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aureus Isolates
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Staphylococcus aureus infections are an increasing concern for the United States
as it is currently the most prevalent cause of hospital acquired infections. The growing
antibiotic resistance amongst these bacteria has called for new treatments, including
photodynamic therapy, which uses light to kill microorganisms. We tested the variance
of the response to blue light of 25 different isolates of S. aureus. Using 470 nm blue
LEDs with an approximate forward power of 80 mW and an average luminance of 4.22
klux, we exposed 1 ml S. aureus cultures for 30 minutes and measured the optical density
at 600 nm 18 hours after treatment. We compared the blue light treatment to a control
group and found that there was a wide degree of variance with inhibition values ranging
from 97% to an increased growth rate of 8%. Using flow cytometry, we measured cell
counts at 4 hours after exposure to blue light for 3 strains identified as highly sensitive
and 3 strains identified as highly resistant. There was a range of 80-99.9% inhibition
when examining live cell counts. However, the discrepancy between the more and less
sensitive strains was still apparent when examining live to dead cell ratios. A variation in
susceptibility to blue light indicates a genetic trait may be responsible for this phenotype.
Future studies will explore the genetic differences in these strains.
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CHAPTER ONE

Review of Literature

Staphylococcus aureus is a Gram-positive, nonmotile, facultatively anaerobic
cocci. Its name is derived from the Latin meaning of aureus, golden, due to the
carotenoid pigments produced during growth. It can colonize mucosal surfaces,
particularly those of the anterior nares, and is part of the normal flora on human skin.

The organism is not inherently pathogenic but can cause an array of diseases. Shedding
of the bacteria is common due to their often external presence on the body and is
responsible for many hospital-acquired infections. Staphylococci are susceptible to high
temperatures and disinfectants, but can survive on dry surfaces for long periods.
Therefore, proper hand-washing techniques of medical personnel and proper sanitation of
fomites are necessary for limiting the spread of the organism."

S. aureus causes disease through either the production of toxins or the direct
invasion and destruction of tissue. It can cause a variety of ailments from impetigo, boils,
and food poisoning to pneumonia, bacteremia and even death. Additional concerns
include increased rates of infections associated with implants and foreign objects placed
in the body such as catheters, shunts, and breathing tubes. In a survey done by Morgan et
al. in 2004, S. aureus was the most commonly (76%) identified cause of skin and soft-
tissue infections in patients presenting to emergency departments in 11 US cities.> Even
more alarming is the increase in the total number of infectious cases involving S. aureus.
From 1999-2005, there was an estimated 62% increase (294,570 vs. 477,927) in the

number of hospitalizations involving S. aureus-related infections.’



More concerning is the growing resistance of S. aureus to the antibiotics used as
the primary treatment for these infections. Only two years after the introduction of
penicillin for medical use, a penicillin-resistant S. aureus isolate was observed in a
hospital. Penicillin-resistant isolates have since been found in the community and
currently an approximate 80% of all S. aureus strains are resistant to this antibiotic. The
trend continued with methicillin with the discovery of a resistant isolate in 1961, only
two years after the introduction of this p-lactam drug.* Methicillin resistance is due to
the acquisition of the mecA gene. It is suggested that methicillin-resistant S. aureus
(MRSA) can acquire its mecA gene through horizontal transfer from coagulase-negative
Staphylococci species, such as S. epidermidis or S. haemolyticus.”® The ability to
acquire DNA from the environment allows for rapid genetic evolution of bacteria, and
quickens the widespread resistance to antibiotics. This, combined with the overuse of
antibiotics, has caused antibiotic-resistant bacteria to overwhelm society’s healthcare
concerns requiring the search for new treatments to combat these infections.

As early as 1993, it was evident that MRSA was no longer limited to patients at
risk for nocosomial infection with predisposing factors such as prolonged hospitalization,
invasive or surgical procedures, indwelling medical devices, or exposure to antibiotics.”®
A distinction was made in the scientific community for infections acquired inside the
hospital (HA-MRSA), and never before observed infections acquired from the
community (CA-MRSA). CA-MRSA infections are on the rise and have even begun to
outnumber HA-MRSA infections. HA-MRSA has been divided into the subcategories of
community-onset HA-MRSA, where health risk factors are present but a S. aureus

infection is observed within 48 hours of hospital admission, and hospital-onset HA-



MRSA. CA-MRSA and HA-MRSA have differences in genotype and phenotype.
Besides being classified by location of onset, MRSA can also be classified using
multilocus sequence typing (MLST) and PCR of mec cassettes and CCR genes. CA-
MRSA is most commonly associated with USA300, SCCmec 1V, and the PVL toxin;
HA-MRSA usually correlates with the strain USA100 and SCCmec I1.”'° A survey of
12 participating facilities in Minnesota found the following trends with CA-MRSA and
HA-MRSA: CA-MRSA had a younger median age of 23 years vs. 68 years in HA-
MRSA, the CA-MRSA isolates were more sensitive to other antibiotics, and HA-MRSA
was associated with more invasive infections such as respiratory, urinary, or blood
infections whereas CA-MRSA primarily presented as skin and soft tissue infections.’
Overall, MRSA has become an increasing burden over the years in the United
States. A review by Appelbaum compared the percentage of S. aureus isolates that were
resistant to methicillin to be <1% in northern Europe vs. >40% in southern and western
Europe with the greatest percentage (>50%) in the U.S."" Review of the National
Hospital Discharge Survey records from 1995-2005 indicate that S. aureus infections
resistant to methicillin increased 119%, or about 14% per year. In 2005, there were
11,406 S. aureus-related deaths of which 6,639 were MRSA. However, there was an
overall decrease of 3.7% to 2.4% in the percentage of S. aureus-related hospitalizations
that resulted in death during this time.> Using data from July 2004 to December 2005,
the national estimated adjusted incidence for invasive MRSA was 37.54 per 100,000
persons with a breakdown of 2.46 per 100,000 for community-onset HA-MRSA
(HACO), 9.91per 100,000 for hospital onset HA-MRSA (HO), and 5.59 per 100,000 for

CA-MRSA (CA)."



Infection incidence rates were reevaluated more recently in 2011 by Dantes et al.
who found that there was a 27.7% decrease of HACO infections, 54.2% decrease in HO
infections, but only a 5% decrease in CA infections. This corresponds to an estimated
30,800 (31%) fewer invasive MRSA infections in the USA in 2011 compared to 2005."
The large decrease in HO infections (54%) may be attributable to an increased awareness
of the burden of MRSA infections in the United States which resulted in greater local and
national infection prevention measures in health care settings. However, the increase in
the percentage of MRSA infections acquired outside of a hospital setting is concerning
because there are currently no clear guidelines on how to control transmission in the
community.

Additional concerns posed by S. aureus for the United States include the
percentage of the healthy population that are carriers for this organism, the increased
morbidity and mortality of MRSA, and the incredibly high financial cost of MRSA. It is
estimated that 20% of the population are persistent carriers of S. aureus in the anterior
nares, 60% are intermittent carriers, and 20% are persistent non-carriers. There is
concern for individuals becoming infected by the strain carried in their nasal passages or
infecting others, especially for those in healthcare settings with associated risks.
Individuals with a MRSA infection have a greater risk for more severe complications,
morbidity, and even mortality than if they had a methicillin-sensitive S. aureus (MSSA)
infection.” In addition, MRSA infections cost much more financially than MSSA
infections, with a per patient-day cost difference of $9,744 for MRSA vs. only $4,442 for

MSSA infections. This suggests that MRSA cost the healthcare system, both patients and



hospitals, an additional $830 million- $9.7 billion in 2005 before considering the indirect
costs related to patient pain, illness, and time spent in the hospital.* '* >

The threat of S. aureus infections does not stop with MRSA. When methicillin is
ineffective against a particular strain, glycopeptides such as vancomycin are used.
Vancomycin was introduced into the US healthcare setting in 1958, and vancomycin
intermediate S. aureus (VISA) strains were first seen in 1996. The first vancomycin
resistant S. aureus (VRSA) was later discovered in 2002 and seven total strains have been
reported during the period 2002-2006.' "7 Tt is believed that VRSA strains acquired the
vanA operon through conjugal transfer of plasmids from vancomycin-resistant
Enterococcus faecilis.'"®  All VRSA strains identified have been proven sensitive to other
antibiotics, but the emergence of MRSA and VRSA show that alternative treatments to
antibiotics are in immediate demand.

Suggested alternative treatments include natural antibacterial compounds, cationic
antimicrobial peptides, bacteriophages, and staphylococcal vaccines.”” However, there
are many complications with the efficacy and consistency of these treatments that
currently prevent them from being viable options. For example, Lu et al. discusses the
problems with bacteriophage therapy which include the host range of the bacteriophage,
the evolution of bacterial resistance in vitro, manufacturing, systemic side effects, and the
delivery of the bacteriophage to the site of infection and to the cells themselves due to

20 A S. aureus vaccine that would

difficulty in penetrating the biofilm of S. aureus.
mechanistically employ antibodies to target the bacteria for destruction, has yet to been

successfully produced due to the extensive survival mechanisms S. aureus has against

humans. These include proteases that degrade antibodies, interference strategies for



blocking complement in opsonization, and many others. As of yet, trials of S. aureus
vaccines in mice models have not shown positive results, and at best personalized vaccine
cocktails may be required.'

Another potential treatment option is light-based anti-infectives. These include
ultraviolet C (UVC) irradiation therapy, photodynamic therapy (PDT), and blue light
therapy. The proposed advantages of these treatments are the ability to eradicate
microbes regardless of antibiotic resistance and the improbability of the development of
resistance to these light-based therapies due to the non-specific nature of their targets.”'
UVC irradiation has the best potential ability to inactivate microorganisms using a
wavelength of 250-270 nm which is absorbed by the nucleic acids of microbial cells
causing DNA damage. However, UVC can also cause damage to human DNA with
prolonged exposure being carcinogenic, eliminating it from being an ideal treatment for
MRSA infections, although it is currently successfully used to sterilize equipment and
rooms.

Photodynamic therapy (PDT) is different from UVC irradiation in that it utilizes
visible light to activate a pre-applied photosensitizer (PS) drug to its excited state,
producing reactive oxygen species (ROS) that chemically attack and alter a wide range of
biomolecules in the cell.*! This method has greater bactericidal results in Gram-positive
bacteria due to the porosity of the outer wall through which the PS can enter the cell.
PDT has potential for treatment of fungi, viruses, acquaculture, waste water, and with
food disinfection. PDT using blue light with a wavelength between 400 and 500 nm has
shown to be effective against a variety of organisms. Blue light has occasionally been

reported to be phototoxic to mammalian cells at certain spectrum ranges in a wavelength-



dependent manner. Thus, an ideal use of blue light in therapy should choose an optimal
wavelength that selectively excites the PS with minimized effect on the chromophores in
mammalian cells.”> Contrarily, a different study found that 470 nm blue light actually
enhanced wound healing in excision sites in a rat model. It is postulated that blue light
affects the nitric oxide (NO) pathway in the mammalian tissues of the rats by recovering
mitochondria inhibited by NO gas release and enhancing the amount of growth factors
released which are important mediators in wound healing.**

The results of PDT vary greatly between different pathogens. Nakonechny et al.
used white light and the PS methylene blue (MB) or toluidine blue (TBO) on both S.
aureus and E. coli. In the presence of MB, S. aureus resulted in a 6.5 log reduction in
colony forming units (CFU) when using a power of 12.1 mW c¢m™ for 1 hour, whereas
only a 2.2 log reduction was seen in E. coli. This research indicates that there is a dose-
dependent effect on the viability of these organisms: at a moderate power of 1.6 mW per
cm’, the S. aureus with PS was reduced only 10-fold. Interestingly, the control cells
(with no PS) were reduced 6-fold with the higher power (12.1 mW cm™) of white light.24
PDT has also shown to have positive results in the treatment of L. major (Leishmaniasis),
Acne vulgaris, herpes simplex virus, papillomavirus, H. pylori, T. rubum
(onychomycosis, a toenail infection), and A. actinomycetemcomitans (dental infection).
However, there is no current PDT treatment that would be safe for humans, effective
against all pathogens, and whose effectiveness is greater than current treatment options,
including that of antibiotics.’
A similar pattern was seen with PDT using blue light on Propionibacterium

acnes, a Gram-positive organism that normally inhabits human sebaceous glands and is



the major cause of acne. Ashekanzi et al. found that bacterium pre-treated with o-
aminolevunic acid (ALA) in clostridial broth had enhanced production of porphyrins.
The increase in porphyrin levels paralleled the appearance of low density areas in the
middle of the cells suggesting leakage of intracellular components. Additionally,
asymmetrical septation and undivided elongated cells were also observed which lead to a
lytic process that caused bacterial cell death. Bacterial cell counts were diminished after
PDT with one illumination of 75 J cm™ decreasing the cell-count by two orders and 100 J
cm™ causing a three order decrease. However, there was a reduction in viability even
without the addition of ALA, decreasing one to two-fold with one dose, two-fold with
two consecutive doses, four-fold with two doses timed 24 hours apart, and five-fold with
three consecutive illuminations.”® Thus, although the viability was decreased to a greater
degree with the addition of the ALA, it was not necessary to be bactericidal.

There is much concern over the safety and side effects of photosensitizers, the
vessels that allow transfer and translation of light energy into ROS via a type II chemical
reaction. There are three families of PS: porphyrins, chlorophylls, and dyes, each with
their own setbacks. A complication with porphyrins is the prolonged photosensitivity
after administration. This could be minimized by photobleaching in which just enough
PS is delivered to kill the unwanted cells, with no PDT occurring in non-targeted tissues.
However, no PS can currently accomplish this preciseness clinically. Some PS of the
chlorine family have shown to cause vascular damage and the commonly used ALA can
cause pain in PDT therapy, especially because it is not very active and requires high
energy levels and long treatments. Many dyes are naturally hydrophobic and require

special liposomal preparation for efficient delivery.® Additionally, the long-term effects



of PS have not been studied extensively and there is concern of harmful side-products
that can be produced after being metabolized. Thus, PS and their effects require much
research and development before these products can be safely used in medicine.

There has also been some evidence of variation amongst different strains in
response to PDT using 624 nm red light. This could prove to be problematic in
establishing a basic light therapy protocol for S. aureus infections should this trend also
exist with the use of blue light. Grinholc et al. tested 81 S. aureus strains: the ATCC
25904 strain, 40 MRSA, and 40 MSSA. Four MRSA strains were considered resistant
(0-0.03 log reduction), and 20 MRSA and 15 MSSA strains were considered
intermediately resistant (0.2-0.9 log reduction). For the MSSA strains tested, 62.5% were
considered sensitive to PDT vs. only 40% of the MRSA strains. When the antibiograms
of individual strains were compared to PDT results, no correlation could be noted. They
reported that the non-biofilm producing strains were more sensitive to PDT.?” It must be
kept in mind that this study added a PS to the medium. Red light illumination without a
PS does not inactivate S. aureus, and the mechanism behind photodynamic inactivation
may be different for red and blue light.

The ability to form a biofilm poses additional obstacles in persistent S. aureus
infections. Biofilms provide an additional layer of protection for S. aureus and can
decrease the effectiveness of compounds intended to be taken up or interact with the cell,
such as antibiotics and PS. Using the photosensitizer TMP, Di Poto et al. studied the
disruption and dispersal of the biofilms of three S. aureus strains with PDT. Addition of
10 uM of TMP (non-toxic dose) with the highest light dose used (150-200 J cm™)

resulted in a 30-70 fold decrease in viability compared with untreated controls and those



with TMP but kept in the dark. Notably, confocal laser scanning microscopy (CLSM)
images of the biofilms subjected to PDT showed increased permeability to propidium
iodide, indicating the cell membrane could be an important site of photodamage. Also,
cell detachment and consequent disruption to the biofilm architecture was observed with
the PDT-treated samples.”® Thus, PDT used in conjunction with an antibiotic or other
treatment may have synergistic effects. However, increasing maturity and corresponding
thickness may result in a decreased killing effect.

More interest has arisen about the possibility of bactericidal effects of light
without the addition of a photosensitizer. Hamblin et al. found that only 30 J cm™ of
broadband visible light could inactivate H. pylori, but not E. coli. This suggests that H.
pylori is at least 100,000 times more sensitive than E. coli. Additionally, H. pylori was
much more sensitive than P. acnes, requiring two to three times less light to produce 100
to 1,000 times more killing. Multiple strains of H. pylori were tested, including
laboratory and clinical strains, one of which was doubly antibiotic resistant, and all were
photoinactivated. There was a positive correlation over several orders of magnitude
between porphyrin fluorescence and cytotoxicity, suggesting that an accumulation of a
metal-free porphyrin produced ROS upon illumination. The determined fluorescence
peak corresponded with that for the porphyrins CP and PPIX. The most effective
wavelength ranges to inactivate H. pylori were determined to be 375-435 nm followed by
435-475 nm. Overall, there was a 99.9% reduction in viability of all strains tested with
20 J em™ of 405 nm light.”

Inactivation of S. aureus by broadband visible light was shown through the

research done by Lipovsky et al. With the maximum fluency used of 180 J cm™, two
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strains showed 55.5% and 99.8% reductions in colony counts. However, both strains had
increased proliferation at a lower fluency of 18 J cm™. The more sensitive strain
produced 10 times more secreted and intracellular porphyrins and greater levels of ROS
whereas the more resistant strain had two times more carotenoids. Carotenoids are
known to be an antioxidant and can potentially protect the cell from the damaging effects
of ROS. Conversely, the increased amounts of porphyrins could increase the amount of
energy transferred from the light to cellular machinery in the presence of oxygen to make
ROS."

Lipovsky et al. later sought to determine the most effective wavelength, either 415
or 455 nm, in the visible range to inactivate E. coli and S. aureus while measuring the
amount of ROS produced (via spin-trap paramagnetic resonance spectroscopy (TEMPO)
measurements). The more effective wavelength was 415 nm for both species. There was
an increase in cell count for S. aureus when illuminated with 30 J cm'2(5 minutes) of 415
nm light, a 50% decrease with 60 J cm'z, and a maximum 90% reduction with 120 J cm™.
The wavelength 455 nm resulted in only a 50% reduction with 120 J cm™. E. coli was
nearly 100% inactivated at 415 nm with the smallest dose of only 30 J cm™ and showed a
dose-dependent reduction in viability with 455 nm. Unlike S. aureus, neither 415 nm nor
455 nm enhanced proliferation of E. coli at any fluency.®' The increased proliferation of
S. aureus at low fluencies could be problematic in terms of wound healing, so more
detailed data is needed on the consistency of these results and the minimum dosage
required to inactivate all strains of S. aureus.

Maclean et al. also sought to determine the most effective wavelength to

inactivate S. aureus. Absolute doses of 23.5 J cm™ were delivered to the samples and
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significant log reductions were observed for wavelengths in the 400-420 nm range. The
greatest log reduction of 2.4 occurred at 405 nm. A variety of different bacteria were
tested for dose/log;o reduction response to 405 nm light with a MSSA strain of S. aureus
having the greatest reduction of 7.2 (units of logio (N/Ny per J cm™)), followed by MRSA
with a value of 9, and Staphylococcus epidermidis with 9.1. Notably, Pseudomonas

1.* Thus, it is evident that different

aeruginosa had a value of 42.9 and E. coli 58.
bacteria respond drastically differently to 405 nm light, and infections with multiple
bacteria species would either require great amounts of blue light or combination
treatments using blue light and antibiotics. Also notable in Maclean’s work is the finding
that regardless of the initial population density, similar amounts of blue light energy was
required to achieve a similar log; reduction. For example, a 3-logo reduction in CFU
count required 36 J cm™ for both 10° and 10’ CFU/ml and 41 J em™ for 10° CFU/ml.**
Enwemeka et al. explored the inactivation of S. aureus with blue light without the
addition of a photosensitizer. Their initial research focused upon the effects of blue light
on MRSA in vitro by streaking cultures onto Tryptic Soy Agar (TSA) plates, exposing
them to 405 nm light for different periods of time (corresponding to 0-60 J cm™), and
comparing the CFU after 24 hours of incubation with controls. This was the first report
that blue light can photo-destroy a HA-MRSA and CA-MRSA strain of S. aureus. The
data displayed a non-linear dose-dependent curve: increases in energy fluencies between
1.0 and 15 J cm™ resulted in greater bacteria death than similar increases between 15 and
60 J cm™. This suggests that consecutive low doses of blue light is more effective than a

single higher dose. Both S. aureus and P. aeruginosa were tested and inactivation rates

reached 90% and 95.1% respectively. P. acnes showed no response to the blue light in
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this experiment. In addition, 470 nm light was tested, and it was found that 405 nm had
greater killing rates for both bacterial species.>

Enwemeka et al. tested 470 nm blue light because of its ubiquity, ease of use, and
low cost. The 405 nm superluminous diodes (SLDs) were invalidated due to the need to
filter the UV light produced with this diode. The 470 nm light does not contain UV light
in its spectra and is therefore safer to humans. There was a statistically-significant (p <
0.05) dose-dependent non-linear trend, similar to that with 405 nm. Both the CA-MRSA
and HA-MRSA had over 90% inactivation with a dose of 55 ] cm™. More than 40%
inactivation was seen with 7 J cm™ and over 80% with only 35 J cm™.>* This indicates
that low doses of 470 nm blue light may be possible as a less expensive and potentially
safer treatment for MRSA infections. Enwemeka is now attempting to increase the
inactivation percentages with greater penetration in order to kill the remaining few
colonies that survive irradiation.”

Gaupp et al. wrote an inclusive review of the response to oxidative stress of
different Staphylococcus species. Endogenous stress can occur which leads to
monoatomically-reduced oxygen that interacts with flavoproteins to generate further
reactive oxygen species (ROS). ROS can also be produced with Fenton chemistry in
which iron reacts with H,O, to generate HO-. The close proximity of Fe*" to DNA
suggests that ROS generated by Fenton chemistry can interact with DNA, as well as
amino acids and proteins. Staphylococcus have many means to resist oxidative stress,
such as via the membrane-bound staphyloxanthin, the main pigment of S. aureus, which
is a potent antioxidant because its numerous conjugated bonds quench toxic singlet

oxygen. Staphylococci also have detoxifying enzymes, mechanisms to maintain metal
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homeostasis, DNA protection and repair mechanisms, and protein damage repair
pathways. Staphylococcal response to oxidative stress has been shown to depend on the
chemical nature of the oxidant. Changes in the bacterial metabolic status are “sensed,”
creating signals to alter the activity of the redox-responsive and metabolite-responsive
regulators. When damage to the cell becomes so great that the DNA is damaged,
Staphylococci can activate the SOS system where a highly conserved global DNA
damage repair system is activated, which involves the LexA regulon. This response may
activate virulence genes and mobile genetic elements. '

Maisch et al. demonstrated that ROS play a specific role in photodynamic
inactivation of S. aureus. After the photosensitizer absorbs light, energy is transferred to
the triplet state through which either charge or energy is transferred to a substrate or
molecular oxygen to generate ROS. Viability was decreased 20-fold with a low
concentration of S. aureus, and 8-fold for a high concentration, suggesting increased
oxygen levels are needed for greater cell densities. During illumination with the laser
light for 6 minutes (54 J/cm™), the low cell concentration showed only a slight reduction
in oxygen saturation from 98% to 93% whereas the high cell concentrations had a
decreased oxygen saturation from 90% to 60%. During a second experiment where the
light source was not switched off after illumination, the oxygen concentration decreased
to 82% saturation for the low cell density samples and decreased to 0% saturation for the
high cell concentration.’® Thus, inactivation of S. aureus requires oxygen, lending to the
hypothesis that ROS are being produced and are the bactericidal agent.

The significance of oxygen depletion in S. aureus after exposure to 400 nm light

without the addition of a photosensitizer was studied by Maclean et al. Three oxygen
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scavengers (ascorbic acid, catalase, and dimethylthiourea [DMTU]) were used to
illustrate the effect of oxygen depletion in photo-irradiation of S. aureus. A 30-minute
exposure resulted in a 1.0 logo reduction for all three scavengers. Thirty minutes of light
with no scavenger resulted in close to total destruction of the initial population of 2.2 x
10° CFU/ml. When comparing oxygen-enhanced and non oxygen-enhanced samples
after 30 minutes of exposure, both achieved a 5 log;o reduction although the oxygen-
enhanced samples achieved this more quickly with a 4.4 log; reduction after 25 minutes
(450 J cm™) versus a 1.2 log;o reduction. Thus, oxygen is needed to achieve high levels
of inactivation of S. aureus in an efficient time-frame. Non-light-exposed samples, both
oxygen-enhanced and not oxygen-enhanced, showed no inactivation. Additionally, when
the irradiance levels (75 and 30 mW cm™) were adjusted for time of exposure, the same
total dose of 450 J cm™ was delivered. It was found that the level of inactivation is a
function of the dose, independent of the irradiance used. This paper theorized that the
mechanism of visible-light inactivation of S. aureus is the photo-excitation of naturally
occurring intracellular porphyrins that function as endogenous photosensitizers.*’

In summary, there is promising evidence that a range of wavelengths of blue light
(400-470 nm) can kill S. aureus with the addition of a known photosensitizer using PDT.
Additional studies demonstrate that the addition of a photosensitizer is not required,
making the clinical applications of blue light for S. aureus infections even more valuable.
Although there is evidence of variation in the effectiveness of PDT for different S. aureus
isolates when using red light, there has not been studies published evaluating the effects
of blue light on numerous S. aureus strains. Thus, there was a need to determine if a

heterogeneous response to different isolates to blue light exists. This information will
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have clinical implications of how this therapy can be applied to patients and to help

determine the mechanism of blue light inactivation of S. aureus.
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CHAPTER TWO

Introduction

Staphylococcus aureus is a Gram-positive cocci that forms grape-like clusters and
is aerobic or facultatively anaerobic.! It is often found as a commensal organism of the
human nose: 20% of the population persistently carries S. aureus, 30% carry it
intermittently, and 50% are considered non-carriers.”® However, should S. aureus breach
the skin barrier, it can cause a range of ailments from superficial wound infections to
invasive, life-threatening disorders including pneumonia, bone and joint infections,
bloodstream infections, toxic shock syndrome, and endocarditis.” S. aureus has become
a recurrent cause of infection in both hospital and community settings, and is the most
frequent presentation of skin and soft tissue infections in emergency departments in the
U.S. as well as the most common cause of hospital-acquired infections.*

Along with the rise in S. aureus infections includes those resistant to antibiotics.
Presently, less than 5% of S. aureus strains are susceptible to penicillin.*® It is estimated
that 50% of S. aureus strains are classified as methicillin resistant S. aureus (MRSA)
which has become common since its recognition in 1961, and costs the United States $4-
7 billion annually."”” MRSA was contained in hospital settings (hospital-acquired (HA)
MRSA) for approximately 40 years, but the more recent community-acquired MRSA
(CA-MRSA) infections are becoming more common. Even more alarming, is the
increased virulence of CA-MRSA, such as with the appearance of Panton-Valentine
leukocidin gene (PV-luk) which is associated with a particularly lethal form of hemolytic

pneumonia in children.”” This rapid increase in virulence and antibiotic resistance is due
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to the readily adaptable nature of S. aureus. Variable regions constitute 22% of the S.

4041 This has become an

aureus genome and horizontal transfer events are common.
ever-increasing concern as there is no consistent standard within U.S. health-care settings
for controlling the transmission of MRSA.** This has contributed to further antibiotic
resistance such as vancomycin-intermediate (VISA) and resistant (VRSA) S. aureus
strains, which further limit the treatment options of S. aureus infections.'®

As fewer antibiotics effective against S. aureus infections become available and
the incidence of S. aureus infections increases, the discovery of new, alternative
treatments has become a necessity. Examples of alternative treatments include
antibacterial natural compounds, cationic antimicrobial peptides, bacteriophages, and
staphylococcal vaccines.”> However, these treatments are either weak in their
bactericidal effects on S. aureus or are not bactericidal for all strains. A more promising
treatment option is photodynamic therapy (PDT) which involves the addition of chemical
photosensitizers to the bacteria and a subsequent exposure of light. Specifically, the use
of blue light against S. aureus has been explored with and without the addition of a
photosensitizer.”

One proposed mechanism for the bactericidal effects of blue light on S. aureus is
the formation of reactive oxygen species (ROS). ROS, such as hydroxyl and
hypochlorite, may be formed when blue light interacts with components in the cell or its
environment.'’ Although S. aureus has many detoxifying enzymes, metal homeostasis

pathways, and ways to protect and repair DNA and proteins, ROS can overwhelm the cell

by damaging biomolecules, resulting in cell death.
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Blue light has been shown to have varying effects across species and has been
tested on P. acnes, H. pylori, and E. coli.** Blue light of wavelengths 405 nm and the
safer 470 nm have both been shown to inhibit the growth of MRSA.** One study,
using 624 nm red light and photoporphyrin diarganate as a photosensitizer, found
evidence of variation to the response of blue light among 81 strains of S. aureus.”” No
mechanism was proposed in this experiment but this variation is significant because it
indicates that this is due to a genetic component. As with other types of treatment such as
antibiotics, if some strains are more resistant due to a genetic component, there is a
potential for acquired resistance to red light, which would decrease the viability of PDT
in a clinical setting. Variation in the response to PDT has also been reported using
broadband visible light with samples tested in nutrient broth. This experiment tested only
two strains of S. aureus, one of which was considered more “resistant” to visible light
(99.8% vs. 55.5% inhibition). I[llumination took place in nutrient broth, but the
conclusions drawn indicated that the variation was due to endogenous photosensitizers.*’
Measurements of free radicals, porphyrins and carotenoids were compared for the two
strains and the authors concluded that the variation in pigment molecules produced
varying amounts of ROS, causing the differences in inhibition.

A review of the literature concerning the photoinactivation of S. aureus reveals a
variety of experimental designs, light sources, photosensitizers, and proposed
mechanisms for inactivation. To address this confusion, we have developed a simple
light box that is amenable to standard culturing techniques and allows for many replicates
and controls. Using both MRSA and MSSA nasal isolates with known genetic variation,

we explored the response to 30 minutes of exposure to 470 nm blue light, at both 4 hours
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after illumination and 18 hours for 25 total strains. Our results suggest that the effect of

blue light among S. aureus cells in liquid culture varies over 10-fold.
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CHAPTER THREE

Materials and Methods

Bacterial isolates

Twenty-five S. aureus strains (15 MSSA and 10 MRSA) isolated from the nasal
passages of healthy individuals collected as part of a five-year longitudinal study at
Baylor University were supplied by T. Adair. The isolates were characterized through
fermentation on mannitol salt, Gram-staining, and positive results to catalase and
coagulase tests. To include strains with a variety of genetic backgrounds, strains were
selected based on variations in the response to 12 antibiotics and to phage K infection.
Resistance patterns to antibiotics were identified using a Kirby-Bauer disc-diffusion
method. PCR was performed on the MRSA strains to classify the SCCmec type I-V.**
Isolate stocks were kept frozen on cryobeads at -20°C or glycerol stocks at -80°C.
Cryobeads for the selected 25 strains were placed in 5 ml of BHI and grown overnight at
35°C. For the first experiment, streaks from the overnight cultures were made on tryptic
soy agar (TSA) master plates, which were used for up to two weeks for subsequent
experiments. For the flow cytometry experiments, a 1:1 ratio of this overnight culture
and glycerol was made and frozen at -80°C. This frozen stock was then used for all

subsequent experiments.

Preparation of cultures
A portion of the fresh master plates or the frozen stock was placed in 5 mL BHI

and grown overnight at 35°C. A 1:100 dilution of this culture was prepared in BHI and
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grown for two hours at 35°C to achieve an exponential growth phase. These cells were
diluted to 1:10* to achieve an approximate cell concentration of 2000 CFU/ml determined
by colony counts. One mL each of this dilution was placed in four wells of a 24-well
microtiter plate for each isolate with up to 6 isolates tested per trial. This was repeated
for a ‘no light’ control plate. The strain BU (Baylor University) SA2288 was prepared
using the method listed above and was included in each of the 16 trials to measure

variation between trials.

Blue light exposure and OD measurement after 18-hour recovery

To measure the variation in response to blue light exposure of 25 different
isolates, 24-well microtiter plates were prepared as described with one placed in an
opaque box and one under the blue light lid apparatus. The electrical diagram for the
blue light box may be found in Appendix C. Each 1 cm” well of the blue light treatment
plate was exposed to 30 minutes of 470 nm blue light (Kingbright) with a forward
electrical current of 20 mA per diode.” The diodes have a voltage of 3.3 V when
operated at 20 mA. This correlates to a fluency of approximately 120 J cm™. This power
produces an average of 4 klux emitted per diode as measured with a luminometer. The
control plate was placed in the same incubator (35°C) and at the same time as the
treatment group. No significant temperature change was observed while cultures were
being exposed to the blue light. After the treatment, both plates were incubated for 18 +
1.5 hours at 35°C.

After incubation, the cultures were resuspended by pipetting. The optical density,
using a 600 nm filter (ODg(p), was then recorded using the ELx800 BioTek plate reader

and the BioTek Gen5 software. Each strain was measured in quadruplicate per treatment
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(blue light or no exposure) per strain and each strain was repeated two to four times, with
BUSA2288 included in all 16 independent trials. To account for possible variation and
bias, strains were placed in different columns of the microtiter plate for subsequent trials.
Average ODgop measurements were calculated for each strain and the percent inhibition

was calculated for each strain using the equation

avg. no light 0D600—avg. blue light OD600

, x100%.
avg. no light 0D600

Statistical testing performed included a Student’s T-test pairing blue light and no
light controls per strain for each individual trial and for the overall group. Chi-square
testing was performed to determine if there was a correlation between methicillin

resistance and sensitivity to blue light.

Blue light exposure and flow cytometry readings at 4 hours recovery

A second experiment was performed to test the effect of blue light on cells at the
earlier time point of four hours post treatment. Flow cytometry was used to quantify the
live:dead cell ratio and samples were prepared as stated above. Six strains were chosen
based on the results from the 18 hour recovery experiment: three strains labeled
‘sensitive’ and 3 strains labeled ‘resistant.” Strain BUSA2288 was also included to
measure variation between trials. The blue light exposure procedure was the same (30
minutes) and cultures were incubated at 35°C for four hours after exposure. Cultures
were prepared for flow cytometry using the LIVE/DEAD BacLight™ Bacterial Viability
and Counting Kit (L34856) with the following modifications: the 1 mL samples were
centrifuged at 10,000 x g for 6 minutes to pellet the cells. The supernatant was then
removed and the samples were resuspended in 100 pL of filter-sterilized 0.85% NaCl.

Twenty microliters of this prepared sample were aliquoted into 972 uL of sheath fluid
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(BD Cat. No. 342003). Five microliters of the microsphere suspension and 1.5 pL each
of green-fluorescent SYTO®?9 and red-fluorescent propidium iodide were added to the
sample to constitute a total volume of 1 mL.

Samples were analyzed according to the kit, using a BD FACS Calibur flow
cytometer and the BD Cell Quest Pro software. We determined the optimal forward
scatter (cell size measurement) setting for our S. aureus samples and used this as a
standard to ensure only S. aureus cells were being measured. The settings used were:
side scatter (SSC) of 366, forward scatter (FSC) of 398, FL1 set at 489, and FL3 set at
767. FLI1 had a filter of 530/30 BP and FL3 had a filter of 670 LP. These settings
allowed for the live cell population to be distinguished from the populations of the dead
cells and microspheres (beads). Using the software, the S. aureus cells were gated and

tallied. The density of cells in the bacterial culture was calculated with the following

((# of events in bacterial region)x(dilution factor))

equation: . Each strain was tested in triplicate

((# events in bead region) * 5x10~7)
and repeated three times for a total of 9 data points per strain (n =9).

Statistical testing performed included a Student’s T-test pairing blue light and no
light controls per strain for each individual trial and for the overall group for both

categories of live cell densities and live:dead ratios.
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CHAPTER FOUR

Results

Blue light exposure and OD measurements after 18 hour recovery

Thirty minutes of 470 nm blue light exposure at 20mA per well (approximately
120 J cm™), was applied to 25 strains of S. aureus, 10 MRSA and 15 MSSA, followed by
a recovery time of 18 hours. Between 8 and 16 data points were gathered for each strain.
As seen in Figure 1, when each strain was analyzed separately, the responses to blue light
for the 25 strains were not homogenous and ranged from 88.74% reduction to a
seemingly enhanced proliferation of -8.04%. Of the 25 strains, 12 had a statistically
significant (Student’s t-test p < 0.05) difference between blue light and the no light
control which was interpreted as sensitive to blue light. The 13 remaining strains that

were resistant to blue light (p > 0.05) varied between -9% to 27% inhibition.

Average % inhibition per strain
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Figure 1. Average percent inhibitions by blue light per strain. Red bars reflect MRSA strains and the blue
bars reflect MSSA strains. Bars show standard error.
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There was no observable correlation between the sensitivity of a strain to blue
light and its antibiotic resistance to methicillin. Of the 15 strains sensitive to methicillin,
5 (33%) were sensitive to blue light (p < 0.05). Of the 10 MRSA strains, 6 (60%) were
sensitive to blue light (p < 0.05). Although a larger percentage of the MRSA strains had
statistically significant inhibition by blue light, the comparison of methicillin
susceptibility and sensitivity to blue light was not significant as can be seen with the Chi-

Square table in Table 1 yielding a value of ¢ (1, N = 25) =2.57, p = 0.46.

P <0.05 P>0.05 Total
Sensitive to BL | Resistant to BL
MRSA 6 4 10
MSSA 5 10 15
Total 11 14 25
Chi-square
results ¢>(1,N=25)=2.57,p=0.46

Table 1. Chi-Square table evaluating the correlation between methicillin susceptibility and blue light
inhibition.

Variation was observed within the strain BUSA2288 that was tested in every trial,
ranging from average percent inhibitions of -36% to 85% (Figure 2). We interpret this
variation as problematic for comparing strains after 18 hours of recovery using the plate
reader, due to variations in the exact time of taking the measurement (18 + 1.5 hours) and
the observation that the ‘no light’ control had reached saturation. However, there were
statistical differences in strains found consistently on either end of the spectrum (those
that were very sensitive vs. highly resistant). This led to the investigation of three

sensitive and three resistant strains, as classified by ODgg after 18 hours recovery, with a
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more precise method, flow cytometry, while tightly controlling for suspected sources of

variability such as initial age of culture, temperature of the incubator, exact time of

recovery and growth stage of control cells.

Average % inhibition per trial for BUSA2288
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Figure 2. BUSA2288 was tested in each trial for (16 total) the first experiment evaluating the effect of
blue light on S. aureus at 18 hours recovery post treatment. Variation ranged from -35% to 86% inhibition

by blue light. Bars show standard error.

Blue light exposure and flow cytometry measurements at 4 hours recovery

To verify the results that some strains were more sensitive to blue light than
others as determined by the optical density readings in the first experiment, a different
method, flow cytometry, and a shorter recovery period of four hours post blue light
exposure was used. Of the 25 strains tested, three MRSA strains classified as sensitive to
blue light in the first experiment (BUSA3016, BUSAV99, and BUSA311, p <0.05), and
three MSSA strains (BUSA3017, BUSA1079, and BUSA1109, P > 0.05) classified as
resistant. These 6 strains were re-evaluated using flow cytometry. The same dose of
blue light (30 minutes) was applied to samples which were then incubated at 35°C for
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only four hours. Additionally, the strain BUSA2288, which was used as a control across
trials for the optical density study, was evaluated with flow cytometry. Previous findings
exploring the growth curve of BUSA2288 post blue light exposure suggest that the
bactericidal effect of blue light is greatest after four hours of recovery.*®

Each isolate was tested in triplicate per trial for a total of three trials. The ratios
of live to dead cell densities were measured and calculated based off of individually
calculated live and dead cell densities. The live:dead ratios for the blue light samples
varied between 0.07 and 0.14 for the sensitive strains and 0.40 and 0.45 for the resistant
strains (Figure 3). The density of live cells was also taken into consideration as these are
the cells that can recover and cause infection. The percent difference in live cell
densities, when comparing blue light and control, varied from 89%-99%. Thus, there
was a decrease in viability for all strains tested at this time point. Student’s T test p <
0.05 was used to determine the probability that these cells were significantly inhibited by
blue light irradiation. The strains considered sensitive to blue light with the ODggg
reading at 18 hours recovery showed a similar trend of being more sensitive to blue light
at four hours than the three resistant strains. For all categories of evaluation, the resistant
strains had a less significant difference between the blue light exposed and control
samples than the sensitive strains (Figure 2). Thus, the propensity for a strain to either be
sensitive or resistant to 30 minutes of 470 nm blue light can be seen as early as four hours
post-illumination.

Of the 7 strains tested, 5 were statistically significant for inactivation by blue light
when comparing the live cell densities (Table 2). The two strains that did not show

statistically significant inhibition of live cell densities were BUSA1079 and BUSA1109,

28



two of the three strains classified as resistant according to the ODgop measurements after
18 hours recovery data as noted above. When comparing L:D ratios, only BUSA1109
did not show a statistically significant difference of L:D ratios between blue light and
control groups. However, blue light did show some degree of inactivation when
comparing live:dead cell ratios of blue light and controls for all strains, correlating to a
range of 29% to 88% difference, and all strains showed at least 89% inactivation when

looking solely at the density of live cells (Table 2).

Average live:dead cell ratios per strain

mBLL:D

L:D ratio

EmNLL:D

SA3017|SA1079|SA1109 | SA3016| SAV99 | SA311 |SA2288|

Resistant Sensitive Control

Figure 3. Three statistically significant (p < 0.05) strains (BUSA3016, BUSAV99, BUSA311), three
resistant strains (P > 0.05, BUSA3017, BUSA1079, BUSA1109), and our control strain across trials
(BUSA2288) were evaluated by flow cytometry after 4 hours post-treatment. BL = blue light. NL = no
light. Bars show standard error.
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ODggo, 18 hours recovery Flow cytometry, 4 hours recovery
0 V)
Strain ID . % P value Diffe/;ence .P Value Diffe/;ence P Value
(BUSA) Difference OD live cells (4 Live cells (4 LD L:D
OD (18 hr) (18 hr) ) hr) @ o) (4 hr)
3016 63% 2.70 x 10 96% 5.46 x 10 88% 3.99x 107
V99 56% 2.78 x 10 94% 4.81x10” 84% 1.76 x 10
311 38% 2.66 x 10" 99% 1.18x 10 77% 3.03x 107
2288 36% 2.80x 10 99% 3.18x 10 79% 1.12x 10"
1079 -1% 7.92 x 10" 90% 5.34x 10 29% 1.27 x 10™
1109 -3% 3.34x 10" 94% 9.76 x 10" 46% 3.10x 10
3017 -9% 6.39 x 10 89% 2.95x 10" 50% 7.22x 10

Table 2. The side by side comparison of results from the first and second experiments utilizing OD600 and flow
cytometry respectively, indicate there is a consistent pattern in the response to blue light among isolates across
experiments Text highlighted in red designate no significant difference. BL = blue light and NL = no light

Thus, whether it is due to the time difference (4 hours vs. 18 hours recovery) or
the experimental method (flow cytometry vs. optical density), the bactericidal effect of
blue light is consistent for these 7 isolates in regards to its relative sensitivity to blue light
when compared to other strains. Overall, when comparing the live:dead cell ratios, there
was a statistically significant decrease in cell viability with blue light exposure (paired t-
test : t=10.50, p<0.0001, 95% confidence interval: (0.2794,0.4099), mean=0.3447). The
same was seen when comparing live cell densities between blue light and control samples
(: t=4.49, p<0.0001, 95% confidence interval: (1.16x10° cells/mL, 3.00x106 cells/mL)

mean=2.08x10° cells/mL).
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CHAPTER FIVE

Discussion and Conclusions

Variation of 25 different S. aureus strains

The variation of the response to 470 nm blue light for multiple S. aureus isolates
without the addition of a known photosensitizer has not been reported previously. These
experiments specifically measured and compared the effects of 30 minutes of 470 nm
blue light followed by 18 hours recovery on 25 individual isolates. The results show an
overall inhibition of viability after blue light exposure. The variation seen within a
specific strain (trial-to-trial variation) may be attributed to the saturation observed in the
no light cultures and the variations in the time spent in recovery post treatment (18 + 1.5
hours). In other words, the number of cells recovering to blue light exposure varied more
than the number of cells not exposed to blue light which had reached saturation.

However, there was great variation amongst the strains in response to blue light
exposure ranging from -8% to 89% inhibition. This variation was confirmed using flow
cytometry by measuring the live:dead cell ratios on seven isolates four hours post blue
light exposure. The isolates were chosen based on their response to 30 minutes of 470
nm blue light followed by an 18 hour recovery period: three sensitive to blue light (P <
0.05) and three resistant (P > 0.05). Flow cytometry confirmed that five of the seven
strains showed inhibition by blue light at four hours post-treatment. Additionally, the
three strains that were classified as sensitive to blue light in the first experiment
(BUSA3016, BUVSA99, BUSA311) also proved to have greater inhibition when

comparing live:dead ratios and live cell densities than the three resistant strains
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(BUSA3017, BUSA1079, BUSA1109) at this time point. Thus, the relative sensitivity of
a strain (as either sensitive or resistant to blue light) was consistent at both 18 and 4 hours
after treatment, as can be seen in Table 2. This heterogeneous response suggests that
there may be a genetic component attributable to these patterns.

Methicillin resistance was not found to correlate to the sensitivity of a strain to
blue light. The percentage of strains that were statistically inhibited by blue light at 18
hours of recovery after treatment as measured with ODgg did not differ significantly

between MRSA and MSSA as determined by Chi-Square testing (Table 1).

Mechanism of blue light killing of S. aureus

Evidence indicates that blue light inhibition of S. aureus may occur through the
accumulation of reactive oxygen species produced through a light-sensitive chain
reaction, as this has been observed in cases when S. aureus is exposed to visible light.*'
There is evidence suggesting that the free radicals produced in S. aureus subsequent to
exposure to blue light damage the membrane, causing it to become compromised and
resulting in death.™® An important variable to consider in this experiment is the type of
medium that the cells are grown in during blue light illumination. Our experiments were
performed in BHI, an infusion from the brains and hearts of cows. The exact
composition of BHI is not known, but when S. aureus is grown in BHI that has been
illuminated with blue light prior to inoculation, inhibition of growth is still evident.*’
This indicates that photoreactive molecules are present in BHI. This photosensitizer
could be an inexpensive tool to be used in clinical settings for inhibiting the growth of S.
aureus. Future work is needed to discover and quantify this photosensitizer in addition to

the definitive mechanism of blue light inhibition.
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Regardless of the mechanism of blue light inactivation of S. aureus, this study does
elucidate that the effect of blue light varies for different isolates of S. aureus. This
indicates that a genetic component is responsible for this heterogeneous response.
Potential biochemical pathways that could affect the response of S. aureus to blue light
include membrane lipids, transmembrane proteins and regulatory proteins related to gene

expression of enzymes that deactivate free radicals accumulated in the cell.

Clinical considerations

Although the use of blue light to treat S. aureus infections would be a relatively
cost-effective and non-invasive treatment, there are several concerns with the clinical use
of blue light. First, the variability seen in different strains, as seen in this experiment,
may stem from genetic differences in the ability to either produce or quench ROS, or
even a combination of these characteristics. This potential variability in ROS clearance
would have implications in the use of blue light as a clinical treatment in multiple ways.
One concern is that of a developed resistance to blue light stemming from a genetic
mutation or alteration to the genetic impetus behind the variation observed.

Additionally, the heterogeneity in response to blue light presents difficulties in
treatment as certain isolates would be more sensitive to blue light treatment than others.
This would require further research to establish a standard treatment protocol with a
minimum amount of blue light needed to effectively inactivate all strains. Continuing
research is being conducted to determine the minimum dosage required for 90%
inhibition of BUSA1182 following 30 minutes of blue light exposure and 18 hours of
recovery after blue light treatment. Preliminary data shows that this strain has an average

inhibition of 20% (making it one of the more resistant strains tested) with 30 minutes of
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blue light and reaching 95% inhibition with two hours of blue light (Sarah Yuen, personal
communication). This strain is resistant with the lower exposure of 30 minutes but it is
considered sensitive to blue light with 2 hours of blue light treatment, showing that there
is potential for strains to be considered sensitive to blue light after a certain dosage of
blue light is used.

The second concern is that of safety. There have been recent studies on the
effects of blue light on mammalian tissue. Dai et al. found that blue light successfully
reduces the viability of Pseudomonas aeruginosa infections on burns in mouse models
with no significant or irreversible damage to the mouse skin.** Other studies have shown
415 and 455 nm blue light to stimulate the growth of certain bacteria at low fluencies,
necessitating the discovery of a minimum dosage of blue light to be used to prevent
unwanted proliferation from occurring.’’ However, there have been contrary reports that
higher doses of blue light decrease the viability of human splenocytes in vitro, which is
presumably due to excessive ROS generation and exposure.” These mixed findings
illustrate a need for caution in using blue light for clinical pursuits involving longer
treatments until more thorough conclusions are made regarding the safety of blue light.

Lastly, our research was performed on a relatively low concentration of
planktonic S. aureus. However, S. aureus often grows attached to a surface, forming a
biofilm with a high density of cells, or invades the deeper tissue. Although our results
show that blue light is effective in liquid culture, there is a need to validate this in vivo.
There is some precedent in the treatment of neonatal jaundice that blue light can penetrate
skin. The use of blue light to lower bilirubin levels in infants demonstrates that blue light

can sufficiently penetrate the skin to interact with the porphyrins in the blood, although
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there is concern for some ill long-term effects such as melanocytic nevus (MN) and

50,51

damage to the eye. Research has also shown that blue light can penetrate a burn

wound with great enough efficiency to reduce the viability of Pseudomonas aeruginosa.*”*
Delivery of blue light to internal surfaces may require the use of nanotechnology or fiber
optics. Additional studies are needed to better understand the degree and conditions under
which blue light can penetrate mammalian tissue to reach pathogens.

Blue light from an LED may be better for preventative purposes as a relatively
high dosage is required to kill a dense population of S. aureus. This can be seen in the
recent development of MRSAid™ produced by a Canadian company as a method that

utilizes a photosensitizer and a nasal light illuminator to decolonize the nasal

passageways of patients.

Experimental limitations

Several sources of experimental error are possible in these experiments. In order
to measure the consistency of this method, four replicates for BUSA2288 were included
in each of the 16 trials performed to serve as an internal control across trials. This
revealed a large amount of variability (-36% to 85%) in the percent inhibition to blue
light within a strain (Figure 2). However, there was little variation amongst replicates
performed within a single trial. The variation seen in these data points indicate that small
inconsistencies such as incubation time, time of treatment, incubation temperature, age of
culture, or stage of growth captured during the recovery period for a trial may have
contributed to the variation. Thus, flow cytometry and stricter regulation of these

variables were used in subsequent experiments to achieve less-variable results.
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Additionally, individual LEDs in the light box used for treatments had differences
in intensity and some wells received scattered light from all sides, whereas the wells on
the outer rows receive scattered light from only 2 or 3 sides. The LEDs used have a
small angle of coverage (® 1/2 =16°) and random placement of the samples was included
in the design to reduce this variation. Optical density readings may have resulted in
erroneously high readings if the cells were not completely resuspended before a
measurement was taken. The cell density was not as great of a concern with the samples
examined via flow cytometry due to lower concentrations at 4 hours recovery time.
Additionally, the fact that sensitivity trends were the same for individual isolates with
both the 18 hour recovery ODggo experiments and 4 hour recovery flow cytometry
experiments help validate that the 18 hour recovery measurements hold value regardless

of the variation seen amongst trials.

Modifications and future pursuits

Future pursuits include a close examination of BHI, the media in which the
planktonic S. aureus cultures are grown, for the photoreactive molecules that are
enhancing blue light inactivation of these bacteria. Further evaluation of the genes that
are being expressed at different levels when exposed to blue light using RNA-Seq may
also help elucidate the mechanism behind blue light killing of S. aureus. So far, bacteria
have failed to produce consistent and complete resistance to blue light, so ongoing

exposure and continuous passaging experiments to select for this trait are needed.
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Conclusion

This study confirms that there is a wide degree of variation, ranging from an
average -8% to 89% inhibition in response to 30 minutes of blue light for 25 different S.
aureus isolates. The same response for blue light (sensitive or resistant) can be seen at an
earlier and later time point (4 hours and 18 hours recovery post exposure to blue light) for
7 individual strains. This suggests that a genetic trait is causing this variability. The
mechanism underlying blue light inactivation of S. aureus is poorly understood. Genetic
variability may point to new targets for treatment, but may also be a mechanism for
resistance to blue light to develop. In addition to research the resistance of S. aureus to
blue light, research is required on a larger sample size of different isolates of S. aureus in
a variety of environmental conditions with a variety of photosensitizers to determine the
optimum dosages for complete inhibition of S. aureus. Before blue light is used as a
therapeutic treatment or as a preventative strategy, further research is needed to ensure

the safety of the host tissues as well as the exact response of the pathogen.
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APPENDIX A

Statistical Tables for 18 hour recovery experiment

Average data per strain per trial (total of 25) for 30 minutes of blue light measured with

ODgp following 18 hour recovery.

BUSA2288
Average Average
Trial BL NL T-test % Inhibition
6-Mar 0.40 0.88 | 9.07 X107 54.81
22-Mar 0.64 0.55| 2.39X 107 -14.51
26-Mar 0.60 0.81| 125X 10" 25.21
27-Mar 0.39 0.70 | 4.80X 107 44.50
28-Mar 0.30 0.57| 2.72X107? 46.10
10-Apr 0.70 052 | 8.52X107? -34.62
18-Apr 0.12 0.54| 0.00x 10" 77.78
24-Apr 0.09 0.59 | 0.00x 10" 84.75
7-May 0.54 0.55| 9.28X 10" 0.37
31-May 0.27 1.00| 230X 103 73.10
5-Jun 0.48 0.60 | 1.78X 10" 20.24
7-Jun 0.24 0.57| 3.80X10° 58.13
13-Jun 0.35 041| 1.75X10" 14.19
18-Jun 0.43 042 | 4.57X10" -3.65
19-Jun 0.41 042 | 5.66X 10" 2.52
25-Jun 0.10 039 | 3.00x10* 75.05
Average 0.38 0.59 | 2.80X 108 36.29
BUSA239
Average Average
Trial BL NL T-test % Inhibition
18-Apr 0.33 061 292X10™ 45.58
18-Jun 0.50 061 593X10° 17.89
Average 0.42 061 1.61X10* 31.76

39




BUSA311

Average Average
Trial BL NL T-test % Inhibition
26-Mar 0.63 0.68 | 4.94X10" 8.59
5-Jun 0.18 0.61 | 6.41X10" 70.84
Average 0.40 0.65| 2.66X107 37.86
BUSA330
Average Average
Trial BL NL T-test % Inhibition
26-Mar 0.80 0.82| 8.54X10" 2.58
5-Jun 0.43 0.87 | 4.58X 107 50.39
Average 0.62 0.85| 7.32X107 27.18
BUSA349
Average Average
Trial BL NL T-test % Inhibition
26-Mar 0.53 0.82| 225X10° 35.56
5-Jun 0.50 049 | 4.06X 10" 2.72
Average 0.51 0.65| 6.07X107 21.24
BUSA374
Average Average
Trial BL NL T-test % Inhibition
26-Mar 0.56 061 | 3.45X10" 7.57
19-Jun 0.38 034 | 2.04X10" -12.49
Average 0.47 047| 9.77X10" 0.42
BUSA1078
Average Average
Trial BL NL T-test % Inhibition
27-Mar 0.65 0.63| 8.08X10" 2.24
7-Jun 0.31 0.57| 443X 107 46.54
Average 0.48 0.60 1.65 X 10" 20.87
BUSA1079
Average Average
Trial BL NL T-test % Inhibition
27-Mar 0.64 062 | 1.84X10" -3.98
13-Jun 0.47 0.52 | 5.30X107 9.48
25-Jun 0.56 051 | 9.58X107 -9.68
Average 0.55 054 | 7.92X10" -1.36
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BUSAI1109

Average Average
Trial BL NL T-test % Inhibition
27-Mar 0.62 0.59| 9.99X10* -5.69
7-Jun 0.61 061 | 9.65X10" -0.25
Average 0.61 0.60| 3.34X10" -2.93
BUSA1175
Average Average
Trial BL NL T-test % Inhibition
6-Mar 0.32 081 | 538X10™ 60.53
22-Mar 0.60 0.63| 3.15X10™ 5.53
7-Jun 0.53 061 | 626X10° 12.79
Average 0.50 0.67| 1.49X107 25.98
BUSA1182
Average Average
Trial BL NL T-test % Inhibition
27-Mar 0.51 062 1.18X10" 17.18
13-Jun 0.42 042 9.19X10" 1.48
25-Jun 0.40 041 | 3.65X10" 3.36
Average 0.45 047| 6.14X10" 4.52
BUSA1241
Average Average
Trial BL NL T-test % Inhibition
10-Apr 0.59 061 272X10" 3.42
18-Apr 0.52 0.65| 2.83X10° 20.91
19-Jun 0.47 048 | 6.73X10" 1.26
Average 0.52 0.57| 123X10" 9.34
BUSA1707
Average Average
Trial BL NL T-test % Inhibition
6-Mar 0.39 0.79| 1.40X10° 50.59
22-Mar 0.58 061 | 2.65X10" 4.76
7-Jun 0.54 0.57| 3.17X10" 4.40
Average 0.52 0.64 1.03 X 107 19.99
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BUSA1707

Average Average

Trial BL NL T-test % Inhibition
24-Apr 0.08 0.54 3.40 X 107 84.59
7-May 0.62 0.52| 6.81X10° -19.56
19-Jun 0.37 0.38 4.65X 10" 2.67

Average 0.38 0.47 2.25X 10" 19.20

BUSA2393

Average Average %

Trial BL NL T-test Inhibition
24-Apr 0.12 0.61 7.01 X 10° 80.79
7-May 0.59 0.58 8.52X 10 -1.24
18-Jun 0.49 0.51 3.90 X 10 3.41

Average 0.43 0.56 5.00 X 10 23.18

BUSA2575

Average Average %

Trial BL NL T-test Inhibition
24-Apr 0.08 062 421X107 86.67
7-May 0.52 0.63 471X 10" 16.76

31-May 0.90 0.62 1.60 X 10! -44.13

Average 0.53 0.62 4.84X 10 14.51

BUSA2763

Average Average

Trial BL NL T-test % Inhibition
24-Apr 0.21 0.63 1.99 X 10° 66.15
7-May 0.65 058 | 3.49X10" -12.22
18-Jun 0.45 0.50 8.12X 107 10.28

Average 0.46 0.57| 125X10" 18.32

BUSA3016

Average Average

Trial BL NL T-test % Inhibition
6-Mar 0.05 0.81 2.05X 107 93.43
22-Mar 0.55 0.56 6.23 X 10" 1.91
13-Jun 0.04 0.42 134X 107 90.39
25-Jun 0.03 0.21 1.00 X 10 83.33

Average 0.18 0.48 270X 107 62.92
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BUSA3017

Average Average
Trial BL NL T-test % Inhibition
6-Mar 1.14 0.89 4.96 X 10 -28.12
22-Mar 0.61 0.66 | 4.12X10" 7.02
13-Jun 0.39 0.38 7.70 X 10! -3.01
Average 0.68 0.62 6.39X 10" -8.97
BUSA3206
Average Average
Trial BL NL T-test % Inhibition
28-Mar 0.58 0.61 | 9.85X10° 5.33
19-Jun 0.46 0.45 6.39 X 10" -2.40
Average 0.52 0.53 7.92X 10" 2.07
BUSA3363
Average Average
Trial BL NL T-test % Inhibition
28-Mar 0.05 0.56 4.63 X 107 91.64
5-Jun 0.07 052 6.26X10” 85.84
Average 0.06 0.54| 3.42X 10" 88.84
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Statistical tables for flow cytometry tables.

Average data per strain (total of 7) per trial for 30 minutes of blue light measured with

flow cytometry following 4 hour recovery.

APPENDIX B

BUSA2288
% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | L:D
8-Jun| 6.17X10°| 6.70 X 10° 99.91 0.02 0.67 96.40
2.05X10° | 6.10X10° 99.97 0.01 0.83 98.84
8.11 X 10°| 7.65X 10° 99.89 0.07 0.80 91.66
10-Jun | 5.71X10*| 3.72X 10° 98.47 0.30 0.82 63.50
4.69X 10* | 3.68 X 10° 98.73 0.23 0.78 70.48
9.66 X 10* | 1.38X10° 93.00 0.34 0.77 55.57
10-Sep | 6.54X 10* | 6.35X 10’ 89.70 0.12 0.62 80.69
799X 10* | 6.48 X 10° 87.66 0.15 0.62 75.16
6.88 X 10*| 1.56 X 10° 55.82 0.06 0.40 84.45
Average | 4.79 X 10* | 3.41 X 10° 98.59 0.15 0.70 79.27
T-test |2.94X 107 1.12x 107
BUSA3016
% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | L:D
] ] 0.05 0.84 94.14
8-Jun | 1.88X10*| 1.36X 10 98.62
439X 10° | 1.28 X 10° 99.66 0.01 0.59 98.84
207X10° | 1.84X10° 99.89 0.01 0.94 99.22
10-Jun | 2.44 X 10*| 1.08 X 10° 97.75 0.03 0.61 94.78
247X 10*| 1.06X10° 97.67 0.09 0.55 83.89
1.65X 10% | 8.74X10° 98.11 0.07 0.53 87.84
10-Sep | 6.80 X 10* | 4.86 X 10° 86.02 0.11 0.40 72.91
1.10X 10° | 2.76 X 10° 60.23 0.15 0.36 59.58
9.99 X 10*| 4.14X10° 75.87 0.16 0.63 74.36
Average | 4.09 X 10*| 9.64 X 10° 95.75 0.07 0.61 87.79
T-test | 5.46X 107 3.99 X 107
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BUSAV99

% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | L:D
8-Jun | 6.05X10°| 7.89 X 10° 99.23 0.07 0.81 91.17
4.08X10°| 1.21x10° 99.66 0.02 0.90 97.60
8.16 X 10° | 6.80X10° 98.80 0.04 0.80 94.66
10-Jun | 1.83 X 10*| 7.46 X 10 97.55 0.14 0.78 81.68
142X 10* | 6.73X10° 97.89 0.09 0.82 88.66
121 X10*| 575X 10° 97.89 0.11 0.82 86.40
10-Sep | 8.44 X 10*| 2.43X 10° 65.30 0.16 0.36 57.43
759X 10* | 4.10X 10° 81.48 0.14 0.49 71.28
8.13X10*| 1.76 X 10° 53.78 0.20 0.30 34.26
Average | 3.38X10*| 6.11 X 10° 94.46 0.11 0.68 83.95
T-test | 4.81 X107 1.76 X 10°®
BUSA311
% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | L:D
8-Jun | 1.22X10*| 9.18 X 10° 99.87 0.08 0.90 91.69
1.01 X 10* | 6.80X 10° 99.85 0.10 0.90 88.63
X ] 99.87 0.03 0.81 95.79
6.12X10° | 4.68X 10
10-Jun | 1.83 X 10*| 6.97 X 10° 99.74 0.13 0.72 82.03
1.82X 10* | 7.81X10° 99.77 0.14 0.72 80.06
244X 10| 8.07X10° 99.70 0.16 0.77 79.80
10-Sep | 9.10X 10* | 9.57 X 10* 4.92 0.16 0.24 35.05
593X 10| 2.13X10° 72.21 0.27 0.33 18.42
743X 10*| 3.57X10° 79.21 0.24 0.41 41.41
Average | 3.49 X 10*| 4.91 X 10° 99.29 0.15 0.64 77.47
T-test 1.18 X 102 3.03X10°
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BUSA3017

% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | L:D
8-Jun | 2.65X10°| 6.59X10° 95.98 0.74 0.81 8.13
1.17X10° | 6.29 X 10° 81.47 0.77 0.87 11.38
1.53X 10| 571X 10° 73.25 0.76 0.75 -0.74
10-Jun | 9.86 X 10* | 1.40X 10° 92.97 0.39 0.76 48.78
571 X10* | 2.46 X 10° 97.68 0.30 0.72 57.54
4.67X10*| 2.00X 10° 97.66 0.31 0.72 57.20
10-Sep | 7.33 X 10* | 2.41X10° 96.96 0.16 0.89 82.24
9.14X 10* | 3.03x10° 96.98 0.10 0.89 88.35
593X 10| 2.29 X 10° 97.40 0.10 0.87 88.51
Average | 3.76 X 10° | 3.57 X 10° 89.48 0.40 0.81 50.11
T-test |3.18X10™ 7.22 X 10*
BUSA1079
% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | L:D
8-Jun| 1.61X10°| 1.03X10° 84.47 0.42 0.69 38.81
7.84 X 10| 1.77 X 10’ 99.56 0.30 0.81 63.17
243X 10° | 3.69X10° 93.40 0.53 0.66 20.40
10-Jun | 9.12X10° | 2.80 X 10° 67.48 0.79 0.76 -4.53
9.99X10° | 6.32X10° 84.20 0.70 0.81 12.78
1.23X10%| 7.25Xx10° 83.03 0.79 0.84 5.15
10-Sep | 6.31 X 10*| 1.65X 10° 61.75 0.12 0.39 67.86
9.82 X 10* | 2.09 X 10° 53.01 0.22 0.32 29.87
8.64 X 10*| 2.17X10° 60.21 0.16 0.40 60.04
Average | 430X 10° | 4.37 X 10° 90.17 0.45 0.63 28.68
T-test | 5.34X 107 1.27 X 10-1
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BUSA1109

% %
Inhibition Inhibition
Trial Live BL Live NL Live L:DBL | L:DNL | Live
8-Jun | 1.31X10°| 623X 10° -110.44 0.75 0.67 -12.26
3.95X10° | 2.85X 10’ 98.61 0.60 0.97 38.47
2.53X10° | 5.78 X 10° 56.15 0.32 0.69 54.02
10-Jun | 1.55X10° | 5.59 X 10° 97.23 0.48 0.84 42.93
253X 10° | 6.79X10° 96.28 0.58 0.85 31.36
206X 10° | 4.60X 10° 95.52 0.49 0.89 4535
10-Sep | 6.59 X 10* | 1.43 X 10° 95.38 0.23 0.77 70.72
6.44X10*| 1.15x10° 94.39 0.16 0.73 77.58
6.01 X 10*| 6.93 X 10° 91.32 0.16 0.63 74.11
Average | 3.07X10° | 5.55 X 10° 94.47 0.42 0.78 46.50
T-test |9.76 X 102 3.10X 10™
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APPENDIX C

Detailed Protocol

Preparation of strains

Place 1-3 frozen cryobeads with stock S. aureus strains in SmL BHI.

Incubate overnight at 35°C.

Gently vortex. Streak onto TSA plate in attempts of isolating a single colony.
Incubate overnight at 35°C.

Pick single colony with sterile tip.

Streak new TSA plate with single colony. Incubate it overnight at 35°C. This is
considered the new master plate.

Preparation of frozen glycerol stock

Inoculate SmL BHI with streaked tip from master plate.

Incubate overnight at 35°C.

Make a 1:1 ratio (1ml:ImL) of 40% glycerol and overnight culture in sterile tube.
Freeze at -80°C.

Preparation of cultures for experiment

Scrape small amount of frozen glycerol stock (using sterile metal spatula) into SmL BHI.
Incubate overnight at 35°C.

Gently vortex.

Pipet 50 pL into SmL BHI.

Incubate for two hours at 35°C.

Gently vortex.

Pipet 50 pL into SmL BHI.

Gently vortex.

Pipet 100 pL into 10mL BHI.

Preparing microtiter plate.

. Label all appropriate wells (on the lid) and differentiate treatment and no treatment plates

with a marking.

Aliquot ImL into four wells of the treatment plate for each strain used.
Repeat for no treatment plate.

Use sterile technique, such as working with a flame and changing tips.

Treatment

Clean blue light box with 10% bleach.

Place blue light board on top of treatment microtiter plate.
Place no treatment plate in an opaque box.

Place both plates in incubator set at 35°C

Set forward current to 120mA for each row of blue lights.
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Set timer for 30 minutes.
Remove both plates after 30 minutes of treatment with blue light.

Plating time 0 culture

To be done while plates are incubating and the treatment plate is being exposed to blue
light.

Pipet 50puL of remaining 2mL of cultures (from preparing microtiter plate steps) onto
TSA plate.

Dip glass wand into ethanol and place in flame.

After approximately 12 seconds, evenly spread culture on TSA plate.

Repeat four times for each strain.

Incubate plates overnight at 35°C.

Count the number of colonies for each plate and calculate CFU/mL.

Measuring optical density

. After 18 hour recovery growth in incubator at 35°C, thoroughly resuspend samples by

pipeting.

Take optical density measurement using a filter of 600nm on the ELx800 BioTek plate
reader.

Transfer data into excel spreadsheet for later calculations.

Preparation of samples for flow cytometry

After 30 minute incubation with blue light, turn off blue light. Allow the plates to
incubate for intended number of hours.

Remove plates from incubator and thoroughly pipet each well to resuspend the sample.
Transfer all of the sample from a well to an appropriately labeled microcentrifuge tube.
Microcentrifuge the sample at 13,000xg for 6 minutes.

Drain away supernatant.

Resuspend pellet in 1000uL (if incubated 18 hours after treatment) or 100uL (if
incubated 4 hours after treatment) filter-sterilized 0.85% NacCl.

At this point, samples can either be refrigerated overnight or can be directly prepared for
analysis with flow cytometry.

. Aliquot 20uL of sample into 972uL sheath fluid (in flow cytometry tube).

Add 1.5uL each propidium iodide and Syto 9 green dyes in a dark environment.
Incubate samples in the dark for 10 minutes.

. While samples are incubating in the dark, sonicate microsphere standard for 10 minutes

in a water bath.

Aliquot SpL. microsphere standard into sample tubes.

Run each sample until 5000 events are recorded on flow cytometer.
Analyze cell density via equation listed in materials and methods.
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Schematic of LED board used for blue light exposure. Constructed by Jerry Milner.
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