
Design chemistry species tested source nce
AgNP  core | Hematoporphyrin | Adsorption | Methicillin White 8, 10L,
with IX (HPIX) resistant light; 408 | 192
mesoporous meso-porphyrin Staphylococcus | mW/cm?;
silica shell | IX (PIX) .aureus (MRSA) | 300
(40-50 nm/ 2- | meso-tetra(4- (ATCC BAA-44) | mW/cm?
17 nm shell | carboxyphenyl) Staphylococcus
thickness) porphine (TCPP) epidermidis

Cu(I) (ATCC 35984)

mesotetra(4- Escherichia coli

carboxyphenyl) (E. coli ATCC

porphine (Cu- 35218)

TCPP) Acetobacter

tris(2,20- baumannii (drug

bipyridyl) resistant) (ATCC

dichlororuthenium 19606)

(I)  hexahydrate Trichophyton

(RuBPy) rubrum
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rose bengal (ATCC 28188)
(RB)
Silver Methylene blue Physical Streptococci Diode Red | %% 11
nanoparticles mixture laser (660
nm; 180
Serratia J/em?)
marcescens LED Red
(SM), (660 nm;
Escherichia coli, | 6.8 mW;
Klebsiella 180 J/cm?)
pneumoniae
(KP),
Pseudomonas
aeruginosa (PA),
and Enterobacter
cloacae (EC)
Silver Zn-meso- Electrostatic | Staphylococcus | 595 nm | 16
Nanoparticles | 5,10,15,20-tetra(4- | self-assembly | aureus LED (
pyridyl) 15min, 40
Zn-meso- J/em?)
5,10,15,20-
tetrathienyl
Zn-meso-5-(4-
hydroxyphenyl)-
10,15,20-tris(2-
thienyl)
Silver TMPyP Physical MRSA, LED (414 |°°
nanoparticles | (5,10,15,20 — mixture extended- nm; 54
tetrakis(N- spectrum  beta- | mW/cm?
methylpyriminium lactamases-
-4-yl) porphyrin) producing
(ESBL)
Klebsiella
prneumoniae
AgNP Phthalocyanines | Coordination | S. aureus (ATCC | Visible 85
(spherical, via NH2 and | 6538) light (
triangular and COOH 300W, 90
cubic) groups of min)
cysteinyl

moiety
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AgNP Protoporphyrin IX | NHS-EDC MRSA  (ATCC | White 94
chemistry for | BAA 44 strain) light (
linking Wild type MDR | 400- 700
cysteamine E. coli nm; 56 + 2
mW/cm?)
AgNP in-situ | Zinc PS linked to | E. coli, ATCC | LED light | *°
synthesized pthalocyanines cellulose 8739) (75
with cellulose fabric via | S. aureus (ATCC | mW/cm?,
fabric EDC 6538) 10 min,
chemistry. No | methicillin 660 nm)
direct link | MRSA
with AgNPs | (ATCC
33591)
Silver Tetraphenylporphy | Electrospinni | Staphylococcus | LED (405 |
nanoparticles | rin (TPP) ng; No direct | epidermidis nm; 3
(2 nm) link with | Enterococcus hours; 400
(embedded in AgNPs faecalis mW/cm?
PMMA fibers)
Polymeric Protoporphyrin Self- MDR S. aureus | Laser, 635 | /¢
nanoparticles | (located in core) assembly of | Xen36 nm, 0.25
with PpIX PpIX with co- W/em?, 10
core and block min
AgNP polymer. No
embedded direct  link
within with AgNPs
polymeric
shell
Silver Curcumin Adsorption E. coli Blue LED | !
nanoparticles light 470
+ Copper- nm (72
doped MSN J/em?)
Silver Chlorin e6 (Ce6) | Ceb MRSA  (ATCC | Red laser | %
nanoparticle functionalize | 29213); (655 nm,
with d on AgNP | E. coli (ATCC | 300
polydopamine via PDA shell | 25922) mW/cm?,
(PDA) shell 10 min)
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Table 1.2 List of PS and AgNP combinations reported for inhibition and elimination of biofilms

Photosensitizer NP design Biofilm strain | Type of biofilm tested | Reference
(Inhibition VS
Elimination)

Toluidine blue O | Electrostatic Enterococcus Inhibition 110, 111

(TBO) interaction with | Faecalis (tested in planktonic
AgNPs Streptococcus | bacteria)

mutans

Methylene blue Electrostatic S.aureus Inhibition 13
interaction with | P. aeruginosa | (tested in planktonic
AgNPs bacteria)

Curcumin Physical mixture | P. aeruginosa | Inhibition 14
(tested in planktonic
bacteria)

Chlorin e6 PEI conjugated | E. coli Inhibition 77
Ceb6 S. aureus (tested in planktonic
electrostatically bacteria) and
linked with Elimination (tested in
AgNP mature biofilm)

1.7 Summary of the thesis

With the rise in antibiotic resistance (AR) and multidrug-resistant (MDR) bacteria, there is
an urgent need for novel antibacterial agents that can exert antibacterial action via multiple
mechanisms. Nanoparticles such as silver nanoparticles (AgNP) are an excellent candidate due to
their unique optical and physiochemical properties and innate broad-spectrum antibacterial
activity. Taking advantage of these properties, recent studies have indicated that photosensitizers
(PS) and AgNP combinations result in synergistic antibacterial effects. Based on these studies, the
increased ROS production drives the synergistic antibacterial effect of light-activated PS-AgNP
conjugates. However, a crucial aspect of these light-activated PS-AgNPs is the release of Ag"
cations, which is not investigated in the literature. This thesis is focused on developing light-
activated PS-AgNPs and evaluating their light-responsive antibacterial effect in ARBs, methicillin-

resistant Staphylococcus aureus (MRSA), and multidrug-resistant Escherichia coli and inhibit
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biofilm formation in Vibrio cholerae. The major focus of this thesis is to understand the role of
Ag" release in the antibacterial synergy PS-AgNP and modulate it for elevated antibacterial effect

in ARBs and biofilm inhibition.

Chapter 2 reports the synthesis and characterization of protoporphyrin IX conjugated AgNP
(PpIX-AgNP). To evaluate the effect of positive surface charge on the antibacterial properties of
these nanomaterials, PpIX-AgNPs were further modified with polyethyleneimine (PEI) to afford
PEI-PpIX-AgNPs. The chapter includes an in-depth study detailing the Ag" release kinetic post-
light irradiation to understand their role in antibacterial synergy. The synergistic effect of this
approach was successfully evaluated against Gram-positive and Gram-negative bacteria, an MRSA
strain, and an MDR E. coli, respectively. Finally, the biocompatibility of the synthesized
nanoparticles against mammalian cells (HeLa cells) was examined at the observed bacterial

inhibitory concentration.

Next in Chapter 3, the effect of bacterial cell culture composition and modulation of light
irradiation strategy on Ag" release kinetics and subsequent antibacterial activity was studied. The
PpIX-AgNPs developed in Chapter 2 are used here and their colloidal stability is evaluated in
realistic bacterial culture media, nutrient broth (NB), tryptic soy broth (TSB), and Luria Bertani
broth (LB). This chapter also reports on the advantage of introducing a dual-step irradiation setup
(2 cycles of irradiation) to increase Ag" release efficiency to achieve antibacterial action at lower
PpIX-AgNP concentrations. The subsequent antibacterial effect of PpIX-AgNPs against MRSA

(tested in NB) under single and dual-step irradiation setup is reported here.

Chapter 4 presents preliminary work evaluating PpIX-AgNP, as a light-activated
antimicrobials, to inhibit biofilm formation in V. cholerae. Additionally, chapter 4 includes an

investigation of nanoparticle transport within mock biofilms. The mock biofilm was used to
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simulate the extracellular polymeric substance (EPS) structure of the biofilm and fluorescent
nanoparticles (FNPs) transport across the mock biofilm was evaluated using z-stack enabled

confocal microscopy.

Finally, chapter 5 summarizes the main conclusions drawn from this thesis. This chapter also
includes the future direction of these light-activated PpIX-AgNP for ARBs treatment and

elimination of biofilms.
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2 CHAPTER 2: INFLUENCE OF SILVER ION RELEASE ON THE INACTIVATION
OF ANTIBIOTIC-RESISTANT BACTERIA USING LIGHT-ACTIVATED SILVER

NANOPARTICLES

2.1 Introduction

With the rise in multidrug-resistant (MDR) bacteria, there is an urgent need for new
antibacterial agents with targets that have low possibility of developing resistance through
mutation, and that can overcome the latest bacterial resistance mechanisms '*2!. It is desired that
novel antibacterial agents inhibit bacteria via multiple mechanisms with bactericidal actions that
do not involve specific biochemical pathways. In recent years, great attention has been directed to
the use of antimicrobial nanoparticles (NPs) as an alternative with novel non-specific low-mutation
bacterial targets '* !'7. Antimicrobial NPs inactivate microorganisms via non-specific pathways
with multiple targets involving a combination of cell membrane lysis and reactive oxygen species
(ROS) generation to degrade cellular compounds '* !, Thus, antimicrobial NPs have a high
barrier against resistance development. Moreover, the use of nanoscale antimicrobials allows for
increased bioavailability by promoting transport through the cell membrane to the target site ''”-
19 Silver nanoparticles (AgNPs) have gained wide use in different antimicrobial research areas
because they significantly inhibit several Gram-positive and Gram-negative bacteria and have a
lower tendency for antibacterial resistance development % 120121 Consequently, several studies
have been conducted to fully understand the antibacterial mechanisms of AgNPs to promote its
antimicrobial applications '* 12 123 These studies have elucidated that the antibacterial action of
AgNPs is mainly based on the localized release of silver ions (Ag") from the surface of AgNPs.
The released Ag" affords bacterial inactivation due to interaction with enzymes and proteins, and

high ROS production '* 121:123-125 Therefore, AgNPs act as a reservoir of Ag" that are released by
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oxidative dissolution in aerobic or other oxidative conditions 2% 27, Hence, the design of novel
strategies that increase the oxidation of AgNPs to enhance the release of Ag" ions can have a major

impact on the antimicrobial features of AgNPs.

Photosensitizers (PSs) are molecules that upon the absorption of light generate ROS. PSs
have also been used to inactivate bacteria by causing oxidative stress or damage to cellular
components when irradiated with visible light, this approach is called photodynamic inactivation
(PDI) 29 121. 125 Recent studies have shown that the PS-AgNP combination has a synergistic
antimicrobial effect. These studies demonstrated that the synergistic antimicrobial effect of PS-
AgNP conjugates in bacteria (non-resistant) is concentration dependent and contributed by the

124, 128-31 = However, there is a lack of

oxidative stress due to enhanced ROS production
understanding of the impact of the light-mediated release of Ag" in these systems, which is also a
critical parameter that contributes to the antibacterial synergy in PSs and AgNPs conjugates.

Herein, we report an in-depth study to understand the role of PS-mediated ROS generation to

increase Ag" release and its antimicrobial effect against antibiotic resistant bacteria (ARB).

In this chapter, we synthesized PS-modified AgNPs using protoporphyrin IX (PpIX) as PS.
PpIX has been extensively used as an effective antimicrobial agent either as single molecule or
attached to different materials '3 3%, The surface of AgNPs were functionalized with a thiol
derivative of PpIX to afford conjugated PpIX-AgNPs (Figure 2.1). Moreover, to evaluate the
effect of positive surface charge on the antimicrobial properties of these nanomaterials, PpIX-
AgNPs were further modified with polyethyleneimine (PEI) to afford PEI-PpIX-AgNPs. The
physicochemical and photophysical properties of these NPs were characterized. We studied the

release of Ag” from these materials in the presence or absence of light. The synergistic effect of
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this approach was successfully evaluated against Gram-positive and Gram-negative bacteria, a
methicillin-resistant Staphylococcus aureus (MRSA) strain, and an MDR Escherichia coli strain,
respectively. It is noteworthy to mention that over 50% of all clinically reported infections from
seven organisms are caused by S. aureus and E. coli *> ', Finally, the biocompatibility of the three
nanoparticles against mammalian cells was examined at the observed bacterial inhibitory
concentration. We envision that the results obtained in this work will help to optimize the
performance of light-activated AgNP platforms. Moreover, it could have a major impact on
reducing some of the recent safety concerns associated with colloidal AgNPs such as argyria and

other adverse effects leading to human death 2!,

a) Nanoparticles Synthesis and Characterization

AgNP

!

b) Ag® Release Profile c) Bacteria Inactivation d) Cytotoxicity in Mammalian Cells
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Figure 2.1 A) Synthesis of PpIX-AgNPs and PEI-PpIX-AgNPs. B) Ag+ release profile obtained

post-light activation using ICP-OES. C) Antimicrobial activity of the light irradiated nanoparticles
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assessed by drop plate colony count method. D) Cytotoxicity in mammalian cells performed via

MTS assay.

2.2 Experimental Section

2.2.1 Synthesis and characterization of nanoparticles: AgNPs, PpIX-AgNPs and PEI-PpIX-

AgNPs.

Synthesis of AgNPs.

All glassware used for the synthesis of AgNPs were cleaned with aqua regia (3-parts in

volume of hydrochloric acid and 1-part in volume of nitric acid) prior to their use.

AgNPs were synthesized based on the co-reduction method using sodium citrate and tannic
acid 1*°, Briefly, a 100 mL aqueous solution of 5 mM trisodium citrate and 0.25 mM of tannic acid
were brought to a boil at 100 °C under vigorous stirring. A condenser was used to prevent loss of
water. As the solution starts boiling, 1 mL of aqueous solution of 25 mM silver nitrate was added
to the solution in one shot leading to an immediate color change from colorless to yellow. The
solution was removed from the heat and cooled at room temperature under constant stirring. The
AgNPs were centrifuged at 12000 rpm for 15 min to remove excess of tannic acid and further
washed with water three times under the same centrifugation conditions. As-synthesized AgNPs

are stored in nanopure water.

Synthesis of PpIX conjugated AgNPs (PpIX-AgNPs).

The PpIX-AgNPs were obtained by reacting AgNPs with cysPpIX (1:0.5 mass ratio)
(Scheme S2). A solution of cysPpIX in DMF (1 mg/mL) was prepared. AgNPs (1 mg) were
centrifuged down at 12000 rpm for 15 min to remove the water. Following this, 1 mL of DMF was

added and sonication was used to disperse the AgNPs. This solution was transferred to a 20 mL
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scintillation glass vial and 500 pL of previously prepared cysPpIX solution in DMF was added.
An additional 3.5 mL of DMF was added and the reaction mixture was vigorously stirred for 48 h
at room temperature. After the reaction, the unreacted cysPpIX was collected via centrifugation
at 12000 rpm for 15 min. Nanoparticles were washed three times with DMF and separated under
the same centrifugation conditions. The supernatant collected was analyzed using UV-Vis
spectrophotometer to determine the amount of PpIX conjugated on AgNPs surface. A typical batch
fabricated under the above-mentioned conditions produced 1.2 + 0.1 mg of PpIX-AgNPs. The

PpIX-AgNPs were stored in DMF under dark conditions.

Synthesis of PEI coated PpIX-AgNPs (PEI-PpIX-AgNPs).

The PpIX-AgNPs were coated with polyethyleneimine (PEI; MW = 10 KDa) based on the
electrostatic interaction between the polymer and the nanoparticles. An aqueous solution of PpIX-
AgNPs and PEI were mixed in a 1:10 mass ratio. Briefly, 1 mg of PpIX-AgNPs were centrifuged
down and dispersed in 1 mL of nanopure water using sonication. Separately, 10 mg of PEI was
weighed in a scintillation vial and dispersed in 5 mL of nanopure water to get a concentration of 2
mg/mL. Finally, 5 mL of the PEI solution was mixed with 1 mg/mL of PpIX-AgNPs, and the
solution was vigorously stirred at room temperature for 24 h. Following this, the material was
washed three times with nanopure water and stored at room temperature under dark conditions.

PEI coating was confirmed via zeta potential measurement.
2.2.2 Light-mediated release profile of Ag+ ions from nanoparticles.
The Ag" quantification was evaluated using inductively coupled plasma - optical emission

spectroscopy (ICP-OES) (Optima 3000, Agilent). Samples obtained from digested and release

experiments were introduced into plasma by peristaltic pump and discharged as an aerosol
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suspended in argon gas. The data acquisition was performed in triplicates with the torch assembly
in the axial mode. The default acquisition parameters used are RF = 1.2 kW; auxiliary gas flow =
1 L/min, nebulizer gas flow = 0.7 L/min; plasma flow = 12 L/min, pump speed = 12 rpm;
stabilization time = 15 s; sample uptake time = 25 s; Rinse time = 30 s and Ag analytical line =

328.068 nm.

To determine the total amount of Ag” in all samples, aliquots of the nanoparticles were
digested by performing a “cold digestion” followed by “hot digestion” 3¢, The digestion protocol
was optimized and modified in terms of time and volume. Cold digestion includes mixing 50 pg
of NPs with 2.5 mL of concentrated HNO3 and incubating at room temperature for 30 min. Later,
this mixture was heated under 150 °C using an oil bath for 4-6 h to allow excess HNOs3 to evaporate
(hot digestion). The remaining volume was measured using a graduated cylinder and diluted using
2% HNOs. The samples were filtered through a 0.22 pm polyethersulfone (PES) membrane before
ICP-OES analysis. A calibration curve was obtained using an Ag silver standard diluted in 2%
HNO; to prepare standard concentrations of 10, 25, 50, 100 pg/L (Figure S5a). A new set of
calibration curves were generated for each run. The total amount of Ag™ digested (in pg) was
calculated using the calibration curve and expressed in terms of Ag" amount per ug of NP (%)
(Table S1). The concentration of AgNPs and PpIX-AgNPs (1.5 pg/mL) used for release and
bacterial experiments was also digested using the same protocol to calculate the total Ag" digested

(Figure S5b).

The release kinetics of Ag” was tested in Dulbecco’s phosphate buffer solution (DPBS, 1X)
and nanopure water. Stock solutions of AgNPs (water), PpIX-AgNPs (DMF) and PEI-PpIX-

AgNPs (water) equivalent to 150 ug/mL of AgNPs were prepared for the analysis. The stock
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samples were diluted 100 times with the relevant media (PBS or water) to obtain 3 mL of sample.
A Petri dish (60 x 15 mm) containing 3 mL of each sample was prepared using the stock solution
such that the final concentration is 1.5 pg/mL in terms of AgNPs. Each Petri dish containing the
samples was irradiated with a white light source (400-700 nm; 56 = 2 mW/cm?) for 20 min. Before
irradiation, 200 puL sample was withdrawn indicating the time point as 0 min. Then, 200 puL was
collected at specific time points from each sample at 5, 10, 20, 30 min, 1, 2, 4, 6, 12, 24 h. The
collected samples were immediately centrifuged for 10 min at 13000 rpm and the supernatant was
collected for ICP-OES analysis. The same experiments were repeated in the dark as control by
covering the Petri dishes with aluminum foil to avoid unwanted light exposure. The Ag"
concentration obtained for each time point was normalized based on the lowest initial amount of
Ag’, which is associated with PEI-PpIX-AgNPs. The kinetic release rates were determined by
performing linear fit on the Ag" release kinetic plots using OriginPro 2021 (Academic version).

The R? and slope values corresponding to burst and slow release were recorded (Table S4).

2.2.3 Bacterial inactivation experiment.

The antimicrobial activities of AgNPs, PpIX-AgNPs and PEI-PplX-AgNPs were examined
against a MRSA strain (BAA 44) purchased from ATCC and a wild-type MDR E. coli strain
(accession number PRINA806466). The MDR E. coli was isolated from Class B biosolids
amended soil ', Details of the MDR E. coli sequence protocol and data analysis are provided in
the ESI. It was confirmed to be resistant to tetracycline, gentamicin, ampicillin, sulfamethoxazole-
trimethoprim and ciprofloxacin using the CLSI M100 Performance Standards **8. Stock solutions
of AgNPs and PpIX-AgNPs were prepared in DMF; while PEI-PpIX-AgNPs was prepared in

nanopure water (18 MQ-cm). A single bacterial colony of each strain was aseptically picked from
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the top of a LB agar plate using a sterile loop and inoculated into sterile LB broth media. Bacteria
cells were grown overnight (~ 18 h) at 37 °C under continuous gentle shaking at 200 rpm.
Overnight cells were harvested the following day by centrifugation at 7000 rpm for 5 min, washed
twice with PBS and resuspended in 1X DPBS to achieve an absorbance of 0.5 McFarland turbidity
standard (~1.5 x 108 CFU/mL). Before light irradiation, 2,970 pL bacteria cells in 1X DPBS were
incubated at room temperature in the dark for 30 min with 30 pL of each sample to achieve a
working concentration of 1.5 pg/mL for AgNPs, and 1 uM cysPplX-1.5 pg/mL AgNPs for PplX-
AgNPs. The resulting DMF concentration in the final reaction volume was < 1%. Thereafter, cells
were irradiated for 20 min without stirring in a petri dish (60 x 15 mm) with a white light source
(400-700 nm; 56 + 2 mW/cm?). The surviving cells were counted after 0, 4, and 24 h post
irradiation in triplicate using the drop plate colony count method 3. At specific time point, 100
pL of the sample was withdrawn, serially diluted and 20 pL of each dilution was spotted on LB
agar. The bacterial log inactivation was estimated using Equation 1. In all experimental groups,
negative control and dark control samples were counted. A physical mixture of AgNO3 and
cysPpIX was used as a positive control. The concentration of AgNO3 used corresponds to the

amount of maximum Ag* (ug/L) released from the conjugate samples.
Log inactivation of bacteria = log% 1)
t

where C, is the concentration (CFU/mL) of bacteria without the addition of nanoparticles and C;
is the bacterial concentration after the addition of nanoparticles and (or) light irradiation after time

t.
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2.2.4 Cytotoxicity in mammalian cells.

AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs were tested in Hela cells to assess their
cytotoxicity in mammalian cells. HeLa cells obtained from ATCC were cultured in RPMI media
supplemented with 10% FBS and 1% pen-strep at 37 °C with 5% CO> exposure. The in vitro
cytotoxicity was carried out using the CellTiter 96 Aqueous Assay (MTS assay). HeLa cells were
grown in 96-well plate at 1000 cells per well for 24 h before inoculation. Post cell adherence,
media was discarded and cell media containing the nanoparticles (1.5 pg/mL) were inoculated.
Post 30 min incubation, cells inoculated with nanoparticles were irradiated with Biotable power
source with RGB LED array for 20 min (450- 475 nm; 34.5 mW/cm?) and incubated for 24 h at
37 °C with 5% CO; exposure. After incubation, the media was removed, and the cells were washed
with PBS. To each well, 100 puL of media was added followed by the addition of 20 uL of CellTiter
96 Aqueous assay. The plates were incubated for 2.5 h at 37 °C and the absorbance at 490 nm was
measured using plate reader Multiskan FC. Cell viability was calculated by subtracting absorbance

with that of media and using equation 2.

NP %100 )

Cell Viability (%) =

where, Ay, is the absorbance of cells treated with nanoparticles and A, is the absorbance of

untreated cells.

2.2.5 Statistical Analysis

Graphs and statistical analyses were performed using OriginPro 2021 (Academic Version).

Statistical significance between disinfection trials was assessed by one-way analysis of variance
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(ANOVA). All the statistical analyses were performed with a = 0.05 and reported as stars assigned

to the p-values: ***p < 0.0001, **p < 0.001, *p < 0.05, and ns p > 0.05.

2.3 Results and Discussion

2.3.1 Nanoparticles: Synthesis and Characterization.

Synthesis of cysteamine-modified PplX (cysPplX)

The synthesis of cysPpIX was carried out through a two-step synthetic approach (Scheme
S1). Herein, the carboxylic acid groups on PpIX were activated using NHS rendering ester groups
(sePpIX) followed by a nucleophilic acyl substitution reaction with cysteamine to form cysPplX
140. 141 'The successful generation of the PpIX derivatives (sePpIX and cysPpIX) was confirmed
using FT-IR, UV-Vis, 'H NMR and MALDI-MS, (Figures S1-S3). The FT-IR shows a C=0
stretching at 1739 cm! indicative of ester group and C=0 stretching at 1810 cm™ and 1778 cm’!
associated with NHS molecule confirming the synthesis of sePpIX (Figure S1a). After nucleophilic
acyl substitution with cysteamine, a C=0 stretching at 1643 cm™ and N-H stretching at 3312 cm’!
were observed, which correspond to formation of amide bond (Figure Sla). UV-Vis spectra
indicate minimal difference for Soret-band at 405 nm between PpIX, sePpIX and cysPpIX (Figure
S1b). However, the Q-bands observed at 510, 550, 625 and 650 nm in PpIX and sePpIX underwent
a slight redshift for cysPpIX (Figure S1b). '"H NMR analysis also confirmed the successful
synthesis of sePplX and cysPpIX (ESI and Figure S2). The synthesis of sePpIX and cysPpIX was
further confirmed based on the MALDI-MS peaks at 758.44 (calculated=756.30) and 678.90

(calculated = 680.93) respectively (Figure S3).

Synthesis and characterization of AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs
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AgNPs were synthesized following the co-reduction method using sodium citrate and
tannic acid '*°. As-synthesized AgNPs were functionalized with cysPpIX following previous
protocols that take advantage of the strong Ag-S affinity > '*3. Further modification of the
platform was carried out with PEI using the electrostatic interaction between the nanoparticles and
PEI polymer (Scheme S2). The as-synthesized AgNPs were spherical with a diameter of 42.2 +
7.8 nm (n = 150) as measured by TEM (Figure 2.2). The TEM size of PpIX-AgNP is 42.2 £ 8.9
nm (n = 150) and of PEI-PpIX-AgNP is 37.2 £ 7.3 nm (n = 150), indicating no statistical difference
between them and the parent AgNPs (Figure 2.2a). The hydrodynamic diameter of AgNPs in PBS
is 36.3 £ 1.1 nm with a polydispersity index (PdI) of 0.20 (Figure 2.2b). {-potential shows that the
surface is negatively charged (-49.1 + 5.5 mV) due to the presence of citrate molecules as capping
agents (Table S2). The hydrodynamic diameter of the PpIX-AgNPs slightly increases to 55.6 + 6.7
nm with PdI of 0.43 in PBS. These values clearly indicate that aggregation can be associated with
the presence of PpIX on the surface of AgNPs. (-potential also shows minimal difference with a
value of -57.3 = 4.8 mV. Successful synthesis of PEI-PpIX-AgNP was confirmed by the positive
C-potential value of 27.1 + 1.7 mV. PEI-PpIX-AgNP further lead to higher hydrodynamic size in
PBS with 137.6 + 4.0 nm and PdI = 0.29. All the DLS and C-potential measurements are

summarized in Table S2.

UV-Vis spectroscopy of AgNPs depicts an absorption band with a maximum wavelength
at 427 nm (Figure 2.2 d), which is characteristic of the surface plasmon resonance (SPR)
associated with metallic nanoparticles '**. UV-Vis spectrum of PpIX-AgNPs clearly indicates the
presence of PpIX corresponding to the Soret- and Q-bands. PpIX-AgNPs shows a strong
absorption band from 350-500 nm with a maximum at 430 nm, which is the result of the overlap

between the SPR and the Soret-band of PpIX. The amount of PpIX loaded on the nanoparticle was
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determined using a calibration curve of cysPpIX at 500 nm as indicated in the experimental section
(Figure S4). The percentage of PpIX loading was found to be around 45 £+ 0.57 % (n=6). This value
was further confirmed by determining the amount of Ag in the PpIX-AgNPs using ICP-OES (Table

S1).
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Figure 2.2 Characterization of AgNPs, PpIX-AgNPs, and PEI-PpIX-AgNPs. a) TEM images for
AgNPs, PpIX-AgNPs and PEI-PpIX-NPs. b) Dynamic light scattering plot in PBS for AgNPs
(red), PpIX-AgNPs (blue) and PEI-PpIX-AgNPs (green). c) UV-Vis spectrum for AgNPs (red)

and PpIX-AgNPs (blue).

The ability of PpIX attached to AgNPs to generate singlet oxygen ('0,) was evaluated by
determining the 'O> quantum yield (®x). For this experiment, 9,10 dimethylanthracene (DMA)
was used as the 'Oz probe and its decay at 380 nm with respect to the irradiation time was used to

calculate @4 (Table S3) 46145 The lower @4 value for PpIX-AgNPs (®a = 0.01) compared to and
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the parent porphyrin cysPpIX (®a = 0.38) could be attributed to the fact that the 'O, released by
PpIX is in close proximity to AgNPs; therefore, it is selectively oxidizing the surface of the
nanoparticles to release Ag" ions as demonstrated in the section below. This surface effect will

leave a very low amount of 'O, remaining to react with the DMA probe.

2.3.2 Investigation of the release profile of Ag+ from AgNPs, PpIX-AgNPs and PEI-PpIX-

AgNPs.

Previous reports have described the combination of PSs with AgNPs 124 128-131. 146 ‘Mgt of
these studies are limited to demonstrating the increased antimicrobial effect of PS-AgNPs in terms
of enhanced PS photochemical properties. As far as we know, only one study has investigated the
oxidative effect of PSs on the release of Ag" after light irradiation !4, In this work, the increase in
Ag' release from phthalocyanine-AgNPs was analyzed only at 1 h post-irradiation. A synergistic
effect was observed for the elimination of bacteria. A kinetic study detailing the Ag" release during
and post-light irradiation is critical to understanding their role in antibacterial synergy. Herein, we
performed an in-depth study of the impact of light-activated generation of ROS through PpIX on
the release kinetics of Ag". Two different media were investigated; nanopure water and DPBS, and
a broad white light (400-700 nm; 56 £ 2 mW/cm?) was used as a light source. For these
experiments, the Ag" release kinetics from AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs was
evaluated in two distinctive stages; first, the one associated to light irradiation for 20 min, “burst
release”; and the second one, due to the long-term dissolution of Ag" in the two different aqueous
media, “steady release.” As seen in Figures 2.3a and S6, after light irradiation in water, PpIX-
AgNPs showed a burst release within the first 20 minutes (release rate = 8.56 ug L' min™)
followed by a constant increase in Ag” release in the next 24 h (release rate = 0.02 ug L' min™).

On the contrary, the minimal release of Ag" was observed in water for PEI-PpIX-AgNPs (Figure
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2.3a). Most likely due to the strong interaction between Ag" ions and amine groups in the PEI '#.

Moreover, a reduction in the oxidative effect of the ROS produced by PpIX on the surface of the
AgNPs could be also associated to the presence of PEI . In the case of AgNPs, a slow release
(release rate = 0.04 ug L' min™') was observed after 720 min. The total Ag"* released achieved for
PpIX-AgNPs in water was 22% wt. Control experiment in water without light irradiation show a
minimal release of Ag" from these nanoparticles (Figure S7a). The release of Ag” from AgNPs in
water in the absence of a PS has already been studied '*>!, The presence of oxygen in water
affords the oxidation of AgNPs resulting in a slow release of Ag* 1°% 152153 PpIX-AgNPs platform
in the presence of light increases 25-fold the release of Ag". The burst release is most likely directly
associated with the oxidation of the AgNPs surface in presence of 'O,, which is the main ROS
produced by PpIX 3% 155 The lifetime of 'O in water is 3-5 us with diffusion coefficient 2 x 107
cm?/s, which limits their activity to a distance of 125 nm '°% 7 However, in biologicals systems,
this distance further reduces to less than half of the one mentioned above 37> 138, Therefore, the
close proximity of the generation of 'O to the surface of AgNPs accounts for the fast Ag” release

kinetics in the first 20 min during the time of light irradiation.

To take in account the effect of the media, the release of Ag* from AgNPs, PpIX-AgNPs
and PEI-PpIX-AgNP were also examined in DPBS. DPBS is a buffer solution composed of
potassium chloride (KCl), potassium phosphate monobasic (KH2POj4), sodium phosphate dibasic
(NaoHPO4-7H20) and sodium chloride (NaCl) that is widely used to simulate physiological
conditions. A similar trend was observed for the release profile in DPBS associated with PpIX-
AgNPs after light irradiation with a burst release in the first 20 minutes (release rate = 19.18 pg L
! min) followed by a steady release (release rate = 0.08 pg L' min™) during the rest of the

experiment (Figure 2.3b). In the case of PEI-PpIX-AgNPs, a similar two stages release behavior
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was observed; first the burst release (release rate = 13.53 pg L' min™) followed by a steady phase
(release rate = 0.11 ug L' min!) (Figure 2.3b, Figure S6). Interestingly, in DPBS the interaction
between Ag” and amine groups seems that is not strong enough to completely stop the release of
the Ag" ions. It has been reported that the different ions in DPBS (e.g., KCI, NaCl, KH2PO4, and
Na;HPO4) can have a screening effect on the interaction between Ag* and the amines 3% 5% 160,
Finally, a constant release of Ag* from AgNPs is observed (release rate = 0.12 pg L' min™!) during
the whole experiment (Figure 2.3b). The total amount of Ag" released was 25, 60, and 50% wt for
AgNPs, PpIX-AgNPs, and PEI-PpIX-AgNPs, respectively (Figure S8). These amounts are at least
2.5 times higher than the one obtained in water, as an indication that different media has a
significant impact on the release of Ag* 13% 11 [t has been reported that the presence of NaCl in
the aqueous media could have an impact on the rate of dissolution of Ag" 62, Therefore, we
hypothesize that the presence of Cl ions can account for some of the Ag" release differences
between water and DPBS observed in this work 6. Control experiments for PpIX-AgNPs and

PEI-PpIX-AgNPs in DPBS without light irradiation only show a steady release of Ag" ions, which

is like the one observed for AgNPs (Figure S7b).
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Figure 2.3 Ag" release kinetics for AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs measured in a)

water or b) DPBS. A zoom-in of the first 20 minutes are localized on the right.

2.3.3 Bacteria inactivation
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Figure 2.4 Inactivation of MRSA (a-b) and MDR E. coli (c-d) under light-activated conditions
(400-700 nm; 56 £ 2 mW/cmz2). The time point O h indicates the inactivation achieved after light
irradiation for 20 min. The other two time points; 4 and 24 h show the bactericidal effect post-
irradiation. Error bar is the standard error of mean (SEM) of three independent replicate
experiments. All the statistical analyses were performed with a« = 0.05 and reported as stars

assigned to the p-values: ***p <0.0001, **p <0.001, *p < 0.05, and ns p > 0.05.
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MRSA and MDR E. coli are one of the most common causes of human and animal
antibiotic resistant infections 2> 12> 194 These pathogens are considered as serious threats by the
Centers for Disease Control and Prevention (CDC) and are part of the “nine bacteria of
international concern” *°. Therefore, MDR E. coli and MRSA are ranked in the Priority 1 and 2
of the World Priority List of ARB for R&D of new antibiotics by the World Health Organization
(WHO) 3. The antimicrobial properties of AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs were tested
against MRSA (ATCC BAA 44 strain) and a wild type MDR E. coli. The log bacterial inactivation
achieved using these NPs under dark and light conditions are presented in Figure 2.4. For all cases,
the concentration of AgNPs in all samples was kept constant at 1.5 pg/mL while cysPpIX
concentration was 1uM in PpIX-AgNPs and PEI-PpIX-AgNPs. These concentrations were chosen
based on the results from preliminary concentration optimization experiments. All microbes were
incubated with NPs in the dark for 30 min prior to visible light irradiation (400—700 nm; 56 + 2
mW/cm?) for 20 min. Subsequently, samples were collected post-irradiation at 0 h (i.e.,
immediately after irradiation), 4 h and 24 h post-irradiation. A similar protocol was followed for
the dark controls. The results indicate that 1.5 pg/mL of AgNPs achieved < 1-log inactivation of
MRSA both under light and dark conditions even after 24 h of exposure (Figures 2.4a and 3b).
For PpIX-AgNPs, under dark conditions at times 0, 4 and 24 h, the log inactivation was like that
obtained for AgNPs. This low inactivation by AgNPs at 1.5 ng/mL was expected because typical
minimum inhibitory concentrations (MIC) reported for MRSA using AgNPs of similar sizes used
in this study are about 3-10 folds higher '3!: 1. However, MRSA inactivation by PpIX-AgNPs
increased to ~1.5-log following immediate irradiation for 20 min (i.e., 0 h) and continuously
increased to 2.3-log and 6.2-log after 4 h and 24 h contact time, respectively. PpIX-AgNPs

achieved the highest inactivation of MRSA amongst the three NPs examined regardless of the
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contact time (p< 0.0001) (Figure 2.4b). Control experiments using only the parent porphyrin
(cysPpIX) in the presence of light show an inactivation of ~2.5-log following immediate irradiation
(Figure S10b). Nevertheless, this effect remained constant during the rest of the experiment. Most
likely due to the short half-life (<10°%s) of the ROS species generated, which are the antibacterial

agents 166167,

The inactivation of the Gram-negative MDR E. coli showed a similar trend as the
inactivation of the Gram-positive MRSA. Under dark conditions, the log inactivation was <0.5-
log for all three NPs for time 0, 4 and 24 h (Figure 2.4¢). Similarly, PpIX-AgNPs achieved the
highest inactivation of ~8-logs after 24 h under light conditions (p< 0.0001), which is the limit of
quantification since the starting bacteria concentration ~10® CFU/mL (Figure 2.4d). Interestingly,
control experiments using only cysPpIX in the presence of light showed no inactivation of MDR
E. coli (Figure S10d) as an indication that for this microbe PDI is not effective. Previous studies
have shown that some bacteria show resistance against PDI !%% 160168 'The increase in bacterial
inactivation of MRSA and MDR E. coli by PpIX-AgNPs following light irradiation is consistent
with the patterns recorded in literature '2% 128-131. 196 "Algo  other studies have reported complete
elimination of MRSA and E. coli using AgNPs only; however, MIC are at least 5 pg/mL depending
on the physiochemical properties of the examined AgNPs 6% 131:165.16% \Whereas, in this study, only
1.5 pg/mL of AgNPs in PpIX-AgNPs resulted in complete inactivation of MRSA and MDR E.
coli. These results confirm the synergistic effect between PpIX and AgNPs to effectively eliminate

MRSA and MDR E. coli.

To deconvolute the impact on the inactivation of MRSA and MDR E. coli by using the
nanoparticulate platform PpIX-AgNPs, we evaluated the physical mixture of cysPpIX and Ag"

(AgNO:s) at the same concentrations used for the experiments with the NPs (Figure S9). For
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MRSA, under dark conditions, the log inactivation was <0.5-log, <1.0-log, and 4.5-log for times
0, 4, and 24 h. In the presence of light irradiation, the inactivation values for the same times are
4.0-log, 4.0-log, and 6.0-log (Figure S9b). These data show: first, that Ag" ions by themselves
require time to produce inactivation on MRSA; and second, that PDI has an additive effect at short
times (0 and 4 h) of the experiment. In the case of MDR E. coli in the absence of light, the log
inactivation was zero, <l1.0-log, and 6.5-log for times 0, 4, and 24 h, which are the same
inactivation values in the presence of light irradiation (Figure S9d). These results confirmed the
lack of PDI effect on the elimination of MDR E. coli. PpIX-AgNPs have a similar behavior against
MRSA as the physical mixture (Figure S9b); nevertheless, it performs better in the case of MDR

E. coli (Figure S9d).

The incorporation of positive charges in PSs or NPs has been an important strategy to
enhance their antimicrobial properties '*> 7% 71 The rationale is that electrostatic interaction
between the positively charged agents and the negatively charged surface of bacteria will bring
them in close proximity, resulting in an improved antimicrobial effect 3% 10, In this work, we
functionalized PpIX-AgNPs with PEI polymer (MW = 10KDa) (PEI-PpIX-AgNPs), which
contains amine groups that are protonated under physiological conditions. Therefore, it is expected
that this strategy would enhance the antimicrobial effect of PpIX-AgNPs 7> 17> For MRSA, under
dark conditions, the log inactivation was <1.0-log for PEI-PpIX-AgNPs at times 0, 4 and 24 h
(Figure 2.4a). In the presence of light, only at 24 h a significant increase of inactivation was
observed (3.2-log), but not comparable with the value for PpIX-AgNPs (p< 0.001) (Figure 2.4b).
PEI-PpIX-AgNPs depicted a similar performance in the case of MDR E. coli with minimal
inactivation effect in the absence of light (<0.5-log) (Figure 2.4¢) and lower increase after light

irradiation (4.0-log at 24 h) as compared with PpIX-AgNPs (p< 0.05) (Figure 2.4d). Control
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experiments using only PEI polymer depicted ~0.5-log and ~1.0-log inactivation of MRSA and
MDR E. coli, respectively, under light or dark conditions (Figure S9). The experimental results
reveal that by modifying the surface of PpIX-AgNPs with PEI did not enhance their antimicrobial
effect; on the contrary, a reduction in the inactivation was observed. This lower antimicrobial
activity of PEI-PpIX-AgNPs compared to PpIX-AgNPs can be explained by the lower
concentration of Ag" released by PEI-PpIX-AgNPs as illustrated in the previous section (Figure
2.3b). This unexpected outcome suggests that different considerations other than functionalizing
the surface of nanoparticles with groups that can render positive charge to the surface such as
amines need to be considered in the case of AgNP-based platforms that depend on the release of

Ag" to inactivate ARB.

Overall, the log inactivation of MRSA and MDR E. coli was in the order PpIX-AgNPs >
PEI-PpIX-AgNPs > AgNPs under light conditions irrespective of the contact time (Figures 2.4b
and 2.4d). The order of bacterial log inactivation correlates with the trend of Ag" release profile
(PpIX-AgNPs > PEI-PpIX-AgNPs > AgNPs) in DPBS (Figures 2.3a and 2.3b) as a clear

indication that the antimicrobial activity of this platform is driven by photo-active release of Ag".

2.3.4 Cytotoxicity in mammalian cells

Antimicrobial agents should effectively eliminate bacteria without major toxicity toward
mammalian cells. This feature is critical in biomedical applications such as wound healing '*°. In
this work, an in vitro assay was carried out to evaluate the cytotoxicity of AgNPs, PpIX-AgNPs
and PEI-PpIX-AgNPs at bacterial inhibitory concentration in HeLa cells. After 30 min incubation
with the NPs, cells were irradiated for 20 min, followed by an additional 24 h of incubation at 37
°C. The viability of HeLa cells after treatment with any of the NPs did not show any phototoxic

effect at the concentrations used to eliminate MRSA and MDR E. coli (Figure 2.5). The same
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behaviour was observed under dark conditions. Control experiments using cysPpIX, AgNO3 and
the physical mixture of both show a major cytotoxic effect for both cysPpIX and the physical
mixture in the presence of light (Figure S10). This phototoxic effect is most likely due to the
photodynamic therapy (PDT) properties of cysPpIX 7417 Interestingly, neither PpIX-AgNPs nor
PEI-PpIX-AgNPs show PDT effect against HeLa cells, most likely because most of the 'O,
generated by the PS reacts with the surface of AgNPs. Similar “quenching” effects have been
observed in other NPs carrying PSs 2% 130: 146176 “Control experiments also demonstrate that the
concentration of Ag” used to eliminate bacteria is not toxic to HeLa cells. It is reported that the
ICso of Ag" is usually higher for mammalian cells than for bacteria '2%-131: 14 Therefore, the PpIX-
AgNP platform not only offers an effective approach to eliminate MRSA and MDR E. coli, but

also shows improved biocompatibility properties against mammalian cells.

a) 120 b) 120
100 100 4
3 804 80
2 Z
S 60 5 60-
8 r:]
> >
3 3
o 40 o 40
204 20
0+ 0+
AgNP cysPplX-AgNP PEl-cysPplIX-AgNP AgNP cysPplX-AgNP PEl-cysPplX-AgNP

Figure 2.5 Cytotoxicity in mammalian cancer cells (Hela) in the (a) absence and (b) presence of

light.

2.4 Conclusions

In this work, we synthesized, characterized and applied a light-activated PpIX-AgNP

platform for elimination of ARB. PpIX-AgNPs demonstrated broad-spectrum antibacterial action
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resulting in > 7 log inactivation of MRSA and MDR E. coli. The bacterial inactivation achieved
was independent of the Gram-stain classification of the examined bacterial strains. The ROS
generated, mainly 'O, due to the irradiation of PpIX increased the release of Ag* from the surface
of the PpIX-AgNPs. We also investigated the influence of the media composition on the release
kinetics of Ag". The ionic composition of DPBS increased Ag" release with light activated PpIX-
AgNPs than in nanopure water. The cationic surface charge associated with PEI-PpIX-AgNP did
not improve bacterial inactivation since it did not allow similar Ag" release in comparison with
PpIX-AgNP. The amount of released Ag" drives the inactivation of MDR E. coli and MRSA over
electrostatic interaction from PpIX-AgNPs. In addition, PpIX-AgNPs overcame the limitations of
PpIX molecules in the PDI of MDR E. coli. All NPs showed negligible cytotoxicity to HeLa cells
at the bacterial inhibitory concentration after 24 h exposure. The successful formulation of light-
activated PpIX-AgNPs with increased potential for Ag" release would reduce the MIC of AgNPs

for therapeutic applications.

2.5 Appendix A (Supporting Information)

Materials and Methods

The following chemicals and biological media were purchased from various suppliers:
concentrated hydrochloric acid (Macron chemicals), nitric acid (Macron -chemicals),
protoporphyrin IX (Enzo Lifesciences). Polyethyleneimine (PEI) (branched, 10 kDa; Beantown
chemicals), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) (Oakwood
Chemicals), silver nitrate (AgNO3), silver standard, cysteamine hydrochloride, N-
hydroxysuccinimide (NHS), dimethylamino pyridine (DMAP), N,N-Diisopropylethylamine
(DIPEA), trisodium citrate dihydrate, 9,10 dimethyl anthracene, 1X phosphate buffer saline

solution (10 mM) (all from Sigma Aldrich), tannic acid (95%, Acros Organics), dimethyl sulfoxide,
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dimethylformamide (VWR chemicals) and dichloromethane (Alfa aesar), Nano-W negative stain
(NanoProbes), Roswell Park Memorial Institute (RPMI) media, Fetal Bovine Serum (FBS),
penicillin-streptomycin (pen-strep), 1X Dulbecco’s phosphate buffer saline (DPBS) (all from
Corning), Luria Bertani (LB) broth, LB agar (VWR Life Science). All chemicals were of reagent

grade purity or higher and were used as received. Biological media are certified nuclease-free.

Synthesis of thiol functionalized PpIX (cysPpIX).

The synthesis of cysPpIX is carried through a two-steps reaction as illustrated in Scheme S1. PpIX
was initially modified to obtain the succinimide ester derivative (sePpIX) according to the
following protocol; 112.5 mg of PpIX (0.2 mmol), 184.2 mg of N-hydroxysuccinimide (NHS) (1.6
mmol), 48.9 mg of dimethylamino pyridine (DMAP) (0.4 mmol) and 306.8 mg of 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) (1.6 mmol) were dissolved in a mixture of 10 mL
dimethylsulfoxide and dichloromethane (DMSO:DCM; 1:1 vol.) and stirred at room temperature
for 48 h. The sePplX was obtained via precipitation of the reaction using a mixture of ethanol:
water (20:80 %v) and separated using vacuum filtration. The obtained precipitate was dried under

vacuum condition and stored at —20 °C.

The sePpIX was further functionalized with cysteamine to afford a thiol functionalized PpIX.
Briefly, 40 mg of sePpIX (0.05 mmol), 23 pL of N, N-Diisopropylethylamine (DIPEA) (0.132
mmol) and 15 mg of cysteamine-HCl (0.132 mmol) were mixed in 672 pL. of DMSO. This mixture
was stirred at 80 °C for 96 h. Following this, the desired product (cysPpIX) was purified using a

mixture of ethanol:water (20:80 %v) and dried under vacuum condition.

Characterization
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The size and morphology of the synthesized nanoparticles were analyzed using transmission
electron microscopy (TEM, JEM 1230) operating at an accelerating voltage of 200 kV. The
samples were prepared by dispersing AgNPs and PpIX-AgNPs in 50 uL of ethanol. Then, 10 puL
of the sample was placed on the carbon coated copper grid and air dried for 1-2 h. The nanoparticle
size and its distribution were calculated using ImagelJ software. Sample size of 150 nanoparticles

was considered for analysis and size was finally reported as average =+ sd.

PEI-PpIX-AgNP (15 ng/uL) in water was well sonicated and 10 pL of the sample was placed on
the carbon coated copper grid. After 1-minute, excess sample was wicked off (not to dryness) using
filter paper. A single drop (5 uL) of Nano-W stain was added to the grid and excess sample was
wicked off after 1-minute. This step was repeated again, and the final grid was air dried for 24 h
at room temperature. The nanoparticle size and its distribution were calculated using ImageJ
software. Sample size of 100 nanoparticles was considered for analysis and final distribution was

plotted as a histogram.

Post-irradiation TEM analysis was performed for AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs in
water and PBS at time points: 0 h, 20 min and 24 h. Petri dishes containing individual samples
were irradiated with a white light source (400-700 nm; 56 + 2 mW/cm2) for 20 min. Then, 200 pL
of aliquots were collected at time points 20 min and 24 h. The collected aliquots were immediately
centrifuged for 10 min at 13000 rpm and the pellet was used for TEM analysis. The pellet obtained
was sonicated for 5 min and 10 pL of this sample was placed on the carbon-coated copper grid.
After 5 min, excess volume was wicked off using filter paper and the grids were dried in the oven

for 2 hat 150 °C.

Hydrodynamic size, polydispersity index (PdI) as well surface charge determination was

performed using Malvern ZetaSizer. UV-Vis spectra were obtained using Cary 300 Bio UV-Visible
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spectrophotometer (Varian). 3 mL of sample and reference solvent (DMF) was used to obtain
absorbance spectra from 200-800 nm. Furthermore, chemical changes confirming PpIX

modifications were analyzed using MALDI-MS, 1H NMR and FTIR.

sePpIX: 1H NMR (300 MHz, DMSO-d6, ppm): & 2.74 (s, 8H), 3.17 (t, 4H), 3.64-3.77 (s, 12H),
4.50 (t, 4H), 6.44-6.50 (dd, 4H), 8.48-8.60 (m, 2H), 10.27-10.38 (4s, 4H). FT-IR (cm-1): 3318 (N-
H), 2947 (C-H), 1810 (C=0), 1778 (C=0), 1739 (C=0), 1627 (CN); MALDI-MS (m/z):

Calculated: [M]+ = 756.30; Observed: [M+2]+ = 758.44.

cysPpIX: 1H NMR (300 MHz, DMSO-d6, ppm): 3.19 (t, 4H), 3.59-3.63 (dd, 12H), 3.72 (m, 4H),
4.03 (m, 2H), 4.34 (t, 4H), 6.19-6.44 (dd, 4H), 8.16-8.43 (m, 2H), 10.18-10.29 (d, 4H). IR (cm-1):
3312 (N-H), 2913 (C-H), 1741 (C=0), 1643 (C-N). Calculated: [M]+ = 680.29; Observed: [M-2]

+=678.90.

Photophysical characterization of PpIX conjugated AgNPs was performed by determining the 102
quantum yield (PA). Singlet oxygen generation was quantified by monitoring the absorbance
decay of 9,10 dimethylanthracene (DMA). The following protocol was carried put; 1 mL of 5 uM
of PS in DMF (PpIX, cysPpIX and PpIX-AgNPs) was mixed with 1 mL of 50 uM of DMA in
DMEF in quartz cuvettes (1cm x 1cm). Extreme care was taken to not expose the mixture to any
light. This mixture was irradiated at 515 nm for varying time interval (0, 1, 2, 5, 10, 20 and 30
min) using a spectrofluorometer (Shimadzu RF 5301). The decay in absorbance 380 nm was
monitored by measuring its UV-Vis spectra immediately after light irradiation and was plotted

against the irradiation time. TPP in DMF was used as the reference (PA = 0.62).
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water

AgNP PpIX-AgNP PEI-PpIX-AgNP

Scheme S3. Schematic representation of the degradation of AgNPs, PpIX-AgNPs and PEI-PplX-
AgNPs in the presence of light in water or DPBS conditions. AgNPs are usually degraded by the
medium regardless the presence or absence of light. The ions in DPBS in increase the solubility
of Ag+, which results in the enhancement of the degradation of AgNPs. The presence of the
PpIX photosensitiser upon light irradiation accelerates the degradation of AgNPs. The presence

of PEI polymer partially inhibits the degradation of AgNPs
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Figure S3. MALDI-MS spectra for PpIX, sePplX and cysPplX. Expected m/z: [PpIX]* = 562.25

/ Observed: m/z: [PpIX+1]* = 563.22; Expected m/z: [sePplX]" = 756.30/Observed: m/z:

[sePplX+2] " = 758.44; Expected m/z: [cysPpIX]" = 680.29/ Observed: m/z: [cysPpIX-2]* =

678.90.
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I PEPoiX-AgNP)

50 nm

Figure S4. TEM image of PEI-PpIX-AgNPs negatively stained to show the presence of PEI. The
thickness of PEI shell was measured using the TEM images obtaining an average of 3.0 + 0.9 nm

(n=50).
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Figure S5. (left) UV-Vis plot for supernatants collected before (control) and after (Supernatant 1-
4) the reaction between cysPplX and AgNP. (right) Calibration curve for the quantification of

cysPplX on AgNP.
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Figure S6. a) Calibration curve for Ag™ digestion and release experiments. b) Maximum Ag™ in

1.5 pg/mL of AgNP and PpIX-AgNP obtained after digestion.
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Figure S8. Ag" release kinetics in the absence of light for AgNPs, PpIX-AgNPs and PEI-PpIX-

AgNPs measured in a) water and b) DPBS.
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Figure S9. TEM images and quantification of the degradation of a) AgNPs, b) PpIX-AgNPs and
c) PEI-PpIX-AgNPs in water post-light irradiation at 20 min and 24 h. Nanoparticles diameter

was measured using Image J and plotted to determine the change in size distribution (n = 100).
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Ag + released at time point 't’ (%)
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Figure S10. Ag" release kinetic in a) water and b) DPBS expressed in % using the total amount
of Ag in the nanoparticles for AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs. Ag+ release

percentage was calculated using equation 2.
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Figure S11. TEM images and quantification of the degradation of a) AgNPs, b) PpIX-AgNPs and
c) PEI-PpIX-AgNPs in DPBS post-light irradiation at 20 min and 24 h. Nanoparticles diameter

was measured using Image J and plotted to determine the change in size distribution (n = 100).
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Figure S12. Antibacterial activity of controls tested in MRSA and MDR E. coli under light and

dark conditions.
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Figure S13. Cytotoxicity of the controls (cysPplX, AgNO3, cysPpIX+AgNO3, PEI) tested in

Hela cells in the presence (light) and absence (dark) of blue light.

2.5.3 TABLES

Table S1. ICP-OES digestion results for AgNPs, PpIX-AgNPs and PEI-PpIX-AgNPs.

Sample Digested Ag* (ug) Ag" per ug of NP (%)
AgNP 489+ 1.8 97.77
PpIX-AgNP 28.8+2.6 57.60
PEI-PpIX-AgNP 15.0+0.7 29.92

Table S2. Summary of hydrodynamic size/polydispersity index (Pdl) and {-potential for AgNPs,

PpIX-AgNPs and PEI-PpIX-AgNPs.



Sample Name Hydrodynamic Size (nm) PdI (- potential (mV)
AgNP 36.34 £ 1.11 0.2 -49.08 +£5.48
PpIX-AgNP 55.60 + 6.68 0.43 -57.28 £4.77
PEI-PpIX-AgNP 137.59 £3.99 0.29 27.11+1.71
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Table S3. Singlet oxygen quantum yield analysis (@A) using TPP (DMF) as the reference (®a =

062) }Lex =515nm.

Table S4. Summary of linear fitting parameters for AQNP, PpIX-AgNP and PEI-PpIX-AgNP.

Sample DA
PpIX 0.60
CysPpIX 0.38
AgNP-PpIX 0.01

Slope R?
AgNP Water 0.04 0.92
DPBS 0.12 0.87
PpIX-AgNP Water Burst Phase 8.56 0.99
Steady Phase 0.02 0.81
DPBS Burst Phase 19.18 0.95
Steady Phase 0.08 0.87
PEI-PpIX-AgNP DPBS Burst Phase 13.53 0.99
Steady Phase 0.11 0.92
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3 CHAPTER 3: IMPACT OF PROTEIN CORONA AND LIGHT MODULATION ON
THE ANTIBACTERIAL ACTIVITY OF LIGHT-ACTIVATED SILVER

NANOPARTICLES

3.1 Introduction

The rise of antibiotic-resistant bacteria (ARBs) has become one of the prevalent public health
threats worldwide. In 2019, ARBs were directly responsible for 1.27 million deaths 7 %. The
persistent failure of antibiotics and their pipeline crisis have compelled researchers to look at non-
antibiotic alternatives. Nanomaterials have aroused a great interest in the field of antibacterials 7’
Metal nanoparticles, nanozymes, and metal-organic complexes have been rationally designed and
developed for antibacterial applications %% 3% 178179 Among them, silver nanoparticles (AgNPs)
have shown promising outcomes due to broad-spectrum antibacterial activity reactive oxygen
species (ROS) generation, disruption of the bacterial cell membrane, interference in the metabolic
and DNA replication pathways, and denaturation of sulfur-containing proteins °* 3% 8, The release
of silver ions (Ag") plays an essential role in contributing to the antibacterial activity of AgNPs °2,
The Ag" release from AgNPs can be regulated based on the physiochemical properties of NP,
environmental conditions, and external triggers such as light °2. Among the environmental
conditions, nutrient-rich medium, pH, or ionic strength affects the AgNP colloidal stability and
Ag" release. Proteins in bacterial medium tend to associate with the surface of nanoparticles,
forming a protein layer around it, a phenomenon termed “protein corona” '8°. This NP-protein
interaction is a dynamic process affecting the stability and biological identity of the NP. It is
governed by the physicochemical properties of NP, such as size, morphology, and surface coating
181 Proteins with high affinity to the surface of the NPs are typically associated with the innermost

hard corona. However, the ones with low affinity are localized in the outermost soft corona 2. In
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the case of AgNPs, several studies have also reported that protein corona impacts the release of
silver ions and their colloidal stability, thereby hindering AgNP's antibacterial activity % 180 183185,
Vasquez detailed the role of various bacteria culture media on the stability of AgNPs and their
subsequent antibacterial activity ®. The authors emphasized that the “chemical complexity”
(diversity in the range of culture components) and composition of the bacterial medium can be
correlated to the minimum inhibitory concentration (MIC) in the E. coli strain. Therefore, at lower
peptone concentrations and minimal “chemical complexity” in the bacterial medium, the MIC of
E. coli in the presence of AgNPs reaches the lowest value, which means a more substantial

bactericidal effect. However, a systematic investigation is needed to understand the correlation of

Ag' release to the culture conditions.

Recently, some studies have reported the synergistic antibacterial effect of combining a
photosensitizer (PS) with AgNPs (PS-AgNPs) 3¢ % 101, 114. 116 'pgq are molecules that absorb light
at specific wavelengths, which later transfer that energy to oxygen to generate ROS 4414 The
studies assert that the antibacterial synergy of PS-AgNPs mainly originates from enhanced light-
mediated ROS generation. However, only a few studies have shown that light-induced ROS also
increases Ag" release due to the oxidation of the AgNP surface 7’ °°. Our group reported on the
Ag" release kinetic from light-activated AgNPs in aqueous media to understand the role of Ag” in
the antibacterial outcome **. We concluded that the Ag" release was more pronounced in with
higher ionic strength (Dulbecco’s phosphate buffer saline, DPBS) than in nanopure water, resulting
in up to ~7-8 log inactivation of methicillin-resistant Staphylococcus aureus strain (MRSA) and a
wild-type multidrug-resistant (MDR) E. coli. This showed that environmental conditions could
have a major impact on the bactericidal performance of PS-AgNPs; nevertheless, as far as we

know, no reports of the effects of cell culture medium on the antibacterial behavior of PS-AgNPs
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have been published. Another advantage of light-activable PS-AgNPs is that the light can be
modulated on intensity, time, or irradiation cycles to maximize the generation of ROS and, as a
direct consequence, the Ag" release efficiency. For example, one study employed dual-step
irradiations to effectively generate ROS to kill cancer cells . Another study demonstrated that
the continuous 30-minute laser irradiation of PS-AgNPs (Ce6-AgNP) results in a gradual Ag®
release. The authors showed that light can be modulated to control the Ag+ release with short laser
pulses in an ON (5 min) and OFF (5- 10 min) pattern. The release of Ag" increased only during
ON stage, whereas the amount of Ag" reached saturation during OFF. This pattern repeats in the
subsequent irradiation cycles **. However, in this study, the therapeutic outcome of this ON/OFF
approach was not evaluated. Thus, modulating the number of light irradiation cycles of PS-AgNPs

can be a promising strategy to control the release of Ag" and maximize the bactericidal effect.

Herein, we used protoporphyrin IX (PpIX) as a PS that absorbs in the visible spectra (400-
700 nm) to synthesize PpIX-AgNPs. In this study, we assessed the role of culture media and light
irradiation conditions affecting the antibacterial activity of PpIX-AgNPs (Figure 3.1). First, we
elucidate the critical role of the environmental conditions on the colloidal stability of PpIX-AgNPs
by assessing the hydrodynamic size, UV-Vis spectrum, and zeta potential in different bacterial cell
culture media, including Dulbecco Phosphate buffer saline (DPBS), Nutrient Broth (NB), Tryptic
Soy Broth (TSB), and Luria- Broth (LB). We hypothesized that exposing PpIX-AgNP in a multi-
step irradiation setup (MIS) (Figure S1) could maximize the Ag" release and promote effective
antibacterial action at lower concentrations. The dual-step irradiation setup for PpIX-AgNPs in
DPBS increased the Ag" release, even at lower concentrations. Next, we determined the impact of
the culture media on the light-activated Ag™ release kinetics under single and dual-step light

irradiation setup. The protein and salt content affect colloidal stability and Ag" release kinetics
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under variable culture media. The PpIX-AgNP was most stable in NB media, whereas Ag" release
kinetics was highest in DPBS. Finally, we tested the antibacterial action of PpIX-AgNPs in DPBS
and NB under the dual-step irradiation strategy in Methicillin-resistant Staphylococcus aureus
(MRSA). In DPBS, the dual-step irradiation resulted in a 6-log and 5-log reduction in the MRSA
population at PpIX-AgNP concentrations that were 33% (1 pg/mL) and 67% (0.5 pg/mL) lower
than the original concentration, i.e., 1.5 ug/mL. However, the antibacterial actions in NB were
attenuated and required a higher PpIX concentration (5.0 pg/mL) and dual-step irradiation strategy

at reduced bacterial load to achieve ~ 5-log reduction in MRSA population.

PpIX-AgNP

A
4 N\
a) Colloidal stability in b) Ag+ release under multi- c) Bacterial inactivation
bacterial culture media step irradiation setup
DPBS, NB, TSB and LB \ \

“,‘-"/; '* \ colony count method
v Hydrodynamic size L R
v Zeta potential v varying concentration v log inactivation of MRSA
v UV-Vis v varying culture media population under dual-step
(SPR peak changes) (Water, DPBS, NB, TSB, LB) irradiation in NB

Figure 3.1 Schematic summarizing the objectives of Chapter 3. a) Examine the colloidal stability

of PpIX-AgNP in bacterial culture media; b) Generate the Ag" release under multi-step irradiation
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setup in various bacterial culture media; c) Evaluate the bacterial log inactivation in MRSA under

multi-step irradiation condition in NB.

3.2 Experimental Section:

3.2.1 Materials:

The following chemicals were purchased from the respective suppliers and used without
modifications. Hydrochloric acid (Macron chemicals), nitric acid (Macron chemicals),
protoporphyrin IX (Enzo Lifesciences), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) (Oakwood Chemicals), tannic acid (95%, Acros Organics), dimethyl
sulfoxide, dimethylformamide (VWR), dichloromethane (Alfa Aesar). Silver nitrate (AgNO3),
silver standard for ICP, cysteamine hydrochloride, N-hydroxysuccinimide (NHS), dimethylamino
pyridine (DMAP), N, N Diisopropylethylamine (DIPEA), trisodium citrate dihydrate were
purchased from Sigma Aldrich.

The following bacterial broths were obtained from the respective suppliers: 1X Dulbecco’s
phosphate buffer saline (DPBS) (Corning), Luria Bertani (LB) broth (VWR), Nutrient broth (NB)
(Sigma-Aldrich) and Tryptic soy broth (TSB) (BD Biosciences). All the broth cultures were

autoclaved before use and stored at 4 °C.

3.2.2 Synthesis and characterization of AgNP and PpIX-AgNP

All the glassware used for the AgNP synthesis was cleaned with aqua regia before their
use. As reported previously, the protoporphyrin-conjugated silver nanoparticles (PpIX-AgNP)
were synthesized in a two-step process °*. In the first step, silver nanoparticles (AgNP) were
synthesized using the co-reduction method using sodium citrate and tannic acid.!* Briefly, a 100

mL aqueous solution of 5 mM trisodium citrate and 0.25 mM of tannic acid was brought to a boil
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at 100 °C under vigorous stirring. As the solution started boiling (condenser used to prevent water
loss), 1 mL of aqueous solution of 25 mM silver nitrate was added to the solution in one shot and
removed from heat when an immediate color change from colorless to yellow was observed. The
solution was cooled at room temperature and the AgNPs were centrifuged at 12000 rpm for 15 min
to remove excess tannic acid These were further washed with nanopure water three times under

the same centrifugation conditions. As synthesized AgNPs are stored in nanopure water.

In the second step, a thiol-functionalized protoporphyrin derivative (cysPpIX) was
synthesized using the previously reported protocol.”* '*! The PpIX-AgNPs were obtained by
reacting AgNPs with previously synthesized cysPpIX (1: 0.5 mass ratio) in dimethylformamide
(DMF). Briefly, a solution of cysPpIX in DMF (1 mg/mL) was prepared. AgNPs (1 mg) were
centrifuged down at 12000 rpm for 15 min to remove the water. Following this, I mL of DMF was
added and sonication was used to disperse the AgNPs. This solution was transferred to a 20 mL
scintillation glass vial and 500 pL of previously prepared cysPpIX solution in DMF was added.
An additional 3.5 mL of DMF was added and the reaction mixture was vigorously stirred for 48 h
at room temperature. After the reaction, the unreacted cysPpIX was collected via centrifugation at
12000 rpm for 15 min. Nanoparticles were washed three times with DMF and separated under the
same centrifugation conditions. The supernatant collected was analyzed using a UV-Vis
spectrophotometer to determine the amount of PpIX conjugated on the AgNPs surface. A
calibration curve for absorbance at 500 nm and cysPpIX amount (mg) was generated. A typical
batch fabricated under the above-mentioned conditions produced 1.2 + 0.1 mg of PpIX-AgNPs.

The synthesized PpIX-AgNPs were stored in DMF under dark conditions.
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3.2.3 Ag" release kinetics under multi-step irradiation setup (MIS)

The experimental setup was adapted from the previous reports **. The release kinetics of
Ag" were assessed in two experimental irradiation setups: a) Single irradiation mode b) Multi-step
irradiation mode (MIS), where the irradiation doses were varied in a step manner. For single
irradiation setup, stock solutions of PpIX-AgNP in DMF equivalent to 150 pg/mL AgNP
concentration were prepared. The stock solution was diluted 100 times with the relevant media
(DPBS, NB, TSB, LB) to obtain a final volume of 4 mL (final concentration = 1.5 pg/mL). A Petri
dish (60 x 15 mm) containing 4 mL of diluted solution (conc = 1.5 pug/mL) in relevant media was
irradiated with a white light source (400-700 nm; 65 mW/cm?) for 20 mins. Before irradiation, 100
puL sample was withdrawn indicating the time point as 0 min. Then, 100 uL was collected at
specific time points from each sample at 5, 10, 20, 30 min, 1, 2, 4, 6, 12, 24 h. The collected
samples were immediately centrifuged for 10 min at 12000 rpm and the supernatant was collected
for ICP-OES analysis.

In MIS, two sets of studies were conducted, i.e. release profiles in varying culture media
(final conc = 1.5 pg/mL) and release profiles for varying concentrations in DPBS. For these
experiments, PpIX-AgNP stock in DMF corresponding to respective AgNP concentrations i.e. 50,
100, 150 pg/mL were prepared. Like in the single irradiation setup, the PpIX-AgNP stock was
diluted 100 times in relevant media to obtain a final concentration of 0.5, 1, and 1.5 pg/mL and
transferred to the petri dish. The experimental setup used MIS and dual-step irradiation strategy is
illustrated in Scheme S1. The samples are then irradiated with the white light source for 20 min,
followed by 40 mins of incubation at room temperature in dark conditions. This sequence (1 hour
duration = 20 mins irradiation + 40 mins resting period) was termed as one irradiation step/cycle

(Scheme S1). At the end of the 40-minute incubation, the sample was irradiated again following
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the same sequence, constituting the 2" irradiation step. Before irradiation, a 100 pL sample was
withdrawn indicating the time point as 0 min. During each irradiation step, 100 pL of the aliquots
were collected at time points, 10, 20, 30, 45, and 60 mins. The collected samples were immediately

centrifuged for 10 min at 12000 rpm and the supernatant was collected for ICP-OES analysis.

To determine the total amount of Ag” in all samples, aliquots of the nanoparticles were
digested by performing a “cold digestion” followed by “hot digestion”. '3® The digestion protocol
was optimized and modified in terms of time and volume. Cold digestion included mixing 50 pg
of NPs with 3.0 mL of concentrated HNO3 and incubating at room temperature for 30 min. Later,
this mixture was heated under 150 °C using an oil bath for 4-6 h to allow excess HNOs3 to evaporate
(hot digestion). The remaining volume was measured using a graduated cylinder and diluted using
2% HNO3. The samples were filtered through a 0.22 um polyether sulfone (PES) membrane
before ICP-OES analysis. A calibration curve was obtained using an Ag silver standard diluted in
2% HNO3 to prepare standard concentrations of 10, 25, 50, and 100 pg/L. A new set of calibration
curves were generated for each run. The total amount of Ag+ digested (in pg) was calculated using
the calibration curve and expressed in terms of Ag" amount per ug of NP (%). The concentration
of PpIX-AgNPs (1.5, 1.0, 0.5 pg/mL) used for release were digested using the protocol and the
digestion results were expressed in ug/L (Table S5). These values were to calculate % of Ag release

using the following equation,

Ag+released at time point rtr (%)
Total Ag+digested (%)

% Ag + release =

The kinetic release rates were determined by performing linear fit on the Ag+ release
kinetic plots using OriginPro 2024 (Student version). The R? and slope values corresponding to

burst and slow release were recorded.
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3.2.4 Characterization or Instrumentation:

Hydrodynamic size, polydispersity index (Pdl) and zeta potential ({-potential)
determination were performed using Malvern ZS series. The concentration used for DLS and -
potential measurements were fixed at 50 pg/mL. UV-Vis spectra were obtained using Cary 50 UV-
Visible spectrophotometer (Varian). 3 mL of sample was used to obtain absorbance spectra from
200-800 nm. The corresponding culture media without nanoparticles were used as blanks and used
to normalize the UV-Vis spectra of PpIX-AgNPs in the respective culture medium. The protein
content on PpIX-AgNP surface, post-incubation (24 hour) in each bacterial culture media was
evaluated using Micro BCA™ Protein Assay Kit (Thermo Scientific). Equal concentration of
PpIX-AgNPs were suspended in the respective culture media and were centrifuged for 10 mins at
12000 rpm for 24-hour incubation at 4 °C. The supernatant was discarded and the PpIX-AgNP
(pellet) was resuspended in autoclaved. The NPs were washed two more times with autoclaved
water. The washed PpX-AgNP were resuspended in water via sonication and diluted 100-fold for
the BCA assay. The protein content was evaluated based on the absorbance recorded at 620 nm.

The Ag" release was quantified using inductively coupled plasma - optical emission
spectroscopy (ICP-OES) (Optima 3000, Agilent). Samples obtained from post digestion and
release experiments were introduced into plasma via a peristaltic pump and discharged as an
aerosol suspended in argon gas. The data acquisition was performed in triplicates with the torch
assembly in the axial mode. The default acquisition parameters used are RF = 1.2 kW; auxiliary
gas flow = 1 L/min, nebulizer gas flow = 0.7 L/min; plasma flow = 12 L/min, pump speed = 12
rpm,; stabilization time = 15 s; sample uptake time = 25 s; Rinse time = 30 s and Ag analytical line

=328.068 nm.
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The size and morphology of the synthesized nanoparticles were analyzed using
transmission electron microscopy (TEM, JEM 1230) operating at an accelerating voltage of 200
kV. The samples were prepared by dispersing AgNPs and PpIX-AgNPs in 50 uL of ethanol. Then,
10 uL of the sample was placed on the carbon-coated copper grid and air-dried for 1-2 h. The
nanoparticle size and its distribution were calculated using ImageJ software. A sample size of 150

nanoparticles was considered for analysis, and the size was finally reported as average + sd.

3.2.5 Bacterial Inactivation Experiment:

Preparation of Bacterial Strain:

Methicillin resistant Staphylococcus aureus (MRSA) strain BAA-44, purchased from
ATCC was used as the test organism. LB agar plates were used to subculture the MRSA strain. A
single colony from the LB agar plate was inoculated in LB broth and incubated at 37°C for ~18 h,
resulting in actively growing cells. The fresh cultures were centrifuged at 7000 rpm for 5 minutes
the following day and the collected cells were washed twice with 1XDPBS to remove any residual
particles of the broth. The washed cells were then resuspended in relevant media (1xXDPBS and
NB) to achieve 0.5 McFarland standard, which corresponds to ~1.5 x 10® CFU/mL. For NB
experiments, the O.D lower than 0.5 McFarland standard was considered, to achieve reduced initial

bacterial load (~ 10" CFU/mL).
Irradiation of Bacterial Cells:

Before exposure to light, bacterial suspension was incubated in the dark at room
temperature for 30 minutes with varying concentrations of AgNPs and PpIX-AgNPs. To achieve
the working concentrations 1.5 pg/mL, 1 pg/mL, and 0.5 pg/mL from a stock of 150 pg/mL AgNPs

and PpIX-AgNPs, the bacterial and nanoparticles were prepared by mixing 3960 ul of bacterial



77

suspension (DPBS or NB) with 40 pul of stock sample, 3973 ul of bacterial suspension with 27 pl
of stock sample, and 3986 ul of bacterial suspension with 14 ul of stock sample respectively. The
suspensions were exposed to the white light source for 20 minutes for the single irradiation
experiment. For the multiple irradiation experiment, the cells were exposed to the light source for
20 minutes, followed by 40 minutes of incubation in the dark at room temperature, and then
subjected to second irradiation for another 20 minutes. All the experimental sets were conducted

in triplicates with negative and dark controls.

Enumeration of Surviving Bacterial Cells:

The survival of the bacterial cells was determined at 3 different time points- immediately
after irradiation (0 h), 4 h and 24 h post irradiation in duplicate using the drop plate method where
100 pL of samples from all experimental sets were diluted in 900 uL of respective diluent.
Subsequently, 20 uL of each dilution was spotted on the LB agar plate. The log inactivation was

calculated using equation 1, which relates bacterial cells' initial and final concentrations.

Log inactivation of bacteria =log (Co/Ct)  ......... (Equation 3.2)

Here, Co = concentration (CFU/mL) of bacteria without the addition of nanoparticles, and C: =

bacterial concentration after the addition of nanoparticles and (or) light irradiation after time t.

3.2.6 Statistical Analysis

Graphs and statistical analyses were performed using OriginPro 2024 (Academic Version).
Statistical significance between each irradiation strategy was assessed by one-way analysis of
variance (ANOVA), with the Tukey test performed for mean comparison (for comparing PpIX-
AgNP antibacterial log inactivation results in NB for varying bacterial load). All the statistical

analyses were performed using OriginPro 2024 (Academic Version) with @ = 0.05 and reported as
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star assigned to the p-values. The exact p values are mentioned in the main paper of the respective

experiment.
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Figure 3.2 Colloidal stability of PpIX-AgNP in DPBS and bacterial culture media, nutrient broth
(NB), tryptic soy broth (TSB), and Luria Bertani broth (LB). a) Hydrodynamic size (red) and
polydispersity (blue) change over 24 hours for PpIX-AgNPs in DPBS, NB, TSB, and LB (bacterial
culture media). b) Effect of bacterial culture media on {-potential values. ¢) UV-Vis spectrum for
PpIX-AgNPs in bacterial culture media. d) Visual images of PpIX-AgNP in bacterial culture media

at 0 hour and 24 hours.

3.3 Results and Discussion:

3.3.1 Synthesis and characterization of PpIX-AgNPs

Silver nanoparticles (AgNPs) were reacted with cysteamine-modified PpIX (cysPpIX) in
DMF based on our previously published work °*. AgNPs were synthesized based on the co-
reduction of silver nitrate (AgNOs3) using sodium citrate and tannic acid '*°. The cysPpIX
derivative was synthesized in a two-step approach; first, the carboxylic groups were activated

using NHS, affording an ester group to obtain succinimide ester PpIX (sePpIX). As a second step,
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a nucleophilic acyl substitution was carried out with cysteamine to obtain the final cysPpIX '
The successful synthesis of sePpIX and cysPpIX derivatives was confirmed using UV-Vis, FT-IR,

and MALDI (Figure S1).

The cysPpIX obtained was further reacted with AgNPs in DMF in the ratio of 0.5:1.0
wt.(cysPpIX:AgNP) to obtain the final PpIX-AgNPs. The final product was characterized by UV-
vis spectroscopy to determine the PpIX content, {-potential, and dynamic light scattering (DLS).
The UV-Vis of AgNPs is generally characterized by an absorption peak around 420-425 nm,
associated with the surface plasmon resonance (SPR) peak of silver nanoparticles. As seen in
Figure S2, PpIX-AgNP shows a strong absorption band in the 425- 435 nm range related to the
Soret- band (S-band) of PpIX and the SPR peak of AgNP. However, unlike AgNPs, PpIX-AgNP
also shows absorption in 500- 700 nm regions that are exclusively associated with the Q-band of
PpIX (Figure S2), which confirms the successful conjugation of PpIX. Post-reaction, the
supernatants 1, 2, 3, and 4 were collected after each PpIX-AgNP wash, and the absorbance at 500
nm was evaluated (Figure S3). The difference in the control and supernatants clearly indicates the
successful loading of PpIX on the AgNP surface. The % loading of PpIX on AgNPs was quantified
using the calibration curve (Figure S3, inlet) and determined to be 44.8 + 0.3 wt. % (n=6).
Furthermore, TEM images indicated that AgNPs and PpIX-AgNPs have spherical morphology (n=
150) with almost identical diameters of 42.2 + 7.8 and 42.2 + 8.9 nm, respectively (Figure S2). As
indicated in Table S1, the hydrodynamic size measured by DLS indicated a slight increase from
37.8 = 0.3 nm (AgNP) to 64.1 £ 0.6 nm (PpIX-AgNP) in DPBS (1 mM), which is due to
aggregation of nanoparticles as an indication of the presence of PpIX on the surface of AgNPs.
The (-potential also showed a slight increase in negative charge from -47.1 + 3.6 (AgNP) to -56.7

+ 3.0 (PpIX-AgNP).
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3.3.2 Colloidal stability of PpIX-AgNP is varying bacterial culture conditions

The colloidal stability of the PpIX-AgNPs was studied in different cell culture media,
including DPBS (10 mM), NB, TSB, and LB. The following properties were determined as
indicators of colloidal stability: hydrodynamic diameter (Dp), polydispersity index (PdI), (-
potential, and UV-Vis spectroscopy.

The Dy and C-potential of PpIX-AgNPs were monitored at 50 pg/mL concentrations. The
changes in Dy of the PpIX-AgNP were evaluated from 0-24 hours in the respective culture media
(Figure 3.2a). The Dy size at t=0 hour was observed to be lowest in NB (107.8 + 0.5 nm), followed
by TSB (385.2 £ 3.4 nm), LB (772.5 £ 29.7 nm) and finally DPBS (816.1 £+ 76.3 nm). PpIX-AgNPs
in NB show excellent colloidal stability throughout the 24 h, with Dy varying in the 100-120 nm
range and Pdl remaining consistent at 0.2. A similar trend was observed in water wherein Dy
remains consistent throughout the 24-hour duration at around ~100 nm, indicating good colloidal
stability, supported by a Pdl = 0.2 (Figure S4). However, in the case of DPBS, TSB, and LB, the
Dh shows a significantly higher value at t= 0 hour, which eventually drops from ~370 nm to ~150
nm in TSB and ~1350 nm to ~350 nm. It should be noted that the drop in Dy, is abrupt or faster in
TSB (within 60 mins), whereas in LB, it is a gradual drop that happens over 16-17 hours. In the
case of DPBS, the PpIX-AgNP indicates poor colloidal stability, as demonstrated by the constant
fluctuation in Dh (1000- 2000 nm) and the PdI value reaching as high as 1.0. As seen in Figure
3.2d, PpIX-AgNP in all media except NB shows visible precipitation after 24 hours of incubation.
The changes in the net surface charge of nanoparticles are usually a great indicator of their colloidal
stability since the electrophoretic mobility of nanoparticles in a solution is driven by surface charge
187 As seen in Figure 3.2b and Table S2, at t=0 h, the {-potential value decreases from -38.4 £+ 0.8

mV (1 mM DPBS) to -21.4+ 1.5 mV (10 mM DPBS) with the reduction in ionic strength of DPBS.
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This can be attributed to Debye length, which is inversely related to the higher ionic strength 37
188 The (- potential value in other media was reportedly similar to DPBS (10 mM), i.e., -17.8 £
0.4 mV in NB, -23.1 £ 1.8 mV in TSB, and -18.7 = 1.3 mV in LB. Post 24-hour incubation, there
are only minor changes in {-potential in DPBS (3-5 mV), while the culture media show only a
minuscule difference of 1-2 mV. It is also well-established that the protein corona reduces the
surface charge '%.

UV-Vis spectroscopy is also a good indicator of colloidal stability for metal nanoparticles
such as gold and silver NPs because the shift in SPR peak is associated with AgNPs surface
coating, surrounding environment, and NP plasmonic coupling !°*1°2, Redshift is related to a shift
in the SPR peak at longer wavelengths, whereas blueshift is associated with a shift in the peak to

193 "and redshift corresponds

shorter wavelengths. Blueshift is linked to a decrease in the NP size
to changes in NP surface coating or aggregation '°" 1%, We measured the UV-Vis spectrum for
PpIX-AgNPs in different conditions: Water, DPBS (10 mM), NB, TSB, and LB. As seen in Figure
3.2¢ and Figure S4, the UV-Vis spectra in water and DPBS indicate that peak wavelength is
observed at 420 nm; however, this peak wavelength undergoes red-shift in all the media conditions,
i.e., NB, TSB, and LB with location at 429 nm (NB), 432 nm (TSB), and 433 nm (LB),
respectively. A distinct red shift is observed compared to DPBS and water, which can be associated
with the interaction of protein content in media with the surface of AgNPs.

To thoroughly analyze the influence of bacterial culture medium on the colloidal stability
of PpIX-AgNPs, it is essential to analyze the composition of each media formulation to account
for protein and salt content (w/v %; Table S3). The percentage of salt content and protein (w/v %,

respectively) for DPBS and each bacterial culture media are listed in Table S4. Based on time-

resolved hydrodynamic size analysis (Figure 3.2d), PpIX-AgNP remains the most stable in NB,
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while the colloidal stability deteriorates in DPBS, TSB, and LB. These trends in colloidal stability,
i.e., NB> TSB> LB > DPBS, could be attributed to the reducing salt content in LB (1%), DPBS
(0.95%), TSB (0.8%), and NB (0.6%). The high salt content drives this colloidal stability,
correlated to the precipitation observed in LB and TSB (Figure 3.2d). Furthermore, DPBS and LB
display variable stability despite containing similar salt content. This can be attributed to the high
protein content in LB (1.5%) that may render some colloidal stability to the NPs despite high salt
content (1%). It should be noted that NB has the intermediate protein content (1.8%) and lowest
salt content (0.6%), which contributes to its superior colloidal stability. NPs undergo precipitation/
aggregation more in DPBS, LB, and TSB than in NB, which can be attributed to salt content.
Overall, salt content plays a dominant role in driving colloidal stability. These findings partially
support the previous studies expanding on the role of bacterial culture media on AgNP colloidal
stability 62,

Based on the UV-Vis results, all NPs showed redshift, which can be attributed to the higher
protein content in all culture media. Higher protein content may also lead to the formation of
protein corona on the AgNP surface, which can promote precipitation. As seen in Table S4, the
trends based on protein content are TSB (2%) > NB (1.8%) > LB (1.5%) > DPBS (0%). This was
confirmed using a colorimetric BCA assay, which followed a similar trend to Table S4. The protein
content of PpIX-AgNP in varying media was evaluated using BCA assay (monitored at 620 nm).
PpIX-AgNPs were dispersed in media for 24 hours and further washed 3 times via centrifugation,
and BCA assay was performed on these respective NPs. As seen in Figure S5, PpIX-AgNPs in
TSB show the highest protein content, followed by LB, then NB. This indicates that significant

changes in colloidal stability in TSB can be attributed to higher protein content. In contrast, the
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changes in LB can be attributed to protein content and salt content. These results prove that NB is

the most promising media regarding colloidal stability among the tested bacterial culture media.
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Figure 3.3 Ag" release kinetics for varying concentrations of PpIX-AgNP tested in a) multi-step

irradiation (MIS) and b) dual-step irradiation strategy- cumulative Ag+ concentration and Ag+

release efficiency (%). The arrows indicate the start of a MIS irradiation

The protein content of PpIX-AgNP in varying media was qualitatively assessed using BCA

assay (monitored at 620 nm). PpIX-AgNPs were dispersed in media for 24 hours and further

washed 3 times via centrifugation, and BCA assay was performed on these respective NPs. As seen

in Figure S3, PpIX-AgNPs in TSB show a comparatively higher protein content, followed by LB,
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then NB. This indicates that major changes in colloidal stability in TSB can be attributed to higher
protein content. In contrast, the changes in LB can be attributed to protein content and NaCl
content. Among the tested bacterial culture media, NB is the most promising media in terms of

colloidal stability.

3.3.3 Investigation of Ag" release profile under multi-step irradiation setup (MIS)

The PS attached to AgNPs under light irradiation is known to enhance the generation of Ag* by
oxidizing the AgNPs' surface ’”*?. Our group previously demonstrated that the light-activated Ag*
release kinetics after single irradiation are composed of a burst and steady phase °*. The burst phase
was associated with the irradiation time, followed by a steady phase representing the long-term
passive release of Ag". Our study showed that the media used for the release has a significant
impact; for example, the ionic composition of DPBS drastically favors Ag" release compared with
nanopure water. In this work, we hypothesized that the release of Ag” can be further enhanced by
applying multiple irradiation cycles.

Each irradiation cycle (1 hour) for the MIS setup is composed of 20-minute irradiation with white
light (400 -700 nm, 19 mW/cm?), followed by 40 minutes of a resting period in the absence of
light at room temperature (Scheme S1). We tested the MIS experiment setup for PpIX-AgNP at
different concentrations (1.5, 1.0, and 0.5 pg/mL) in DPBS using 4 irradiation cycles. The amount
of Ag" released was measured by ICP-OES at different time intervals. During each cycle, aliquots
were collected at time points: 0, 10, 20, 30, 45, and 60 min. The beginning of each cycle is indicated
by an arrow in Figure 3.3a. A final aliquot was collected 12 hours after the first cycle. In general,
the Ag" release profiles resemble a step function with the increase in Ag" release corresponding to
the irradiation window (burst release = 20 mins) and indicating no release after around 30 min

(steady phase) (Figures 3.3a and S6). This behavior was observed for all the concentrations. It is
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also important to note that at 1.5 ug/mL concentration, ~700 ug/L of the cumulative Ag" release
was achieved within the first two irradiation cycles (Figure S6). After two cycles, the Ag" release
remains saturated for the same concentration, implying that the 3™ and 4% irradiation cycle
provides minimal improvement in Ag" release. Hence, dual-step irradiation (2 irradiation cycles)
suffices to achieve a higher cumulative Ag" release and can easily be implemented in bacterial

inactivation experiments.

a) Single_Light b) MIR (1.5 pg/mL)

19007 —_ 8007 —u— Water
= = I —e—DPBS
[ E=) T4/1
2 800+ 2 oo : —+—NB
= = I —v—TSB
[ =
.2 600 - .‘g \ —o—LB
® © 400 -
= et
€ =
5 400 1% 5
S : S 200+

200 &
5 b
o "
< 0¢ <

0 200 400 600 800 1000 1200 1400 0 50 100 150 200 250
Time (min) Time (min)

Figure 3.4 Ag" release kinetic for PpIX-AgNP (1.5 pg/mL) in bacterial culture media under a)
single irradiation setup and b) dual-step irradiation setup. The arrows indicate the start of a MIS

irradiation cycle (Irradiation time = 20 min).

The dual-step irradiation strategy was recorded for 4 hours and included two cycles of irradiation
(Figure 3.3b). The maximum cumulative release of Ag" at the end of the experiment follows the
expected concentration-dependent trend with 1.5 > 1.0 > 0.5 pg/mL. However, like the MIS
experiments, the 0.5 pg/mL showed the maximum percentage of Ag" released to be ~40 %,
followed by 1.0 pg/mL (~30 %) and 1.5 pg/mL (~25 %). The percent of Ag+ release for each

concentration was calculated by recording the total Ag" amount (ug/L) post-digestion experiments
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using ICP-OES (Table S5). The release rates for the two burst phases (B1 and B2) were calculated
using linear curve fitting (Figure S7 and Table S6). The release rate (B1) gradually decreases with
decreasing concentration, i.e., 1.5 png/mL (21.50 pg L' min™") > 1.0 pg/mL (18.68 pg L™ min-1)
> 0.5 pg/mL (12.31 pg L' min™). Interestingly, the release rates in burst phase 2 (B2) are similar
for all concentrations (7- 10 pg L' min™"). Overall, the dual-step irradiation strategy can be applied
to accelerate Ag" release in a controlled fashion. Moreover, we anticipate that this approach will

maximize the release of Ag" in conditions with lower dosages of PpIX-AgNPs.

3.3.4 Investigation of Ag" release profile in varying bacterial culture media

Culture composition plays a vital role in Ag"™ release. Previous studies have reported that media
composition influences Ag* release % 16216 As far as we know, no study has reported the effect
of media composition on Ag" release kinetics, especially for light-activated nanoparticles. In this
study, we investigate the impact of different culture media, including NB, TSB, and LB, on the
release of Ag" after a single and dual-step light irradiation. DPBS and water were considered as
controls, as reported previously **. The study was tested for 24 hours using 1.5 pg/mL of PpIX-
AgNPs. As seen in Figure 3.4a, in a single irradiation mode, a burst and a steady release phase
are observed in all media conditions. In the burst phase, the cumulative Ag" release shows trends
as DPBS> LB> TSB> NB > water. The release rate was calculated using a linear curve fitting, as
indicated in Figure S8 and Table S7. The highest release rate was obtained for DPBS (23.66 nug L
"' min™), followed by LB (22.21 ug L' min'), NB (17.83 ug L' min'), TSB (12.34 ug L'! min™),
and finally water showing slowest release rate (8.26 pug L' min'). We have previously

demonstrated that the ionic composition in the media drastically favors Ag" release; nevertheless,
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in these experiments, the other components in the bacterial culture media also affect the Ag”
release. The higher salt content (Table S4) in DPBS (0.95%) and LB (1%) drive the release,
resulting in an Ag" concentration of ~361 ug/L and 334 pg/L, respectively, in the first 20 mins of
irradiation. The lower release in TSB, NB, and water is due to lower salt content. It is known that
protein content also plays a crucial role in Ag" release. Unlike the salt content, the higher protein
content in TSB and NB may hinder the Ag" release. In the case of TSB, higher protein content
(2%) results in the lowest release rate (12.34 pg L-1 min-1), resulting in an Ag" concentration of
248 pg/L in the burst phase. Our results confirm that NB, which has the intermediate protein
(1.8%) and lowest salt content (0.6%), shows the lowest Ag" concentration (240 pg/L) among the
culture media. Water, lacking salt and protein content, shows the lowest Ag" release (170 ug/L).
The literature also noted that the presence of NaCl can passivate the AgNP surface, promoting the
Ag" release, whereas the presence of protein can inhibit the Ag” release % 18319519 Stydies have

explored the role of culture media in the release of Ag* and the antibacterial activity of AgNPs !¢

183

The impact of the media on the Ag" release was slightly different at the end of the release
experiment with the following trend: LB> DPBS~ TBS> NB > water. The Ag" release was superior
in LB media (838 pg/L), followed by TSB (554 ng/L) and DPBS (534 pg/L). Additionally, culture
media in TSB and LB showed increased Ag" release with kinetic rates of 0.14 pg L' min™ and
0.39 pug L' min!, respectively. Both these media also show a sharp increase in Ag" release post-
6-hour time point. However, the increased performance in the TSB relative to the burst phase can
be attributed to intermediate salt content (0.8%), which drives the increase in Ag" concentration
(554 pg/L) in the steady phase. DPBS and NB show a passive release rate of Ag” at 0.07 and 0.06

ng L' min™!, with the lowest overall release observed in NB (326 pg/ L), among the culture media.
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The higher protein and lower salt content contribute to this behavior. A dark control experiment
(Figure S9) shows a minimal Ag+ release for NB and TSB compared to the light-irradiated
counterpart. However, an interesting observation is that LB under dark conditions also indicates
an increase in Ag' release in the steady phase that can be attributed to the higher salt content. This
increased interaction of Ag" ions with oxygen-, nitrogen-, or sulfur-containing components such
as tryptone and glucose may drive more Ag+ ions into the culture media via Le Chatelier’s

principle 7.

The dual-step irradiation strategy was designed to evaluate the role of culture media on Ag" release
profiles. In the dual-step irradiation strategy, there are two burst phases, Bl and B2, which
correspond to two cycles of irradiation (indicated by the arrow in Figure 3.4b). The Ag" release
profiles were generated for the same concentration of 1.5 pg/ mL in varying culture conditions,
which showed that higher release was achieved in dual-step mode within a shorter timespan (4
hours). For example, under a single irradiation setup in water, the max Ag" release of 180 pg/L
was achieved, whereas in dual-step, the maximum Ag" release achieved is 230 pg/L within (4
hours) (Figure S10). These results varied in different media conditions, with maximum cumulative
Ag" release at 4 hours following the trend, DPBS> LB> NB > TSB> Water (Figure 3.4b). Under
dual-step, DPBS still shows highest Ag* release of ~646 ug/L with release rates of 9.93 ug L
min! (B1) and 6.61 pg L™! min™! (B2). For most media conditions, the B1 and B2 release rates
were similar (Table S8, Figure S11). The B1 and B2 release rates were significantly varied only in
NB, i.e., 12.59 ug L' min"! and 7.79 ug L™! min!. Figure S10 shows an apparent increase in Ag"
concentration in dual-step irradiation strategy than single irradiation setup is demonstrated with
trends in maximum Ag+ release as shown, i.e., DPBS> LB> NB> TSB> Water. This points to the

advantage of using such a strategy for overcoming limitations related to hindered Ag" release due
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to protein content, as seen in single irradiation (Figure 3.4a). TSB serves as an exception case in

terms of the single vs dual-step Ag" release, wherein TSB shows almost minimal release in all
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Figure 3.5 Antibacterial activity assessed in MRSA under variable light irradiation and culture
conditions. The time point 0 h indicates the inactivation achieved after light irradiation for 20 min.
The other two time points; 4 and 24 h show the antibacterial effect post-irradiation. The error bar
is the standard deviation of three independent experimental replicates. a) The antibacterial activity
of 1.5 pg/mL PpIX-AgNP in DPBS tested in single and dual-step irradiation setup. b) The
antibacterial activity of varying concentrations of PpIX-AgNP in DPBS tested in a dual-step

irradiation setup. ¢) The antibacterial activity of varying concentrations of PpIX-AgNP in NB.
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burst phases (single or dual-step, i.e., Bl and B2), as seen in Table S8. However, TSB shows
increased Ag" release in the steady phase (under single irradiation), Figure 3.4a. Considering that
Ag" release was lowest in NB under single irradiation at 4 hours (242 pg/L), including the dual-
step irradiation strategy doubles the Ag+ concentration (475 ug/L) within the same period. Thus,
the dual-step irradiation strategy improves the Ag" release in NB. These results, along with the
increased colloidal stability of PpIX-AgNP observed, make NB an excellent culture medium to

demonstrate the antibacterial activity of PpIX-AgNP in a dual-step irradiation strategy.

3.3.5 Bacterial inactivation experiment

MRSA is one of the most common causes of ARB infections and is part of the ‘nine bacteria of
international concern’ 3% 2%:125:164 The antibacterial properties of PpIX-AgNPs at a concentration
of 1.5 pg/mL were tested against MRSA (BAA-44 strain from ATCC) in DPBS under single and
dual-step irradiation setup. Each irradiation cycle comprised 20 min irradiation of white light (400
-700 nm, 19 mW/cm?), followed by 40 min of resting period in the absence of light at room
temperature before the next cycle (Scheme S1). The bacterial log inactivation was determined by
using the colony count method by collecting samples immediately after O h, 4 h, and 24 h post-
irradiation °*. As seen in Figure 3.5a, the dual-step irradiation achieved significantly better log
reduction in the MRSA population compared to the single irradiation post 0 h, 4 h, and 24 hours
of irradiation (p-value < 0.05). At the 24-hour post-irradiation timepoint, incorporating a dual-step
irradiation setup increased the log inactivation of MRSA by ~1.53 logs from 5.0 to 6.6 log
reduction as compared with single irradiation, which corresponds to about 30 times higher MRSA
reduction (p = 0.04). The improved advantage of the dual-step irradiation strategy was more
pronounced at 4 and 0 hours with ~ 2 log increase in reduction of MRSA population than single

irradiation. The dual-step shows a 1.9 log reduction at 0 hours post-irradiation, indicating its
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benefit of demonstrating antibacterial activity in a shorter period. We also performed control
experiments using equivalent amounts of AgNPs (1.5 ug/mL) and cysPpIX (1 uM) concentrations
corresponding to 1.5 ug/mL of PpIX-AgNP. Figure S12 shows that both AgNPs and PpIX-AgNPs
achieved <1 log inactivation at 1.5 pg/mL concentration under dark conditions regardless of the
incubation period. AgNPs achieved 2.17 log inactivation after 24 hours post-irradiation, which is
negligible compared to the inactivation achieved by PpIX-AgNPs as described above. The control
experiments with cysPpIX showed that 2.98 log inactivation was achieved immediately after 20
minutes of exposure, followed by 3.14 and 3.26 log inactivation after 4 h and 24 h, respectively
(Figure S12). Unlike AgNPs, cysPpIX instantaneously exerts bacterial inactivation via the

generation of ROS, i.e., photodynamic inactivation of MRSA.

To evaluate the relevance of the release of Ag” generated during dual-step irradiation, bacterial
inactivation experiments were carried out in DPBS at different concentrations of PpIX-AgNPs,
including 1.5 (high), 1.0 (mid), and 0.5 (low) pg/mL. We hypothesized that the dual-step
irradiation setup would maximize the Ag" release efficiency to achieve improved antibacterial
efficiency at 1.0 and 0.5 png/mL concentrations of PpIX-AgNPs. In dark conditions, the dual-step
irradiation setup at all concentrations shows minimal antibacterial activity at all post-irradiation
incubation times (Figure S13). As seen in Figure 3.5b, after dual-step irradiation, a concentration-
dependent trend in log reduction within 4 and 24 h post-irradiation time was observed with 1.5 >
1.0 > 0.5 pg/mL. The maximum log reduction in the MRSA population achieved at 24 h for the
different concentrations was 6.59 log, 6.11 log, and 4.88 log. Interestingly, no significant difference
between log reduction achieved at 1.5 and 1.0 pg/mL was observed, indicating that a lower
concentration can effectively eliminate MRSA. Therefore, our findings demonstrate that

introducing a dual-step irradiation strategy can reduce the number of PpIX-AgNPs by at least
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33.3% (1.0 pg/mL) to achieve similar antibacterial efficacy as single irradiation. By lowering the
PpIX-AgNP concentration by 67% (0.5 pg/mL), a maximum 4.8-log reduction in the MRSA
population can be achieved. The effective light modulation of this system can have a major effect
on decreasing the concentration of nanoparticles used to eliminate MRSA and reduce any potential
side effects. Control experiments with AgNPs of equivalent concentrations were assessed to
validate the dual-step irradiation setup further. Figure S14 depicts the results under dark and light
conditions using AgNPs. In the absence of light, a minimal inactivation effect is observed for
AgNPs; however, under light conditions, a log reduction of 3.2, 2.8, and 1.6 was determined at
concentrations of AgNPs of 1.5, 1.0, and 0.5 pg/mL respectively, which is still significantly lower

than those achieved by PpIX-AgNPs.

Previous studies have revealed that bacterial culture media negatively impacts the activity of
metal ions and AgNPs % 162 198 We hypothesize that the dual-step irradiation strategy can
overcome the limitations of AgNPs by enhancing the Ag+ release. Based on the favorable colloidal
stability of PpIX-AgNPs in NB and the light-mediated controlled release of Ag", we tested the
antibacterial action of PpIX-AgNPs against MRSA in NB medium at a concentration of 1.5 and
5.0 pg/mL. First, we evaluated the performance of the nanoplatform in overgrowth conditions of
MRSA with an initial concentration of ~108 CFU/mL. As seen in Figure 3.5¢c, at a concentration
of 1.5 pg/mL, the PpIX-AgNP single and dual-step irradiation modes showed minimal
inactivation (<1 log) in NB, corroborating the major impact of the cell medium on the performance
of AgNPs 1% 198 'We increased the concentration of PpIX-AgNPs to 5.0 ug/mL and tested the
antibacterial response under a dual-step irradiation setup. A 1.83, 2.73, and 2.00 log reduction in
the MRSA population at 0, 4, and 24 h post-irradiation was determined. However, the cysPpIX

concentration was also tested under the same conditions, resulting in a 5-log reduction across all
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post-irradiation times (Figure S15). This can be attributed to increased sensitization of gram-
positive bacteria to PDI *% 4%, Next, we tested the effect of PpIX-AgNPs at a similar concentration
(5 pg/mL) with a reduced initial bacterial load corresponding to ~10” CFU/mL (Figure 3.5c¢).
Under these conditions, the inactivation of MRSA resulted in 2.31, 2.88, and 4.92 log reduction at
0, 4, and 24 h post-irradiation. These results point to an essential factor contributing to the
antibacterial activity, i.e., initial bacterial load. It was observed that these light-activated PpIX-
AgNPs work more effectively at lower bacterial loads. Most NP-based studies demonstrating
antibacterial action against MRSA generally use initial bacterial cell density in 10°-107 CFU/mL
23, 101,199,200 - Thys, significant optimization in terms of initial bacterial load is required to further

explore the antibacterial properties of these light-activated silver nanoparticles.

3.4 Conclusions

In this work, we studied the role of culture media composition and light irradiation
modulation strategy on Ag" release kinetics for PpIX-AgNP. These Ag™ release profiles under
varying light irradiation setups and culture conditions were correlated to the light-activated
antibacterial action of PpX-AgNP in MRSA. The salt and protein content plays a major role in
affecting the colloidal stability, wherein PpIX-AgNP in NB displayed the highest stability. The salt
and protein content also influences the Ag" release kinetics, with media with high salt content such
as DPBS and LB showing maximum release, and media with high protein content showing limited
release (TSB and NB) under single irradiation. Furthermore, we hypothesized that modulating the
irradiation strategy could also maximize the Ag" release and promote effective antibacterial action
at lower concentrations. We successfully proved our hypothesis that a dual-step irradiation setup
(2 irradiation cycles) can effectively increase Ag' release at lower concentrations, thereby

requiring 33% and 67% lower PpIX-AgNP concentrations to achieve similar antibacterial action.
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In DPBS, the dual-step irradiation resulted in a 6-log and 5-log reduction in the MRSA population
at PpIX-AgNP concentrations that were 33% (1 pg/mL) and 67% (0.5 pg/mL) lower than the
original concentration, i.e., 1.5 pg/mL. However, the antibacterial actions in NB were attenuated
and required a higher PpIX concentration (5.0 pg/mL) and dual-step irradiation strategy at reduced

bacterial load to achieve ~ 5-log reduction in MRSA population.
3.5 Appendix B (Supporting information)

3.5.1 Schemes

Multi-step irradiation setup (MIS)

20 min 20 min
irradiation irradiation
40 min _ 4 .
—_— irradiation

(dark storage) """" cycle

PpIX-AgNP in PpIX-AgNP in PplX-AgNP in

variable culture variable culture

a) varying media media
concentration \ vV J

Each irradiation cycle

b) varying (20 min + 40 min resting)

culture media

Scheme S1. Schematic explaining the experimental design for multi-step irradiation and dual-step

irradiation setup.
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Figure S1. UV-Vis (DMF), FT-IR, MALDI-MS spectra for PpIX (black), sePpIX (red) and
cysPpIX (blue). Expected m/z: [PpIX]" = 562.66 / Observed: m/z: [PpIX]" = 563.22; Expected
m/z: [sePpIX]" = 756.84/Observed: m/z: [sePpIX+2]" = 757.73; Expected m/z: [cysPpIX]" =

680.93/ Observed: m/z: [cysPpIX-2]" = 678.76.
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Figure S3. UV-Vis plot for supernatants collected before (control) and after (Supernatant 1-4) the

reaction between cysPpIX and AgNP. (inlet) Calibration curve for the quantification of cysPplIX

(generated using absorbance at 500 nM).
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Figure S4. Colloidal stability of PpIX-AgNP in water. Time-resolved hydrodynamic size and PdI

for 12 hours. UV-Vis of PpIX-AgNP in water (right).
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Figure S5. Qualitative assessment of protein content on PpIX-AgNP surface incubated in bacterial

culture conditions post 24-hour incubation calculated using BCA assay.
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Figure S6. Cumulative Ag+ release kinetics for varying concentrations of PpIX-AgNP under multi-

step irradiation (MIS) setup.
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Figure S7. Kinetic release linear fitted plots for varying concentrations of PpIX-AgNP in DPBS

under dual-step irradiation setup.
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Figure S8. Kinetic release linear fitted plots for PpIX-AgNP in DPBS and bacterial culture

conditions under single irradiation setup.
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100

--4--Single

-4 --Single By
Water = -Single e— Dual-step

—e— Dual-Step 800 - bPBS ~—=e—Dual-step

Nutrient broth (NB)

@
=3
S

800

2
2

&

Ag+ Concentration (pg/L)
Ag+ Concentration (pg/L)

Ag+ Concentration (pg/L)

2000 gl * ....................... b 200 200
04 0 ol
: 50 100 150 200 250 t P 160 150 P 2&0
Time (min) Time (min) Time (min)
" ¢+ - Single : " #--Single
800 Tryptic soy broth (TSB) |_g Dual-step) 800 - Luria bertani (LB) Dual-step

IS -3
S =
=3 =3

Ag+ Concentration (ug/L)

Ag+ Concentration (ug/L)

o

] 50 100 150 200 250 1 S0 100 150 200 250
Time (min) Time (min)
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Figure S13. The antibacterial activity of varying concentrations of PpIX-AgNP in DPBS in the

absence of light.
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Figure S14. The antibacterial activity of varying concentrations of AgNP in DPBS under (left)

dual-step irradiation setup and (right) in the absence of light i.e. dark control.
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Table S1. TEM size, Hydrodynamic size, and (-potential for AgNP and PpIX-AgNP in DPBS (1

mM)

Sample Name | TEM size (n=150) | Hydrodynamic Size C-potential
(nm) (nm) (mV)

AgNP 422+78 37.76 £ 0.32 -47.10 £ 3.60

PpIX-AgNP 422 +8.9 64.06 + 0.65 -56.70 = 3.00

Table S2. Summary of (-potential for PpIX-AgNP in various culture media and DPBS at 0 hours

and 24 hours.

Sample Name 0 hour 24 hours
DPBS (1 mM) -38.4+ 0.8 mV 344 +4.1
DPBS (10 mM) |-21.4+1.5mV 24.1+1.8
NB -17.8+ 0.4 mV -19.1+0.7
TSB -23.1+ 1.8 mV 21.1+£1.0
LB -18.7+ 1.3 mV -16.5+1.3

Table S3. Composition of bacterial culture media. (adjusted to 1L solution)
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Ingredients NB Tryptic Soy Luria Broth |DPBS
Broth
Glucose 1lgram 2.5 grams - -
Peptone 15 grams - - -
Sodium Chloride 6 grams 5 grams 10 grams 8 grams
Yeast Extract 3 grams - 5 grams -
Tryptone (SELECT) - 17 grams 10 grams -
Soytone (Soybean) - 3 grams - -
Dipotassium Phosphate - 2.5 grams - 0.2 grams
Potassium chloride - - - 0.2 grams
Sodium Phosphate (dibasic) - - - 1.15 grams
Extra components such pH adjuster pH7.5+£0.2 pH7.3+0.2 pH 7.0; NaOH

Table S4. Salt and protein content (in w/v %) in varying media conditions. The % of protein content

includes peptone, tryptone, soytone, and yeast extract. In the case of % of the salt content

includes sodium chloride, dipotassium phosphate, and potassium chloride.

Culture w/v % of | w/v % of
media salt protein
DPBS 0.95 0

NB 0.6 1.8

TSB 0.8 2

LB 1 1.5

Table S5. ICP-OES digestion results for varying concentrations of PpIX-AgNPs.

Sample Name Total Ag* amount

(ug/L)
Average Std Dev
1.5 ug/mL PpIX-AgNP 2749.92 45.91




1.0 ug/mL PpIX-AgNP

1786.24

195.93

0.5 ug/mL PpIX-AgNP

931.56

25.98

Table S6. Kinetic release rates for dual-step irradiation of varying PpIX-AgNP concentration

Media Phase Slope | R2
1.5 ug/mL Burst 1 | 21.50 1.00
Burst 2 | 7.58 0.95
1.0 ug/mL Burst 1 | 18.68 | 0.99
Burst 2 | 9.87 1.00
0.5 ug/mL Burst 1 | 12.31 0.99
Burst 2 | 7.20 0.98

Table S7. Kinetic release rates for single irradiation in varying culture media

Media | Phase | Slope R?
Water | Burst 8.26 0.99
Steady | 0.02 0.90
DPBS | Burst 23.66 0.97
Steady | 0.07 0.98
NB Burst 17.83 0.99
Steady | 0.06 0.98
TSB Burst 12.34 0.98
Steady | 0.14 0.89
LB Burst 22.21 0.98
Steady | 0.39 0.99

Table S8. Kinetic release rates for DIR irradiation in varying culture media

Media | Phase | Slope R?
Water | Burst 1 | 4.13 0.92
Burst 2 | 3.55 1.00
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DPBS | Burst 1 | 9.93 1.00
Burst 2 | 6.61 0.82
NB Burst 1 | 12.59 0.98
Burst 2 | 7.79 0.94
TSB Burst 1 | 7.77 1.00
Burst 2 | 6.25 0.99
LB Burst 1 | 10.64 1.00
Burst 2 | 7.79 0.94
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4 CHAPTER 4: PREVENTION OF BIOFILM FORMATION IN V. CHOLERAE AND
INVESTIGATION OF TRANSPORT OF FLUORESCENT NANOPARTICLES

WITHIN MOCK BIOFILMS

4.1 Introduction

Biofilms, prominently growing either on indwelling medical implants or dead/live tissue,
account for up to 80% of all human bacterial infections contributing to the high mortality rates °.
In biofilms, extracellular polymeric substance (EPS) serves as a physical barrier against the entry
and antibacterial action of antibiotics. Bacteria within a biofilm are 1000 times more tolerant to
antibiotics current treatment strategies require EPS-disrupting agents and high doses of antibiotic
cocktails 2°!:202  This contributes to the aggressive use of antibiotics, which may lead to potential
new resistance 2’ 3% 3. The current therapeutic challenges are attributed to limited penetration,
slow or delayed diffusion, and altered microenvironment of EPS *> 2%, Most bacterial biofilm
development is associated with survival and persistence. Infectious bacterial strains that form

biofilms on living tissues can worsen the infectious state within the body.

Cholera is an acute diarrheal disease that affects 3-5 million people annually, among which
100,000- 120,000 cases can be fatal 2°*. Vibrio cholerae is a known water-borne gram negative
bacteria, that can form biofilms during their aquatic (environment) and intestinal stage (human
host) 2%°. Vibrio polysaccharide (VPS), an exopolysaccharide, plays a crucial role in the formation
of V. cholerae biofilms driving the generation of rugose and smooth strains 2°%2°7. Among these,
rugose strain is associated with the formation of corrugated colonies and mature biofilms 2%, The
antibacterial action of AgNPs in V. cholerae is reported in the literature and mainly depends on the
bacterial lifestyle (planktonic or biofilm). Recent reports have indicated that AgNP-based

nanocomposites can eliminate planktonic bacteria and prevent biofilm formation at concentrations
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as low as 4 pg/mL 2% 2% The RT-PCR-based study reported here indicates that the presence of
AgNP causes a significant decrease in vpsL expression (VPS production gene) 2%%. Another study
tested chitosan and alginate-stabilized AgNPs in mature V. cholerae biofilms and presented SEM
analysis showing that chitosan-stabilized AgNPs successfully interacted and disrupted the EPS
microstructure of rugose strain V. cholerae biofilms >'°. The authors tested and exposed both these
AgNP types to mutant variants of rugose (non-biofilm strains) and concluded that the removal of
the Bapl gene increases the susceptibility of rugose strain to AgNPs. Owing to the advantage of
AgNPs, we tested the PpIX-AgNPs in a rugose strain of V. cholerae to assess for the inhibition of

biofilm formation. So far, there has been no study demonstrating the effect of PDI on V. cholerae.

Most PS-AgNP combinations so far tested in biofilms have focused mainly on inhibition
rather than elimination % > 14 Tn mature biofilm, the presence of a complex EPS layer is known
to limit the penetration of NPs. The EPS of mature biofilms is composed of individual
polysaccharides, proteins, lipids, and nucleic acids. The polysaccharide component makes up to
95% (by weight) of the EPS structure and is responsible for adhesion, and structural integrity 3'.
Most reported methods to disrupt EPS involve targeting critical structural components of EPS and
inactivating them using enzymes, and mucolytic agents to ensure disruption of eDNA, proteins,
and polysaccharides *!'2!7. NPs can play a crucial role in delivering these EPS-disrupting agents
30 The ideal performance of NPs requires their successful accumulation within the EPS matrix.
However, most of the NPs can only achieve attachment to the biofilm surface, because their
transport within the biofilm is affected by the viscosity, cell density, and porosity of the EPS matrix
218 The physicochemical characteristics of the NPs such as size, shape, surface charge,

hydrophobicity, and functional groups, are major factors that have an impact on this interaction *°.

Li et al reported that positively charged QD with hydrophobic surface groups showed better
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penetration compared to negatively or neutral-charged QD 2!°. Several studies report that NPs with
a size less than 100 nm with a positive charge and hydrophobic surface achieve better penetration
and diffusion within biofilms >!*?**, Dunsing et al reported that post EPS disruption the diffusion
coefficient of 20 and 60 nm NPs were close to that in water 2*. The cross-linking of EPS and
bacterial cell density also influences the NPs migration within the biofilm %2, A fundamental
understanding of the NP interaction and transport within EPS would help improve NP’s ability to

eliminate mature biofilms.
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Figure 4.1 The optimized experimental setup for light-activated biofilm inhibition was quantified

using crystal violet assay for PpIX-AgNPs.

We studied the light-activated biofilm inhibition activity of PpIX-AgNPs in V. cholerae
(rugose strain). As seen in Figure 4.1, the experimental setup was optimized to test variable
concentrations of PpIX-AgNPs in planktonic V. cholerae, and the biomass of the formed biofilms
was quantified using crystal violet assay. Crystal violet staining assesses the total biomass of the

biofilms %2°. The first section of the results focuses on the V. cholerae biofilm inhibition. The
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application of NPs for the disruption and removal of mature biofilm requires a a deeper

understanding of their interaction with the EPS matrix. To simulate an EPS matrix, a mock biofilm

(calcium alginate matrix) was optimized and generated. Further, fluorescent nanoparticles (FNPs)

and confocal laser scanning microscopy (CLSM) were employed to understand the transport and

interaction of the NPs with the mock biofilm. The latter section of the results focuses on this.
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Figure 4.2 (top)Visual images of biofilms post crystal violet staining. (bottom) Biofilm formation

post treatment with varying concentrations of PpIX-AgNPs tested in V. cholerae under light and

dark conditions.
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4.2 Results and Discussions

4.2.1 Light-activated PpIX-AgNPs for the inhibition of V. cholerae biofilms

The PpIX-AgNP synthesized and characterized in the previous chapters were tested in
terms of biofilm inhibition in V. cholerae (rugose). The V. cholerae (initial cell density
corresponding to O.D @ 600 nm) were exposed to various concentrations of PpIX-AgNP (in LB
broth), i.e. 200 pg/mL, 100 pg/mL, 50 pg/mL, 25 ng/mL, and 12.5 pg/mL. The PpIX-AgNPs
stocks for each concentration were prepared in DMF (at 100 higher concentration) and equal
volume from each stock concentration was added to the 6-well plate containing the V. cholerae
bacteria. The % of DMF in each well-kept constant at 2 % including the negative control (0
pg/mL). During the initial optimization, it was noted that DMF levels as low as 5% can reduce the
bacterial level and interfere with the experimental setup. It should be noted that the highest
concentration (200 pg/mL) resulted in the formation of a black precipitate (both dark and light
conditions), as visualized in Figure 4.2. As shown in Figure 4.2, PpIX-AgNP in dark control
shows minimal changes in biofilm formation among all PpIX-AgNP concentrations. For dark
conditions, 200 pg/mL resulted in the lowest biofilm formation (90%). In light conditions, the
increasing PpIX-AgNP concentration resulted in increased trends in inhibition of biofilm
formation, with the maximum 60% achieved for PpIX-AgNP concentration = 200 pg/mL. To
elucidate that PpIX-AgNP synergy is driving this biofilm inhibition, we tested AgNP and PpIX (or
cysPpIX) at concentrations equivalent to PpIX-AgNP (100 pg/mL). The PpIX concentration tested
here is 44 uM and AgNP concentration tested is 70 pg/mL. As seen in Figure 4.3, dark controls
among all the treatments show no changes in the biofilm formation. However, under light

irradiation, PpIX-AgNP (100 ng/mL) shows significant reduction in biofilm formation than PpIX
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(p =0.023). This observed reduction for PpIX-AgNP treated bacteria is not statistically significant

when compared to light-exposed AgNP ( p> 0.05).
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Figure 4.3 (top)Visual images of biofilm formed post crystal violet staining. (bottom) Biofilm
formation post-treatment with AgNP (70 pg/mL), cysPpIX (44 pM)and, PpIX-AgNPs (100

pg/mL) tested in V. cholerae under light and dark conditions.

4.2.2 Optimization of Mock Biofilm Generation

Alginate matrix crosslinked with divalent cations such as Ca** were used to simulate the
EPS structure of the biofilm based on previous reports 22°. Studies have indicated that the presence
of Ca®" affects the structure and thickness of most biofilms 2%+ 22227 Reports have indicated that

the calcium alginate matrix mimics the crosslinking mechanism and rheological behavior of real



113

biofilms 2?8, Thus, these calcium alginate matrices crosslinked with Ca*" were termed “mock
biofilms” and used to investigate the transport of fluorescent NPs (FNP). The transport of NPs was

monitored using confocal microscopy enabled with z-stacking.

O

O CI
. _ 100 uL of Polymerized Mock biofilm
spacer thickness = calcium for 10 mins stained with

120 um

alginate ConA-FITC

e __Side view
051-pP ¢
X

/1)»0»

Imaging
Ji__spacers

Figure 4.4 Mock biofilms were generated using the optimized protocol. (top) Schematic
demonstrating the optimized protocol for the generation of mock biofilms. (bottom)The top view

(left) and side view (right), show the location of spacers and mock biofilm.

The mock biofilm generation was first optimized by varying the concentration and ratio of
alginic acid (AA) and calcium hydroxide (Ca (OH)2). These variations (prepared in water)
included, 1) 0.25 % AA + 10 mM of Ca (OH)2; ii) 0.5 % AA + 10 mM of Ca (OH);; iii) 0.25 % AA
+ 1 mM of Ca (OH); and 1v) 0.25 % AA + 10 mM of Ca (OH),. Among these, the variation (i1)
resulted in the generation of calcium alginate with appropriate polymerization. Other ratios either
didn’t polymerize or didn’t display extensive cross-linking making them difficult to handle (white
layer formed). The mock biofilm generation was further adapted to use aqueous solutions of 0.5

% AA + 10 mM of Ca (OH)2 such that the matrix is formed on a glass slide containing imaging
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spacers (Figure 4.4). The imaging spacers ensured that the thickness of the mock biofilm was
limited to 120 um. To mimic the salt content in real biofilms, we attempted to make these mock
biofilms in Dulbecco’s phosphate buffer saline. However, it was observed that the presence of
buffers with salt biofilm formation was hindered. Thus, mock biofilms were generated using
aqueous solutions of AA and Ca (OH),, wherein the obtained calcium alginate matrix was mounted

on a glass slide containing imaging spacers.

Furthermore, the staining of the mock biofilm was done using concanavalin A (ConA)
linked to FITC. The ConA-FITC staining protocol was optimized to ensure even FITC staining
across the mock biofilm. We tested two staining conditions, i) Con-A FITC stain mixed with
calcium alginate matrix and then mounted on a glass slide; i1) mock biofilm was mounted first and
then Con-A FITC was added on top and incubated for 6-12 hours. Among these two, as seen in
Figures 4.5a and b, the second condition clearly shows successful staining across the mock biofilm
area. The mean fluorescent intensity (MFI) calculated for the mock biofilms clearly shows that
successful staining was accomplished across most of the z-height of the mock biofilm (Figure
4.5¢). It should be noted that even staining of Con-A FITC was observed within a central region

(as denoted in Figure 4.5¢).

4.2.3 Investigation of FNP penetration and accumulation within mock biofilms

The Con-A FITC stained mock biofilms were exposed to FNP for variable periods and
confocal images were obtained for each, to construct a time-based transport of FNPs across the
mock biofilms. Post-generation of stained mock biofilms, the FMSN (100 pg/mL) was added on
top of the mock biofilms and allowed to incubate for 3 hours, 6 hours, and 24 hours. Post respective
incubation, the confocal images were generated to track the MFI for FNPs across the z-height. As

shown in Figures 4.6 a, b, and c, the FNPs show spikes in MFI at specific z-heights, whereas Con-
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A staining remains consistent across the z-height. As seen in Figure 4.6¢, at 3 hours most FNP
seem to localize at 10 pm which moves further to 23 um at 6 hours and finally reaches 45 um at
24 hours. It should be noted that MFIs across the z-height resemble a Gaussian-like distribution
(Figure 4.6¢). The normalized values MFI indicate that the FNPs gradually move across the z-
height of the mock biofilm. Based on this study, at 24 hours the maximum accumulation is

achieved and FNPs can transport up to ~50 % of the total mock biofilm’s thickness.
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Figure 4.5 Confocal images for Con-A FITC stained mock biofilms testing two conditions. a)

Con-A FITC stain mixed with mock biofilm and then mounted on a glass slide; b) mock biofilm
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was mounted first and then Con-A FITC was added on top and incubated for 6-12 hours. ¢) MFI

of FITC plotted against normalized z-height (condition ii tested).
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Figure 4.6 Transport of FNP across biofilms in terms of MFI post-incubation of a) 3 hours, b) 6
hours, and c) 24 hours. d) Normalized MFI plots for TRITC (FNPs) against normalized z-height

indicating the distribution of FNPs across the mock biofilm for variable incubation times.

4.3 Experimental section

4.3.1 Materials and Instrumentation

The following chemicals and biological media were purchased from various suppliers:
concentrated hydrochloric acid (Macron chemicals), nitric acid (Macron chemicals),
protoporphyrin IX (Enzo Lifesciences). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide

hydrochloride (EDC) (Oakwood Chemicals), silver nitrate (AgNO3), cysteamine hydrochloride,
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N-hydroxysuccinimide (NHS), dimethylamino pyridine (DMAP), N,N-Diisopropylethylamine
(DIPEA), trisodium citrate dihydrate, (all from Sigma Aldrich), tannic acid (95%, Acros Organics),
dimethyl sulfoxide, dimethylformamide (VWR chemicals) and dichloromethane (Alfa aesar), 1X
Dulbecco’s phosphate buffer saline (DPBS) (Corning), Luria Bertani (LB) broth, LB agar (VWR
Life Science). All chemicals were of reagent grade purity or higher and were used as received.
Biological media are certified nuclease-free. Vibrio cholerae O1 ElTor (A1552) rugose variant
was provided by Dr Troutman’s lab. Crystal violet dye was purchased from Sigma Aldrich

(Troutman Lab). Glacial acetic acid was obtained from VWR.

Cetyl trimethyl ammonium bromide (CTAB), Tetraethyl orthosilicate (TEOS), 1,3,5-trimethyl
benzene (TMB, mesitylene), diethanolamine (DEA), Rhodamine B isothiocynate (TRITC), FITC -
concavalin A conjugate, alginic acid sodium salt, calcium hydroxide were purchased from Sigma
Aldrich. (3-aminopropyl)triethoxysilane was purchased from Alfa Aesar. Imaging spacers (thickness=

120 pm) were purchased from Grace Biolabs.

UV spectrophotometer was used to record the absorbance at 560 nm post crystal violet staining.
For the confocal microscopy experiments, an Olympus FV1000 laser scanning confocal system was
used. Mock biofilms were imaged using 60X (water immersion) objective (NA= 1.20), zoom of 2 at
an image size of 1024 x 1024 (pixel). The z-height adjustments were varied at a resolution (step size)

of 1 pm.

4.3.2 Biofilm inhibition test

A single bacterial colony of each strain was aseptically picked from the top of a glycerol
stock of V. cholerae (rugose strain) using a sterile loop and inoculated into sterile LB broth media.

Bacteria cells were grown overnight (~ 18 h) at 30 °C under continuous shaking. The overnight
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cells were diluted with LB media to achieve an absorbance (@ 600 nm) of 0.5 O.D. In a 6 well
plate, 2 mL of these cell suspension (O.D @ 600 nm = 0.5) was added along with 20 uL of varying
concentrations of PpIX-AgNP stocks (concentration prepared in DMF). The respective PplX-
AgNP stocks were prepared in DMF such that the final concentrations in the well correspond to
200 pg/mL, 100 pg/mL, 50 pg/mL, 25 pg/mL, 12.5 pg/mL. For example, to achieve a final
concentration of 100 pg/mL in the well, a stock of 5000 ug/mL in DMF was prepared. The stock
solution gets diluted 50 times when 20 pL of this stock is added into a well containing 980 pL of
bacterial culture in LB. The well with 20 pL of DMF was considered as negative control. The
resulting DMF concentration in the final reaction volume was < 2%. The plates were incubated in
dark for 1 hour at 30 °C with intermittent shaking. Post incubation, the plates were irradiated for
30 minutes without stirring using a blue LED light source (450- 475 nm; 34.5 mW/cm?). For the
experimental group, a dark control plate was considered, which was kept in the dark. Post
irradiation, the plates (treatment and dark control) were further incubated at 30 °C for 18 hours
without shaking to allow biofilm growth. For control experiments, the above protocol was repeated
with AgNP and cysPpIX concentration equivalent to 100 ng/mL, i.e., AgNP concentration is 70

pg/mL and cysPpIX (or PpIX) concentration is 44 pM.

4.3.3 Crystal violet assay

During this entire step, extra precautions were taken not to disturb the formed biofilm. The
supernatant media in each well was carefully removed using a 1 mL micropipette without
disturbing the biofilm formed at the bottom. Each well was rinsed with 1 mL of cold DPBS twice.
To each well, 1 mL of 0.01 % crystal violet dye (in methanol) was added and incubated for 15- 20
mins. Following this, the crystal violet in each well was discarded and rinsed with 1 mL of DPBS.

The remaining biofilm in each well was solubilized using 2 mL of 30 % glacial acetic acid, and
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the absorbance was measured at 560 nm using a spectrophotometer. The following equation was

used to evaluate the % biofilm inhibition for treatment conditions

Equation 4.1.

0.D at 560 nm for treatment group

s o) —
Biofilm formed (%) 0.D at 560 nm for control group

4.3.4 Synthesis of fluorescent NPs (FNPs)

The fluorescent NPs (FNP) were used for tracking their transport within the mock biofilm.
The FNP used for this study are dendritic mesoporous silica nanoparticles tagged with fluorescent
label, TRITC (DMSNTriTc). To produce DMSNS, cetyltrimethylammonium bromide (CTAB) (390
mg, 1.07 mmol) was dissolved in ethanol (3.32 mL, 56.86 mmol) and nanopure water (21.6 mL)
followed by the addition of diethanolamine (DEA) (41.4 pL, 0.428 mmol) under slow stirring at 60
°C. Immediately, 1.0 mL of 1,3,5-trimethyl benzene was added to this solution and stirred for 4 hours.
Tetraethyl orthosilicate (TEOS) (1.095 mL, 4.9 mmol) was then added dropwise over a period of 1-2
min. The mixture was further stirred for 18 h at 60 °C. The nanoparticles were dialyzed against ethanol
for 45 min. DMSNs were collected by centrifugation at 13,000 rpm for 15 min, washed three times
with ethanol three times, and stored in ethanol. The surfactant template was extracted by washing the
DMSNs in 1M HCI methanolic solution (10 mg of DMSNs in 1 mL of the acidic solution). The
DMSNs were dispersed in the acidic solution and stirred for 10 h at 60 °C. After the acid wash, DMSNs
were collected via centrifugation and washed three times with ethanol. A second acid wash was
performed under the same conditions for 6 h to optimize surfactant extraction. Finally, the surfactant-
free DMSNs were washed with ethanol three times and stored in ethanol. The synthesis of FNP, (i.e.
DMSNrriTc) Was carried out in two steps; first, TRITC (1.8 mg) was dissolved in 1 mL of dry DMF,

APTES (5 pL, 21.3 pumol) was added and allowed to react for 3 h to afford TRITC-silane solution.
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Second, DMSNs (100 mg) were dispersed in 30 mL of ethanol and allowed to stir at 60 °C. APTES
(15 pL, 14.25 mg, 64.1 umol) was mixed in 10 mL ethanol and then added dropwise to the DMSN
dispersion. The reaction was mixed for 24 h at 60 °C. After the post-grafting process, TRITC-silane
solution was added to the DMSN mixture and stirred for another 24 h at 60 °C under dark conditions.
The FNPs were finally collected by centrifugation at 13,000 rpm for 15 min, washed with ethanol three

times, and stored in ethanol.

4.3.5 Generation of mock biofilms for confocal imaging

Calcium alginate matrix (mock biofilms) were optimized and generated based on the
modified version of previous reports 2. All the solutions were prepared a day before the formation
of mock biofilms. Briefly, 0.5 % (w/v) of alginate (alginic acid sodium salt) in water was prepared.
Vigorous stirring and sonication were employed to dissolve the salt completely. An aqueous
solution of calcium hydroxide with a concentration of 10 mM was prepared and stored at 4° C
before use. Equal volumes (50 pL) of the alginic acid and Ca(OH)> were added on a strip of
paraffin and mixed using a transfer pipette to form the mock biofilm. This mock biofilm was
transferred to center of a glass slide containing the imaging spacer. This glass slide was covered
with a cover glass wrapped in paraffin to spread the mock biofilm evenly. After 10 mins of contact,
the cover glass was removed and the stained with 50 uL. ConA-FITC (100 pg/mL) for 6 hours at
4° C. The cover glass wrapped in paraffin was placed on top to avoid drying issues. Post 6-hour
incubation, FNPs (100 pg/mL) were added on the generated mock biofilm and incubated with for
3, 6 and 24 hours at 4° C. A separate mock biofilm sample (slide) was prepared for each time and
post the respective incubation time the glass slide was prepared for confocal microscopy imaging.

The NP tracking within the biofilm was performed using z-stack-enabled confocal microscopy.
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4.3.6 Confocal Imaging and Analysis

The z-stack enabled confocal images of each sample were generated using an Olympus
FV1000 laser scanning confocal system Samples were imaged using 60X (water immersion) objective
(NA=1.20), zoom of 2 at an image size of 1024 x 1024 (pixel). The FITC (corresponding to the mock
biofilm) gain was kept consistent at 2.5 to ensure visualization across variable z-heights. The focus
was adjusted to set the start and end z-height for each sample, based on the FITC intensity. The z-stack
resolution was kept constant at 1.0 pm. The z-stack confocal image for each sample was exported in
the multi-tiff format. Mean fluorescent intensity (MFI) for FITC and TRITC for each image within the
z-stack, was calculated using Image] analysis. These calculated MFI were plotted against the

respective normalized z-height.

4.3.7 Statistical analysis

Graphs and statistical analyses were performed using OriginPro 2024 (Academic Version).
Statistical significance between treatment groups was calculated using a one-way analysis of variance
(ANOVA), with the inclusion of Tukey test for mean comparison. All the statistical analyses were
performed using OriginPro 2024 (Academic Version) with o = 0.05 and reported as stars assigned to

the p-values. The exact p values can be found within the main paper for the respective experiment.

4.4 Conclusions

In this chapter, we report a preliminary study evaluating the PpIX-AgNP’s antibacterial action
in (reported in the previous chapter) rugose (biofilm forming) strain of V. cholerae. The light-
activated PpIX-AgNP displays 40% biofilm inhibition at a concentration 200 pg/mL and ~31% at
100 pg/mL. Furthermore, control experiments indicate that antibacterial action is driven by the

PpIX and AgNP synergy. The mechanism driving the antibacterial synergy needs further validation
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in terms of SEM and confocal analysis of biofilm formed post-light-assisted treatment of PpIX-
AgNPs. In the latter section of the chapter, we successfully developed a protocol for the generation
of mock biofilms, i.e., calcium alginate matrix. We further investigated the interaction of FNPs
with the mock biofilm and evaluated the time-based transport of NP within these mock biofilms
using CLSM. The FNPs show accumulation within 50 % distance of the mock biofilm post 24-
hour incubation, indicating that NP transport is slow across the mock biofilms. However, these
findings need to be validated by varying physiochemical parameters of the NP, such as size, surface

charge, and surface functionalization.

4.5 Limitations

This chapter has limitations associated with the mock biofilms generation and investigation of NP
transport within the mock biofilms that need to be pointed out. First, ensuring the mock biofilms
generated are stored at 4 °C is critical since the formed calcium alginate matrices (mock biofilms)
are prone to drying effects at room temperature. During confocal microscopy analysis of mock
biofilms, it should be noted that the FNPs were visible only at 60X water immersion magnification
and not at 40X or 20X magnification. This can be associated with the lower concentration of the
FNPs (100 pg/mL) introduced into the mock biofilms. As a result of high magnification, Z-stacked
confocal images obtained here represent only a tiny area of the mock biofilms. Since the transport
of NPs within biofilms is asymmetrical, obtaining the information representing a large area of the
mock biofilms is crucial. This can be achieved by increasing the FNP concentrations or by
capturing z-stack confocal images at multiple locations (x-y) within the mock biofilms. An
alternative method would be to use a digital confocal instrument (PICO) with lower magnification
(40X) and higher FNP concentrations to get detailed information corresponding to a maximum

area of the mock biofilms to construct a 3-D visual graph representing the transport of NP within
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the mock biofilms. Advanced image analysis tools can be implemented to remove background
fluorescence associated with FITC and TRITC channels to ensure consistent fluorophore intensity.
Finally, it is critical to reduce the resolution (1 um used here) of the z-height data collected to
obtain a better 3-D graph demonstrating the precise location of the FNPs within mock biofilms

during these confocal image acquisition.
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S CHAPTER 5: CONCLUSIONS AND FUTURE DIRECTIONS

Nanoparticles such as AgNPs are an excellent candidate due to their unique optical and
physiochemical properties and their innate broad-spectrum antibacterial activity. These properties
combined the advantages of photodynamic inactivation (PDI) with AgNPs to demonstrate
synergistic antibacterial activity. This research aims to develop light-activated silver nanoparticles
by functionalizing photosensitizer (PS) on AgNP surface and investigate their light-responsive Ag"

release kinetics to understand their role in the antibacterial synergy.

In Chapter 2, we synthesized, characterized, and demonstrated a light-activated PpIX-AgNP
platform for eliminating ARBs, MRSA, and MDR E. coli. PpIX-AgNPs demonstrated broad-
spectrum antibacterial action, resulting in > 7 log inactivation of MRSA and MDR E. coli. The
ROS generated due to the irradiation of PpIX increased the release of Ag" from the surface of the
PpIX-AgNPs. We also investigated the influence of the media composition on the release kinetics
of Ag’, wherein the light-activated PpIX-AgNPs in DPBS displayed 2.5 times higher Ag" release
than in nanopure water. The cationic surface charge associated with PEI-PpIX-AgNP did not
improve bacterial inactivation since it did not generate a similar Ag" release compared to PpIX-
AgNP. The amount of released Ag" drives the inactivation of MDR E. coli and MRSA over
electrostatic interaction from PpIX-AgNPs. In addition, PpIX-AgNPs overcame the limitations of
PpIX molecules in the PDI of MDR E. coli. This light-activated PpIX-AgNP platform showed
negligible cytotoxicity to HeLa cells at the bacterial inhibitory concentration after 24 h exposure.
The successful formulation of light-activated PpIX-AgNPs with increased potential for Ag” release
would reduce the MIC of AgNPs for therapeutic applications. However, these PpIX-AgNPs are
known to be associated with poor colloidal stability in physiological conditions. This poor

colloidal stability of these PpIX-AgNPs in realistic media, such as bacterial culture and bodily
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fluids, may hinder their widespread antibacterial applications. Most of these PpIX-AgNPs are
prone to precipitation or aggregation in culture media. Polymers such as PEI, polyvinylpyrrolidone
(PVP), polyethylene glycol (PEG), and poly-L-lysine (PLL) can be employed via surface
functionalization to improve colloidal stability. However, as seen in Chapter 2, it is crucial to note
that any polymer functionalization of these PpIX-AgNPs can hinder Ag" release, thereby reducing
its antibacterial properties. In the future, studies that enhance the colloidal stability of these PpIX-
AgNP should consider evaluating the Ag" release Kinetics as an essential design criterion. A study
optimizing the polymer chain length, ratio, and molecular weight for optimal Ag" release can
provide a robust light-activated platform. Furthermore, these PpIX-AgNP can be further studied
for the light-activated elimination ARBs such as extended-spectrum p-lactamases (ESBL)
producing E. coli, carbapenem-resistant Pseudomonas aeruginosa (CRPA) and vancomycin-
resistant Enterococcus faecium (VRE). There have been reports that antibiotic-resistant genes
(ARG) found in the environment can also be targeted using NPs. Considering the NP's extensive
surface functionalization properties, the DNA sequence complementary to ARGs can be
functionalized onto these PpIX-AgNP surfaces to ensure hybridization-based targeting of ARGs

in water samples.

In Chapter 3, we evaluated the hypothesis that exposing PpIX-AgNP in a multi-step irradiation
setup (MIS) could elevate the Ag" release and promote effective antibacterial action in MRSA4. We
proved our hypothesis that a dual-step irradiation setup (2 irradiation cycles) can effectively
increase Ag" release efficiency, lowering the PpIX-AgNP concentration for antibacterial action.
The lower concentration achieves a maximum AgNP to Ag” conversion efficiency of 40 %. MRSA
inactivation results indicate that in DPBS, PpIX-AgNP concentrations as low as 1.0 and 0.5 pg/mL

can result in up to 5-6 log inactivation. Additionally, we elucidate the critical role of culture
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composition by assessing the colloidal stability of PpIX-AgNPs and generating their light-
activated Ag" release kinetics in diverse bacterial cell culture media, i.e. Nutrient Broth, Tryptic
Soy Broth, and Luria- Broth, post single and dual-step light irradiation. The salt and protein content
plays a major role in influencing the colloidal stability and Ag" release kinetics, with media with
high salt content such as DPBS and LB showing maximum release, and media with high protein
content displaying limited release (TSB and NB). PpIX-AgNP in NB displayed the highest
colloidal stability, and the inclusion of the dual-step irradiation mode doubled the Ag" release as
compared to single irradiation in NB within 4 hours, thereby overcoming the limitation of lower
Ag' release during the single irradiation setup. Finally, the antibacterial action of PpIX-AgNP (5
pg/mL) in NB against MRSA under dual-step irradiation mode displayed ~ 3-log inactivation. This
response increased to a 5-log reduction when the initial bacterial load was reduced. The initial
bacterial load plays a crucial role in demonstrating the antibacterial activity of any novel
antimicrobials. Future experiments evaluating the correlation between reduced bacterial load (10°-
10’7 CFU/mL) and PpIX-AgNP concentration in realistic bacteria culture media such as NB can
provide great insights for clinical applications. Including a dual-step irradiation setup can enable
the controlled release of Ag", thereby applying these PpIX-AgNPs-based platforms for exploring
light-controlled antibacterial applications. There is scope to modulate the light intensity and
irradiation time to explore the application of these light-activated nanoparticles. For future
experiments, comparing the MIC of silver cations with the Ag" release kinetics and electron
imaging of bacteria can illuminate the exact mechanism driving the PS-AgNP antibacterial
synergy. For their long-term wound-healing applications, it is also crucial to examine the colloidal
stability and light-activated Ag" release of PpIX-AgNPs in a wound-like medium composed of

bacterial culture media along with serum, hemolyzed blood, keratinocytes, and macrophages/
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neutrophils. The effect of protein corona would be more pronounced in these conditions and would

provide a realistic antibacterial action.

Chapter 4 presents preliminary work for applying these PpIX-AgNPs for biofilm inhibition
and introducing a fluorescent-based approach utilizing confocal microscopy to understand the
transport of NPs across mock biofilms. The light-activated PpIX-AgNP displays 40% biofilm
inhibition at a concentration 200 pg/mL and ~31% at 100 ug/mL in Vibrio cholerae (rugose strain).
Furthermore, control experiments indicate that antibacterial action is driven by the PpIX and AgNP
synergy. The mechanism driving the antibacterial synergy needs further validation in terms of SEM
and confocal analysis of biofilm formed post-light-assisted treatment of PpIX-AgNPs. We also
investigated the interaction of FNPs with the mock biofilm and evaluated the time-based transport
of NP within these mock biofilms using CLSM. The FNPs show accumulation within 50 %
distance of the mock biofilm post 24-hour incubation, indicating that NP transport is slow across
the mock biofilms. However, these findings need to be validated by varying physiochemical
parameters of the NP, such as size, surface charge, and surface functionalization. A mock biofilm
with inherent fluorescence properties, such as fluorescent alginate, can be generated to avoid an
additional Con-A FITC staining of mock biofilms (associated with uneven staining). Biofilms are
much more complex environments than bacteria and applying nanotechnology to combat biofilms
requires detailed studies to understand the interaction and transport of NP with the biofilm matrix.
Limitations associated with the confocal microscopy approach to study NP transport can be
overcome by employing Raman active NPs such as silver nanoparticles for advanced tracking.
Alternatively, a non-fluorescent method, such as quantitative phase imaging using silica
nanoparticles, can assess NP diffusion within biofilms. In addition, the physiochemical properties

of NP, such as AgNP, can be utilized to deliver multiple therapeutic agents, such as EPS-disrupting
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mucolytic agents, such as polymyxin B, along with light-activated Ag"-directed antibacterial
action. We envision that the insights gained from this chapter would lead to developing a light-

controlled therapeutic modality to eliminate biofilms for potential wound healing applications.
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