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ABSTRACT

SYNTHESIS OF GOLD NANOPARTICLES VIA PULSED LIQUID ABLATION FOR USE IN
THE PHOTODYNAMIC THERAPY OF BACTERIA

With the ever-increasing threat of antibiotic resistant bacteria, alternative treatment
methods have been developed including photodynamic therapy (PDT). Within the PDT process,
photosensitizers are used to generate reactive oxygen species (ROS) and facilitate the cell
termination process. This work lays the conceptual foundation for the functionalization of the
photosensitizer methylene blue (MB) with gold nanoparticles (AuNPs) and INF-55 as a potential

inhibitor of the AcrAB-TolC efflux pump to enhance the effectivity of the PDT process.

AuNPs were synthesized using pulsed laser ablation in an aqueous citrate solution. Both
nanosecond and picosecond pulse durations, as well as both 532 nm and 1064 nm wavelengths at
various powers and frequencies were tested to determine the effect of laser parameters on
particle synthesis. The nanosecond, 532 nm, 2.0 W laser parameters were determined to produce
the most viable AuNPs for application in PDT with an average Feret diameter of 7.46 + 3.28 nm.
After synthesis, the AuNPs were characterized using transmission electron microscopy imaging,
UV-Visible spectroscopy, fluorescence spectroscopy, and Fourier transform infrared (FTIR)

Spectroscopy.

After synthesis and characterization of the AuNPs, the ROS generated in solution was
measured by monitoring the photobleaching of 9,10-Anthracenediyl-bis(methylene)dimalonic
Acid (ABMDMA). Molecular docking calculations were conducted to determine the viability of
INF-55 as a competitive inhibitor for the AcrB subunit. The most probable binding mode for
INF-55 had a binding affinity of -9.1 kcal/mol while the most probable binding mode for MB

had a binding affinity of —7.2 kcal/mol.
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Additionally, AuNPs were used in combination with MB in-vitro on the Gram-negative
bacteria Escherichia coli (E. coli) to determine the effect of AuNPs on cell termination. When
AuNPs were used with MB, a 99.98 - 99.99 % decrease in the bacteria concentration was

observed as compared to a 97.51 % decrease with MB alone.
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CHAPTER 1
INTRODUCTION
1.1 Significance of Antibiotic Resistance

When looking back at scientific discoveries throughout history, among the most notable
scientific advancements in medicine occurred in the early to mid-20th century with the discovery,
isolation, and production of penicillin as an antibiotic compound. In 1928, Alexander Fleming
discovered the antibacterial effects of P. notatum, leading Ernst Chain and Howard Florey to isolate
penicillin in 1939.! Due to the significance of their research, Fleming, Chain, and Florey received
the Nobel Prize in Medicine and Physiology in 1945.1> Since the discovery of penicillin,
antibiotics have become a significant area of scientific research due to their ability to combat

previously untreatable bacterial infections.’

Over the past few decades, bacterial infections have re-emerged as a significant threat to
public health due to the overprescription and overuse of antibiotics.*® It is estimated that
approximately 30% of the antibiotics prescribed in the clinical setting are unnecessary for the
intended application.*> When combined with the recent void in the development of novel
antibiotics, alternative treatment methods have become a significant topic of research within

multiple scientific disciplines to combat multidrug resistant bacteria (MDR).51°

One of the most frequently cited statistics related to antibiotic resistance is the Center of
Disease Control’s (CDC) Antibiotic Threat in the United States reports. According to these
documents, it is estimated that more than 2.8 million antibiotic resistant bacterial infections were

reported in 2019, leading to more than 35,000 deaths in the United States alone.!! When compared



to the 2 million infections resulting in 23,000 deaths reported in 2013, cases of antibiotic resistance
have increased by 40% over the span of 6 years.'? Additionally, the number of deaths from such
infections has increased by 52% in 6 years despite preventative measures.!"!? As portrayed by the

statistical data, multidrug resistant bacteria are a current, major threat to public health.

Advancements in technology and scientific understanding have allowed for the development
of enhanced bacterial treatment methods to combat MDR bacteria including combination
therapies, engineered bacteriophages, photothermal therapy (PTT), and photodynamic therapy
(PDT)."*1¢ Among these new methods, photodynamic therapy has become a leading alternative

due to its relative simplicity, versatility, and clinical potential.!>!4

1.2 Photodynamic Therapy Background

Photodynamic therapy is a treatment method that utilizes photosensitive chemical
compounds, called photosensitizers, to combat bacterial infections, cancerous tumors, abnormal
skin/eye conditions, etc.'*"!> Understanding the chemical mechanism behind PDT has been crucial
for its advancement and refinement. It has been well demonstrated in the literature that
photosensitizers are chemical compounds that transition from a ground singlet state to an excited

singlet state upon irradiation with a particular wavelength of light.'

When in this excited singlet
state, the photosensitizer can either relax back to a lower energy state via fluorescence or
vibrational relaxation, or it can transition to an excited triplet state via intersystem crossing. Once
in the excited triplet state, the photosensitizer can again, either relax back to a lower energy singlet

state via phosphorescence, or it can react with molecular oxygen in one of two types of reactions

to generate reactive oxygen species (ROS).!?



Type I reactions occur when the excited triplet state photosensitizer interacts with a molecular
substrate to generate radical species.'® These radical species subsequently react with molecular
oxygen to form oxygenated products such as hydrogen peroxide (H20O>), hydroxy radicals (OH"),
and superoxide anions (O2"). Type II reactions, conversely, occur when the activated
photosensitizer reacts directly with molecular oxygen to form singlet oxygen (!02). Each of these
reactive oxygen species can then react with cellular substrates, making them highly toxic to various
cellular components such as the cell membrane, resulting in cellular death via apoptosis or

necrosis.'*!*> This photosensitizer mechanism is summarized and depicted in Figure 1.
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Figure 1: Schematic of the mechanism for singlet oxygen (') and reactive oxygen species
(ROS) generation from a photosensitizer (PS). The photosensitizer begins in a ground singlet (Sy)
state. When irradiated with a particular wavelength of light (hv) it enters an excited singlet state
(S1). After intersystem crossing, it enters an excited triplet state (T1) where it can react with

molecular oxygen (O:) to produce singlet oxygen and ROS.

Once generated in-situ, the relatively short half-life of ROS in biological tissues allows for

site directed treatments as cells within the relative proximity of the photosensitizer will be



impacted by the generation of ROS.!* By introducing photosensitizing agents directly at the
treatment site and irradiating the area, cell death can be induced either directly or indirectly.
Indirect cell death can occur by damaging related vasculature or by activating the immune
response. Direct cell death, on the other hand, can occur through the destruction or disruption of
various cellular components including the membrane, cellular proteins, DNA, or ribosomes.'® Due
to its localizability, PDT has become a recent topic of study with the intent to improve the process
for further application in clinical treatments.'>!>

When studied independently, PDT has limitations which restrict its effectiveness including
low concentrations of produced ROS, the introduction and localization of the photosensitizing
agents, and light penetration within biological tissues.'* Various methods to overcome these
limitations have been proposed including the introduction of nanomaterials.!” 2

The photosensitizer used in this work is methylene blue (MB). MB belongs to a class of
compounds known as phenothiaziniums which are heterocyclic compounds that contain nitrogen
and sulfur.?* Since its synthesis in 1856 for use in the textile industry, MB has been used for
cellular staining, for the treatment of malaria, as a redox indicator, and as a photosensitizer in
PDT as it has a peak absorbance between 600 - 668 nm.>> When used independently, MB has
been proven to be effective in the photodeactivation of bacteria in multiple cases for both gram-
negative and gram-positive bacteria.’* > However, as previously mentioned, limitations such as

low singlet oxygen yields are still prevalent and have sparked new research which aims to

overcome the restrictions of the PDT process and further improve its effectivity.



1.3 Application and Synthesis of Gold Nanoparticles

The introduction and use of nanomaterials for the treatment of bacterial infections has
recently become a large field of study with multiple proposed materials and application methods.
Such applications include in vivo drug delivery, disruption of bacterial cellular components and
functions, as well as active components of treatment therapies such as photodynamic therapy and

photothermal therapy. 72

PDT and its effectivity on bacteria are especially important as bacteria develop higher levels
of antibiotic resistance to current treatments. However, as previously stated, some of the major
complications of PDT are the low concentration of the produced ROS, its ineffectiveness in human
blood, and the localization of the photosensitizer.!* To increase the concentration of ROS,
nanomaterials have been proposed to be used in conjunction with photosensitizers due to their
intrinsic properties such as nanoscale size, binding capabilities, surface plasmon resonance,
photothermal properties, etc. depending on the nanomaterial. '”2* Gold nanoparticles (AuNPs)
have been examined for the enhancement of the PDT process in previous works and have been
demonstrated to be an influential catalyst in the PDT process when used in combination with

photosensitizers.>*°

Gold nanoparticles have specifically been investigated for use in PDT due to their optical
properties, surface plasmon resonance, thiol chemistry, and enhanced permeability and retention
in biological tissues.?**¢ Additionally, AuNPs are relatively easy to synthesize and characterize
and are generally biocompatible making them viable for use in PDT.>”* AuNPs can be
synthesized using a variety of methods including chemical reduction, electrochemical production,

seeding growth, biological methods, ionic liquid production, and pulsed laser ablation in liquid



(PLAL).*3% Each process allows for the production of various sizes of AuNPs that absorb

different wavelengths of light, which is essential for enhancing the PDT and PTT processes.

In addition to the ease of synthesis, the variety of characterization methods applicable for
AuNPs facilitate further understanding to optimize them for application. Such characterization
methods include transmission electron microscopy for size and morphological characterization,
fluorescence spectroscopy, as well as zeta potentials which measure the surface charge of the
AuNPs and reflect their stability in solution.*’ These analyses allow for the variation of the
nanoparticles to modify their optical properties which can be harnessed to enhance the PDT
process. By selecting a nanoparticle size and photosensitizer with relatively similar absorption
wavelengths, the excitation of electrons and activation of the photosensitizer can be enhanced

thereby generating higher concentrations of ROS.”4!

Another benefit of AuNPs, is that they have been shown in the literature to be relatively
biocompatible as they have low cytotoxicity and do not induce the immune response and therefore
present low risk for adverse complications.*!*” It has similarly been demonstrated that AuNPs can
be taken up by cells via pinocytosis or lysosomal bodies, indicating they are capable of entering
hydrophilic intracellular spaces, a crucial component necessary for compounds involved in the
PDT process.’” By using photosensitizing agents in combination with AuNPs for PDT, it is
hypothesized that higher concentrations of ROS can be localized at the site of treatment, thereby

enhancing the effect of PDT.>"#!

In this work, AuNPs were synthesized via pulsed laser ablation in an aqueous citrate solution.
It has been demonstrated that laser ablation is an efficient, cost-effective, and eco-friendly method

to synthesize AuNPs.* It has also been shown in the literature that it is possible to alter the



properties of various nanoparticles by altering the laser parameters; however there has been little
data published regarding the impact of laser parameters on gold nanoparticles synthesized via

PLAL which this work aims to explore. *?

PLAL was specifically chosen for this work due to the biocompatibility of the generated
AuNP samples. It has been discussed in the literature that chemical synthesized AuNPs can contain
cytotoxic by-products or require isolation of the nanoparticles from toxic reagents such as gold
chloride.*-° PLAL, on the other hand, can be used to directly synthesize AuNPs in solution
without the need for strong reducing agents or toxic compounds allowing the samples to be used
in biological applications immediately without sample preparation if the aqueous solvent is chosen
correctly.’® For example, aqueous sodium citrate, which was used in this work, can be used to

stabilize the produced AuNPs while keeping the solution biocompatible.**#°

1.4 Bacterial Efflux Pumps

In addition to understanding the chemical and physical mechanism of PDT for the
proposition of enhancements such as the incorporation of AuNPs, it is also crucial to consider the
biochemical causes of antibiotic resistance to assist with the development of additional
enhancements for the PDT process. It has been demonstrated that there are three main categories
of mechanisms of antibiotic resistance. The first, minimizes antibiotic concentrations within the
bacteria, the second modifies the antibiotic target through genetic mutations or post-translational

modification, while the third directly inactivates the antibiotic via modification or hydrolysis.*®

When applying this understanding to the PDT process, the most prevalent mechanism is
the removal of compounds from within the bacterial cell. One of the most notable molecular

mechanisms that decreases the concentration of antibiotics within the bacterial cell are bacterial



efflux pumps. Efflux pumps are integrated membrane proteins that span the membrane and act as
a means for the cell to remove toxic substances from within the cell.*** Substrates for these
protein pumps include antibiotic compounds and photosensitizers. These proteins are encoded by
an operon with a regulatory gene controlling their expression. Therefore, the presence of the efflux
pump is intrinsic to the bacterial cell; however, increased antibiotic resistance is directly related to
the over-expression of the efflux pump protein. Therefore, mutants that possess the over expression

of efflux pumps are preferentially selected and can thereby proliferate the mutation, 647

Efflux pumps are one of the primary ways that both gram-negative and gram-positive
bacterial cells remove toxic compounds from their cellular matrix. Therefore, these proteins
complexes have become a primary target in the effort of combating antibiotic resistance and
enhancing the PDT process.*** By developing compounds that inhibit or block these protein
complexes, substances that are toxic to the bacterial cells, such as antibiotics or photosensitizers,
can be localized within the cell for a longer duration, increasing the efficacy of the treatment
method.*** The efflux pump targeted in this work is the AcrAB-TolC complex found within the
membrane of the gram-negative bacteria Escherichia coli (E. Coli), the structure of which is

depicted in Figure 2.0

The AcrAB efflux pump is a well-studied model efflux pump. It is specifically located in the
inner membrane of E. Coli and consists of an AcrA, AcrB, and TolC subunits. The AcrB subunit
pumps toxins from the cytoplasm to the periplasm where the TolC protein pumps the toxins from
the periplasm to the extracellular space.* 3 Such efflux pump proteins can be inhibited by various
compounds including reserpine, cathinone, piperazine, and 5-Nitro-2-phenyl-1H-indole (INF-55)

based on their binding affinities to a particular pump.*®¢ It is hypothesized that by doing so, the



photosensitizer can remain in the cytoplasm of the cell for a longer period of time, leading to a

more effective photodeactivation process.

Outer
Membrane

TolC

AcrA

AcrB

Inner
Membrane

Figure 2: Structure and subunits of the E. Coli AcrAB-TolC Efflux Pump obtained from
Research Collaboratory for Structural Bioinformatics Protein Data Bank. Solid lines separate

the TolC, AcrA, and AcrB subunits. Dashed lines represent the inner and outer membrane.

By using the E. Coli AcrAB-TolC efflux pump as a model, the effectiveness of efflux pump
inhibitors for the enhancement of the PDT process can be demonstrated. In this work, the
molecular docking of the efflux pump inhibitor INF-55 was examined to lay the conceptual
foundation for the proposed application of INF-55 in PDT. INF-55 is reported in the literature to
be an efflux pump inhibitor of the NorA efflux pump in the gram-positive bacteria S. aureus.*s

Therefore, its effectivity as an inhibitor for the AcrB subunit of E. Coli has yet to be examined.



1.5 Project Summary

This work specifically examines the viability of enhancing the PDT process via the
introduction of AuNPs and the efflux pump inhibitor INF-55. First, AuNPs were synthesized via
PLAL and characterized to determine the most effective laser parameters for synthesis of the
optimal AuNP solution. As this AuNP solution is proposed for a biological application, it is
important to eliminate as many reducing agents, chemical stabilizers, and solution processing as
possible. Hence, the use of PLAL in a sodium citrate solution for producing AuNPs in this work

as opposed to traditional chemical synthesis methods such as the Turkevich method.>*%’

Once the synthesis had been completed, ROS generation measurements were conducted to
determine the optimal nanoparticle size as well as predict a possible mechanism for the
enhancement of the PDT process. Next, molecular docking between the AcrB subunit and the
photosensitizer methylene blue and the proposed efflux pump inhibitor, INF-55, were used to
verify the viability of INF-55 to act as an effective inhibitor complex. Finally, AuNPs were tested
in vitro on the gram-negative bacteria E. Coli to confirm the effectivity of nanoparticle enhanced
PDT. This work helps establish the conceptual understanding of the viability and mechanism of
the possible enhancement to the PDT process via the introduction of AuNPs and INF-55. Further
experiments must be conducted to verify the viability of AuNPs and INF-55 when used together

in vitro on £. Coli.
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CHAPTER 2

METHODS AND MATERIALS

2.1 Synthesis of Gold Nanoparticles:

The AuNPs were synthesized via pulsed laser ablation in a 2 mM aqueous citrate
solution. To do so, a gold target (99.99%, 0.250 mm thickness, GoodFellow) was fixed to an
aluminum stage using double sided carbon tape and placed in a 50 mL beaker with a magnetic
stir bar. Next, a sodium citrate solution was prepared as described in Appendix B, and 22 mL
were added to the 50 mL beaker to achieve a solution height of 5 mm above the Au target. The
50 mL beaker was then placed on a magnetic stir plate which was located on a PI-MikroMove
XYZ-stage. The beaker was covered with a 1 mm thick Pyrex petri dish cover to prevent

splashing of the solution. This setup is depicted in Figure 3A.

The beam was focused using a 10 cm focusing lens and the target was raised to the focal
point using the translational stage. The solution was ablated for 5 minutes. During the ablation
period, the solution was stirred to prevent aggregation of the nanoparticles and the target was
moved in the x and z directions using the translational stage at a speed of 10 mm/s as depicted in
Figure 3B to vary the ablation location. Various laser parameters were tested, a summary of

which can be found in table 1.

Nanosecond Pulse Rate Sample 1 Sample 2 Sample 3
1064 nm | 0.5 W 1.OW 20W
532nm | 0.5 W 1.OW 20W
Picosecond Pulse Rate
1064 nm | 20 kHz 30 kHz 50 kHz
532 nm | 20 kHz 30 kHz 50 kHz

Table 1: Laser parameters used including pulse rate, wavelength, power, and frequency.

11
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Figure 3: A) Experimental setup for the pulsed laser ablation in liquid for AuNP

synthesis. B) Depiction of laser path during the ablation process.

2.2 Solvent Selection:

Prior to the analysis of various laser parameters, multiple aqueous solutions were
examined for their effectivity in the PLAL synthesis of AuNPs and analyzed using transmission
electron microscopy (TEM). Deionized (DI) water, ethanol, polyvinylpropylene (PVP), and
sodium citrate were among the tested solutions using Picosecond, 532 nm, 40 kHz parameters. In
both the DI water and ethanol solutions, the AuNPs were found to aggregate in solution which
would limit their efficiency for the PDT process as seen in panels B and C of figure 4. Therefore,
these solutions were eliminated. When using the PVP and citrate solutions, spherical AuNPs
were obtained as seen in panels D and E of figure 4. However, the PVP solution was eliminated
due to the relatively high viscosity of the solution which made the particles difficult to view,
measure, and characterize. Therefore, aqueous sodium citrate was the solution of choice due to
its ability to stabilize the AuNPs and prevent aggregation as well as its ease of use for synthesis

and characterization.

12



Figure 4: A) AuNPs synthesized in DI water, ethanol, aqueous PVP, and aqueous sodium
citrate. TEM images of particle aggregation in DI water (B) and ethanol (C) and particle

dispersion in aqueous PVP (D) and aqueous sodium citrate (E).

13



2.3 Characterization of Gold Nanoparticles:

As stated previously, the AuNP solutions were characterized by transmission electron
microscopy. To prepare samples for TEM measurements, a drop cast technique was used. To do
s0, 3 uL of the AuNP solution was placed onto a 300-Mesh Copper TEM grid and allowed to dry.
After the TEM images had been obtained, the program ImageJ was used to automatically
measure the size of the produced AuNPs and obtain size distribution data. To do so, a Gaussian
Blur was added to the images, the image contrast was decreased to mitigate background
interference, the threshold was set to include the maximum number of nanoparticles, and the
Feret diameter, ie. the longest particle dimension, was measured. These particle measurements
were used to generate size distribution histograms and to calculate the average Feret diameter
and standard deviation (n = 150) using the graphing program OriginPro. In addition to TEM
characterization, the synthesized AuNPs were analyzed using UV-Visible Spectroscopy,

Fluorescence Spectroscopy, and Fourier Transform Infrared (FTIR) Spectroscopy.
2.4 Reactive Oxygen Species Generation Measurement:

To verify and quantify the production of reactive oxygen species by the excitation of
methylene blue in combination with AuNPs, the compound 9,10-Anthracenediyl-
bis(methylene)dimalonic Acid (ABMDMA) was used in a colorimetric assay. ABMDMA has a
peak absorbance at 400 nm. When in the presence of reactive oxygen species, ABMDMA
undergoes a 2+4 cycloaddition of oxygen to form an endoperoxide. This cycloaddition results in
a loss of the aromatic n-system of electrons leading to photobleaching of the optically observable
properties.’®> Therefore, the absorbance of the solution directly corresponds to the ROS

generated in solution.

14



Experimental solutions were prepared by combining the desired reagents, including MB

(6.0 x 10° M), AuNPs, and INF-55 with 100 uL of a 2.4 mM ABMDMA solution in a 1.5 mL

cuvette. The total volume was brought to a standard 1 mL using phosphate buffer solution (PBS).

The initial absorbance was measured, and each cuvette was placed under irradiation for the

allotted time. After irradiation, the absorbance was measured to verify the production of ROS.

2.5 Bacteria Photodeactivation:

To determine the effectiveness of AuNPs in combination with MB for PDT in vitro, the

gram-negative bacteria E. Coli was irradiated both in the presence and absence of the various

compounds. To do so, E. Coli was inoculated in LB Broth and allowed to grow for 18-24 hours

at 37 °C with 200 rpm mixing. After the incubation period, the culture was diluted until an

absorbance of ~1.7 at 600 nm was obtained which correlates to approximately 103 CFU/mL.

Bacteria Control

MB Control

AuUNP Control

100pL Bacteria
900 pL PBS

100pL Bacteria
50 uL MB

350 L PBS

100pL Bacteria
50 uL MB
850 uL PBS

100pL Bacteria
50 uL MB

200 pL INF-55
650 uL PBS

100pL Bacteria

400 uL PBS

100pL Bacteria
50 uL MB
200 pL INF-55

350 uL PBS

AuNPs w/MB

INF-55 w/MB

AuNPs & INF-55
w/MB

Figure 5: Volumes used in experimental photodeactivation solutions containing bacteria,

methylene blue (MB), gold nanoparticles (AuNPs), 5-Nitro-2-phenyl-1H-indole (INF-55), and

phosphate buffer solution (PBS).
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Bacteria containing experimental solutions were prepared in a six well plate according to
figure 5. The final concentrations of each compound tested were 0.03 uM MB, 0.025 mg/mL
commercially produced AuNPs, 0.0095 mg/mL experimentally produced AuNPs and 8 uM INF-
55. Once prepared, the plate was covered with aluminum foil to prevent unintended light
exposure and was placed on a shaker plate and mixed at 100 rpm for 10 minutes. After the
mixing time had elapsed, the aluminum foil was removed, and the plate was irradiated using a
660 nm red LED lamp (Bestqool, 105 W) for the allotted amount of time. The height between the
lamp and the plate was maintained at 9 cm to ensure consistent fluence. This experimental setup
can be seen in figure 6. After irradiation, each solution was serially diluted, plated, and allowed
to incubate at 37 °C for 18-24 hours. After incubation, the colonies present on the plate were

counted to determine cellular viability.

Ring Stand

Light Source

6 Well Plate

Shaker Plate

Figure 6: Photodynamic therapy bacteria deactivation experimental setup
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2.6 Protein-Ligand Docking Modeling:

Molecular docking between the AcrB subunit and both MB and INF-55 was performed
using Autodock Vina. The protein-ligand interactions determined using Autodock Vina were
visualized using Discovery Studio 2021. The AcrB subunit amino acid sequence was obtained

from the Protein Data Bank, and the ligand molecular structures were obtained from PubChem.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Size and Morphology of Gold Nanoparticles

The AuNPs were synthesized using various laser parameters and characterized using
TEM as previously described in the materials and methods section. It was observed that each of
the laser parameters resulted in spherical, disperse nanoparticles of various sizes. When
considering the nanosecond pulse rate at the 1064 nm wavelength, it was determined that the

average particle size when synthesized using 0.5 W, 1.0 W, and 2.0 W powers were 4.67 + 2.66

nm, 4.60 + 2.21 nm, and 4.67 + 2.78 nm, respectively.

Nanosecond 1064nm 0.5W Nanosecond 1064nm 1.0W Nanosecond 1064nm 2.0W
50
50 Normal 50 Normal Normal
mu 467027 mu 4.60391 mu 467476
40 sigma |2.65626 40 sigma | 2.21455 40 sigma | 2.77518

Count

10 15
Feret Diameter Feret Diameter Feret Diameter

10 15 10 15

Figure 7: TEM images and size distribution graphs of AuNPs synthesized using the

nanosecond pulse rate and 1064 nm wavelength at 0.5 W, 1.0 W, and 2.0 W powers.
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By examining the TEM images, the 2.0 W power produced approximately double the
number of nanoparticles when compared to the 0.5 W and 1.0 W powers which produced
approximately the same number of nanoparticles. This observation was later confirmed using
UV-Vis spectroscopy and will be discussed later in this work. Additionally, the 0.5 W and 2.0 W
powers resulted in broader size distributions as compared to the narrow distribution obtained

with the 1.0 W power.

Similarly, when AuNPs were synthesized using the nanosecond pulse rate at the 532 nm
wavelength, the 0.5 W, 1.0 W, and 2.0 W powers resulted in average particle sizes of 6.44 + 3.27
nm, 6.31 + 2.44 nm, and 7.46 + 3.28 nm, respectively. When compared to the 1064 nm AuNPs,

the particles sizes obtained using the 532 nm wavelength were approximately 1.5 nm larger in

Feret diameter and appeared more cylindrical or elongated.

Nanosecond 532nm 0.5W Nanosecond 532nm 1.0W Nanosecond 532nm 2.0W
50 50 50
Normal Normal Normal
mu | 6.4397 mu | 6.3111 mu  |7.46059]
sigma| 3.2747 sigma| 2.4386 sigma | 3.2831

5 10 15 20 25 0 5 10 15 20 25 5 10 15 20 25
Feret Diameter Feret Diameter Feret Diameter

Figure 8: TEM images and size distribution graphs of AuNPs synthesized using the

nanosecond pulse rate and 532 nm wavelength at 0.5 W, 1.0 W, and 2.0 W powers.



Similar to the observations between the various powers using the 1064 nm wavelength,
when the AuNPs were synthesized using the 532 nm wavelength, the 2.0 W power produced
approximately double the amount of nanoparticles as compared to the 1.0 W and 0.5 W powers.
While the difference is not as drastic as with the 1064 nm wavelength, the 0.5 W and 2.0 W also
produced a wider size distribution than the 1.0 W power. A significant difference from the 1064
nm wavelength is that the 2.0 W power at the 532 nm wavelength produced larger nanoparticles

on average when compared to the 0.5 W and 1.0 W powers.

It has been demonstrated in the literature that as laser power increases, laser fluence
(energy/area) increases, particle yield increases, and the average particle size decreases.>**> The
described mechanism indicates that as the target material absorbs more energy, the generated
plasma plume is larger resulting in higher particle yield and the larger particles can be
fragmented producing smaller particles on average. However, most of these works used DI water
as the ablation medium, which does not readily stabilize the produced nanoparticles, leading to
fragmentation of larger particles. Therefore, it is possible that the stabilization due to the citrate
solution assists in preventing large particle fragmentation, increasing the average particle size
with increasing power as seen between the nanosecond 532 nm 0.5 W/1.0 W powers and the 2.0

W power.

When considering wavelength, it has been demonstrated that with metal targets such as
gold, the closer the wavelength is to the surface plasmon resonance (SPR) wavelength of the
metal, the deeper penetration into the material, resulting in a larger ablated mass per pulse,
resulting in larger particles.*? This is consistent with the results obtained from the 1064 nm and

532 nm nanosecond synthesis. The SPR wavelength of pure gold is approximately 530 nm.5°
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Therefore, the 532 nm wavelength is almost identical to the SPR wavelength, resulting in deeper
target penetration, leading to larger particle production on average. However, deeper penetration

is also likely to produce less uniform particles which can be seen in the TEM images of figure 8.

After examination of the nanosecond pulse rate, the picosecond pulse rate was tested at

both the 1064 nm and 532 nm wavelengths with frequencies of 20 kHz, 30 kHz, and 50 kHz.

Figure 9 depicts the results obtained for the picosecond 1064 nm wavelength.

Picosecond 1064nm 20kHz Picosecond 1064nm 30kHz Picosecond 1064nm 50kHz

Normal Normal
mu  4.74191
.97 sigma | 2.54504

Count

0 10 15 10 15 0 5 10 15 20
Feret Diameter Feret Diameter Feret Diameter

Figure 9: TEM images and size distribution graphs of AuNPs synthesized using the

picosecond pulse rate and 1064 nm wavelength at 20 kHz, 30 kHz, and 50 kHz frequencies.

The average particle sizes obtained at 20 kHz, 30 kHz, and 50 kHz, were determined to
be 4.53 + 2.86 nm, 6.38 + 2.98 nm, and 4.74 + 2.54 nm respectively. By comparing the obtained
TEM images, it was observed that the 50 kHz frequency resulted in the highest nanoparticle
yield, with the 20 kHz frequency resulting in the second highest particle yield. This observation

was later confirmed with UV-Vis spectroscopy. Interestingly, while the 30 kHz frequency
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resulted in the lowest particles yield, it generated the largest average particle size. However, all

frequencies produced comparable standard deviations.

When AuNPs were synthesized with the picosecond 532 nm wavelength, the average

particle sizes for the 20 kHz, 30 kHz, and 50 kHz, frequencies were determined to be 4.85 + 2.41

nm, 4.20 + 1.53 nm, and 5.26 + 3.60 nm, respectively.

Picosecond 532nm 20kHz Picosecond 532nm 30kHz Picosecond 532nm 50kHz
50 n 50 Normal ] 50 Normal
mu_ |4.85188 4.19615 [mu_ | 525098
sigma | 2.40764. 1.52533 sigma | 360288 |
40 40
30 30
€ €
3 3
8 38
20 20
10 10
0 0
10 15 20 0 5 10 15 20 0 5 10 15 20
Feret Diameter Feret Diameter Feret Diameter

Figure 10: TEM images and size distribution graphs of AuNPs synthesized using the

picosecond pulse rate and 532 nm wavelength at 20 kHz, 30 kHz, and 50 kHz frequencies.

Similar to the 1064 nm wavelength, when using the 532 nm wavelength, the 50 kHz
frequency generated the highest particle yield while the 20 kHz frequency generated the second
highest particle yield. However, when using the 532 nm wavelength, the 30 kHz frequency
resulted in the smallest average particle size as opposed to the largest as was the case with the
1064 nm wavelength. Additionally, each frequency generated a distinct size distribution with 50

kHz resulting in the wider distribution and 30 kHz resulting in the narrower distribution.
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When considering the variations in frequency, it could be predicted that as the repetition
rate decreases, the fluence increases, resulting in higher nanoparticle yields.*> However, some
experimental works have shown higher yields at higher frequencies.®! This inconsistency
between the predicted effect and the observed effect is well represented in the obtained data in
this work. With both the 1064 nm and 532 nm wavelengths, the 50 kHz frequency generated the
higher concentration of AuNPs following the experimental trend, while the 20 kHz frequency
generated the second highest concentration of AuNPs congruent with the predicted trend. The
explanation behind the experimentally observed higher yields at higher frequencies, is that if the
repetition rate is shorter than the diffusion rate, some nanoparticles may be fragmented resulting

in higher yields and larger size distributions.*?

When comparing the effect of wavelength, there did not appear to be any systematic
increase or decrease in particle size between the 1064 nm and 532 nm wavelengths as was
observed with the nanosecond laser. When comparing the difference between the nanosecond
and picosecond pulse duration, there do not appear to be any major differences as the particle
sizes obtained using the picosecond laser closely resembled that of the nanosecond 1064 nm
wavelength. This similarity between the pulse durations is most likely due to the ablation

mechanism.>®

When considering the steps involved in the ablation process, thermal relaxation occurs
before the end of the pulse as it occurs within a few tenths of a picosecond.*® Therefore, both the
picosecond and nanosecond pulse durations would have similar effects within the ablation
process as the pulse duration is longer than the time it takes for the energy to transfer to the

liquid medium. It could be predicted, however, that a femtosecond laser may provide different
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results as the pulse duration would be shorter than the thermal-relaxation period, thereby

allowing more of the energy to be converted to the target material as opposed to the surrounding
medium.

3.2 Spectroscopic Characterization of AuNPs

As mentioned previously, UV-Visible spectroscopy was performed on the AuNP solutions
to determine relative particle concentrations as well as verify the identity and purity of the

AuNPs. Figure 11 depicts the UV-Vis spectra obtained for the AuNP samples produced using the

nanosecond pulse rate.

Nanosecond 532nm
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0.5+ —1.0W 0.5 — 1.0W
——2.0W —2.0W
0.4 0.4
8 ®
20.3 203
© ©
2 2
2 2 024~
8021 202~
< <
0.1 \/\~\ 0.1
00 1 1 1 ] 00 1 1 1 I
400 500 600 700 800 400 500 600 700 800

Wavelength (nm) Wavelength (nm)

Figure 11: UV-Visible spectra for AuNP solutions obtained using nanosecond laser at 1064

and 532 nm wavelengths at 0.5 W, 1.0 W, and 2.0 W powers.

From these results, it is evident that each of the produced AuNP solutions had a peak
wavelength within the 516-520 nm range which aligns with the SPR wavelength reported in the
literature for nanoparticles ranging from 5-10 nm in diameter.’**> Additionally, these results

confirmed the observations made from the TEM images that the 0.5 W and 1.0 W powers
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produced relatively similar particle yields while the 2.0 W power produced almost double the

amount of particles which is directly correlated to the absorbance of the solution.®?

Figure 12 depicts the UV-Visible spectra for the samples synthesized using the picosecond
laser. Similar to the nanosecond pulse duration, the SPR wavelengths for each solution fell within
the 516-520 nm range, again correlating with nanoparticles ranging from 5-10 nm in diameter.>*%>
Additionally, the absorbances of the samples produced using the picosecond laser at both the 1064
nm and 532 nm wavelengths confirmed the approximate nanoparticle concentrations observed in

the TEM images. For both wavelengths, the 50 kHz frequency produced the highest particle yield,

followed by the 20 kHz frequency, and then the 30 kHz frequency.
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Figure 12: UV-Visible spectra for AuNP solutions obtained using picosecond laser at

1064 and 532 nm wavelengths at 20 kHz, 30 kHz, and 50 kHz frequencies.

In addition to UV-Visible spectroscopy, fluorescence spectra for each solution were
obtained using an excitation wavelength of 518 nm. Figure 13 depicts the combined fluorescence
spectra for the solutions obtained using the nanosecond and picosecond lasers. The most notable

information obtained from these spectra is the secondary conformation of the presence and identity
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of the AuNPs in solution. As the SPR wavelength was determined to be approximately 518 nm, it
would be expected that if the solution did in fact contain AuNPs, the peak fluorescence would be
red shifted by approximately 40-60 nm from the peak absorbance wavelength due to Stokes
shifting.®* For each solution, this primary peak shift was observed at approximately 560-570 nm.
Additional peaks were also observed at approximately 580, 585, and 595 nm. These additional
peaks are most likely due to the size variation of the AuNPs in solution as different sized AuNPs
will experience a different Stokes shift.%> Therefore, samples with fewer fluorescent peaks would

most likely have more uniform particles.

Nanosecond Solution Fluorescence Picosecond Solution Fluorescence
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Figure 13: Fluorescence spectra for AuNP solutions obtained using nanosecond and

picosecond laser with 1064 and 532 nm wavelengths at various powers and frequencies.

The final spectroscopic analysis used to characterize the produced AuNPs was FTIR
measurements. As each of the solutions were produced in a 2 mM sodium citrate solution, it would
be predicted that FTIR signals would be present for a pure citrate solution and decreased in the

AuNP solutions if citrate had adsorbed onto the surface of the nanoparticles which results in
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stabilization. Figure 14 depicts the FTIR spectra for the AuNP solutions synthesized using the

nanosecond pulse duration.
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Figure 14: FTIR spectra for AuNP solutions obtained using nanosecond laser at 1064 and

532 nm wavelengths at 0.5 W, 1.0 W, and 2.0 W.

As predicted, the citrate peaks located at approximately 1750 cm™, 1450 cm™!, 1300 cm™,
are no longer present in the spectra obtained for the AuNP solutions indicating either the
adsorption, destruction, or modification of citrate. Additionally, an OH stretch around 3400 cm’!
becomes prevalent in the spectra for the 0.5 W and 2.0 W solutions. It has been demonstrated in
the literature that various mechanisms for the binding between citrate and the metal surface can
occur.* The structure of citrate contains three carboxy groups and one hydroxy group as seen in

figure 15, each of which can form bonds with the metal surface via oxygen.*’

Figure 15: Chemical structure of sodium citrate generated using MolView.
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Therefore, the binding mechanism between citrate and the AuNPs formed during ablation
must vary based on the laser parameters used. For the 1.0 W powers, the hydroxy group may be
bound to the surface of the nanoparticles, preventing the formation of an OH stretch at 3400 cm™'.
The 0.5 W and 2.0 W powers, on the other hand, must primarily bind via the carboxy groups
leaving a dangling hydroxy group which can be detected via IR spectroscopy at 3400 cm™. When
examining the solutions synthesized using the picosecond laser, the FTIR spectra shown in figure

16, also demonstrates citrate adsorption or modification.
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Figure 16: FTIR spectra for AuNP solutions obtained using picosecond laser at 1064 and

532 nm wavelengths at 20 kHz, 30 kHz, and 50 kHz.

3.3 Reactive Oxygen Species Production

To understand the probable mechanism of bacteria deactivation, the ROS yield was
measured via spectroscopic analysis of the photobleaching of 9,10-Anthracenediyl-
bis(methylene)dimalonic Acid (ABMDMA) as previously explained in the methods and
materials section. The obtained results are reflected in figure 17. First, the effect of nanoparticle

size was examined utilizing standardized, commercially produced nanoparticles of three different
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sizes: 10, 20, and 40 nm as seen in figure 17A. Based on the obtained data, it is evident that the
presence of AuNPs enhances the photobleaching of ABMDMA, which is directly correlated with
an increased concentration of produced ROS.>*” In addition to the increased production of ROS
with the addition of AuNPs, it can be concluded that as particle size decreases, the ROS
production increases. With nanomaterials, increased catalytic yields are often correlated to the
increase in the surface area to volume ratio with a decrease in particle size.®*%> Therefore, it can
be predicted that smaller nanoparticles would be more effective in enhancing the PDT process.
However, it is important to consider that as particle size decreases, the ease of circulation of the

nanoparticles within biological systems increases despite site directed localization.®

When selecting the optimal experimentally produced nanoparticle solution, the
nanosecond, 532 nm, 2.0 W solution was selected for further examination during the in vitro
PDT process, as even though smaller particle sizes produce higher ROS yields, it is also crucial
to limit adverse effects. Therefore, selecting a solution with an average particle size of 7.46 as
opposed to 4.5 or even 6 can allow for a high ROS yield while limiting enhanced systematic

distribution.

After the effect of particle size had been examined and the optimal experimentally
obtained nanoparticle solution had been selected, both the experimental AuNP solution and the
proposed efflux pump inhibitor, INF-55, were tested for their impact on the ROS generation as
seen in figure 17B. Based on the obtained data, INF-55 with methylene blue alone did not have a
major impact on the ROS concentration. The experimentally obtained AuNP solution did result
in an increased ROS generation; however, the most significant increase in ROS generation

resulted from the combination of the experimental AuNPs and INF-55. This indicates that the
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combination of both AuNPs and INF-55 should enhance the ROS yield, resulting in a more

effective PDT process.
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Figure 17: ROS generation measurements via monitoring of the photobleaching of
ABMDMA. Control: PBS + ABMDMA, MB: PBS + MB + ABMDMA, 10/20/40: PBS + MB +
AuNPs (size 10, 20, and 40 nm) + ABMDMA, INF: PBS + MB + INF-55 + ABMDMA, Au: PBS
+ MB + experimental AuNPs + ABMDMA, Au INF: PBS + MB + INF-55 + experimental

AuNPs + ABMDMA.
3.4 INF-55 and Methylene Blue Docking Analysis

To predict the viability of INF-55 as an inhibitor of the AcrB component of the E. Coli
AcrAB-TolC efflux pump, molecular docking was performed using Autodock Vina as described
in the materials and methods section. The AcrB subunit has been predicted to be the primary
binding site for ligand transport.*** As the AcrB is a homotrimeric antiporter, a single
polypeptide unit was isolated for the docking calculations. The overall structure of the AcrB

subunit and the isolation of the polypeptide unit is represented in figure 18.
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Figure 18: The three-dimensional structure of the A) AcrB subunit, B) single polypeptide

unit within the trimer, and C) isolated polypeptide unit.

After the isolation of a single polypeptide unit, the binding affinity of the best 9 modes
for both MB and INF-55 were calculated using Autodock Vina and are summarized in table 2.
These results indicate that each of the INF-55 binding modes has a higher binding affinity than
the binding modes for MB. Therefore, INF-55 would most likely be preferentially selected by the
AcrB component, acting as a competitive inhibitor and preventing the binding and subsequent

removal of MB via the efflux pump mechanism.

Ligand Binding Affinity (kcal/mol)

Ligand | Mode 1 | Mode 2 | Mode 3 | Mode 4 | Mode 5 | Mode 6 | Mode 7 | Mode 8 | Mode 9

INF-55 |-9.1 -9.0 -8.9 -8.6 -8.5 -8.1 -8.1 -8.1 -7.9

MB -7.2 -7.1 -7.0 -7.0 -6.9 -6.7 -6.6 -6.6 -6.5

Table 2: Ligand binding affinities bewteen MB or INF-55 and the AcrB component of the

AcrAB-TolC bacterial efflux pump.

After the binding affinities had been calculated, the specific interactions between the
amino acid residues and the ligands were modeled both two- and three-dimensionally. The

binding mode with the highest affinity for both MB and INF-55 is represented in figure 19.
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Figure 19: Two- and three-dimensional representations of the highest affinity binding
modes of A) methylene blue and B) INF-55. Light pink interactions represent Pi-Alkyl
interactions, dark pink interactions represent Pi-Pi stacking interactions, and green interactions

represent Van der Waals forces.

Based on this information, it is evident that INF-55 interacts with SER134, SER135,
PHE136, and PHE178 via Van der Waals interactions, VAL139 and PRO326 via Pi-Pi stacking,
and the PHE628 via Pi-alkyl interactions. Additionally, each functional group of the INF-55
compound is stabilized by at least two amino acid residues. The nitro group is stabilized by
SER134, SER135, PHE136, and PHE178, the pyrrole ring is stabilized by VAL139 and PHE628
and the phenyl group is stabilized by PHE628 and PRO326. MB, on the other hand, is only
centrally stabilized via Pi-Pi stacking with the conjugated Pi system by the residues PHE178,
PHEG615, PHE628, PHE610, and a Pi-alkyl interaction via VAL612. This provides additional

evidence that INF-55 has stronger binding interactions than MB. Additional two- and three-
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dimensional binding interactions for the top 3 binding modes for both INF-55 and MB can be

found in Appendix A.

The previously identified residues have been isolated in the literature as the main amino
acids involved in the ligand binding in the drug binding pocket of the AcrB component.>®67-7
Multiple ligands including doxorubicin, minocycline, and ciprofloxacin, ethidium bromide,
reserpine, and methylene blue have been shown to interact with these residues, indicating that
INF-55 could, in fact, bind to the AcrB subunit in the drug binding pocket. One of the primary
residues involved in virtually every protein-ligand interaction in both the literature as well as the
additional binding modes for MB and INF-55 found in Appendix A, is PHE628. It is possible
that PHEG628 is one of the primary binding residues when it comes to drug efflux via the AcrB

subunit. Therefore, compounds such as INF-55 that interact strongly with PHE628 could act as

competitive inhibitors for the AcrB subunit.

3.5 Bacteria Photodeactivation

The final aspect examined in this work was the in vitro photodeactivation of the gram-
negative bacteria E. Coli when using various size AuNPs. As discussed previously, it was
determined that smaller gold nanoparticles produced higher ROS yields. Therefore, it could be
predicted that as particle size decreases, the PDT effectivity should increase. This correlation was
directly represented in the photodeactivation data obtained and represented in Figure 20 when

standardized, commercially produced nanoparticles of 10, 20, and 40 nm diameters were used.
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Bacteria Photodeactivation with Various AuNP
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Figure 20: Bacteria concentrations in colony forming units (CFU)/mL after 5 minutes of
irradiation using MB and various AuNP sizes. Control: bacteria + PBS, Au 40/20/10: bacteria +
PBS + AuNPs (40, 20, or 10 nm in diameter), MB: bacteria + PBS + MB, MB 40/20/10:

bacteria + PBS + MB + AuNPs (40, 20, or 10 nm in diameter).

The effectivity of the PDT procedure was determined by counting the colony growth after
irradiation and serial dilution, thereby allowing for the calculation of bacteria concentration after
irradiation. It was determined that after 5 minutes of irradiation with no photosensitizer, or
AuNPs, the bacteria concentration was approximately 1.31 x 10% + 3.34 x 107 CFU/mL. When 40,
20, and 10 nm AuNP sizes were used independent of MB, bacteria concentrations of 1.02 x 108 +4.26 x
107 CFU/mL, 1.05 x 10% + 3.17 x 107 CFU/mL, and 1.01 x 10® 4+ 1.57 x 107 CFU/mL which correlates
to 22.14 %, 19.85 %, and 22.90 % decreases, respectively. When MB is introduced independently, a

bacteria concentration of 3.26 x 10° + 2.48 x 10° CFU/mL was obtained indicating a 97.51% decrease
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from the control group. When MB was used in combination with 40, 20, and 10 nm AuNPs, the bacteria

concentration was determined to be 2.91 x 10* + 1.90 x 10* CFU/mL, 9.25 x 10° + 6.13 x 10° CFU/mL,
and 8.97 x 10° + 4.24 x 10* CFU/mL indicating percent decreases of 99.98 %, 99.99 %, and 99.99 %,

respectively.

These results clearly indicate that AuNPs, when used in combination with the photosensitizer
methylene blue, results in almost complete termination of bacteria after only 5 minutes of irradiation.
Preliminary experiments utilizing the experimentally produced AuNPs via the nanosecond 532 nm 2.0 W
laser parameters yielded a percent difference of 99.09 % when compared to the control. The final
concentration of the commercially produced nanoparticles was 0.025 mg/mL while the final concentration
of the experimentally produced nanoparticles was 0.0095 mg/mL as this was the maximum yield of the
PLAL procedure. This variation in concentration is the most likely cause of the slight reduction in
efficacy in the PDT process between the experimentally synthesized AuNPs. Currently, experiments
involving the use of INF-55 in combination with MB and experimentally produced AuNPs have produced
inconclusive results. Therefore, future experiments should be conducted to understand the impact in vitro

of the incorporation of the efflux pump inhibitor INF-55.
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CHAPTER 4

CONCLUSION

This project was designed to understand the fundamental concepts behind the
incorporation of gold nanoparticles and the efflux pump inhibitor, INF-55, to enhance the
photodynamic therapy process. It was determined that the laser parameters that produced the
optimal size nanoparticles for this application were the nanosecond pulse duration, 532 nm
wavelength, and 2.0 W power. These parameters resulted in an average particle size of 7.46 +
3.28 nm. It was also observed by monitoring the photobleaching of ABMDMA, that smaller
nanoparticle sizes increased the ROS yield during irradiation, while INF-55 alone has no direct
impact on the ROS generation. Molecular docking confirmed the viability of INF-55 to act as a
competitive inhibitor of MB to the AcrB efflux pump subunit as the primary binding mode of
INF-55 had a binding affinity of -9.1 kcal/mol while the binding affinity of the primary binding
mode of MB was -7.2 kcal/mol. Finally, when tested in vitro, the combination of AuNPs with
MB resulted in a 99.98 - 99.99% reduction in the concentration of bacteria after 5 min irradiation
indicating that the incorporation of AuNPs does, in fact, enhance the PDT process. Future work
should examine the use of INF-55 in vitro to determine if it has any impact on the effectivity of

the PDT process.
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APPENDIX A: ADDITIONAL EXPERIMENTAL DATA
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Appendix A - Figure 1: Two- and three-dimensional representations of the three highest
affinity binding modes of INF-55. Light pink interactions represent Pi-Alkyl interactions, dark
pink interactions represent Pi-Pi stacking interactions, and green interactions represent Van der

Waals forces.

Appendix A - Figure 1 shows the two- and three-dimensional interactions between the
three most energetically favorable binding modes of INF-55 and the AcrB subunit of the AcrAB-
TolC efflux pump found in the gram-negative bacteria E. Coli as referenced in section 3.4.
Modes 1 through 3 were calculated to have binding affinities of -9.1, -9.0, and —8.9 kcal/mol
respectively and each show interactions between PHE628, which was the predicted primary

amino acid residue involved in ligand binding.

37



Binding Mode 1 Binding Mode 2

PRO hrte >k PRO

A:326 . - ¢ A:326
VAL ' ' ’ VAL
A:139 LI A:139

%
PHE VAL VAL
A178 A612 A612

PHEY TPHE (PHE TYR
A:615 A:628 A:610 A:327

TYR
A327

Appendix A - Figure 2: Two- and three-dimensional representations of the three highest
affinity binding modes of INF-55. Light pink interactions represent Pi-Alkyl interactions, dark
pink interactions represent Pi-Pi stacking interactions, and green interactions represent Van der

Waals forces.

Appendix A - Figure 2 represents the two- and three-dimensional interactions between the
three most energetically favorable binding modes of MB and the AcrB subunit of the AcrAB-
TolC efflux pump found in the gram-negative bacteria E. Coli as discussed in section 3.4. Modes
1 through 3 were calculated to have binding affinities of -7.2, -7.1, and —7.0 kcal/mol

respectively, each of which are lower than the 9 highest affinity binding modes of INF-55.
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Bacteria Photodeactivation with Various AuNP
S_izes
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Appendix A - Figure 3: Bacteria concentrations in colony forming units (CFU)/mL after 5
minutes of irradiation using MB and various AuNP sizes represented on a logarithmic scale.
Control: bacteria + PBS, Au 40/20/10: bacteria + PBS + AuNPs (40, 20, or 10 nm in diameter),
MB: bacteria + PBS + MB, MB 40/20/10: bacteria + PBS + MB + AuNPs (40, 20, or 10 nm in

diameter).

The bacteria photodeactivation data used to generate figure 20 in section 3.5 can also be
represented with a logarithmic scale on the CFU/mL axis. Each major tick on the y-axis
represents a 10-fold decrease in bacteria concentration. Appendix A - Figure 3 can be used to

better visualize the relative effect of the tested parameters.
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APPENDIX B: SAMPLE PREPARATIONS AND ADDITIONAL PROCEDURES
i. Preparation of methylene blue stock solution (6.1 x 10 M)

To obtain a stock solution of methylene blue, 1.140 g of crystalline methylene blue (MB ¢
3H>O, MW = 373.90 g/mol, Sigma Aldrich) was weighed out using an electronic scale (0.1 mg
sensitivity). The compound was placed in a 50 mL centrifuge tube and 50 mL of Autoclaved DI
water was added and shaken to dissolve. The centrifuge tube was covered with aluminum foil to

prevent photobleaching.
ii. Preparation of methylene blue experimental solution (6.1 x 107 M)

Experimental solutions of methylene blue were generated by taking 5 mL of the MB
stock solution (6.1 x 10* M) and placing it in a 50 mL centrifuge tube. Next. 45 mL of
Autoclaved DI water were added to dilute the solution to a final concentration of 6.1 x 10 M.
Similar to the stock solution, the experimental solution tube was covered with aluminum foil to

prevent photobleaching.
i11. Preparation of sodium citrate solution (2 mM)

A 2 mM solution of aqueous sodium citrate was prepared by weighing out 588.2 mg of
sodium citrate (MW = 294.09 g/mol, Fisher) and placing it in a 1,000 mL volumetric flask. Next,
1,000 mL of DI water was added to the mark. The solution was stirred using a magnetic stir bar
and magnetic stir plate until the sodium citrate was completely dissolved. The solution was

placed in a 1 L screw-top bottle and stored at room temperature for use in pulsed laser ablation.
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iv. Preparation of phosphate buffer solution (pH = 7.4)

To prepare the phosphate bufter solution, 0.2108 g of potassium phosphate monobasic
(MW = 136.09 g/mol, > 99.0%, Sigma Aldrich), 0.729 g of sodium phosphate dibasic (MW =
141.96 g/mol, > 99.0%, Sigma Aldrich), and 9.0054 g of sodium chloride (MW = 58.44 g/mol
BioXtra, > 99.5%, Sigma Aldrich) were weighed out and placed in a 1,000 mL volumetric flask.
DI water was added to the mark, and the solution was stirred using a magnetic stir bar and
magnetic plate until completely dissolved. Next, the solution was placed in a 1 L screw-top bottle

and autoclaved for ~60 minutes (Liquid15 Cycle).

v. Preparation of INF-55 solution:

To prepare a 20 uM solution of INF-55, 0.008 g of INF-55 (MW = 238.25 g/mol,
Millipore Sigma) was weighed out and dissolved in 500 pL of DMSO in a 50 mL centrifuge
tube. Next, 49.5 mL of Autoclaved DI water was added to the centrifuge tube. The solution was
mixed by shaking and the tube was covered with aluminum foil and stored at room temperature

for future use.

vi. Preparation of ABMDMA solution:

To prepare a 2.4 mM solution of ABMDMA, 10 mg of AMBDMA (MW= 410.37 g/mol,
Sigma Aldrich) was weighed out and placed in a 10 mL volumetric flask. DI water was added to
fill approximately half of the flask and the solution was swirled to allow for dissolution. Once
the compound was completely dissolved, DI water was added to the mark. The solution was

transferred to a capped vial, covered with aluminum foil, and stored at 4 °C.
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vii. Measurement of experimentally produced AuNP concentration

The concentration of experimentally produced AuNPs was determined using a Beer-
Lambert technique. A commercial, standard solution of AuNPs in citrate with an average
diameter of 10 nm (0.05 mg/mL, NanoComposix) was purchased. Solutions with concentrations
0f 0.05, 0.04, 0.03, 0.02, 0.01, and 0.005 mg/mL were prepared by adding 1,000 nL, 800 uL, 600
pL, 400 uL, 200 pL, and 100 pL of commercial AuNPs to a 1.5 mL microcentrifuge tube. The 2
mM citrate solution was added to result in final volumes of 1 mL. Next, sodium citrate was used
as a blank in UV-Vis spectroscopy and the absorbance of each of the standardized solutions at

518 nm was recorded.

A plot of absorbance as a function of concentration was generated to obtain the linear
equation of y = mx + b. Next, the experimentally generated AuNP solution absorbance was
measured at 518 nm. This value was inputted as the y-value into the equation and solved for x

which corresponds to the AuNP concentration.

viii. Preparation of LB agar media

To prepare the agar medium, 0.250 L of DI water were added to a 1 L Erlenmeyer flask.
Next, 20 g of Luria-Bertani (LB) agar powder (Miller, Difco TM) was weighed out and placed in
the 1 L Erlenmeyer flask. An additional 0.250 L of DI water was added to the flask and the
solution was mixed with a magnetic stir bar and magnetic stir plate until completely dissolved.
Once dissolved, the flask was covered with aluminum foil, secured with autoclave tape, and

autoclaved for ~60 minutes (Liquid 15 cycle).
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After the autoclave cycle was complete, the flasks were removed from the autoclave
using thermal resistant gloves and placed in a bead bath heated to 70 °C (NOTE: The glassware
will be hot). While the agar solution is held in the bead bath, single use, sterile petri dishes were
spread out in a biological hood. Next the flask containing the agar was removed from the bath
and slightly cooled by running room temperature tap water on the outside of the flask for ~30
seconds. The agar solution was then poured into the petri dishes until the solution covered the
bottom of the plate. The plates were allowed to cool uncovered in the biological hood for ~15
minutes after which, the lids were placed on each plate, stacked upside down, placed in a plastic
sleeve, and stored in the refrigerator for future use. NOTE: Plates must be stored upside down to

prevent the accumulation of condensation on the lid

ix. Preparation of LB broth media

To prepare Luria-Bertani broth, 250 mL of DI water was placed in a 1,000 mL
Erlenmeyer flask. Next, 10 g of agar powder was weighed out and added to the flask. An
additional 250 mL of DI water was added and used to rinse a powder off the sides of the flask.
The solution was stirred using a magnetic stir bar and magnetic stir plate until completely
dissolved. Once dissolved, the flask is removed from the stir plate, the magnetic stir bar is
removed from the flask, and the flask is covered with aluminum foil and secured with autoclave
tape. The solution was then autoclaved for ~60 minutes (Liquid15 Cycle). After the cycle is

complete, the solution was transferred to a sterilized 1 L bottle and stored at room temperature.
X. Inoculation of E. Coli
To generate the liquid E. Coli culture, 5 mL of LB broth were measured out in the

biological hood using a new, sterile 10 mL glass pipette and an electric pipetman and placed in a
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new, sterile 15 mL centrifuge tube. It is important to know that LB Broth is easily contaminated.
Therefore, the lid and rim of the LB broth container should be flame sterilized when first opened

and before closing to prevent contamination.

Next, the metal inoculating loop was sterilized using cleaner on a paper towel. The loop
end was sterilized again by placing it in ethanol and holding it over a Bunsen burner until the
ethanol burned off. The loop should be allowed to cool for 15-30 seconds before use. Once the
inoculating loop had cooled, the loop end was used to collect a single E. Coli colony from the
provided stock plate. The loop is directly placed into the centrifuge tube until it touches the LB

broth and swirled for 10-15 seconds to release the bacteria colony into the solution.

The 15 mL centrifuge tube was capped, and the inoculating loop was flame sterilized
again. The E. Coli containing centrifuge tube was placed in the incubator at 37 °C/200 rpm for
18-24 hours. The biological hood and all materials used within it should be sterilized with

Amphyl cleaner on a paper towel.

xi. Preparation of new E. Coli stock plate

New E. Coli stock plates should be grown every 2-4 weeks. To do so, a liquid culture was
prepared using the procedure mentioned above. After the incubation period, in a biological hood,
a flame sterilized inoculating loop is placed into the liquid culture. The inoculating loop is then
streaked onto a new agar plate in the preferred pattern (the quadrant streak pattern is
recommended). The plate is then incubated at 37 °C for 18-24 hours. After incubation the plate
can be stored in the BSL-1 refrigerator for future use. Again, the biological hood and any

materials used in it should be cleaned with Amphyl cleaner on a paper towel.
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xii. Bacteria concentration standardization procedure

To standardize the bacteria concentration before the photodeactivation experiment, a
liquid culture is prepared as described above. Next, 3.0 mL of the liquid culture is measured into
a disposable cuvette and covered with parafilm. The absorbance of the solution at 600 nm was
measured (fresh LB broth was used as the blank). The target absorbance is 1.7 OD. If the
solution is below the target, the culture must be allowed to incubate for a longer period.
However, if the absorbance is higher than the target value, the following dilution calculation can

be completed.

Measured Concentration = 2.5 Desired Concentration = 1.7
_n _n
25= z 1.7 = n
3.00mL 3.00 mL
n="7.5 mmol n=15.1 mmol

Volume Needed Replaced w/LB Broth:

7.5 mmol - 5.1 mmol = 2.4 mmol

2.4 mmol
25=

v

v=0.96 mL

xiii. Detailed bacteria irradiation procedure

As discussed in section 2.5, the photodeactivation of bacteria in the presence of various

compounds was examined. To do so, a liquid culture was prepared, and the concentration was
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standardized as described in procedures ix and xi. After preparation of the bacteria solution, the
experimental solutions can be prepared in a six well plate by adding the following volumes
depending on the conditions: 100 uL of bacteria, 500 uL of AuNPs, and/or 50 uL of MB. The
total volume should be 1,000 pL, therefore any remaining volume after the addition of the
bacteria, AuNPs, or MB should be filled with PBS. The experimental solutions can be easily

visualized in figure 5 in section 2.5.

After experimental solution preparation, the 6 well plate was covered with aluminum foil
and allowed to mix on a shaker plate for 10 minutes at 100 rpm. After the mixing period, the
aluminum foil was removed, and the red light was turned on. The plate was irradiated for 5
minutes, while mixing on a shaker plate. A distance of 9 cm from the light source was
maintained for each experiment. After irradiation, 100 puL of each experimental solution was
placed in a separate 1.5 mL microcentrifuge tube containing 900 uL of PBS to begin serial
dilution. After slight mixing with a vortex, 100 uL of the diluted solution was placed in another
1.5 mL microcentrifuge tube containing 900 uL of PBS and vortexed. This process was repeated
for a total of 5 microcentrifuge tubes. NOTE: the pipette tip must be changed between each

transfer to ensure accurate serial dilution and prevent contamination.

Once the serial dilution was complete, 50 pL from each microcentrifuge tube was
carefully spread onto a new petri dish. The metal spreader must be flame sterilized before
spreading each plate. The petri dishes were labeled, placed upside-down in an unsealed plastic
bag, and allowed to incubate at 37 °C for 18-24 hours. After the incubation period, the plates can

be removed and counted.
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xiv. Calculation of CFU/mL after irradiation and incubation

To determine the CFU/mL after irradiation, the plates obtained after serial dilution and
incubation were counted. To do so, plates with easily identifiable colonies were counted. If the
colonies are sperate but there are too many to count, the plate is labeled TNTC ie. too numerous
to count. If individual colonies are not visible, the plate is labeled as Lawn. For the plates with
countable colonies, a dilution calculation can be done to determine the CFU/mL of the original

solution after irradiation.

First, the volume placed on an individual plate was 50 uL out of 1,000. Therefore, the
number of colonies should be divided by 0.05 mL. Next, this value can be multiplied by the
dilution factor. For example, if the 5th serial dilution plate contained 16 colonies the following

calculation would result in the CFU/mL value.

(16 colonies

)(100 000) = 32x107 Y
0.05mL ’ )

xv. TEM grid preparation

To prepare TEM grids for use, the following procedure was used. Approximately 10-12
Copper grids (SPI, 300 mesh, 3 mm) were washed in hydrochloric acid, DI water, and acetone in
sequence. The grids were then placed on filter paper in a petri dish to dry. While the grids dried,
a microscope slide (Fisherbrand, Plain precleaned) was soaked in a soap solution for 3-5
minutes. Next, a plastic dispense column was washed with a “wash solution” (ethylene
dichloride) and filled to the mark with “Gold solution” (1% formvar in 1,2 dichloroethylene).
Once the column was prepared, the microscope slide was removed from the soaking solution and

dried using lens paper.
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The slide was then carefully placed vertically in the column and allowed to sit for 30-45
seconds. After the time had elapsed, the valve was opened and the “Gold solution” was
recollected. Next, the slide was removed from the column and the bottom end placed on a paper
towel to collect any additional solution and held for 1-2 minutes to allow the solution to dry onto

the slide.

After the solution had dried, the edges of the slide were scratched with a razor 3-5 times.
To release the formvar film from the slide, the slide was breathed on and slowly, vertically
dipped into a container of DI water. Two thin films separate from the slide until they are
completely detached. The TEM grids were then placed bright side down on the gold portion of
the thin films. A piece of parafilm was then used to collect the grids by immersing the parafilm
directly next to the formvar films at an angle that caused the film to attach to the parafilm. The
setup was then placed on a paper towel to dry and stored on filter paper in a petri dish for future

use.

To use the TEM grids, a pair of tweezers was used to trace around a single grid. The grid
was then held by a pair of tweezers with an o-ring holding it closed. Next, 3 pL of AuNP solution
was pipetted onto the grid and allowed to air dry. The grid was then loaded into the TEM for

imaging.

xvi. Detailed ROS measurement procedure

To determine the ROS produced in solution, the following procedure was followed.
Approximately 800 — 1000 uL of PBS were placed in a 1.5 mL plastic cuvette and used as the
blank for the UV-Vis at 400 nm. Next the following volumes were combined in a 1.5 mL plastic

cuvette to generate experimental solutions: 100 pL of ABMDMA solution, 500 uL of AuNPs, 50
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uL of MB, and/or 200 uL of INF-55 solution. The final solution volume was consistently 1,000
puL. To do so, the remaining volume of filled with PBS. The absorbance for each cuvette was

measured at 400 nm for an initial absorbance.

The cuvettes were then covered with parafilm and irradiated for 5 seconds (see figure 6 in
section 2.5 for equipment setup). The distance between the light source and the cuvettes was
maintained at 9 cm and the solutions were mixed during irradiation on a shaker plate at 100 rpm.
After irradiation, the absorbance for each cuvette was measured. The cuvettes were then placed
on the shaker plate again and irradiated for 5 more seconds. The absorbance was measured after
the second irradiation. This process is repeated until the desired amount of data points have been

collected (5, 10, 15, 30, 45, 60, 90, 120, 180, 240, 300, 360, 420, 480, 540, 600 seconds).
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APPENDIX C: LASER OPERATIONS

i. Operation of Nanosecond Laser

Before turning on the laser, the “Danger: Laser in Use” sign must be posted outside of the

laboratory, those within the lab should be notified, and safety goggles should be put on.

To turn on the laser, the key-switch must be turned 90° counterclockwise to the ON
position. The Laser ON light should be illuminated. Next, the laser should be allowed to warm
up for 5 minutes. After ~5 minutes, the Q-switch value can be set. To do so, press the SELECT
until the Q-SW DELAY LED indicator light is turned on. Using the UP and DOWN buttons, the
Q-switch can be set to the desired value (as the Q-switch value increases, the output power value

decreases). A Q-switch value of 200 was used for the synthesis procedures.

After setting the Q-switch value, the frequency can be set by pressing the SELECT button
until the screen reads F10. The UP and DOWN buttons can be used to adjust the frequency if
necessary. A 10 Hz frequency was used for the synthesis procedure. Next, the pulse mode should
be checked. To do so, press the SELECT button until the screen reads POO or PO1. If it was set to
P00, press the single shot controller button once so that the screen reads PO1. Next, press the
START/STOP button to turn the laser on. A continuous clicking sound should be audible. The
laser should be allowed to run for an additional 5 minutes before opening the shutters. After the
5-minute warm-up period, the first shutter can be opened by pressing the SHUTTER button
once. To open the second shutter, the manual slider on the front of the laser must be slid from the

closed position to the open position.
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If necessary, the Q-switch value can be changed during the laser operation. To do so, both
the first and second shutters must be closed. Next, the mode should be changed from P00 to PO1
by pressing the UP button. Next, stop the laser by pressing the START/STOP button and change
the Q-switch value by pressing SELECT until the Q-switch indicator is lit, and pressing the UP
and DOWN buttons to the desired values. The mode can then be changed back to POO by
pressing SELECT until the mode is visible and pressing the single shot controller button once.
Once everything has been set, press the START/STOP button to turn the laser back on and open

the shutters to resume use.

Once the laser is on, the single shot controller can be used to control the laser operation.
By pressing the button once, a single shot will be emitted. By holding the button down, a
continuous series of shots will be emitted. This functionality should be used to properly align the
laser. To do so, burn paper should be placed in front of each mirror and lens that the laser will
interact with, starting with the mirror/lens closest to the laser. Ensure that the burn paper is
covered with a single layer of clear tape to prevent dust from accumulating on the optics when
aligning the laser. The laser should always be positioned in the center of the mirror or lens to
have the desired effect, mitigate interference, and prevent the safety hazard of an uncontrolled
beam. Once the laser is aligned, the power should be tested using a power meter before the
converging lens. CAUTION: never use the power meter after a converging lens, as a focused

laser will damage the meter.

A halfwave plate and polarizer are used to adjust the laser power. As the polarizer divides

the beam into a straight path and a perpendicular path, the perpendicular reflection must be
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blocked by a beam dump. The straight beam will pass through the halfwave plate and can be

rotated clockwise or counterclockwise to control the power.

To turn off the laser, press the START/STOP button. Then, close both the first and second
shutters and change the mode from P00 to PO1. Wait for 5 minutes and then turn the key switch

90° clockwise to the off position.

i1. Operation of Picosecond Laser

Before turning on the laser, the “Danger: Laser in Use” sign must be posted outside of the

laboratory, those within the lab should be notified, and safety goggles should be put on.

To turn on the laser, the power supply for the laser must be plugged in to the outlet. The
system should be allowed to sit for 1 minute for the temperature to stabilize. Next, the slave
cable should be plugged into the PC. Next, open the Helios Customer GUI (1.0.3.0) shortcut on
the desktop and open the HeliosCustomerGui software. When prompted to select the number of
COMM-Ports, select 1 and select the COMM-port that corresponds to the slave cable. NOTE: if
multiple USBs are plugged into the device, multiple COMM-ports will be visible; however, if

the incorrect port is selected, it will result in an error.

Once the interface opens, the desired frequency and pump diode current values can be set
according to the values specified on the Laser Test Sheet for the wavelength of choice. Next,
close the software, unplug the slave cable, and plug in the master cable. Reselect the number of
ports (1 port) and the specific COMM-port being used and enter the appropriate frequency and
current values from the Laser Test Sheet. The laser can now be turned on by pressing the START

button at the top left corner of the GUI. It takes approximately 10 seconds for the laser to
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stabilize after turning it on. To turn off the laser, press the STOP button that appears in place of

the START button while the laser is operating.

If the frequency needs to be changed, the laser should be turned off and the previously
described steps should be repeated, ie. the software should be closed, the slave settings should be
inputted, and the master settings should be inputted. Once operational, the laser beam should be
aligned in a similar manner as the nanosecond laser alignment procedure described in the above
section. To turn the laser off completely, press the STOP button to stop the beam. Next, close the

software, and unplug the power cable.
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