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GLOSSARY

Acetone — a colorless volatile liquid ketone made by oxidizing isopropanol, used as an organic
solvent and synthetic reagent

Acidemia — an excessively acid condition of the body fluids or tissues
Alkalemia — a condition in which the hydrogen ion concentration in the blood is decreased
Angiogenesis — the development of new blood vessels

Antibiotic resistance — occurs when microorganisms such as bacteria and fungi develop the
ability to defeat the drugs designed to kill them

Antibiotics — a medicine (such as penicillin or its derivatives) that inhibits the growth of or
destroys microorganisms

Antimicrobial Peptides — inhibit cell division by inhibiting DNA replication and DNA damage
responses, blocking the cell cycle, or causing the failure of chromosome separation

Bacterial Cell Wall Hydrolase — enzymes that degrade peptidoglycan (murein), a cross-linked
heteropolymer that forms a mesh around the entire cell surface and confers mechanical strength
and resistance against external turgor pressure

Bacteriophage — a virus that parasitizes a bacterium by infecting it and reproducing inside it
Bacteriophage therapy — uses viruses to treat bacterial infections

Chemotactic — orientation or movement of an organism or cell in relation to chemical agents

Collagen — the main structural protein found in skin and other connective tissues, widely used in
purified form for cosmetic surgical treatments

Complement factors — system of plasma proteins that can be activated directly by pathogens or
indirectly by pathogen-bound antibody, leading to a cascade of reactions that occurs on the
surface of pathogens and generates active components with various effector functions

Cytokines - any of a number of substances, such as interferon, interleukin, and growth factors,
which are secreted by certain cells of the immune system and have an effect on other cells

Electrospinning — a fiber production method that uses electric force to draw charged threads of
polymer solutions or polymer melts up to fiber diameters in order of some hundred nanometers

Endolysin — enzymes used by bacteriophages at the end of their replication cycle to degrade the

peptidoglycan of the bacterial host from within, resulting in cell lysis and release of progeny
virions

vii



Fibroblast — a cell in connective tissue which produces collagen and other fibers

Growth factors — a substance, such as a vitamin or hormone, which is required for the
stimulation of growth in living cells

Holin — diverse group of small proteins produced by dsDNA bacteriophages in order to trigger
and control the degradation of the host’s cell wall at the end of the lytic cycle

Hydophilicity — having an affinity for water, readily absorbing or dissolving in water

Hydrocolloid — a substance which forms a gel in the presence of water, examples of which are
used in surgical dressings and in various industrial applications

Hydrogel — a gel in which the liquid component is water
Hydrophobicity — repelling tending not to combine with, or incapable of dissolving in water
Lysogen — a bacterial cell or strain that has been infected with a temperate virus

Lysozyme — an enzyme that catalyzes the destruction of the cell walls of certain bacteria,
occurring notably in tears and egg white

Lytic phage — the phage takes over the machinery of the bacterial cell to make phage
components; they destroy and lyse the cell, releasing new phage particles

Maxwell electrical stress — represents the interaction between electromagnetic forces and
mechanical momentum

McFarland — standards used in microbiology as a reference to adjust the turbidity of bacterial
suspensions so that the number of bacteria will be within a given range to standardize microbial
testing

Microliter — a unit of volume that represents one millionth of a liter

Milliliter — a unit of volume that represents one thousandth of a liter

Multiplicity of Infection — the ratio of agents (phages) to infection targets (bacterial cell)

Mycobacteria — a bacterium of a group which includes the causative agents of leprosy and
tuberculosis

Mycobacteriophage — a member of a group of bacteriophages known to have the mycobacteria
as host bacterial species

viii



Mpycobacterium abscessus — a complex group of rapidly growing, multidrug-resistant,
nontuberculous mycobacteria that are responsible for a wide spectrum of skin and soft tissue
diseases, central nervous system infections, bacteremia, ocular, and other infections

Mpycobacterium smegmatis — an acid-fast, non-pathogenic species that has been used a s a model
organism to study the genus Mycobacterium

Neutrophils — a type of white blood cell that is an important part of the immune system and
helps the body fight infection; one of the first immune cells to respond when microorganisms

enter the body

Plaque — a clearing of bacterial growth formed by infection of one bacterium by a single virus,
which then progresses in a circular pattern

Plaque forming unit — a measure used in virology to describe the number of virus particles
capable of forming plaques per unit volume

Polycaprolactone — a biodegradable polyester with a low melting point of around 60°C

Polymer — a substance that has a molecular structure consisting chiefly or entirely of a large
number of similar units bonded together

Proteinases — enzymes that break down protein

Purification — removal of contaminants

Sepsis — a serious condition resulting from the presence of harmful microorganisms in the blood
or other tissues and the body’s response to their presence, potentially leading to the
malfunctioning of various organs, shock, and death

Superinfection immunity - typically associated with lysogeny and appears to be a consequence
of the same mechanisms that prevent prophage induction. Ecologically, superinfection immunity
serves to prevent bacteria from being infected by two or more related prophage, or to protect the

lysogen from being lysed.

Taylor cone — the cone observed in electrospinning, from which a jet of charged particles
emanates above a threshold voltage

Temperate phage — a phage capable of replicating through the lysogenic cycle
Tensile strength — the resistance of a material to breaking under tension
Titer — the concentration of viruses expressed as infectious units per mL

Virulence — the severity or harmfulness of a disease or poison
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ABBREVIATIONS
AMP - antimicrobial peptides
BC — before Christ
BCWH - bacterial cell wall hydrolase
CFU - colony forming units
DAMP - damage associated molecular patterns
DAPI - 4',6-diamidino-2-phenylindole
DC — direct current
DNA — deoxyribonucleic acid
DSS - diclofenac sodium salt
EDC/NHS - (N-ethyl-N'-(3-(dimethylamino)propyl)carbodiimide/N-hydroxysuccinimide)
EO — essential oils
GFP — green fluorescent protein
HIV — human immunodeficiency virus
IFNy — interferon-y
IL-1p — interleukin-13
IL-6 — interleukin-6
IL-10 — interleukin-10
IL-16 — interleukin-16
LPPO - lypophosphonoxin
MES - 2-(N-morpholino) ethanesulfonic acid
MOI — multiplicity of infection

NTM - non-tuberculous mycobacteria



OADC - oleic albumin dextrose catalase

PAMP - pathogen associated molecular patterns
PCL - polycaprolactone

PFU - plaque forming units

PLGA - poly(lactic-co-glycolic acid)

PPE - personal protective equipment

PU/EEP - polyurethane/ethanolic extract of propolis
RGM - rapid-growing mycobacteria

RHDYV - rabbit hemorrhagic disease virus

RNA - ribonucleic acid

SGM - slow-growing mycobacteria

TNFa — tumor necrosis factor-a

VB-PAN/ZnO - Viroblock-loaded polyacrylonitrile/zinc oxide

VLPs — virus like particles
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PAGES: 88

ABSTRACT: Nontuberculous mycobacteria infections such as Mycobacterium abscessus
have become a growing concern due to the emergence of multidrug-resistant bacteria, making
treatment of infections difficult. Bacteriophages, or phages, are viruses that can infect bacterial
cells without harming eukaryotic cells. Bacteriophage therapy is a potential alternative for treating
mycobacterial skin infections as phages only kill their bacterial host, leaving the normal flora

unharmed.

Mycobacteriophage Fulbright was characterized and determined to possess qualities
suitable for phage therapy. Fulbright remained stable at temperatures 20-60°C and pH 4-9. The
replication cycle took approximately 3 hrs to complete, with a 90-minute latent phase. At high titer
concentrations, Fulbright was able to lyse M. abscessus, a human pathogen. Fulbright was

incorporated into polycaprolactone (PCL) fibers to serve as a model antibacterial wound dressing.
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PCL_Fulbright effectively reduced the concentration of M. smegmatis and was observed to be non-
toxic to fibroblast cells. Incorporated into the PCL fiber, the phage was stable for up to 11 months
when stored at -20°C. This project is notable because it was the first mycobacteriophage
incorporated into a nanofiber for phage therapy applications and serves as a foundation for future

projects.
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CHAPTER 1: INTRODUCTION

1.1 Wound healing - The skin is the largest organ in the human body and serves as the

first line of defense against physical, chemical, and biological attacks (1, 2). The acidic nature of
the skin and its sebum producing sebaceous glands make it difficult for pathogens to grow and
infiltrate. When the skin is injured, there are four steps to wound healing: homeostasis,

inflammation, tissue growth, and tissue remodeling (2).

A few minutes after an injury, platelets begin to stick to the wound site and to one another.
Upon contact with collagen, platelets release the contents of their granules, and the production of
thrombin converts fibrinogen to fibrin, initiating the coagulation cascade. This cascade activates
fibrin to control the bleeding. Damage associated molecular patterns (DAMPs) and pathogen
associated molecular patterns (PAMPs) are released at the site by dying cells and microorganisms,
respectively. The DAMPs and PAMPs are picked up by pattern recognition receptors (PRRs) and
trigger the activation of adaptive and innate immune responses. The neutrophils, macrophages,
and keratinocytes are mobilized into the wound to phagocytize the pathogens present. Neutrophils
secrete cytokines such as tumor necrosis factor-a (TNFa), interleukin-1f (IL-1p), and interluekin-
16 (IL-16) to amplify the immune response. After the early innate response, adaptive immune
responses act next via the antibody producing B-cells and cytokine secreting T-cells. Inflammatory
cells and platelets release peptide growth factors that promote fibroblast migration to the wound
site and activate angiogenesis. During this tissue growth phase, the fibroblasts form granulation
tissue and deposition of extracellular matrix proteins like collagen. Angiogenesis helps in the
development of new networks of blood vessels into the newly forming tissue to provide adequate

oxygen and nutrients. Then, epithelialization occurs, where epithelial cells migrate from the wound



edges to the center. During the tissue remodeling stage, excess collagen fibers are degraded, and

wound contractions begin to peak. Scar tissue is formed, and the wound is healed (2, 3, 4).

The healing process can take several weeks to months, depending on an individual’s age,
genetics, and lifestyle. Inadequate healing of wounds can lead to infection by microorganisms that
can delay healing and worsen skin conditions (5). Throughout history, humans have always faced
injuries and damage to the skin barrier. To combat this, wound dressings have been created and

improved over the years.

1.2 History of Wound Dressings - A common way to promote wound healing is through

the use of therapeutic wound dressings. Wound healing is a dynamic and complex process that
requires a suitable environment to promote healing and return to homeostasis. A wound is a
disruption in the continuity of epithelial lining of skin or mucosa that was caused by physical or
thermal damage (6). There are two types of wounds: acute or chronic. Acute wounds are sudden
but heal typically within 8-12 weeks, depending on the extent of damage (6, 7 ,8). Chronic wounds,
however, do not progress through the normal stages of healing and do not normally resolve (6, 9).
Local factors such as hypothermia and infections influence the characteristics of the wound, while
systemic factors are the overall health or disease state of an individual that affects the ability to
heal (6, 10). Of course, there are additional factors such as nutrition, age, and mineral deficiency

that could prolong healing time (6).

Wounds need suitable dressing material to aid the healing process. The dressing quality
should be based on its ability to: provide or maintain a moist environment; enhance epidermal
migration; promote angiogenesis and connective tissue synthesis; allow gas exchange between

tissue and environment; maintain temperature to improve blood flow to the wound and enhance



epidermal migration; provide protection against bacterial infection; non-adherent to the wound for
easy removal or replacement; provide debridement action to enhance leucocyte migration and

support enzyme accumulation; be sterile, non-toxic, and non-allergic (6).

Historically, both wet and dry dressings have been used for wounds. In 2500 BC, clay
tablets were used for the treatment of wounds by Mesopotamians. In 1600 BC, linen was soaked
in oil or grease and covered with plasters to occlude wounds. Wine or vinegar was used to clean
the wounds that contained honey, oil, and wine, which was a practice followed by Hippocrates of
Greece in 460-370 BC. During that time, they used wool boiled in water or wine as a bandage (6,
11). Antiseptic technique practices during the 19" century, as well as the introduction of
antibiotics, allowed for proper control of infections and decreased mortality; however, the modern

wound dressing that we know today was not available

Dec. 28, 1926. 1,612,267
E. E. DICKSON

SURGICAL DRESSING

el | until the 20% century (6, 12).

g —
i

A dressing is ideal for enclosing the wound so
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that it is continuously exposed to proteinases,

complement factors, growth factors, and chemotactic

(6). In 1926, the first model of BAND-AID® was

invented by Ensign Earle Dickson from New Jersey.

This surgical dressing was to be used for cuts and

other minor injuries. This dressing consisted of a

gauze pad applied to the adhesive side of a band, with
FEensey . a covering that shields the pad and adhesive to

- 3y AN
Figure 1. First band-aid patent by E.E. maintain sterility (13). During the late 20" century,
Dickson.



the development of occlusive dressings began, which aided in faster re-epithelialization, collagen
synthesis, promoted angiogenesis, and decreased wound pH to decrease risk of infection (6, 14).
In the mid 1980’s, the first modern wound dressings were introduced and had characteristics that
provided moisture as well as absorbed fluids, and they contained materials such as hydrocolloids
and iodine-containing gels. During the mid-1990’s, synthetic wound dressings expanded into
products that included hydrogels, hydrocolloids, alginates, synthetic foam dressing, silicone
meshes, tissue adhesives, vapor-permeable adhesive films, and silver/collagen containing

dressing.

Bioactive dressings are such as hydrogels and nanofibers are dressings that deliver
substances active in wound healing and are typically derived from natural or artificial tissues, such
as collagen, hyaluronic acid, chitosan, alginate, and elastin. Biological dressings, such as collagen
dressings, are derived from a natural source and are sometimes incorporated with antimicrobials

to enhance wound healing. (6, 15, 16, 17).

1.3 Modern wound dressings - Today, there are several types of dressings available for

use. Semi-permeable film dressings are transparent and are composed of adherent polyurethane to
permit oxygen and carbon dioxide transmission from the wound while impermeable to bacteria (6,
18). This allows the inspection of the wound and the healing process without the removal of the
dressing; thus, these dressings were favorable for epithelializing wounds, superficial and shallow

wounds. Examples are Opsite™, Tegaderm™, and Biooclusive™ (6).

Semipermeable foam dressings made up of hydrophobic and hydrophilic foam are also
available, such as Lyofoam™, Allevyn™, and Tielle™. The hydrophobic properties of the outer

layer protect from the liquid but allow gaseous exchange and water vapor. These types of dressings



are used for absorbing wound drainage from leg ulcers, exudating wounds, and granulating
wounds. Semi-permeable foam dressings such as polyurethane foam are currently used to treat
stage I-II burns and stage [-IV pressure ulcers; however, these dressings are not optimal due to the
need for frequent replacement, and the effectiveness of these dressings depends on the severity of
the exudative process (19). Hydrogel dressings, defined as highly hydrated polymer materials,
meet most of the criteria for modern wound dressings due to high water content (70-90%), the
ability to absorb wound exudate, maintain gas exchange, thermal insulation, presence of
antibacterial properties, easier and less painful dressing changes, and reliable sterilization methods
(6, 19, 20). In addition, the temperature of the wounds is decreased. Hydrogels are typically used
for wounds that are dry, necrotic wounds, pressure ulcers, and burn wounds (6, 21). However,
hydrogel wound dressings typically require a secondary dressing to ensure adhesion to the wound
bed, such as a hydrocolloid, and require regular dressing changes of 2-3 days. Thus, hydrogel
dressings should be non-adhesive or completely biodegradable (19). Some examples of hydrogel

lTM

dressings are Intrasite™, Nu-gel™, Aquaform™, polymers, sheet dressings, impregnated gauze

and water-based gels.

Hydrocolloid dressings are widely used, consisting of an inner colloidal layer and an outer
water-impermeable later. These dressings are made up of carboxymethylcellulose, gelatin, and
pectin combined with other materials (elastomers and adhesives). Though hydrocolloids are
permeable to water vapor, they are impermeable to bacteria and have properties that absorb wound
exudates (6, 20), typically used on pressure sores, minor burn wounds, and traumatic wounds.
Some examples are Granuflex™, Comfeel™, and Tegasorb™. Alginate dressings, made up of
sodium and calcium salts, are absorbent and biodegradable. These dressings are made from

seaweed. The absorption capability is due to the strong hydrophilic gel formation, limiting



bacterial contamination. However, some studies have reported that alginate inhibits keratinocyte
migration, while other studies (22) reported that alginates accelerate the healing process by

activating macrophages to produce TNF-a, which then initiates inflammatory signals (6).

Other dressings such as tissue-engineered skin substitutes that mimic the skin layer
(Laserskin™, Biobrane™, Bioseed™, and Hyalograft3-DTM™., Drug-incorporated medicated
dressings have also been used. Silver nanoparticle incorporated dressings are also available, which
are made up of fibrous hydrocolloid, polyurethane foam film, and silicone gels. Antispetic iodine
dressings are extremely effective against pathogens; however, iodine use can lead to skin irritation
and staining. Composite dressings possess three layers and are versatile for use for both partial and

full thickness wounds; however, they have less flexibility and are costly (6).

The diversity, as well as complexity of wound dressings available today are tailored to the
type and severity of the wound; even so, no wound dressing is more advanced than the other in
providing faster healing in chronic wounds. Because chronic wounds are typically associated with
bacterial infections, it is imperative that wound dressing also provides an antibacterial component.
Bacteriophages immobilized on polymer nanofibers is a promising antibacterial treatment towards

wound infections (5).

1.4 Bacteriophages - Phages, or bacteriophages, are viruses that specifically infect

bacteria. Bacteriophages can replicate using two pathways: the lytic and lysogenic pathway. Using
its ligand, a phage can attach to a specific receptor found on the bacterial host surface and inject
its genetic material into the host cell. The host provides enzymes and materials that are required
for phage genome replication and production of progeny phage particles. The phage genome

typically codes for proteins such as endolysin and holin which can lyse the host cell from within.



Holins accumulate in the host’s cytoplasmic membrane and allow endolysin to degrade
peptidoglycan, which allows the escape of progeny phage. Lytic phages take advantage of this
mechanism through infection of neighboring cells, replication, and lysis. During a lysogenic cycle,
temperate phage does not lyse the host immediately; instead, their genome is integrated into the
host chromosome. When the phage DNA is integrated into a host genome, it is called a prophage,
while the host bacterial cell is called a lysogen. The lysogenic cycle can be terminated due to stress
or adverse environmental conditions which triggers the expression of phage DNA and the lytic
cycle. Lytic phage have narrow host ranges; thus, using multiple phages is advantageous when
performing phage therapy. Temperate phages in phage therapy have some disadvantages as well:
phage genome can be inserted in the host chromosome, lay dormant, and even alter the phenotype

of the host (23).

1.5 Bacteriophage therapy - Phage therapy, also called bacteriophage therapy, uses

viruses to treat bacterial infections. Since these viruses can only attack bacteria, they are harmless
to humans, plants, and animals. There are several commercial phage-based products with various
targets such as food-borne bacterial pathogens on crops, animal feed, and food processing
facilities. Animal models have demonstrated the efficacy in using phage therapy for bacterial
infections (24), and human trials performed by Delmont Laboratories (USA) involving a product
containing high concentrations of antistaphylococcal bacteriophages that were administered orally,
intranasally, intravenously, and topically over 12 years only had minor side effects recorded (25).
In 2020, a study conducted by the Alexander Tsulukidze National Centre of Urology in Tbilisi,
Georgia consisted of a randomized, placebo-controlled, clinical trial on men 18 years of age and
older, who were scheduled for transurethral resection of the prostate and had complicated urinary

tract infection with no signs of systemic infection. The patients were given intravesical Pyo



bacteriophage, antibiotics, or a placebo. They found no significant difference between success
rates in this study (26); however, phage titer, quality of administered phage preparations, and
method of phage delivery play an important role in anti-bacterial activity of phages (27). In 2019,
[.V. administration of an engineered phage cocktail, saved a 15-year-old patient from disseminated
mycobacterial infection (28). For this project, the possibility of using bacteriophages to treat
infected wounds was explored by incorporating the bacteriophage in nanofiber through a process

called electrospinning.

1.6 Electrospinning - In 1887, Charles Boys introduced the idea of electrospinning when

he reported that fibers could be produced from a viscous, elastic liquid and an external electrical
field (29). Electrospinning uses electrostatic forces to generate synthetic fibers. A typical setup
generates an electric field between the spinneret filled with polymer solution and a counter
electrode at a distance by the drum collector. Though some researchers have shown minor success
in using electrospinning methods for phage therapy applications, the success of the finished
product is dependent on a variety of factors. First, the nanofibers should mimic the natural
environment they will be used in, emphasizing the importance of choosing the type of polymer
and materials for production (30). Besides the solvent and type of polymer, ambient conditions
and processing parameters must be considered (31); for example, a high molecular weight polymer
with a suitable solvent must be used for proper dissolution as low molecular weight polymers tend
to produce beads instead of fibers. The evaporation rate and solidification rate of the jet is
dependent on the volatility of the solvent. If the solvent is too volatile, the jet solidifies too quickly
after exiting the spinneret; however, too low volatility produces wet fibers. Increasing the dielectric
constant increases the voltage required to produce a stable jet. Since water has a high dielectric

constant, it is not a favorable solvent for the dissolution of polymers through electrospinning (32),



which can be problematic as most phages are stored long-term in phage buffer, which consists
mainly of water. A high concentration of polymer results in no jet formation, and low polymer
concentration results in beaded droplets. A high viscosity leads to failed ejection of the solution
from the spinneret, while a low viscosity produces very thin fibers. High electrical conductivity
does not produce the Taylor cone, while perfectly insulated solutions cannot conduct charges (31).
The flow rate, voltage, and distance between the collector and spinneret also affect the size and
morphology of the fibers, as well as the temperature and humidity (33). Thus, all these factors
must be considered and optimized when dealing with electrospinning nanofibers.

1.7 Agents electrospun in PCL nanofiber - Researchers from all over the world have

demonstrated success incorporating various agents with polycaprolactone (PCL) through
electrospinning. Cai and others (2014) proposed incorporating hyaluronic acid with PCL because
hyaluronic acid maintains a moist wound environment and accelerates the in-growth of granulation
tissue. They found that this bio-conjugated PCL membrane could bring on healing of a full-
thickness wound compared to Mepitel, an antimicrobial wound contact layer product. tested on
New Zealand white rabbits. Furthermore, the PCL membrane did not elicit a local or systemic
inflammatory reaction and minimal scarring (34). In 2016, Carson and others loaded water-soluble
anti-HIV drugs in various ratios of electrospun PCL and PLGA (poly-(lactic-co-glycolic) acid)
and found that fiber compositions with higher PCL content yielded greater burst release, and fibers
with higher PLGA content resulted in greater sustained release kinetics. They also found the drug-
loaded fibers to be safe (cell viability remained at approximately 100% for all tested polymer
concentrations) in vitro by exposing TZM-bL cells to various concentrations of fiber extract. (35).

Shin and others (2019) proposed a modified electrospinning method. Instead of randomly

deposited nanofibers, they prepared radially patterned PCL fibers and observed mechanical and



biological properties compared to the traditional non-patterned PCL samples. They found no
statistically significant difference in mechanical properties between the two types of PCL mates.
However, their experiments indicated that migration occurs quicker in radially aligned nanofibers.
This would mean that radially aligned PCL nanofibers could serve as potential material for
biomedical applications, especially for tissue engineering or active tissue dressing material (36).

Siskova et al. (2021) investigated the in vitro biocompatibility of diclofenac sodium salt, a
nonsteroidal, anti-inflammatory drug, (DSS)-loaded electrospun nanofiber mats on the base of
PCL. They found a 92% viability of diploid human cell culture line composed of lung fibroblast
(MRC 5) after 48 hours of incubation. They also tested the DSS-loaded fibers against CaSki and
HeLa (cancer cells) and found significant activity (37).

Eskandarinia and others (2020) proposed that one-layer wound dressings are not sufficient
in addressing all clinical needs and studied bilayer wound dressings, where they used a PCL/gel
scaffold electrospun on a dense membrane composed of polyurethane and ethanolic extract of
propolis (PU/EEP). The PU/EEP top layer was used to protect the wound from external
contamination and dehydration, while the PCL/gel layer aided in cell adhesion and proliferation.
They found significant antibacterial activity against S. aureus, E. coli, and S. epidermidis using
inhibition zone test (38). Other researches such as Doostmohammadi et al. (2021) also explored
the idea of PCL/gelatin fibers as potential wound dressings (39).

Oviedo and others (2021) developed two-bilayer membranes using chitosan and PCL and
found that chitosan increased the hydrophilicity of the membranes, affecting the hemolytic
behavior of the samples due to greater contact angle and anchoring points that favored the
interrelation of the material with blood cells (40). Another group of researchers (41) also explored

the incorporation of PCL/chitosan/Clay/curcumin and found that curcumin loaded films could
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protect the wounds from bacterial infections. Safdari and others (2022) tested various natural
antibacterial agents such as curcumin, piperine, eugenol, and rutin and electrospun them in PCL
fibers, with three antibacterial agents loaded per fiber and found 74-75% antibacterial activity
against Gram-positive bacterium and 96-99% antibacterial activity against Gram-negative
bacterium (42).

Pham et al. (2021) demonstrated the antibacterial activity of lipophosphonoxin(LPPO)-
loaded PCL fiber and the inability of the fiber to impair proliferation or differentiation of
fibroblasts and keratinocytes in vitro. They also used a mouse model and observed that LPPO-
loaded PCL significantly reduced S. aureus counts in infected wounds 7 days post-surgery while
also promoting skin repair (43).

In 2022, Domingues and others explored the idea of antiviral face masks by incorporating
various antiviral essential oils (EOs) in PCL through two methods: physisorption on pre-existing
mats and blending the essential oils with the polymer solution prior to electrospinning. They found
that lemongrass, Niaouli, and eucalyptus were the most effective EOs. Furthermore, they found
that blending the EOs with the polymer prior to electrospinning were more mechanically and
thermally resilient (44).

1.8 Phage electrospun _in PCL nanofiber - In 2009, Liao and others encapsulated

adenovirus encoding the green fluorescent protein (GFP) gene in PCL fiber cores through co-axial
electrospinning and introduced an alternative mode of applying viral gene transfer. They found
that when HEK 293 cells were seeded on these scaffolds, high levels of transgene expression were
observed over a month, while cells inoculated by scaffold supernatant only showed transient

expression for a week (45).
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Nogueira et al. (2017) used polycaprolactone (PCL), a hydrophobic polyester that possess
high elasticity and slow biodegradability (46, 47) as the polymer, which is advantageous because
enzymes and microorganisms cannot breakdown PCL (48, 49). They observed a 99.9% reduction
of P. aeruginosa upon contact with their phage fiber, and the bacteriophage vB Pae Kakheti25
remained stable after 20 minutes (5); however, an ideal wound dressing should be effective for
longer than 20 minutes to prevent damage due to constant handling of the wound.

Choi et al. (2021) incorporated a T4 bacteriophage into polycaprolactone and tested its
antimicrobial activity toward Escherichia coli. Choi tested two different methods of incorporating
T4 into the fiber: employing physical adsorption and chemical cross-linking. They found that
chemically functionalized PCL film showed a larger lysis zone (1.8cm?) than physically adsorbed
film (1.47 ¢cm?); in addition, chemically functionalized PCL was determined to produce a more
homogenous distribution of phage T4 through fluorescence microscopy observations. Lastly, Choi
tested the antimicrobial activity of chemically functionalized PCL with phage T4 as raw beef
packaging material against E. coli and found that it was more efficient than the physically adsorbed
fiber (50). Lee et al. (2004) incorporated aqueous suspensions of M 13 bacteriophage into polyvinyl
pyrrolidone, and the fibers demonstrated an instant release of the phage (51).

To explore the possibilities of using phage incorporated PCL for cutaneous infections, a
high titer lysate of the bacteriophage must be obtained and incorporated into the polymer solution
through electrospinning; in addition, the fiber should be imaged through scanning electron
microscopy or transmission electron microscopy to validate the incorporation of the phage. Lastly,
the phage fiber should be characterized by performing antimicrobial and cytotoxicity assays, as

well as determining proper storage conditions.
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CHAPTER 2 - HYPOTHESIS AND OBJECTIVE

The objectives of this research are: 1) to characterize bacteriophage Fulbright by
determining its stability at different pH and temperatures, testing its host range, and one-step
growth curve; 2) to incorporate phage Fulbright into polycaprolactone (PCL) nanofiber and
evaluating its efficacy in reducing Mycobacterium smegmatis concentration. Preliminary studies
showed that Fulbright can also infect M. abscessus at high concentrations; therefore,
demonstrating that Fulbright can be successfully incorporated in PCL without causing harm to
normal cells can pave the way for phage therapy. My hypothesis is that electrospun nanofibers
loaded with Fulbright phage will be effective in reducing M. smegmatis concentrations in vitro.
The rationale for this proposed research is that although we have many ways to treat wound
infections, no current treatment is truly effective without negative consequences. Heavy use of
antibiotics has led to the emergence of multi-drug resistant bacteria. It can destroy the normal gut
flora in the human body, causing an individual to be more susceptible to other infections. Silver
nanoparticle dressings, bacterial cell wall hydrolases (BCWH), and antimicrobial peptides (AMPs)
are alternatives to antibiotics but are costly or have documented negative consequences (5).
Among all the different types of wound dressings available in the market, none have proved
superior in treating chronic wounds, which are highly susceptible to bacterial infections.
Successful incorporation of the phage Fulbright into PCL and an observed antimicrobial activity
against the host M. smegmatis can contribute to phage therapy research.

To test the hypothesis, Fulbright was characterized by a) studying the phage stability in
different temperature and pH conditions; b) performing one-step growth curve assay to undertand
the life cycle of the virus with its host, M. smegmatis. The phage incorporated nanofiber

(PCL_Fulbright) was also characterized by a) determining proper storage conditions; b) evaluating
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PCL_Fulbright’s efficacy against M. smegmatis, c) determining whether PCL_Fulbright can alter

growth of a normal fibroblast mouse cell line.
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Abstract

Cases of infections caused by non-tuberculous mycobacteria (NTM) have increased
globally, affecting immune deficient children and adults. In fact, a 2009-2010 occurrence survey
of NTP in potable water samples indicated an increased rate of M. avium (30%) and M. abscessus
(12%). To determine if these findings correlate with human infections, clinical laboratory reports
from four state health departments of the United States were used to investigate species of NTM
isolated from human samples which increased from 8.2 per 100,000 persons in 1994 to 16 per
100,000 persons in 2014 (52). Furthermore, increasingly unsuccessful antibiotic remedies against
emerging drug resistant bacteria makes research on alternatives to antibiotics paramount. In this
project, we characterized the mycobacteriophage Fulbright, observed its ability to infect human
pathogen M. abscessus, and explored the possibility of using it for phage therapy applications. We
found that Fulbright is stable at pH 4-9 and temperatures 20-60°C. We observed a 90-minute latent

period and a lytic burst plateau 3 h after adsorption. We observed that Fulbright can infect M.
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abscessus at high concentrations (1x10°-10!! PFU/mL). We electrospun Fulbright with
polycaprolactone (PCL) nanofiber to serve as a model wound dressing and observed

PCL_Fulbright successfully infecting M. smegmatis.

1. Introduction

The genus Mpycobacterium is part of the order Actinomycetales and the phylum
Actinobacteria and is composed of 170 species of bacteria that are aerobic, rod-shaped, and non-
spore forming. They are lipid rich and acid-fast due to the long-chain mycolic acids in their cell
walls; additionally, the mycolic acid makes it difficult to perform Gram staining, making this genus
Gram-variable (53, 54). Mycobacterial species are ubiquitous due to multiple adaptations. For
example, the lipid-rich hydrophobic outer membrane is a determinant of surface adherence,
biofilm formation, aerosolization, and antibiotic/disinfectant resistance. Some species have
evolved into potential human pathogens, presumably due to genomic events such as genome
reduction, critical gene acquisition, gene transfer, mutations, and recombination (53, 55, 56, 57,

58).

Ubiquitous mycobacterial species are typically present in water and soil that humans
encounter (53, 59, 60), and mycobacterial infections predominantly occur by entering through
open skin and mucosal barriers, leading to cutaneous or pulmonary infections, respectively (61-
64). Pathogenesis of cutaneous mycobacterial infections is the result of hematogenous dispersal,
local or regional spread from a deep-seated infection, or a direct inoculation into the skin and soft
tissues (53, 65). Modes of transmission of various mycobacterial species that cause cutaneous

disease include zoonotic transmission (e.g. M. bovis foodborne transmission due to ingestion of
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unpasteurized dairy products) (66, 67), person-to-person (e.g. M. leprae) (68, 69), vector-borne
(M. ulcerans), and from environmental exposures (e.g. open skin injuries exposed to freshwater or
salt water leading to infections caused by M. marinum, M. ulcerans, or M. haemophilum) (65, 70-

75).

Nontuberculous Mycobacteria (NTM) are divided into two distinct groups: slow-growing
mycobacteria (SGM) and rapid-growing mycobacteria (RGM) (76). M. smegmatis is a model
organism that allows scientists to study the genus Mycobacterium. Using M. smegmatis is
advantageous because it is not pathogenic and is an RGM (77, 78); additionally, it has been
observed to be a part of the normal flora in human sebaceous gland secretions (79). The strain M.
smegmatis mc?155 is one of the most studied strains of M. smegmatis that was derived from the

carbenicillin resistant parent strain, mc?6 (80).

Nontuberculous Mycobacteria (NTM) cutaneous infections occur via direct inoculation
through skin barrier damage from trauma, surgical procedures, tattoos, acupuncture, etc. (65, 81,
82), and there is some evidence of possible human-to-human transmission of M. abscessus subsp.
massiliense in cystic fibrosis patients (83, 84). Infection with NTM is becoming a growing
concern, surpassing the infection rate of tuberculosis in many industrialized countries (85, 86).
Patients that suffer from NTM cutaneous infections typically possess other risk factors such as
primary immunodeficiencies that are genetic or acquired (61, 63, 65, 87). In 1950, Mycobacterium
abscessus, the most common cause of lung disease among the rapidly growing mycobacteria
family, was first identified from a patient suffering from a knee infection. (88) Treatment of M.
abscessus infections typically include antibiotics such as azithromycin and imipenem (89);

however, a recent case of M. abscessus infection on a 15-year-old patient with cystic fibrosis
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showed that the bacteria were not responsive to the antibiotic regimen given. The patient had also
been on anti-NTM treatment 8 years prior to the lung transplantation that resulted in chronic
infections. The patient was discharged 7 months post-transplant with a diagnosis of disseminated
mycobacterial infection that began in the lungs and spread to the arms, legs, and buttocks.
Researchers genetically engineered a cocktail of phages that were collected by students in the
Science Education Alliance Phage Hunters Advancing Genomics and Evolutionary Science (SEA-
PHAGES) program that were observed to infect M. abscessus in vitro. Intravenous administration
of the cocktail was given over several months and the patient continued to improve with gradual
healing of surgical site and skin lesions. Patient sera did not show evidence of phage neutralization

and weak cytokine responses (IFNy, IL-6, IL-10, TNF a) were observed (28).

As bacteria continues to develop resistance to current accepted treatments such as
antibiotics, there is a growing need for alternative methods of treatments. Bacteriophage therapy
presents as a promising alternative due to their narrow host range. However, the very nature of
bacteriophages is still poorly understood. There are more than 10°! phage particles in the
biosphere, and if the phages were laid end to end, they would extend from Earth to the Sun 10"3
times (90). Viral ecologists calculate that there are about 10> phage infections per second on a

global scale, which indicates that this population is large, ancient, and highly dynamic (91, 92).

Despite bacteriophages being present for billions of years, there are no records of their
origins; thus, the best way to understand phages and their evolution is through analysis of phages
in the environment today. A prominent feature of bacteriophages is their pervasively mosaic
genome, with different segments having apparent evolutionary histories (92, 93). The viral

genome, which is composed of either DNA or RNA, is encapsulated by the viral capsid made up
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of capsomeres that are linked via peptide, disulfide, and hydrogen bonding, as well as van der
Waals interactions (79, 94-97). The nucleocapsid consists of both the genomic material and the
capsid shell. Enveloped viruses, which mainly infect animal cells, obtain the envelope layer from
the host’s plasma membrane, endoplasmic reticulum, or Golgi body. Enveloped viruses escape
their host cell through budding, a process where the virus leaves the infected cell without killing
it. However, non-enveloped viruses, or naked viruses, leave their host through lysis, a common

strategy utilized by bacteriophages (97, 98).

Mycobacteriophages are phages (viruses) that specifically infect mycobacteria. Following
the discovery of bacteriophages, interest in mycobacteriophages arose in the late 1940s when they
were first isolated (99, 100). After successful isolation, mycobacteriophages were first utilized for
the typing of clinical Mycobacterium spp. due to the narrow host range of phages (100, 101). As
technological advances have made new sequencing technologies possible, there are at least 2125
mycobacteriophage genomes isolated and sequenced (102). Because mycobacteriophages can act
as bactericidal agents, they could be used directly to destroy bacterial hosts, or phage-encoded
products such as lysins could be used against pathogens (103). Since phages can also inhibit the
metabolism of their hosts (host inactivation) (103, 104), deeper mechanistic understanding could
lead to another potential strategy. Thus, studying mycobacteriophages and characterizing them
could help find alternative treatments for mycobacterial pathogens. In this study, we characterized
a previously isolated and sequenced mycobacteriophage Fulbright by 1) testing phage stability in
various pH conditions; 2) testing phage stability in temperature conditions; 3) observing phage-
host interaction using a one-step growth curve assay; 4) testing the efficacy of Fulbright in killing

M. abscessus. Lastly, we incorporated phage Fulbright into polycaprolactone (PCL_Fulbright) to
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serve as a potential antibacterial wound dressing and tested its efficacy against M. smegmatis and

M. abscessus bacterial lawns.

2. Materials and Methods
2.1 Culture medium and bacterial culture preparation

Mycobacterium smegmatis mc?155 provided by the Hatfull lab at the University of Pittsburgh
(Pittsburgh, PA, USA) was grown in the standard 7H9 liquid medium complete (7H9 broth base,
0.2% glycerol, albumin dextrose catalase (ADC) (10%V/V), 1 mM calcium chloride (CaCl)) and
incubated in a shaking incubator (Fisher Scientific # SHKE4450). On solid media, the bacteria
were grown on the standard 7H10 agar plates (0.5% glycerol, 0.2% dextrose, and 1 mM calcium
chloride (CaCly)). Cultures grown were incubated at 37 °C. 50 pg/mL of cycloheximide and 50
png/mL of carbenicillin were added to the liquid culture medium and 7H10 agar plates to reduce
contamination. 2X Middlebrook top agar (7H9 broth base, 0.8% agar) was diluted at a 1:1 ratio
with 7H9 liquid medium neat (7H9 broth base, 0.2% glycerol, 1 mM calcium chloride (CaCl,) to
make 1X Middlebrook top agar, which was used to plate the bacterial lawn. The phage lysate was
diluted in phage buffer (pH 7.2, 10 mM Tris, 10 mM magnesium sulfate (MgS0O4), 70 mM sodium
chloride (NaCl), and 1 mM CacCl; to quantify the phage. For the agar-overlay method, 10 pL of
each dilution was added to 250 uL of M. smegmatis mc*155 bacteria and incubated for 10 min.
After incubation, 4.5 mL of 1X Middlebrook top agar was added to the bacteria and phage mixture
and transferred to a 7H10 agar plate. The plates were incubated at 37 °C and assessed for plaques.
Mycobacterium abscessus ATCC 19977 were grown in similar conditions as M. smegmatis without
cycloheximide and carbenicillin addition. Middlebrook 7H10 Oleic Albumin Dextrose Catalase
(OADC) supplementation (cat #MBS652952) was used instead of calcium chloride, dextrose, and

glycerol to improve bacterial growth.
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2.2 Phage Fulbright stability in pH conditions

The stability of the mycobacteriophage was evaluated by incubating the phage in phage buffer
adjusted to pH values (2, 3,4, 5, 6,7, 8,9, 10, 11, 12) at room temperature for 1 h following the
protocol described in previous publications (105, 106). The pH of the phage buffer was adjusted
using HCl or NaOH and was 0.22 um filter-sterilized. The initial concentration of phage was 1 x
10! PFU/mL, and it was incubated for 1 h at room temperature. Following the 1 h incubation, the
phage solution was diluted, plated using the agar-overlay method, and incubated at 37 °C prior to
assessment of plaques.
2.3 Phage Fulbright stability in thermal conditions

The stability of phage Fulbright was evaluated at different temperatures (20°C, 30°C, 40°C,
50°C, 60°C, 70°C, 80°C), following the protocol described in previous works (105, 106). 1 mL
volume of the phage lysate (1 x 10!! PFU/mL) was dispensed onto a 1.5 mL tube and incubated at
the temperature conditions for 1 h. Following thermal incubation, the lysates were serially diluted
in sterile phage buffer and then plated using the standard agar-overlay method. After incubation,
the number of PFU/mL was determined and plotted. The PFU/mL was measured at 60 minutes of
incubation.
2.4 One-step growth curve of Fulbright

The one step growth curve was done at a multiplicity of infection (MOI) of 1.0 (one

bacterial cell to one bacteriophage) following protocol from previous work with
mycobacteriophages (106). The host bacterium and phage were incubated at 37°C for 50 minutes
to allow for complete phage adsorption. Following incubation, 0.4% sulfuric acid (H2SO4) was
added to inactivate unattached phage particles, and the solution was incubated again for 5 minutes

at room temperature. The H>SO4 was neutralized by adding 0.4% sodium hydroxide (NaOH). The
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bacteriophage suspension was diluted in 7H9 broth and incubated at 37 °C. Every 30 minutes, for
a duration of 8 hours, the sample solution was diluted and plated using the double agar layer
method. Following incubation, the plaques were counted to determine PFU/mL and plotted.

2.5 Comparing the efficacy of Fulbright against M. smegmatis and M. abscessus

Bacterial lawns were plated on standard 7H10 agar plates by mixing 250 uL of bacteria
with 4.5 mL of standard 7H9 Middlebrook 1X top agar. M. abscessus ATCC 19977 was plated on
standard 7H10 agar supplemented with OADC, while M. smegmatis mc?155 was supplemented
with 0.5% glycerol, 0.2% dextrose, and 1 mM calcium chloride (CaClz). 5 uL of serially diluted
Fulbright lysate was spotted onto bacterial lawn. Plates were incubated right side up overnight to
allow spots to absorb and were flipped upside-down the next day. M. smegmatis plates were
incubated for 2 days, while M. abscessus plates were incubated up to 6 days.

2.6 Comparing effectivity of PCL_Fulbright against host bacteria M. smegmatis and M.
abscessus

Phage Fulbright was incorporated into polycaprolactone (PCL) fiber using methods
described in our previous work (105). After electrospinning, ~2cm? of the phage incorporated fiber
was cut and plated on agar plates containing host bacterial lawn, M. smegmatis or M. abscessus.
The plates were incubated at 37°C for 48 hours and assessed for clear borders surrounding the
fiber.

2.7 Data analysis

All experiments were performed in triplicates unless otherwise noted. GraphPad prism was

used to calculate one-way ANOVA and Tukey post hoc tests and establish multiple comparisons

between samples. A p-value below 0.05 were considered statistically significant.
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3. Results and Discussion

There has been a growing interest in studying mycobacteriophages as possible bactericidal
agents due to the growing problem of highly pathogenic mycobacterial species such as M.
tuberculosis and M. abscessus. To determine suitable phages for phage therapy applications,
isolation, identification, and full characterization of the phage, while using reliable and
reproducible methods, is necessary (107). Here, we characterized previously isolated
mycobacteriophage Fulbright by testing its stability at different temperature and pH conditions.
Certain conditions such as extreme temperatures can denature the protein capsid shell of phages,
and extreme acidic or alkaline conditions can react chemically with proteins or nucleic acids to
inactivate phages (108). Temperature has also been found to affect the phage replication
mechanism. For example, experiments on a phage infecting the host B. thailandensis showed that
at higher temperatures (37°C), the phage undergoes a lytic cycle, but remains temperate at lower
temperatures (25°C) (109). In fact, various studies have emphasized the importance of temperature
on host-phage interactions (110-115). Extreme pH values cause hydrogen ions and hydroxyl ions
to be highly concentrated in the water, resulting in viral inactivation (108). Because highly reactive
radicals in a water environment (such as hydroxyl and superoxyl ions) have a long lifespan, they
oxidize materials in the environment and can affect phage capsid shell by removal, deformation,
or denaturation of critical ligand sites and overall dissociation of the capsid. Once the protein shell
has been degraded, RNA hydrolysis could occur inside or outside the phage particle, resulting in
the loss of infectivity (108)

Our results showed that mycobacteriophage Fulbright is stable for up to 60 minutes when

exposed to temperatures 20-60°C, and the phage particle is inactivated at 70°C and above (Figure

23



2). In contrast, other novel mycobacteriophages described in Stella et al. (2013) were isolated at
30°C and were unable to propagate at a higher temperature of 37°C. Phage Cepens was found to
be unstable at temperatures 37°C and higher (116). Our results are comparable to bacteriophages
against Vibrio parahaemolyticus, which retained infectivity between 25-50°C (117).

pH stability assays showed that Fulbright is stable in pH 4-9, with a ten-fold decrease at
pH 3. There was a significant difference in phage titer between pH 3 and 4 (p<0.0001). No viable
plaques were observed at pH 2, 10, 11, and 12 (Figure 3). Various phages that infect other hosts
such as E. coli, Pseudomonas, and Vibrio have been characterized and observed to behave
similarly, with significant reduced viability at a pH of 3 and below (107, 118, 119). Vibrio phages
studied by Yin and others (2019) were found to retain activity at a broad range of pH 2-12 (120).
In contrast, mycobacteriophage Cepens showed stability in a narrow pH range of 7-9 (116).

Because Fulbright can maintain stability in a wide range of temperature and pH conditions,
it serves as an excellent candidate for phage therapy. The human body at homeostasis is 37°C, and
upon infection and/or sepsis, the body temperature typically climbs to 38°C and higher. Thus,
Fulbright can endure these higher temperatures if used for therapy. The human saliva has a typical
pH range of 6.2-7.6 (121). The human blood has a normal pH range of 7.35-7.45 (122), and values
greater than 7.8 (alkalemia) or less than 6.8 (acidemia) often result in death. Lastly, open wounds
are characterized to have a neutral to alkaline pH of around 6.5 to 8.5, while chronic wounds exist
at a range of 7.2 to 8.932 (123). Fulbright is stable from pH 4-9 and can thus be used for oral,
intravenous and cutaneous applications. Ingestion of the phage would not be favorable as Fulbright
begins to destabilize at a pH of 3 and lower which are optimal pH conditions for human stomach

(124).
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Figure 3. pH stability of phage Fulbright. ****p<0.0001
Because a good understanding of a phage’s latent period is needed to determine its potential
use for phage therapy, we constructed a one-step growth curve for phage Fulbright. We found the
latent period of phage Fulbright to be 90 min, followed by a rise period of 90 min. The PFUs
plateaued after the rise period, approximately 3 h after adsorption (Figure 4). These results are
similar to previous work with mycobacteriophages (106). Kalapala et al. (2020) tested the

infectivity of mycobacteriophages at various multiplicity of infection (MOlIs) (10, 1, 0.1, and 0.01),
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and found that MOI of 10 and 1 both significantly reduced bacterial growth 3 h post treatment
(125). Bavda and Jain (2020) observed a latent period of 60 minutes for mycobacteriophage D29;
moreover, when they generated a D29 holin knockout phage, the latent period increased to 90
minutes (126). Studies by Fan et al. (2016) showed mycobacteriophage SWUT1 to have a latent
period of 30 minutes and a burst time of 270 minutes (127). BO1 and BO2a phages had latent
periods of 150 min and 260 min, respectively (128). Samaddar used a different approach to observe
mycobacteriophage-mycobacterial host interaction and used flow cytometry to measure bacterial

cell viability. Samaddar also found similar results with a ~60 min latent period (129).
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Figure 4. One-step growth curve of phage Fulbright.

To determine whether Fulbright is a good candidate for phage therapy applications for
treating human mycobacterial infections, we also tested the efficacy of Fulbright against human
pathogen M. abscessus. Results showed that at high concentrations, Fulbright can effectively lyse
M. abscessus. Figure 5b shows Fulbright is effective up to 102 dilution in lysing the host cell.
These results are comparable to preliminary work done with Fulbright (130). This limited

infectivity against M. abscessus has also been observed by the Hatfull lab, where phages (Muddy,
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Zoel, and BPs) were first isolated using host M. smegmatis. The three phages were genetically
modified and engineered to improve infectivity against M. abscessus subsp. massiliense and were
then intravenously administered to the previously described cystic fibrosis patient, making it the
first therapeutic use of phages for a human mycobacterial infection. (28). Phage Fulbright has the

potential for therapeutic use in a similar fashion.

F igue 5. Testing host range of phage Fulright. Fig 5a shows spot test results at ten-fold
dilutions against M. smegmatis; Fig 5b shows that Fulbright can lyse M. abscessus at high titer.

2

Figure 6. Testing the effectivity of phage Fulbright incorporated PCL against M. smegmatis
bacterial lawn (Fig 6a) and against M. abscessus (Fig 6b). Clear lysis zones surrounding the
edges of the fiber on Figure 5a shows that the fiber is effective in killing M. smegmatis, but not
M. abscessus (Fig 6b).
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In our previously published work with Fulbright (105) we successfully incorporated our
phage into a PCL wound dressing. We tested phage incorporated fiber against against M.
smegmatis and M. abscessus. Our results showed PCL Fulbright to be effective against M.
smegmatis (Figure 6a), but not M. abscessus (Figure 6b). A possible reason for this is the low-
concentration and slow release of phage Fulbright from the nanofiber. We previously observed
that ~2cm? of PCL Fulbright released +/-2.1 x 10° PFU/mL infectious particles after 1 h
incubation in 1 mL of phage buffer. Another reason that PCL_Fulbright was able to infect M.
smegmatis but not M. abscessus could be due to the properties of mycolic acid present. Mycolic
acids are a major component of mycobacterial cell walls (131-134), and despite providing similar
functions in all mycobacterial pathogens (cell protection, virulence, structural integrity), subtle
differences in the carbon chain length are found that may contribute to their susceptibility to
infections (131). Furthermore, we hope to optimize the effectivity of the phage fiber by improving
our electrospinning techniques via increasing porosity and hydrophilicity, or by incorporating
other materials such as collagen and hydrogel in order to increase the phage release and infectivity
while promoting optimal conditions for appropriate wound healing.

Bacteriophages have the potential for therapeutic and food safety uses due to their ability
to lyse multi-drug resistant pathogens (107). They are low cost, easy to manufacture, and have no
documented side effects to date. Our research lays a good foundation for continuing research and

possible application of Fulbright in the future.

28



Acknowledgements

Funding for this project was acquired through the University of Central Oklahoma, Office
of Research and Sponsored Programs (RCSA) Grant Program, and by the National Institute of
General Medical Sciences of the National Institutes of Health under award number
P20GM103447. The content is solely the responsibility of the authors and does not necessarily

represent the official views of the National Institutes of Health.

29



CHAPTER 4 - INCORPORATION OF MYCOBACTERIOPHAGE FULBRIGHT INTO
POLYCAPROLACTONE ELECTROSPUN NANOFIBER WOUND DRESSING

(This chapter represents work published in Polymers journal

https://doi.org/10.3390/polym14101948)

Title - Incorporation of Mycobacteriophage Fulbright into Polycaprolactone Electrospun
Nanofiber Wound Dressing

Authors - Hari Kotturi!, Charmaine Lopez-Davis!, Sadegh, Nikfarjam!, Cameron Kedy', Micah
Byrne!, Vishal Barot?, and Morshed Khandaker?

Department affiliation — 'Department of Biology, University of Central Oklahoma, Edmond,
OK 73034, USA

2Department of Engineering and Physics, University of Central Oklahoma, Edmond, OK 73034,
USA

Key words — antimicrobial agents; bacteriophages; electrospinning; mycobacterium smegmatis;
polycaprolactone; mycobacteriophages

Correspondence — Hari Kotturi, Charmaine Lopez-Davis, and Morshed Khandaker

Abstract - The genus Mycobacterium includes pathogens known to cause disease in mammals
like tuberculosis (Mycobacterium tuberculosis) and skin infections (M. abscessus). M. smegmatis
is a model bacterium that can cause opportunistic infections in human tissues and, rarely, a
respiratory disease. Due to the emergence of multi-drug resistant bacteria, phage therapy is
potentially an alternative way of treating these bacterial infections. As bacteriophages are specific
to their bacterial host, it ensures that the normal flora is unharmed. Fulbright is a
mycobacteriophage that infects the host bacteria M. smegmatis. The main goal of this study is to

incorporate Mycobacteriophage Fulbright into a polycaprolactone (PCL) nanofiber and test its
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antimicrobial effect against the host bacteria, M. smegmatis. Stability tests conducted over 7 days
showed that phage titer does not decrease when in contact with PCL, making it a promising vehicle
for phage delivery. Antimicrobial assays showed that PCL_Fulbright effectively reduces bacterial
concentration after 24 hours of contact. In addition, when stored at -20°C, the phage remains viable
for up to eleven-months in the fiber. Fulbright addition on the nanofibrous mats resulted in an
increase in water uptake and decrease in the mechanical properties (strength and Young's modulus)
of the membranes, indicating that the presence of phage Fulbright can greatly enhance the physical
and mechanical properties of the PCL. Cytotoxicity assays showed that PCL Fulbright is not
cytotoxic to Balbc/3T3 mouse embryo fibroblast cell lines; thus, phage-incorporated PCL is a

promising alternative to antibiotics in treating skin infections.

1. Introduction - Bacteriophage therapy, which uses bacterial viruses (phages) to treat bacterial
infections, has been around for almost a century. During 1915, an outbreak of severe hemorrhagic
dysentery among French troops in Paris occurred, and Felix d’Herelle was assigned to investigate
the outbreak. He made bacterium-free filtrates of the soldiers’ fecal samples and incubated them
with Shigella strains isolated from patients. A portion of the mixture was spread on an agar medium
to observe bacterial growth, and he observed the appearance of clear plaques. He presented his
findings during the Academy of Sciences meeting in 1917. Soon after discovering bacteriophages,
d’Herelle used phages to treat Shigella dysenteriae in 1919, which was most likely the first attempt
to use bacteriophages therapeutically (135). However, the very existence of phages was not truly
confirmed until the invention of electron microscopy in the 1940s (136, 137).

Unreliable experimental success and poor documentation of studies led to reduced efforts

for further phage research; moreover, the biological nature of phages was poorly understood.
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Rudimentary technical practices and improper storage resulted in low phage titers and
contamination. In addition, medical limitations during that time made it unfeasible to find methods
of phage delivery to infection sites (136). While Western medicine dismissed phage therapy, the
former Soviet Union and Eastern Europe continued to study phage therapy and conducted trials to
treat a range of infectious agents such as Staphylococcus, Pseudomonas, and E. coli (138, 139).

During the 1900s, major causes of death were infectious diseases such as cholera,
diphtheria, syphilis, and many others. By the mid-20th century, the use of antibiotics and better
sanitation practices prolonged life expectancy and improved the quality of life. However, it did
not take long for bacteria to adapt and evolve, and they became equipped with antibiotic resistance
genes such as B-lactams, aminoglycosides, chloramphenicols, and tetracycline (136). Antibiotic
resistance genes are dangerous especially for difficult-to-treat infections such as Mycobacterium
abscessus, which is a nontuberculosis mycobacteria that can cause disease to the skin, soft tissue,
and central nervous system (140, 141). In the United States alone, around 2.8 million multidrug-
resistant infections occur annually resulting in over 35,000 deaths (142). Skin and soft tissue
infections (SSTIs) are common types of infections that affect approximately 14 million people
annually in the United States (143-145). It is imperative that alternative treatments to bacterial
infections are studied to preserve the length and quality of human life.

Thus, recent studies have focused on three groups of antimicrobials as alternatives to
antibiotics: bacterial cell wall hydrolase (BCWH), antimicrobial peptides (AMPs), and
bacteriophage (146). BCWH has some disadvantages because it cannot be used toward Gram-
negative bacteria due to the outer membrane, and some Gram-positive pathogens are already
resistant to lysozymes. AMPs are effective against a plethora of bacteria and fungi but are costly

and require high, toxic doses. Bacteriophage are promising, since they are highly specific, can
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infect both Gram-positive and Gram-negative bacteria, and are low-cost (5). The specificity of
bacteriophage to their bacterial host also ensures that normal microorganisms that are already
present on the skin and are beneficial to the body remain unharmed.

Bacteriophage therapy can be performed in a plethora of ways. Topical applications have
shown success when a study conducted by the Wound Centers at St. Joseph’s Medical Center in
Tacoma used Staphylococcus aureus phages to treat diabetic toe ulcers of nine patients. The phage
solution was applied to the ulcers once a week, and all infections responded to the phage therapy,
and the ulcers healed within approximately seven weeks (147). However, liquid and semi-solid gel
formulations may be expensive and inconvenient to transport and store. The United States Army
investigated the use of bacteriophages for food and safety and determined that phages must be
stored and shipped dry to reduce the size and weight. While drying methods such as lyophilization
or freeze drying is feasible, this can be expensive and time consuming. Thus, a promising method
of phage application on skin infections is through electrospinning (148).

Electrospinning is a common method used to produce nanofibers with a diameter in the
range of 100 nm or less (149). A polymer solution is supplied from a spinneret, and a droplet forms
at the spinneret exit. An electrical field is applied to the solution by placing an electrode in it and
a counter-electrode at a distance from the spinneret. The Maxwell electrical stress stretches the
droplet, and a Taylor cone forms due to the repulsion of the molecular charges, resulting in the
ejection of a charged jet (149, 150). The ejected jet extends in a straight line and undergoes
vigorous whipping due to bending instabilities. The jet continues to stretch and dry as the solvent
eventually evaporates, and the spun nanofibers are deposited on the counter electrode (149).

There are several studies that have shown success with materials incorporated in

electrospun fiber. A study by Salam et al. (2021) designed an electrospun nanofiber-based
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Viroblock (VB)-loaded polyacrylonitrile (PAN)/zinc oxide (ZnO) hybrid nanocomposite for
personal protective equipment (PPE) applications. Their results showed an antibacterial activity of
92.59% and 88.64% against Staphylococcus aureus and Pseudomonas aeruginosa, respectively
(151). Dowlath et al. (2021) electrospun rabbit hemorrhagic disease virus (RHDV) Virus Like
Particles (VLPs) as an antigen carrier into a polyvinylpy-roolidone (PVP)-based nanofiber and
successfully showed that all treatments that contained the VLP induced an antibody response
(152). A study conducted by Kazsoki et al. (2022) showed the potential of using formulated core—
shell-type nanofibrous scaffolds loaded with dexpanthenol (shell) and acyclovir (core) as an
alternative treatment of herpes labialis (153).

Polycaprolactone (PCL) has been widely used in a large range of biomedical applications
such as wound healing, drug delivery, and bone regeneration (153-158). PCL is a hydrophobic
polyester that has high elasticity and slow biodegradability; moreover, PCL cannot be easily
broken down by enzymes and microorganisms, making it a promising method of phage delivery
(5). PCL is an aliphatic polyester belonging to the poly-a-hydroxy group (159) and is mainly
degraded through hydrolysis of ester bonds on its molecular chains, generating carboxylic acid
and hydroxyl functional groups, which reduces the molecular weight and decreases the overall
weight of the polymer. The biodegradation rate of PCL is affected by its molecular weight,
molecular weight distribution, crystallinity, and hydrophobicity of PCL molecular chains (156,
160). Many studies have shown great success incorporating various materials with PCL and
demonstrated antimicrobial properties. He et al. (2021) constructed a sandwich-like dressing
approach, with the top layer consisting of hydrophobic PCL nanofibers, the middle layer
containing AgNP-loaded PCL/Gel nanofibers, and the bottom layer composing of hydrophilic

PCL/gel nanofiber. Compared with a commercial silver sulfadiazine dressing, the designed wound
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dressing showed competitive antimicrobial properties, lower cell toxicity, and accelerated wounds
closure for mouse skin injury (161). Hassan et al. (2021) incorporated hydroxyapatite (HAP) doped
with different concentrations of silver ions into PCL, and their in vitro cell proliferation assays
using human fibroblasts cell lone (HFB4) showed that cells not only grew while in contact with
the fibers, but they were also spreading and adhering through the deep pores (162).

In this study, the bacteriophage Fulbright was incorporated into PCL electrospun
nanofibers. We examined the stability, cytotoxicity, and antibacterial activity of Fulbright-
incorporated nanofiber dressing. This study demonstrates the potential of incorporating
Mycobacteriophages into wound dressings as a safe and effective alternative to antibiotics.

2. Materials and methods
2.1. Media Preparation and Bacterial Strain

Mycobacterium smegmatis mc*155 that was provided by the Hatfull lab at the University of
Pittsburgh (Pittsburgh, PA, USA) was grown in the standard 7H9 liquid medium complete (7H9
broth base, 0.2% glycerol, albumin dextrose catalase (ADC) (10%V/V), 1 mM calcium chloride
(CaClp)). The liquid cultures were incubated in a shaking incubator (Fisher Scientific #
SHKE4450) at 37 °C. On solid media, the bacteria were grown on the standard 7H10 agar plates
(0.5% glycerol, 0.2% dextrose, and 1 mM calcium chloride (CaCly)). The bacteria grown on 7H10
agar plates were incubated at 37 °C. Then, 50 ug/mL of cycloheximide and 50 pg/mL of
carbenicillin were added to the liquid culture medium and 7H10 agar plates to reduce
contamination. Afterwards, 2X Middlebrook top agar (7H9 broth base, 0.8% agar) was diluted at
a 1:1 ratio with 7H9 liquid medium neat (7H9 broth base, 0.2% glycerol, 1 mM calcium chloride
(CaCl) to make 1X Middlebrook top agar, which was used to plate the bacterial lawn. The phage

lysate was diluted in phage buffer (pH 7.2, 10 mM Tris, 10 mM magnesium sulfate (MgSQOs4), 70
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mM sodium chloride (NaCl), and 1 mM CaCl; to quantify the phage. For the agar-overlay method,
10 pL of each dilution was added to 250 pL of M. smegmatis mc?155 bacteria and incubated for
10 min. After incubation, 4.5 mL of 1X Middlebrook top agar was added to the bacteria and phage
mixture and transferred to a 7H10 agar plate. The plates were incubated at 37 °C and assessed for
plaques.
2.2. Media Preparation and Cell Line

Balbc/3T3 mouse embryo fibroblast cell line (ATCC #CCL-163) was provided by the Farris
lab of Oklahoma Medical Research Foundation (Oklahoma City, OK, USA) and were grown using
Dulbecco’s Modified Eagle Medium (DMEM) (4500 mg/L glucose, L-glutamine, sodium
bicarbonate) (D5796) supplemented with sodium pyruvate (25-000-Cl), and FBS (26140-079). A
vial of Balbc/3T3 was thawed and quickly transferred to 10 mL of DMEM supplemented media
and centrifuged to remove the dimethyl sulfoxide (DMSO). The supernatant was removed, and the
cell pellet was re-suspended in fresh media. The cell solution was transferred to a T25 cell culture
flask and incubated at 37 °C, 5%CO,. When 80% confluency was reached, the cells were
trypsinized, centrifuged, and re-suspended in fresh media and were split !5 every 3—4 days.
2.3. Polycaprolactone Fiber Production

PCL and acetone solution mixture were prepared as described in our earlier research
(163). Figure 7a,b represents the schematic image of the PCL and PCL _ Fulbright nanofiber
membrane fabrication processes, respectively. PCL nanofiber membrane was produced by our
custom-made electrospinning machine (Figure 8) using the PCL solution and a single axis one-
inch discharge metallic needle (aluminum 23 G blunt needle, Model # BX 25). For the
PCL_Fulbright membrane, a single-axis needle was replaced by a coaxial metallic needle (100-

10-Coaxial-2822, Rame-hard Instrument Co., Succasunna, NJ, USA), which was attached with
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two syringe pumps to feed the PCL solution (core) and phage Fulbright suspended in phage buffer
solution (shell) into a glass syringe and flowed through a tube to a metallic needle (Figure 8). The
drum collector was spun using speed-controlled direct current (DC) motors. The syringe needle is
electrically excited by applying a high voltage (9 kV) produced by a 0-30 kV high-voltage power
supply (Model # ES 30, Gamma High Voltage Research Inc., Ormond Beach, FL, USA). This
electrically charged syringe needle is positioned above a drum collector to capture the synthetic
polymer fiber stream. We have optimized the speed of rotation, the distance between needle and
drum, and the deposition rate of fiber on the drum to produce the fiber mat. The distance between
the needle and drum collectors was approximately 5 cm. The feeding rate of the core and shell
solutions will be adjusted to a rate of 0.025 mL/minute. The nanofiber was deposited on the drum

with a 40 mm radius.
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Figure 7. Schematic representation of the production of PCL and PCL_Fulbright nanofiber.
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Figure 8. Electrospun fabrication unit used to produce the nanofiber dressing.

2.4. PEG Purification of Fulbright

For the preparation of our PCL_Fulbright nanofiber, polyethylene glycol (PEG 8000) purified
phage lysate was used. The high titer phage lysate was centrifuged using a Thermo Scientific
Sorvall Legend XTR centrifuge at 5500% g at 4 °C for 10 min. The supernatant was transferred to
a new tube, and 1 M of NaCl and 10% of PEG were added. The solution was gently stirred at 15
rpm using a VWR Orbital Shaker at 4 °C overnight until the PEG and NaCl were in solution. The

sample was then centrifuged at 5500x g at 4 °C for 10 min, and the supernatant was decanted,

38



ensuring that most of the PEG has been removed. The pellet was gently re-suspended in fresh
phage buffer and stirred overnight at 4 °C. Another centrifugation was performed, and the final
cell pellet was re-suspended in phage buffer and stored at 4 °C until use. The phage titer in the
PEG-purified lysate was 1 x 10! PFU/mL. This lysate was used for all subsequent experiments
unless otherwise noted.
2.5. Phage Stability and Storage Temperature

We examined the short-term and long-term effects of polycaprolactone on the stability of
phage particles. For short-term effect, =2 ¢m? of control PCL nanofiber was placed in a 5 mL
phage lysate, and the tube was incubated at 37 °C. The control for this experiment was phage lysate
without PCL fiber stored at 37 °C. The phage titer of the lysate soaked with control PCL was
determined using standard agar-overlay methods each day for 7 days. For long-term effect, we
tested the infectivity of the control PCL and PCL_Fulbright wound dressing stored at 4 °C and
—20 °C at 7 days and 11 months post-production by testing the fiber for clear zones on a host
bacterial lawn.
2.6. In Vitro Phage Release and Viability Assay

For the phage release assay, we followed the procedure described by Korehei and Kadla
(164)with minor modifications. Briefly, =2 ¢m? of PCL_Fulbright nanofiber was soaked in 3 mL
phage lysate for 1 h with gentle shaking using a VWR Orbital Shaker. The soaked fiber was washed
in 3 mL of phage buffer, which was shaken at 60 rpm at room temperature. The fibers were
transferred into a fresh 3 mL phage buffer solution every 10 min for 10 washes. The PCL fiber
was left to air dry for 2 h and stored at 4 °C overnight. The fibers were then plated on the host
bacterial lawn and incubated at 37 °C for 48 h. The plates were assessed for clear borders

surrounding the phage dressing.
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A viability assay was performed to determine the number of phages released from the phage-
incorporated fiber. The protocol outlined by Salalha et al. (2006) was followed with few
modifications (149). PCL_Fulbright nanofiber cut into =2 cm? segments were placed in a
microcentrifuge tube containing 1 mL of phage buffer. The tube was incubated for 60 min at room
temperature to allow the phages to release into solution. After incubation, the tube was vortexed,
and ten-fold dilutions of the buffer solution were plated using the agar-overlay method. The plates
were incubated at 37 °C for 48 h, and PFU/mL was determined.

2.7. Antimicrobial Assay

To determine the antimicrobial activity of PCL_Fulbright, we followed the protocol outlined
by Noguiera et al. (2017) (5). The bacterial culture was adjusted to 1.5 x 108 CFU/mL per
McFarland standards using a Grant-bio Den-1 McFarland Densitometer. The bacteria were diluted
to a final concentration of 1.5 x 10° CFU/mL, and 1 mL of the bacteria was transferred into each
culture tube. PCL and PCL_Fulbright cut into =2 cm? were added to the culture tubes containing
bacteria. Another tube containing bacteria alone served as a control. All the tubes were incubated
at 37 °C for 24 h. After incubation, the bacterial solution in the culture tubes was diluted using ten-
fold dilution and plated on 7H10 agar plates. The plates were incubated at 37 °C for 24 h. To
determine the bacterial growth inhibition (% of Inhibition) at 24 h, the following calculation was
used:

% Inhibition=C—ACx100
where C is the average value of Colony-Forming Units (CFU) of the controls, and A4 is the

average value of CFU of PCL_Fulbright.
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2.8. Direct Contact Cytotoxicity Assay

Cytotoxicity assays were performed using the protocol outlined by Nogueira (2017) (5) to
determine the effect of PCL_Fulbright nanofiber on cell viability. Balbc/3T3 CCL-163 mouse
embryo fibroblast cells were grown as recommended by the manufacturer. Cell viability was
measured using AlamarBlue (ThermoFisher DAL 1100). Controls for this experiment were wells
containing Balbc/3T3 cells alone and wells containing PCL plus cells. This experiment was
conducted in quadruplets. For the direct contact assay, 500,000 Balbc/3T3 cells per well were
seeded directly on =2 ¢cm? of PCL_Fulbright and PCL. and incubated at 37 °C, 5% CO> for 24 h.
After incubation, AlamarBlue was added as per the manufacturer’s recommendation. We
transferred 100 uL from each well to a 96-well plate, and the absorbance was measured at 570 nm
with a reference wavelength of 600 nm using a Biotek Synergy HI Hybrid Reader. Random
samples from each of the groups were randomly selected for DAPI staining.
2.9. DAPI Staining

Fibroblast cells attached to the wound dressing were visualized using fluorescent microscopy.
4'6-Diamidino-2-phenylindole (DAPI) is a commonly used fluorescent dye for staining DNA in
cells. Random samples from the cytotoxicity assay were washed three times with phosphate buffer
saline (PBS). After the final wash, 4% formalin was used to fix the cells. After fixation, the
formalin was aspirated, and the fibers were washed with PBS three times. DAPI staining was
performed in the dark at room temperature and was followed by five PBS washes prior to imaging.
The morphology of the cell nuclei was observed using Zeiss Axiovert 200 m Inverted Fluorescent

Microscope at 20x objective at an excitation wavelength of 350 nm.
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2.10. Effect of Temperature on Phage Stability

The stability of phage Fulbright was evaluated at different temperatures (20 °C, 30 °C, 40 °C,
45 °C, 50 °C, 55 °C, 60 °C, and 65 °C), following the protocol described in our previous work
(106). A 1 mL volume of the phage lysate (1 x 10'2 PFU/mL) was dispensed onto a 1.5 mL tube.
The tubes were incubated at the above temperatures for 1 h. The temperature-subjected lysates
were serially diluted in sterile phage buffer and then plated using the standard agar-overlay
method. After 24 h of incubation, the number of PFU/mL was determined and plotted.
2.11. Effect of pH on Phage Stability

The stability of the virion particle was determined by incubating the phage in phage buffer
adjusted to pH values (3,4, 5, 6,7, 8, and 9) for 1 h following the protocol described in our previous
publication (106). The pH of the phage buffer was adjusted using HCI or NaOH and was 0.22 um
filter-sterilized. The initial concentration of phage was 1 x 10! PFU/mL, and it was incubated for
1 h at 37 °C. Following the incubation, phage was diluted, plated using the agar-overlay method,
and incubated.
2.12. Scanning Electron Microscopy

Scanning electron micrographs of PCL and PCL_Fulbright were obtained using the Zeiss
Neon 40 EsB. The samples were directly imaged at 50,000% with an accelerating voltage of 5 kV.
The interaction between M. smegmatis and the PCL_Fulbright nanofiber was imaged using a
Thermo Quattro S-Field Emission Environmental Scanning Electron Microscope at 5000x without
any staining at an accelerating voltage of 20 kV.
2.13. Tensile Strength Assay

This study used a CellScale UniVert biomaterials testing machine (Waterloo, Ontario,

Canada) to compare the tensile strength difference between PCL and PCL_Fulbright nanofibers.
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Three samples were prepared from a 15 cm x 20 cm piece of PCL and PCL_Fulbright membranes
by placing an ASTM D638 standard plastic specimen mold (Figure 9a) and cutting along the edge
of the mold using a razor blade. Figure 9b,c show the prepared PCL and PCL_Fulbright samples.
The dimension of the gauge length section was 10 mm x 3 mm x 0.025 mm (length x width x
thickness). Each sample was mounted on the grips (Figure 9d), and tension tests were conducted
using a 100 N load cell with a 1 mm/min rate to each test sample. The load and displacement
values were recorded from each experiment until the failure of the samples. The tension modulus
and maximum tensile stress were calculated from the calculated stress and strain values from the

recorded load and displacement values.

(a) (b) (c) (d)

Figure 9. Tensile strength assay. (a) ASTM D638 standard plastic specimen mold used to make
tension test specimen. Prepared samples: (b) PCL and (c) PCL_Fulbright. (d) A sample in the
gripper during the mechanical tests.

43



2.14. Water Absorption Test

Water absorption tests were conducted of according to a standard method described in detail
in our earlier reference (165). Three pieces of PCL and PCL_Fulbright membrane were cut from
a fabricated mat, and we soaked each membrane in distilled water for 5 min. Each piece was air-
dried for 30 min. Each sample weight before soaking (Wo) and after air-dried (W) was measured
using a precision scale. The percentage of water absorption of each sample was measured using
(Wi — Wpy) x 100%/Wo and compared.
2.15. Statistical Analysis
Graphpad prism was used to calculate one-way ANOVA and Tukey post hoc tests to establish
multiple comparisons between samples. p-values below 0.05 were considered statistically
significant. All experiments were conducted in triplicate and repeated 3 times unless stated
otherwise.
3. Results
3.1. Phage Stability and Storage Temperature

The short-term and long-term stability of the phage particle in the PCL_Fulbright nanofiber
was examined in our experiments. The stability of Fulbright lysate in the presence of PCL was
observed over the course of 7 days at 37 °C. We found no significant difference in phage titer
between PCL fiber immersed in the phage lysate and the control phage lysate at 37 °C. p values
were p = 0.9760 (37 °C vs. 37 °C with PCL) (Figure 10E). Our results (Figure 10A-D) indicate
that the phage particle loses its infectivity when stored at 4 °C for 7 days, as indicated by the
absence of a clear zone (Figure 10B). However, the wound dressings stored at —20 °C retain their

antimicrobial activity at day 7 post-production (Figure 10C). There is still some antimicrobial
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activity against the host bacteria when stored at —20 °C, even after 11 months indicated by clearing

(Figure 10D).
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Figure 10.(A-D) Stability of PCL_Fulbright. Panels A—D represent nanofibers stored at different
temperatures and time periods. (A) PCL nanofiber at 4 °C stored for 7 days, (B) PCL_Fulbright
at 4 °C for 7 days, (C) PCL_Fulbright at —20 °C stored for 7 days (D) PCL_Fulbright at —20 °C
stored for 11 months. (E) Stability of phage particle with PCL nanofiber. All nanofibers were
plated on M. smegmatis lawn. Arrows are pointing to a clear zone formed by phage lysis of host
bacteria.
3.2. In Vitro Phage Release and Viability Assay

We examined the release of phage Fulbright from PCL Fulbright electrospun fibers by
submerging the PCL_Fulbright fiber in the phage buffer. We spot tested each of the 10-fold
dilutions from each wash. Our results (Figure 11a) show that most of the phage is released in the
first 2 h, as indicated by the presence of plaques on plates A through J and a lack of plaques on
plate K. However, even with the overnight storage at 4 °C, the phage was still active and lysed the
host bacteria. In the phage viability assay, the number of viable phages released per =2 ¢cm? of
PCL_Fulbright fiber was quantified (Figure 11b). Our results indicate that soaking PCL_Fulbright

nanofiber dressing in the phage buffer for 60 min resulted in the release of +/~2.1 x 10° PFU/mL

infectious particles from the fiber quantified using the standard agar-overlay method.
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Figure 11 . (a) In vitro phage release and (b) phage viability assay. (a) Each (A—K) represents the
spot test of phage buffer after each wash. The spots on each plate represent the 10-fold dilutions
of the phage buffer. (A—J) indicate the release of phage Fulbright from the nanofiber into the
phage buffer. (K) indicates no residual phages in the phage buffer. (L) shows a clear zone around
the washed nanofiber incubated on a lawn of host cells. (b) The graph panel represents the
number of viable phage particles in the viability assay.

3.3. Antimicrobial Assay

The antimicrobial activity of PCL_Fulbright against M. smegmatis was measured at 4 h and
24 h of incubation with 1.5 x 10° CFU/mL of the host bacteria. At 4 h of incubation,
PCL _Fulbright was ineffective at decreasing M. smegmatis concentration (data not shown).
However, after 24 h, there was a significant difference in bacterial concentration between bacterial

control suspension without PCL fiber and PCL_Fulbright (Figure 12). The p values comparing the

control and PCL_Fulbright were p = 0.0049. The percentage of inhibition was 62.93%.
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Figure 12. Antimicrobial activity of PCL_Fulbright against M. smegmatis at 24 h. ns = no
significant difference and ** p value < 0.05

3.4. Cytotoxicity Assays

Our cytotoxicity assay did not show any cytotoxic effect of PCL or PCL Fulbright on the
mouse 3T3 fibroblast cell line (Figure 13). The assay showed average values that did not range
beyond 30% from controls. Per Noguiera (2017); only an alteration under or over 30% in
comparison with controls would be considered cytotoxic or pro-tumorigenic, respectively (5). The
fluorescent microscopy image (Figure 14) of the cells attached to the PCL and PCL_Fulbright
show nuclei with normal phenotype, further supporting that the phage particles in the

PCL_Fulbright do not contribute to the cytotoxicity.
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Figure 13. Cytotoxicity assay against Balbc/3T3 mouse embryo fibroblast cell line. ns = no
significant difference.

Celis + PCL Cells'+ PCL_Fulbright
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Figure 14. Fluorescent microscopy image of PCL dressing with mouse fibroblasts on top of the
wound dressing in black and white (A) with DAPI filter (A1). (B,B1) represent cells on top of
the phage incorporated PCL_Fulbright wound dressing.
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3.5. Thermal and pH Stability of Fulbright

There was no significant change in the infectivity of the phage between 20 and 55 °C.
However, there was a 0.2 log reduction at 60 °C and a 4.3 log reduction in infectivity after 1 h at
65 °C (Figure 15A). At pH 3, there is a 5.69 log reduction in infectivity and with no significant

change in the infectivity between 4 and 9 pH (Figure 15B).

A 1012‘ B 1012,
* - l,’ » .',,_Y

- 10,

£ 1010- , 10

= | E

T8 \ 2 108

a 10%4 -+ Control \ & = Control Phage Stock

+ B60minatTemp | 106 - Treatment samples
v
108

0 10 20 30 40 50 60 70 04—
Temperature (°C) pH
Figure 15. Temperature and pH stability of phage Fulbright.
3.6. SEM Imaging
The average diameter of our nanofiber is ~200 + 96 nm. At 50,000% magnification, we can
clearly see the incorporated phage particle in the PCL Fulbright fiber represented by bright
spherical spots (Figure 16B,C) as indicated by the arrows. We do not see those spots in the PCL
fiber without phage (Figure 16A). We can see the random distribution of phage particles in the
nanofiber core. The interaction between the PCL Fulbright and the bacterial can be clearly seen
in Figure 17. The phage particle was uniformly distributed along the length of the fiber. The
distribution of phage particle on the fiber was measured from a SEM image. We estimated five

phage particles per 500 nm along the fiber distance.
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Figure 16. SEM imaging of PCL and PCL_Fulbright. (A) represents PCL nanofiber. (B) is
PCL_Fulbright with black arrows pointing to the phage particles. (C) is magnified at 100,000x%.
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Figure 17. Interaction between M. smegmatis and PCL_Fulbright nanofiber. Black arrows are
pointing to the bacterial cell attached to the nanofiber.
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3.7. Mechanical Tests
A clear difference of stress vs. strain curves (Figure 18) and mechanical properties (tensile
modulus and strength) calculated from the stress vs. strain results (Table 1) between PCL and

PCL_Fulbright samples was observed. Immobilization of Fulbright reduced the tensile strength

and modulus significantly (p value < 0.05).
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Figure 18. Stress—strain curve of pull-out tension tests showing the difference between the strain
and stress for PCL and PCL_Fulbright cloths.
Table 1. Mechanical test results of PCL and PCL_Fulbright samples. The data are presented as
mean =+ standard of error for sample size, n = 3.

Sample

Number Tensile Strength Tensile Modulus

PCL PCL_Fulbright PCL PCL_Fulbright
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1 5.37 245 9.22 3.74

2 5.47 3.28 13.67 5.48
5.01 2.73 9.58 1.89

Average 5.28 2.82 10.82 3.70
St dev 0.11 0.20 1.17 0.85
p value 0.00 0.02

3.8. Water Absorption Tests

A significantly lower amount of water absorption was observed in the PCL membranes
compared to the PCL_Fulbright membranes (Figure 19). In our previous study using two different
thickness of PCL cloths, we found a negligible water absorption on both PCL cloths. The results

mean that phage Fulbright attachment with the PCL fiber makes PCL fiber more hydrophilic.
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Figure 19. Water absorption of PCL and PCL_Fulbright. Weight percentage difference between
the samples from the initial weight after applying soaking in water for 5 min and air-dried for 30
min. The values of all parameters were reported as mean + SOE (n = 3). * refers p < 0.05 with
respect to PCL.
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4. Discussion - Bacteriophages are highly specific and only infect and kill their host bacteria. This
quality makes them ideal for treating antibiotic-resistant bacterial skin infections, as they can leave
the normal microbiota and human tissues intact. We incorporated a Mycobacteriophage Fulbright
into polycaprolactone (PCL) nanofiber dressing, evaluated its stability in the nanofiber matrix,
phage release from the nanofiber, its antimicrobial effect on host bacteria, and its cytotoxicity
against a mouse fibroblast cell line, Balbc/3T3.

We have evaluated the stability of phage Fulbright in two ways. First, we examined the
stability of the particle in contact with PCL, and second, we also assessed its stability when
incorporated into the PCL nanofiber. Our results show that there is no significant change in the
phage titer when it is in contact with PCL fiber (Figure 10E) for up to 7 days. When the phage is
incorporated into the PCL nanofiber, the ideal storage temperature to retain the phage viability is
—20 °C, as we lost the activity after a week when stored at 4 °C. We were able to detect phage
activity at —20 °C for up to 11 months. Our results agree with published studies by Nogueira (2017)
in terms of PCL being an excellent medium for phage delivery (5). Studies conducted by Koo
(2016) further support the effect of storage temperatures on the infectivity of bacteriophages in
electrospun nanofibers with higher phage activity at —20 °C (148). These observations are also
confirmed by Salhala (2016) and Korehei (2014) (149, 164).

In 2014, Korehei and Kadla (2014) investigated the effects of electrospinning bacteriophage
T4 in poly (ethylene oxide) and cellulose diacetate fibers (164). A rapid release of T4 was observed
once suspended in an aqueous buffer medium. A release of 100% T4 phage occurred within 30
min of immersion due to the high hydrophilicity of PEO. Our in vitro phage release assay
demonstrates that when soaked in phage buffer for about 2 h, an average of 2.11 x 10° PFU/mL of

Fulbright was released per 2 cm? of nanofiber. However, the wound dressing retained its
g p g
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antimicrobial activity indicated by a clear zone on a lawn of host bacteria (Figure 11a, Plate L).
The ability of the wound dressing to maintain a slow and sustained release such as ours may be an
ideal trait for treating infections caused by slow-growing bacteria.

The antimicrobial activity of PCL Fulbright wound dressing in contact with M.
smegmatis culture at 4 h of contact showed no reduction in bacterial concentration. This may be
due to the hydrophobic characteristic of PCL fiber and mycolic acid in the M. smegmatis cell wall.
Previous studies by Yang and Deng demonstrated a reduced adhesion capacity of PCL to bacteria
(166). However, at 24 h, there is a percentage inhibition of 62.93%, indicating that once the phages
are released into the media, the phages lysed the host cells successfully. We tested the cytotoxic
effect of PCL_Fulbright on a mouse fibroblast cell line. Our results indicate that PCL_Fulbright
does not have any cytotoxic effect on cells. The direct contact assay showed an average growth
enhancement of 14.39% in the presence of phage-incorporated wound dressing. Our previous
studies using fibroblasts, osteoblasts, and mesenchymal stem cells with PCL nanofiber also
support this observation (167, 169).

As phage Fulbright is subjected to temperature fluctuations during the production of
PCL_Fulbright nanofiber, we also examined the infectivity of the phage particles at various
temperatures and pHs (Figure 15). The phage particle is infective up to 60 °C, and there is a 4.3-
log reduction at 65 °C. For pH, it appears that highly acidic pH (<3) disrupts the structure of phage
particle. Previous studies have shown that the inability of the phage to form plaques at higher
temperatures, highly acidic, and highly basic environments is due to the denaturation of phage and
host proteins (169). These data are consistent with our previous work with other

Mycobacteriophages in terms of their stability (106, 130, 170, 171).
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The stress vs. strain behavior due to tensile force (Figure 18) of PCL Fulbright fibrous
membranes was compared with that of pure PCL membrane. As shown in Table 1, PCL fibrous
membranes exhibit the higher tensile strength and modulus compared to the values of
PCL_Fulbright. The tensile strength values of PCL (5.28 = 0.11 MPa) were in agreement with the
PCL membranes strength found by Cheng et al. The decrease in mechanical properties due to the
incorporation of bacteriophages in PCL can be justified with the fact that the wt % of PCL in
PCL_Fulbright is less compared to the PCL. The study by Cheng (2018) found that the increase in
PCL concentration in PCL with bacteriophages increased the tensile strength (172).

Since water absorption ability is an important parameter for cell adhesion, water absorption
tests were performed on the nanofibrous mats. The water absorption of PCL Fulbright fibrous
membranes was compared with that of pure PCL membrane. The result indicated that
PCL_Fulbright nanofibers have higher water uptake than PCL nanofibrous mats. The water uptake
of PCL_Fulbright compared to PCL nanofiber structures is due to the hydrophilicity of phage
Fulbright and morphological differences between the two samples. The higher water absorption of
the PCL_Fulbright membrane observed compared to PCL agrees with previous research (173, 174)
where it is reported that the presence of protein and porosity might be mainly responsible for the
difference between total water uptake values of PCL fiber mats.

Presently, there are commercial antimicrobial applications that have limitations, such as
Dermasilk®, which is a silk-based material with Silane quaternary ammonium compounds (Si-
QAC). Padycare® and TheraBond® take advantage of Silver’s antimicrobial properties.
Unfortunately, Si-QAC has been reported to cause bacterial resistance and skin sensitization (5).
Although silver has been heavily used as antimicrobial dressings in managing the wound infections

of patients, there is a lack of knowledge regarding it effects on the normal healing process of the
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body (175). Silver can be toxic to fibroblasts and keratinocytes at high concentrations (176).
Nesporova (2020) concluded that silver dressings should only be used in highly infected wounds,
as sub-toxic levels of silver could induce intracellular ROS production and DNA breaks, affecting
rapidly proliferating cells during the wound-healing process (146).

The limitation of this study is that we did not conduct contact an analysis to measure the
sample groups’ hydrophobicity. Our previous study on contact angle measurement tests on the
various thickness of PCL membranes found that PCL membranes are very hydrophobic (contact
angle values varied between 120 and 150 degrees) (163). The contact angle generally shows a
linear relation to the absorbed water drop volume, independent of the substrate water absorption
rate, drop volume, and contact time (177). This means that a linear decrease in the measured
contact angle can be observed with increasing water absorbed drop volume. We have observed a
5.6 times rise in water absorption value due to the incorporation of phage Fulbright with PCL;
therefore, a decrease in the contact angle value of Fulbright PCL is anticipated. Considering a
linear relationship between water contact angle and absorbed drop volume, we expect that
Fulbright PCL is still regarded as hydrophobic, since the water contact angle above 90 degrees is
considered hydrophobic. Our future study will confirm the hydrophobicity of the Fulbright PCL
sample.

5. Conclusions - This study aims to incorporate Mycobacteriophage Fulbright into a
polycaprolactone (PCL) nanofiber and test its antimicrobial effect against the host bacteria. We
successfully combined PCL’s biocompatibility and enhanced the nanofiber’s antimicrobial
properties against mycobacterial infections by incorporating mycobacteriophages. Our produced
phase PCL nanofiber membranes have the potential for phage therapy trials to treat skin,

bloodstream, urinary tract, and other soft tissues infections.
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CHAPTER 5: FUTURE DIRECTIONS

The future direction of this work is filled with many possibilities. First, the electrospinning
method could be improved by increasing the porosity of the nanofibers. By decreasing the width
of the fiber and production time, there could be more phages loaded in less fiber, increasing the
chance of phage release and contact with host bacteria. Second, this phage incorporated wound
dressing could be tested on animal models. Diabetic patients are typically at risk for suffering
wound infections on their feet that requires treatment that the phage wound dressing can provide.
Because of this, the phage wound dressing could be tested on diabetic mice. To do this, the skin
of the mice is shaved and punctured to form the wound. Then, the bacteria is inoculated into the
wound. After the infection has developed, the phage wound dressing is administered and the
wound healing observed.

Third, because superinfection immunity can occur, it is important that the phage nanofiber
is effective from the point of contact. Therefore incorporating a cocktail of phages that infect one
host could be more effective. A cocktail of phages that infect different strains of bacteria could
also prove useful, because wounds are typically infected by multiple strains of bacteria. Lastly,
since polycaprolactone is biodegradable, another approach could involve hydrogels. To do this,
the PCL dressing layer could be placed on a wound. The bacteriophage is incorporated into the
hydrogel and placed on top of the fiber. The bacteriophage can then pass through the nanofiber
and into the infected wound. This allows the PCL nanofiber to remain and degrade onto the wound,
while the phage incorporated hydrogel can be replaced, minimizing dressing changes and trauma
to the wound site.

In conclusion, the incorporation of bacteriophages in wound dressings can be explored in

a plethora of ways. However, there are some current limitations that we are facing today. Though
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there are several bacteriophages being isolated each day, very few of these phages can infect
human pathogens of interest. Thus, huge efforts must be placed on isolating stable bacteriophages.
Buffers of differing qualities used to store bacteriophages should also be explored to improve the

incorporation of the phage with the fiber.
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CHAPTER 6: CONCLUSIONS

Multi-drug resistant bacteria are a growing concern in society and have led to researchers
seeking alternative treatments. Phage therapy is a promising alternative due to its low cost,
specificity, and effectiveness. In this work, we explored phage therapy in two ways. First, we
successfully characterized the mycobacteriophage Fulbright and determined that it is a suitable
candidate to use for phage therapy due to its stability at a broad range of pH and temperatures. In
the context of Fulbright’s life cycle with its host, M. smegmatis, a latent period of 90 min and rise
period of 90 min was observed, with a plateau at 3 hours. Host range assays showed that Fulbright
has a wide host range, with the capability of infecting M. abscessus at high titer concentrations.
Second, phage incorporated PCL nanofiber was characterized and its efficacy was tested against
host bacteria. Polycaprolactone was chosen as the vehicle for phage delivery due to its elasticity
and biodegradability. After successfully incorporating Fulbright in PCL, PCL_Fulbright was able
to infect M. smegmatis. PCL_Fulbright remained stable when stored at -20°C for up to 11 months.
Lastly, PCL_Fulbright had no cytotoxic or tumorigenic effects against a mouse fibroblast cell line.

In conclusion, this study aimed to highlight the importance of using accepted and suitable
methods for phage characterization and lay the foundation for future phage therapy research. This
project outlined qualities a phage should possess to be used for therapy: stability under a wide
range of environmental conditions and a short (~30-90 min) latent period. Moreover, a phage
incorporated wound dressing should demonstrate efficacy against host bacteria, non-cytotoxic,
non-tumorigenic, and be easily stored at temperature conditions similar to a standard freezer (-
18°C to -20°C). PCL_Fulbright has the potential for phage therapy to treat skin, urinary tract, and

other soft tissue infections without causing side effects to the patient. While this model dressing
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can still be improved, this project has established methods to properly characterize phage

incorporated wound dressings and assess their effectiveness.
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