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Lay Abstract

Antibiotic resistance is rapidly spreading worldwitegding to a substantial loss of lives
each year and imposing aignificant economic burdenBacteriophages, natural
bactericidal viruses, are emerging as a promising solution due to their unique properties.
This thesis focuses on the practical implementation of bacteriophages to addressiceal
challengs linked to antibiotic resistance. | worked on facilitating the process of selecting
phages for personalized phage therapy through detecting -ptetjated release of
bacteria encoded biomoleculdsalso developed phageaded injectable hydrogend
phageconjugaed liquid infusedcoatings to combat bone and implaalated infections.
Moreover, | haveshownthe promise of phage biocontrol beyond biomedagadlication

by demonstratingts effectiveness in restoring heavily biofouledsensor used for

measuring dissolved oxygem criticalwater quality indicatar



Abstract

The primary goal of this research is to engineer solutions facilitating the utilization of
bacteriophages as naturally occurring bactericidal agents for combatting multidrug
resistant (MDR) bacterial infectiorBacteriophages, which are bacterial viruses, represent
selfreplicating antibacterial agents known for their remarkable specificity in targeting
bacterial cells. This specificity standssharpcontrast to the indiscriminate and bread
spectrum actions of many currently employed antimicrobials acvasious sectors
Specificity of bacteriophages is a doublded sword, often requiring largeale phage
hunting and phage biobank screening. This, combined with the lack of a global phage
biobank can significantly limit access to phage therapeutics. | have develogg@d, high
throughputplatform focused on the detection of phagediated adenosine triphosphate
(ATP) release via enzymatisTP bioluminescence assay to identify highly lytic phages
targeting MDR bacterial pathogenk.also used pullulatrehalose sugar mixture to
stabilize the ATP bioluminescence assay components at physiological temperatures. The
sugar mixture also enhanced the desiccation tolerance of the ATP assay comghamgnts
with phage, enabling the creation of@tlusive shelstable tablets. The resulting tablets
proved effectivaessand relialdity in tracking phagenediated bacterial cell lysis, and the
pullulantrehalose encapsulation significantly enhanced both the signal and desiccation
tolerance of the phage and assaynponents.

Next, | developed a Hunctional phage delivering nanoctapsed injectable hydrogel that

can serve as both antibacterial and osteoinductive therapeutic hydrogel for treating bone
and implant associated infections. Tire vitro results for phagéaded injectable
hydrogels confirmed strong antimicrobial action against bacterial biofilms, in both biofilm
prevention and biofilm dispersion challenges. Continuing the phage biomaterials research,
| also cadeveloped a combination phagecollagen conjugatedduid infused coating on
titanium implant that enhanced osteointegration and was remarkably effective against
implantassociated infections as a prophylactic measuwevo. Lastly, and as a proof of

the utility of phage biocontrol beyond biomedical applications, | demonstrated biofilm
removal and full signal regeneration for dissolved oxygen (DO) sensors using a phage

cocktail.
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Chapter 2

Figure 1. Phages classified based on morphology and genetic material (double stranded
DNA: dsDNA, single stranded RNA: ssRNA, and single stranded DNA: ssD{)).

tailed phagegB) icosahedral phage, (C) filamentous ph&ge.............cccovevvevvieeennee. 7

Figure 2. Different phage replication cycle§A) The lytic cycle starts by (1) phage
adsorption, (2) phage genome insertion into bacterial cell, (3) synthesis of new virions
(progeny phages), and 4) bacterial lysis (5) and release of new phage into the surrounding
environment(B) Lysogenic cycle starts with phage adsorption (1) and genome insertion
(2); however, the phage genome is incorporated into the bacterial genome, forming a
prophage (3) that is replicated through the bacterial reproduction cycle (4). The lysogenic
cycle codd be induced to start the lytic cycle which ultimately leads to cell lysis (shown

by the dashed arrow(C) The phage chronic lifestyle starts with phage adsorption (1) and
genome insertion (2). After new virions (progeny phages) are synthesized tinside
bacterial cell (3), they are released without lysing bacterial cells (4). Some chronic phages
can also adopt a lysogenic lifestyle, in which the phage genome is incorporated into the
bacteri al genome f orming a pr ohe thacgral ( 3 Nj)
reproduction cycle (4Nj) wuntil the c¥ronic
Figure 3.Common framework for personalized phage therapy. Antibiotic resistant bacteria
are isolated from the patient, screened through a phage library, and effective phages are
identified. Subsequently, the selected phages are produced in high titers and touiodied

free from endotoxins. In addition, all phages in the library should be lytic without carrying
L)Y (o) oo =T = S PRSP 13

Chapter3

Figure 1. (A) Personalized phage therapy. The first step in personalized phage therapy is
isolation of treatmentesistant bacterial strain from patient (i), followed by employing
slow culturebased, spot test method to screen and select therapeutic phages (ii). We
propose a singhkeablet technology for rapid, higimroughput screening of therapeutic
phages (iii)).(B) Phagemediated ATP release and detection. Phagdiated lysis of
bacterial cell starts when a phage virion encounters the host cell and attaches to specific

Xii



phage receptors (i), this is followed by phage genome insertion into the host bacteria (ii).
This starts a cascade of events leading to hijacking of bacteria replication machinery for
synthesis of new progeny phage(iii), which ultimately leads to hostys#dl (iv), and
release of progeny virions along with a burst of ATP AP reacts with luciferin to form
luciferin adenylate, which is oxidized by the luciferase enzyme in the presence of
magnesium to form oxyluciferin, G@nd adenosine monophosphate (AMP), which results

in light emission(vi). (C) Transmission electron micrographs of P32 (i), JG004 (iii), and
PP7 (v). Plaque formation on Pa lawns created by P32 (ii), JG004 (iv), and PRD)(vi).
Metabolic activity of uninfected and infected (MOI =110 0.1, 0.01, 0.001) Pa cultures
(n=3, mean = SD). All reported values are the mean of three biological replicates and
associated error bars shown as dashed lines represent standard deviation from the mean.

Figure 2.(A) Workflow schematic. Bacterial cultures were infected with phage at different
concentration (i) and incubated at 37°C (ii), at different time intervals, ATP was measured
at room temperature by adding ATP reagent solution which contains luciferin and
luciferase as main components (iii), and bioluminescence signal was measured (iv).
Concentration of ATP was calculated for bioluminescence signal measured from Pa
infected with P32, JG004, and PP7 at different MCB3:MOI = 10, (C) MOI = 1, (D)

MOI = 0.1, (E) MOI = 0.01,(F) MOI = 0.001. All reported values are the mean of three
biological replicates and associated error bars represent standard deviation from the mean.
Significance levels includeP*< 0.05, *P < 0.01, **P < 0.001, and ***f < 0.0001.34

Figure 3. (A) Onepot ATP bioluminescence assay. Workflow schematic (i) which
includes adding all ATP bioluminescence assay reagents (luciferin and luciferin as major
components) and phage, followed by adding bacterial suspension and incubating the plate
at 37°C for eattime measurement of phageluced ATP release. Kinetic ATP
measurement for Pa infected with P32, JG004, and PP7 at MOI = 10 and uninfected Pa (ii).
Time to peak signal for P32 and JG004 at different MOIls (@) Signal at peak for Pa
cultures infected with P32, JG004, and PP7 at different MOIs including (i) MOI=10, (ii)
MOI=1, (iii) MOI=0.1, (iv) MOI=0.01, (v) MOI=0.001. All reported values are the mean

of three biological repliCates...........uuueiiii et 36

Figure 4. (A) Workflow schematic. Bacterial suspensions are added to 96 well plate
containing phages mixed with ATP reagents in sugar mixture. Bioluminescence signal at
peak and assay end point of 6 hours for @2and JG004C) infected Pa cultures in the
presence versus absence of sugar mixture in fresh liquiepain&TP assay.D)
Continuous measurement of bioluminescence signal for Pa infected with P32, JG004, and
PP7 in fresh liquid sugar mix solutiond&) Kinetic measurement of bioluminescence
signal for Pa infected with P32, JG004, and PP7 in reconstitutedi@gleold tabletyF)

Kinetic measurement of bioluminescence signal for Pa infected with P32, JG004, and PP7
in rehydrated phage and enzymes dmetthe absence of sugar polymers showing complete
loss of signal after one week storaffe) Same data as pert F but with a narrowixis

scale, clearly showing the loss of signal. Error bars in B and C graphs show the statistical
analysis based on unpairetest, associated error bars represent standard deviation from
the mean. Significanceuels include *P < 0.05 and **P < 0.01. Dashed line in D, E, and

G show standard deviation from the mean for at least 3 replicates..................... 39

Figure 5. (A) proposed workflow for screening a bacterial isolate against a phage library
using our platform technology, where the phage library is redesigned as solidluaive

Xiii



tablets, each containing phage along with the detection biochemistry. The microtiter plate
can be stored at room temperature, or shipped to point of use and once the need arises to
find phage targets for a bacterial isolate of interest, a drop of baceltiale is added to

each tablet resulting in a bioluminescence signal. (B) The urinary tract infection isolate
C0335 (i) was screened against a wekklibrary of alkinclusive tablets. Bioluminescence
signal was recorded every 5 mins (ii) and the pégtkas is shown after 60 min for each

well (iii), which corresponds to spot tests of representd&ivaeruginosahages (iv). (C)

The arm infection isolate C0072 (i) was screened against aolédékrary of alkinclusive

tablets. Bioluminescence signal was recorded every 5 mins (ii) and the peak signal is shown
after 60 min for each well (iii), which corresponds dpot tests of representati’e
aeruginosgphages (iv). Data points represent results for at least 3 technical repli€htes.

Chapter4

Figure 1. Molecular Structure of Laponite Nanoparticles and the Formation Mechanism of
a Multifunctional Phagéoaded Injectable Hydrogel with Antibacterial Properties. a)
Molecular structure of a single Laponite nanoparticle, composed of tetrahedral and
octahedralayers of lithium magnesium silicates. b) Schematic representation of the self
interaction of Laponite nanoparticles in water, leading to the formation of a "house of
cards" structure at higher concentrations. c) lllustration of the interactions between
Laponite and carboxymethyl cellulose (CMC), involving hydrogen bonds and electrostatic
interactions. d) The application of phagaded LaponiteCMC injectable hydrogels for

the treatment of 0SteomMYyelitiS.!........ccooeiiii e 62

Figure 2. Physical Characterization of NCMC Hydrogel. a) Schematic of phatpaded
injectable hydrogel formation by mixing CMC and NC. b) Image of the physically-cross
linked hydrogel. c) Injectability of the NCMC hydrogel. d) Frestanding hydrogel, e)
Freeze ded hydrogel. f) SEM images of the 2.5%MNB/C hydrogel. g) FTIR spectrum

of CMC, NC,and N&C MC hydrogel . h) Storage-CMGa) and
hydrogels. i) frequency sweep in the range-ab0 Hz at 0.2% strain at 25°C \j)scosity
versus shear rate for 0, 1.5, 2, 2.5%-&lonstant 1%CMC hydrogels at 25°C k) Yield
stress of NGCMC hydrogels at 38°C. |) Recovery test of the hydrogels by applying
consecutive cyclic low (0.2%) and high (500%) strains up to 6 cycles at 38°C....65

Figure 3. In vitro bacterial assays) Transmission electron microscopy (TEM) images of
phages (P32 and JG004) and scanning electron microscopy (SEM) images of P. aeruginosa
(PAOL1).b) Kill curves depicting the effects of individual and binary phage infections on
PAOQOL1 bacterial cells (O§oassay)c) Schematic representation of phdgaded injectable
hydrogel preparation, along with an image illustrating the antibacterial effect of the
hydrogel after being injected onto bacterial lawn. The cleared zone surrounding the injected
hydrogel signifies baetial growth inhibition.d) Schematic illustrating the steps of the
bacterial prevention assay (a prophylactic measa)®&jofilm prevention performance is
analyzed after 24 hours of incubation by measuring CFU cayimepresentative images

of MacConkey agar plates after culturing 100 puL supernatants from each well containing
hydrogel with phage and control no phage hydrageéVletabolic activity of bacterial cells

in both the supernatant and adhered biomass of each well withiwvalPdlate using the

XTT assay.h) The assay protocol for biofilm dispersion CFU counts of biofilm

Xiv



dispersion assay) Representative images of MacConkey agar plates after culturing 100
ML supernatants from each well containing hydrogel with phage and control no phage
hydrogel k) Metabolic activity of bacterial cells in supernatant and adhered biomass using
XTT assay in biofilm dispersion assay. (****p < 0.0001, **p < 0.01, *p < 0.05).....68
Figure 4. In vitro cell culture. a) Indirect cytotoxicity assay conducted after 48 hours of
incubating SaO& cells with extracts of hydrogels immersed in complete media for 5 and
7 days at 37°C in 5% CO2, in comparison to cells grown in fresh complete cell culture
media asa control. None of the hydrogels exhibited any cytotoxic effects on the-83a0S
cell line. b) ALP assay performed after incubating cells with hydrogels for 3 days, revealing
significantly higher levels of ALP induction in cells incubated with hydrogelsnwhe
compared to control cells cultured in complete cell culture media alone. (****p < 0.0001,
*rxn < 0.001, **P < 0.01, *P < 0.05).ccciiiiiiiiiiiiiiieeeeeceeererrrerrerer e e e e e e e s eereneeenee e e 2

Chapter5

Figure 1. Implant Infection Prevention, Device Fabrication, and Wettability. a)
Biofilm formation schemeb) Infection Prevention scheme displaying bacterial cell
repulsion, lubricant penetration, and cell lysis due to bacteriophage infection and
propagation mechanisnc) The surface fabrication process displays the surface's
hydroxylation, mixed silane deposition, and collafgpacteriophage layer addition. Finally,

the coated surfaces are lubricated with a fluorinated lubricant to form ailidusdd layer.

d) Water contact angle between pristine titanium (Ti), Ti after fluorosilanization (FS), and
Ti with the addition of collagen, fluorosilane, and bacteriophages (PR&yee) Water
sliding angle for the coated titanium surfaces, both bare or lubricated with PFPP. Part d)
and e) were analyzed using an ANOVA, n=4 for part d) and n=5 independent samples for
part e). ***' represent a-palue of P < 0.001, and *' represent-ague of P < 0.05...96
Figure 2. In vitro surface testing with mammalian and bacteria cells.a) Image
representation of Sa@&cell population and morphology after-ad&y incubation period.

b) Sa0S2 Cell count after a-8ay incubation period. n=4 independent surface for all
surfacesc) Cell cytotoxicity assay after aday incubation period of SaG@5cells. n=5
independent surfaced) Alkaline phosphatase activity after aldy incubation of Sa03

cells. n=4 independent surfaces n®})Colony Forming Units (CFU) of P. aeruginosa on
the surface of Ti and treated Ti sampl§sPlanktonic CFU of P. aeruginosa left in a
solution containing Ti and treated Ti samples (ngd)Plaque Formig Units (PFU) of
phagecoated samples on the surface and in solution (hg@ptical density growth curve

of PAO1 bacteria with bacteriophages P32, E79 and synergistic combination-B78232
Parts b), c), d), e), and f) ANOVA were analyzed using an ANOVA, and part g) was
analyzed using a studentetst. ****' represent a fwalueof P < 0.0001, *** represent a
p-value of P < 0.001, ** represent avplue of P < 0.01, and *' represent-aglue of P <

0.05, ns denotes a no statistical difference............cccuvvviiieemriiiiiiiiiieee e 100
Figure 3. In vivo Optimization of Bacterial Load for Sepsis Model. Mice were
implanted with a bare titanium surface, and bioluminescent Pl bacteria were
introduced into the subcutaneous cavity with the following concentrations’, 11,

1x1C, 1x1¢*, 1x1C CFU, and PBS as contral) Representative bioluminescent imaging

of female mice with bacteria concentrations 1%C&U for LL and RR and 1x106 CFU
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for mice labeled O, L, and R. Missing mice represent mice that have reached the endpoint.

b) KaplanMeier curve denoting the survival probabilities of each group of nuge.
Bioluminescent signal from mice with different bacterial loai#&\verage weight for male

mice with different bacterial loadg) Average weight for female mice with different

bacterial loads) Average health score was given to mice for their appearance and attitude
during their daily survey, as explained in Table S1, located in the supporting information
section. Note: a score of 3 or lower in either category represanmealise reaching the

endpoint. The '# symbol denotes the number of mice reaching the endpoint at different
times. Part b) was analyzed usingadrog n k t est . o-vatuedof R «€(Q0l.e s ent

Figure 4. In vivo Results for Titanium and Coated Titanium Surfaces.Mice were
implanted with either bare titanium, liquid infused (LIS), or Phiaigcoated surface, and
PAOL1 bacteria was introduced into the subcutaneous cavity at a concentration of 1x108
CFU. a) Representative images of wounds created by the bacteria seven days post
infection.b) Average weight for male and female mice for Ti, LIS, and Pha8egyroups.

c) Average health scores given to mice for their appearance and attitude during their daily
survey, as explained in Table S1, located in the supporting information section. Note: a
score of 3 or lower in either category represented a mouse reaching thénerdjpo
Scanning Electron Microscopy images of excised titanium implants for Ti, LI% tzage

LIS groups.e) KaplanMeier curve denoting the survival probabilities of each group of
mice.f) Colony Forming Units (CFU) found in blood samples of mice at the endpoint. g)
Bacteriophage's Plague Forming Units (PFU) found in blood samples of mice treated with
phageLIS coated implants at the endpoint. Note: the '#' symbol in figuodsibnotes th
number of mice reaching the endpoint at different time points. Part €) was analyzed using
a Logrank test, and part f) was analyzed using an ANOVA ré&presents a-palue of P

< 0.01 and n.s. for no statistical difference.......cccccccveeeiiiiiccce 107

Chapter6

Figure 1. (A) Schematic diagram showing the workflow for artificially fouling the
membranes of DO sensors and subsequent phage treatment. After baseline measurement
with the DO sensor, the membranes were incubated with a PA culture for 4 days to form a
thick bacterial biofilm, then treated with phage overnight before subsequent DO
measurementgB) A simplified diagram of the phage lytic cycle that leads to lysis and
destruction of the bacterial cells comprising the biofilm on the sensor membrane. First,
phage attaches to specific receptors on the bacteria cell surface and injects its genome into
the bacterium, thus taking over the cell reproduction machinery. Hundreds of phage
particles are synthesized and assembled in each bacterium and the bacterium is
subsequently lsed to release the new phages into the environment to infect more bacterial

Figure 2. (A) Amount of PA biofilm grown in a microtiter plate for the duration of one to
four days, quantified as absorbance efotubilized crystal violet stain at 590 nm. Each
data point represents an average of 20 technical replicates (BF¥$EM images of PA
biofilm grown on DO sensor membranes for one, two, three, and four days. White arrows
indicate some of the water channels visible in the matrix stru¢y&chematic of a PA
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biofilm lifecycle: (i) initial attachment of cells to the surface; (ii) lateral spreading of cells
and production of EPS, leading to irreversible attachment; (iii) early development of
biofilm structure; (iv) mature biofilm architecture; (v) dispersiorteis from the biofilm

and continuation Of the CYCIB..........ovveiiiiiii s 133

Figure 3. (A) Fluorescence intensity of biofouled and phage treated membranes for 6 hr
and overnight phage treatments, stained with Hoechst dye and quantified with ImageJ
software. Significant difference in fluorescence intensity was observed between biofouled
and phag treated membranes. Overnight phage treatment resulted in a significantly lower
fluorescence signal, compared to 6 hr treated phage. Significant difference when
comparing biofouled membranes with 6 hr and overnight phage treated membranes (*
P<0.05, ** P<9.001). (B) Fluorescence micrographs of biofouled, -6amd overnight

phage treated membranes. The fluorescence signal does not differentiate between
intracellular and extracellular DNA. (C) SEM images depicting a clean DO sensor
membrane, a biofouled mémane with a 4lay PA biofilm, and a biofouled membrane
subjected to an overnight phage treatment...............cccoovvieeeiii e, 135

Figure 4. (A) DO measurement for clean, biofouled, phage treated, and bleached sensor
membranes in DI wate(B) Response time of DO sensor measured with clean, biofouled,
phage treated and bleached membranes. The data points show the average of three
measurements with each membrane. Experiments were performed in triplicates, and for
each replicate, 2 membranes wased, bringing the total number of membranes used for
each condition to six. Different color shades have been used to differentiate the data points
for each biological replicate. Significant difference when comparing phage treated
membranes with biofoule@nd clean membranes (* P<0.05, ** P<0.01)............... 138

Appendix |

Figure 1. Phages classified based on morphology and genetic material (double stranded
DNA: dsDNA, single stranded RNA: ssRNA, and single stranded DNA: ssD{¥)).

tailed phageqB) icosahedral phage, (C) filamentous phage.............cccovvvvieeee.... 155

Figure 2. Different phage replication cyclegA) The lytic cycle starts by (1) phage
adsorption, (2) phage genome insertion into bacterial cell, (3) synthesis of new virions
(progeny phages), and 4) bacterial lysis (5) and release of new phage into the surrounding
environment(B) Lysogenic cycle starts with phage adsorption (1) and genome insertion
(2); however, the phage genome is incorporated into the bacterial genome, forming a
prophage (3) that is replicated through the bacterial reproduction cycle (4). The lysogenic
cycle codd be induced to start the lytic cycle which ultimately leads to cell lysis (shown
by the dashed arrow()C) The phage chronic lifestyle starts with phage adsorption (1) and
genome insertion (2). After new virions (progeny phages) are synthesized tinside
bacterial cell (3), they are released without lysing bacterial cells (4). Some chronic phages
can also adopt a lysogenic lifestyle, in which the phage genome is incorporated into the

bacteri al genome forming a p r ohe thacgreal ( 3 Nj)
reproduction cycle (4Nj) until the chronic
............................................................................................................................. 157

Figure 3. Overview of areas of application of phages in detection and/or monitoring of
bacterial contamination in water and wastewater. (1) Natural water resources such as rivers
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and lakes and ground water can become contaminated treougbnmental factors such

as heavy rainfalls or flooding awith waste from municipal wastewater, was$tem
industrial plants or factory farms due to treatment deficiencies. Bacteriophages can be used
to monitor the health of natural water resources. (2) Water treatment plants deliver clean
water to houses and industry, the quality of treated drinking wlaterered from water
treatment plants can be monitored using phage. (3) Wastewater from manufacturing plants,
agricultural activities, and households could enter ground water and natural water
resources. Using phages, we can monitor wastewater to catiamaoation at the source.

(4) The efficiency of wastewater treatment process in wastewater treatment plants can be
monitored to prevent the release and spread of pathogenic bacteria through plant effluents.

Figure 4. Phages used as bhwobes in different bioassays and biosens@¥.Phage
infection assays. These assays can use wild type or engineered phage. With wild type
phage, progeny phages (by phage typing or through phage amplification assays) or the
intracellular components released from the bacterial cell during cell lysisecdetected

using different detection platforms. With engineered phage, the expressed reporter gene or
released reporter enzyme is detected using optical, electrochemical, etc. detection
platforms.(B) Phage amplification assay used in conjunction with infedb@sed assays
consists of four steps. (1) Phage is added to sample, and if the target host cell is present,
phage infection occurs. (2) The remaining phages are destroyed before release of progeny
phages by adding a viricide which is then neutrdliZ8) Helper cells (healthy host cells)

are then introduced to the solution to provide the chance for progeny phages to amplify,
(4) which could be simply detected by top agar plaque agSayhage binding assays.
These assays use the process of phage binding (usually without the use of an extra
transduction platform) for bacteria detection. Common approaches are staining phage with
nucleic acid dye (detecting with flow cytometer or microsgapyconjugating phage with
micro/nanoparticles to separategktd host cellscoupled with PCR or optical,
electrochemical detection platforn{B.) Phages cabhe immobilized on a substrate to form

a bioactive surface that can be used as the sensing layer in biosensors. Binding phages to
target host cells causes a change in conductivity, optical properties, or mass. In this case,
the electrical, fluorescent, colmetric, or luminescent signal generated by pHagst

binding or host lysis is transduced using the sensor platform............................. 165

Figure 5. Approaches to improve the limit of the detection of phiageed bioassayf)
Example of enrichment effect on phaggsed colorimetric assay to detéctcoliBL21 in

drinking water. (1) T7 reporter conjugated magnetic beads used for-pieatiated lysis

and r el -gaastasidasefenzyme, which was then detected using a substrate to
produce a colorimetric readout. (2) Image and colorimetric readout forlegmyhich

gives LOD qual to 1DCFU/mL. (3) Photographs and colorimetric readout for samples
containing 10 and 100 CFU/mL @&. coli after enrichment for 8 hours, leading to
decrease the LOD form 4@CFU/mL to 10 CFU/mL. Reprinted with permission from J.
Chen et al®? copy right (2015) American chemical socie§8) Example of phageased
colorimetric and bioluminescence assay combined with filtration and enrichment. (1) 100
mL of water sample is filtered using a filter membrane (47 mm diameter with a 0.22 pm
pore size), (2) the filter was then removed and incubatexh absorbent pad allow further
bacteria growth. (3) Engineered phages were added to infect target baelési@. coli)

to express desired reporter enzymes genetically fused to a protein capable of binding to
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cellulose filter upon release (CMB), that (4) can be detected with a suitable substrate to
provide colorimetric or luminescent signal. Reprinted with permission from T. Hinkley et
al.,>® copy right (2018) Springer Natu(€) Example of filterbased detection d&. coliin
drinking water using engineered phage. (1) 100 mL of water sample is filtered using 0.22
pum cellulose filter to separate the bacteria, (2) the filter is removed and placed on LB
media, and (3) engineered phages (grey) are added to infect targetbeelisrand result

in subsequent release of reporter enzyme NanoLuc (blue) fused to CMB (orange) with
specificity to cellulose that is detected with a luminescence asdayrinted with
permission from T. Hinkley et &l’,copy right (2020) MDPl.........c.ccoveevecvrireeirenene. 170

Appendix Il

Figure 1. Schematic representation of antibacterial coatings a) Schematic
representation of biofilm formation and development. b) Schematic representation of
different antibacterial coating strategies. Figure adapted with permi€iopyright 2019
American ChemiCal SOCIEtY..........ccceiiiiiiiiieeeee e 200

Figure 2. anti-adhesion coatingsai) SEM images of control (Ti) and superhydrophobic
titania nanoflower (NFs) surfaces before bacterial incubation and 24 hours after bacterial
incubation. Bacterial cell adhesion area percentage foaiiy&. aureus andiii) E. coli.

Figure 2a was adapted with permissitdrbi) Schematic representation of chitosan
conjugated liquidnfused coatings on titaniurbii) Crystal violet evaluation d. aureus
biofilm formation.biii) Fluorescent microscopy images of SaP&ell proliferation after
sevenday cell cultures (nuclei: blue; microfilaments: red). Figure 2b was adapted with
permissiorY. ci) Schematic representation of substrate coated with tannic acid and PEG.
cii) Fluorescent images of bacteriahadion forE. coli and S. aureus ciii) Mean
fluorescent intensity values of adherent bacterigEtotoli andS. aureusFigure 2c was
adapted With PErMISSIONS.............cooviei et 207

Figure 3. Bactericidal coatings ai) Schematic representation of silver imbedded in a
polymer coated on Taii) Colony forming units (CFU) assay f&. coliandS. aureus

aiii) Fluorescent live/dead assay of osteoblast cells. Figure 3a was adapted with
permissiort. bi) Schematic representation of vancomycin binded to polymer brush linker.
bii) SEM images ofS. aureuson Ti control and antibiotic coated surfadaiii)
Bioluminescent quantification of live bacteria. Figure 3b was adapted with permiséion.
c)Schematic representati on o fcii Bdcteriophagest er i o
physically or covalently bonded to Tiii) Bacteriophages loaded into polymeraating.

Figure 3c was created in biorender.COML...........ouiiiiiiiiiiieeseeee e 221

Figure 4. In vivo studies for antibacterial coatingsa) Doxycycline coating titanium was
implanted into the tibia of a rabbit model and showed an increased bone formation toward
the titanium screw using a 3D mie@l technique. Figures 4a. were modified with
permissions’ b) Mesoporous polydopamine nanoparticles were loaded with osteogenic
peptide RGD and indocyanine green (ICG) to enhance osseointegration and eradicated
biofilms upon near infrared (NIR) stimulus, respectively. When exposed to NIR, the ICG
in the nanoparties produced photothermal and photodynamic therapies to destroy
biofilms and kill S. aureus with 99.7% efficiency. Scale bar in 5biii. represents 5 pm.
Figures 5b. were modified with permissidfis) Titanium coated with a hyperbranched
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model. Figures 4c. were modified with permissitfs.............cccccoeviiviieeciieennenne, 234

Chapter3i Supplementary Information

Figure S1.Optical density (Olno) or growth curve of PAOL1 infected with P3®)( JG004

(B), and PP7 ). P32 shows a strong performance in prevenktiagterial growth by
decreasing the culture turbidity even at lower MOIs (0.001). JG004 was also able to
suppress the bacterial growth effectively, while PP7 shows week performance which
aggravates by decreasing the initial concentration of phage (lowes)MOIL.............. 50

Figure S2.Schematics of Phage life cyclgs) Lytic life cycle of phage starts with (i)
phage recognition and attachment to bacterial cell receptors, (ii) genome insertion, (iii)
taking control of bacterial replication machinery and producing new virions, and (iv)
release of progeny phages by bacter&ll lysis. (B) In lysogenic life cycle, phage is
adsorbed to cell receptors (i) and inserts its genome inside bacterial cell (ii); however, the
phage genome is incorporated into the bacterial genome, forming a prophage (iii) that is
replicated through the bacterial reguction cycle (iv). The lysogenic cycle could be
induced to start the lytic cycle with environmental triggers such as high temperature and
UV exposure which can ultimately lead to cell lysis (as shown by the dashed d@dw).
Similar toother phage life cycles, the chronic lifestyle (mostly seen in flamentous phages)
starts with recognition and adsorption to bacterial cell receptors (i) and genome insertion
(if). By taking control of bacterial replication machinery, new virions are ggithd inside

the bacterial cell (iii) and are released through budding or extrusion without lysing bacterial
cells (iv). Similar to tailed phages, some chronic phages can also adopt a lysogenic lifestyle,
in which the phage genome is incorporated intdbideterial genome forming a prophage

(i 11 N) and i1is replicated through the bacte
until the chronic cycle is induced by environmental stimuli (shown by the dashed arrow).
............................................................................................................................... 51

Figure S3.ATP background in phage solutions at different stages of purification (A) and
after dilution in cell media (B). The effect of diluting phage samples is comparable to
purifying phage suspensions. Depending on the availability, either diluted steriledfilter
phages in cell media/buffer or purified phages can be used to reduce the effect of the
background bioluminescence signal iINteNSity................oeviviveeeeeieeeeeee 52

Figure S4.Stability of driedPseudomonaghagesA) P32,B) JG004,C) PP7 in ambient
conditions in 10 wt% pullulan + 0.5 M trehalose in comparison with no sugars. Sugar

polymers helped to retain highiefectivity after 30 dayS..........cccceeevvivvviiiiinenneeeeennn. 52
Figure S5.Antibiotic resistance profile of the clinical isolates C0072 and C00335, isolated
form patients with urinary tract and arm infections, respectively.......................... 53

Figure S6.0Optical density assay of C033A)(and C0072R) infected with P32, JG004,

and PP7 at MOI ~ 10 compared to uninfected strains. None of the phages infect C0335,
while C0072 is infected with P32 as turbidity of the culture decreesegpared to
(8] ] (=T o (=0 I O 00 53

Figure S7.Metabolic activity measurement of phage infected and uninfected C8335 (
and C0072 B) at MOI ~ 10. Metabolic activity of phage infected C0335 shows no
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significant changes compared to uninfected cultures, while metabolic activity of C0072
decrease after 2 hours for C0072 infected with P32............cooooiiiiiiieeiii 53
Figure S8 Zoomed in image of the phage library screening, showing a delayed increase
in bioluminescence signal for CO035 infected with JG004 appearing after 2.haut

Chapter4 i Supplementarynformation

Figure S1.DLS and zeta potential measurements............ccccevvvvimemeeeeeeeeeeeeevnnnnnnns 83
Figure S2 SEM images of 1.5% and 2%NC hydrogel formulations...................... 84
Figure S3. Swelling ratio of freeze dried 1.5, 2, 2.5 %NC hydrogels at different time
intervals recorded UP 10 24 NOUIS........oouiiiiiii i 84
Figure S4.Strain sweep at 10Hz for hydrogels containing 1.5, 2, and 2.5% NC at 38°C.
............................................................................................................................... 85
Figure S5.Stress sweep at 10Hz for hydrogels containing 1.5, 2, and 2.5% NC at 38°C.
............................................................................................................................... 85

Figure S6.Kill curves of individual and binary phage cocktails. OD600 assay results of
infecting PAO1 bacterial strain with single P. aeruginosa phages including P32, JG004,
PO4, E79 and PP7 and binary combinations ofR3204, P32P04, P32E79 and P32

PP7, PO4GM®4, PO4E79, PO4PP7, JGOOLP7 and E7®PP7 in comparison to
uninfected PAO1 (gray graph). Dashed line shows standard deviation from the mean of

NT6 SAMPIES. .. .o e e e e e e e e ana e e aaaaaaes 86
Figure S7.Kill curves of P32 and JG004 phages combination at MOls of 10, 1, 0.1, 0.01,
0.001, 0.0001 uSING ODB00 ASSAY......ccevvrrrrrrunnnnnimmmreerrrrrrnnnaaaeeeeeeemamsnnaaaaeeaeas 87

Figure S8.Turbidity measurement of the supernatant in biofilm prevention assay88

Figure S9. Turbidity measurement of the supernatant in biofilm dispersion assay88

Figure S10. Representative images of wells for metabolic activity measurements using
XTT assay. The metabolic activity of adhered biomass and the supernatant solution in each
well was measured for both biofilm dispersion and prevention. Color change in wells
containirg hydrogels after removing the supernatant and adding the XTT reaction solution
to measure the metabolic activity of adhered biofilm after 24 hours treatment with phage
loaded hydrogels in comparison with POA1 and no phage containing hydrogel (A). Color
change correlated to metabolic activity of cells in the supernatant of the wells containing
phage compared to POAL and no phage containing hydrogel after mixing the supernatant
and XTT reaction solution 1:1 volume ratio (B).........c.uuvvriiiiiiiiiieeeiiiiiiiiieiieeeeeeeenn 89

Figure S11. Concentration of phage at the end of biofilm prevention and dispersé®n

Chapter5i Supplementary Information

Figure S1.In Vitro Bacteriophage Screening.a) Screening of bioluminescem.
aeruginosaPAOI-Lux against five strong lytic bacteriophages showing phage activity
from E79 and JG004. b) Screening of fimaluminescenc®. aeruginoséPAO1 against

five strong lytic bacteriophages showing phage activity from P32, P04, PP7, E79 and
JGO004. c) Bacteriophage activity from the treated titanium samples against PAO1 bacteria.
A strong lysis zone can be seen in the presence or absence ofuBR&aht. d) Optical
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density kill curve between PAGux and JG004 bacteriophage. e) Optical density Kill
curve between PAOLux and E79 bacteriophage. f) Optical density kill curve between
PAOI-Lux and combined E#9JG004 bacteriophages. Note: the color legend-&) c
represats the Multiplicity of Infection (MOI) or the ratio between bacteriophage to
bacteria. The color legend is denoted as blatlo phage control, grey MOI=0.0001,
orangei MOI=0.001, magentd MOI=0.01, redi MOI=0.1, bluei MOI=1, greeni
1YL i O PP 124

Figure S2.Ex Vivo Bacteria and Bacteriophage Quantification from Samples Taken

at Endpoint. a) Bacteria Colony forming unit (CFU) from retrieved titanium implants at
the endpoint. b) PAO1 bacteria CFU retrieved from liver samples at the endpoint. ¢c) PAO1
bacteria CFU from retrieved spleen samples at the endpoint. d) Bacteriophage Plaque
forming wits (PFU) from titanium, liver, spleen, and blood samples obtained at the
L= o | o | USRS 125

Figure S3. McConkey Agar Plates from Ex Vivo Titanium Sampl&epresentative
images of McConkey agar plates with bacteria obtained from recovered titanium discs for
untreated Ti, LIScoated Ti, and PhagdS coated Ti. Notably, bacteria colonies obtained
from Phagel|S samples display phage activity, as noted bydyiag colonies in the'®

and F'dilutions. These colonies were lysed entirely within a few days................ 125

Chapter6i Supplementary Information

Figure S1.PA biofilm removal (compared to the qpihage control) in a microtiter plate
after treating a 4lay PA biofilm with single phages or a phage mixture, quantified as
absorbance of reolubilized crystal violet stain at 590 nm. Shown are the data point (the
average of 10 technical replicates) for three independent biological replicates... 147
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List of Abbreviations

AMR: Antimicrobial Resistane

ATP: Adenosine triphosphate

DO: Dissolved Oxygen

LIS: Liquid Infused surface

CMC: carboxymethyl cellulose

DNA: Deoxyribonucleic acid

dsDNA: double stranded DNA: dsDNA
ssDNA: single stranded DNA

RNA: Ribonucleic acid

ssRNA:single stranded DNA

ECM: extracellular matrix
EPS:exopolysaccharides

ARGs antimicrobial resistant genes
EPS: extra cellular polymeric substance
FDA: Food and Drug Administration
PFU: Plaqueforming unit

LPS: lipopolysaccharide

XTT: 2,3bis-(2-methoxy4-nitro-5-sulfophenyl)2H-tetrazolium5-carboxanilide
CCEM: Canadian Center for Electron Microscopy
SEM: Scanning Electron Microscopy
TEM: Transition Electron Microscopy
MOI: multiplicity of infection
P32:vB_PaeThilisi32
PEG:Polyethylene glycol

P. aeruginosa: Pseudomonas aeruginosa
Pa:P. aeruginos@AO1

LB: Luria-Bertani

EOP:Efficiency of plating

CFU: Colonyforming unit

E. coli Escherichia coli

Optical DensityOD

RLU: RelativeLuminescence Unit
ALP: Alkaline phosphatase

AUP: Animal Utilization Protocol

DLS: Dynamic Light Scattering

MDR: multi-drugresistant

UV: Ultraviolet

NC: Laponite nanoclay

FTIR: Fourier transformrifrared

PBS Phosphatéduffered saline

S. aureusStaphylococcus aureus
TSB: Tryptic SoyBroth

G pStorage modulus

G aLoss modulus
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LVE: Linear Viscoelastic

FBS. fetal bovine serum

ABX: Antibiotics

AREB: Animal Research Ethics Board

BIZ: Bacterial inhibition zone

BMP-2: Bone Morphogenetic Protei

BSA: Bovine Serum Albumin

CV: Crystal Violet

CVD: Chemical Vapor Deposition

DI: Deionized

EP: Endpoint

FS:Fluorosilane

GPTMS: 3glycidyloxypropyl)trimethoxysilane
HA: Hydroxyapatite

IAl: Implant associated infection

LPD: Liquid Phase Deposition

MAO: Micro arc oxidation

MIC: Minimum Inhibitory Concentration
MMRI: McMaster Manufacturing Research Institute
MRSA: Methicillin-Resistant Staphylococcus aureus
Lux: Bacterial Luciferase Gene Cassette
PDMS: Polydimethylsiloxane

PFD: Perfluorodecalin
PFOCTSPerfluorooctyl trichlorosilane
PFPP: Perfluoroperhydrophenanthrene
PhageBacteriophage

PS: Polystyrene

RF: Radiofrequency

ROS:radiofrequency

SAM: Self-assembled monolayer

SD: Standard deviation

SLIPS: Slippenfiquid-infused surfaces

SS: Stainless Steel

Ti: Titanium

TPFS: Trichloro(1H,1H,2H,2Hberfluorooctyl)
wt%: Percent weight

w/v%: weight per volume percent

XPS X-ray: Photoelectron Spectroscopy
ZOl: Zone of Inhibition
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Chapter 1: Objectives and outline
1.1 Thesisobjectives

This workaimsto advance engineering strategies for harnessing bacteriophages as natural
antibacterial agents for the treatment and prevention of bacterial infections. Initially, the
thesis emphasizes the creation of comprehensive-bagad tablets containing phagesl
Adenosine triphosphatéATP) bioluminescence assay reagents, expediting the phage
selection process for tailored bacterial eradication in personalized phage therapy
Subsequently, two distinct methodologies were explored to harnesseén¢igdaf phages

in addressing bone and implerelated infections. Firstly, nanockbased phagkaded
injectable hydrogels were developed, offering dual functionality in treating and preventing
infections while simultaneously promoting bone formatiarthe second approach, phage
conjugated liquidnfused coatings were engineered for orthopedic implants, providing
protection against bacterial infection and biofilm formation through the synergistic effects
of antradhesioriquid-infused coatings and the antibacterial properties of ph&gesly,

the study also explored the potential of phages in addressing biofouling in marine
environments. This was demonstrated by the successful use of phage treatments to restore
heavily biofouled Dissolved Oxygd®O) sensors. These findings highlight the versatility

of phage biocontralvhich be expanded to a wide range of applications.

This thesis follows a "sandwich" format, comprising six chapters. Chaptetublesthe
objectives and outline, and Chapter 2 providesntroduction to the conducted research
Chapters3 to 6 comprise journal articles, which have either been published, submitted for
publication, or are in the process of being prepared for submission. Chapteains the
concluding remarkand future directionsdAppendix | includes a firsauthor review paper
depicting the potential of phagedesigningdetection tod forenvironmental monitoring.
Appendix Il comprisesa seconeauthor review paper focusing on strategies to prevent

bacterial infection and biofilm formation on Titanium orthopedic implants.
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Following objectives have been pursued in this thesis:

1. Expediting the phage selection process with the creation of innovativelsasgst
phageATP bioluminescence assay tablets.

2. Introducing phagdoaded osteoinductive injectable hydrogels to combat bone and
implantrelated infections.

3. Developing phageonjugated liquidnfused surface (LIS) coatings for the
prevention of biofouling on orthopedic implants, leveraging both phage bactericidal
properties and LIS repellency.

4. Extending the antimicrobial potential of phages from the biomedical sector to

address biofouling challenges in marine environments.

1.2 Thesis outline

Chapter 1i Thesis outline and Objectives

This chapter explains the objectives of the projects and a brief overview of research
conducted in eackubsequenthapter.

Chapter2i Introduction

This chapteprovidesa concise overview of bacteriophages, delving into their distinctive
characteristidor biocontrol and human therapeutics. Additionally, it explores the hurdles

inherent in their application arptovidespotential solutions

Chapter 3 - High throughput platform technology for rapid target identification in

personalized phage therapy.

The phage selection process is a critical aspect of phage therapy, necessitated by the high
specificity of phages in targeting bacterial cedenosine triphosphate (ATP) serves as a
universal energy source found in all living cells, including bacteria, and can be readily
detected via a bioluminescence reaction in the presence of luciferin and luciferase enzymes.

ATP offers a direct means of @eting lytic phages through phagediated cell lysisin
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this work, westabilizedall the components dhe ATP bioluminescence assaglongside
each phage, within a suglhased matrixSugarsserve to preverthermainactivationand
desiccation tolerancaf enzymes anghage The allinclusive desiccated tabletan also
facilitatethe storage and global transport of phages.

Chapter4 i Phageloaded Injectable hydrogel for treating bone and implant associated

infection

Injectable hydrogels are promising biomaterials for drug delivery, tissue engineering, and
wound healing applications owing to their minimally invasive administration, matching
irregulardefectsanddeliveringcargo molecules such as growth factors, chemokines, and
therapeutiadrugs Here, we propose developing multifunctional phbageled injectable
hydrogels based on physical créisgking of laponite nanoclay and carboxymethyl
cellulose (CMC).This dual capability makes them promising candidates foreadihg

bone and implantelated infectionsvhile simultaneously promoting bone formation

Chapter5 i PhageConjugated Liguidnfused Implants Prevent Mortality Against an

ImplantAssociatednfection in a Mouse Mode

In this context, we propose a synergistic approactomyugatingohageandcollageninto

a liquid-infused coating to deliver dual antibacterial functionality. This approach leverages
the bacterial cell lysis capabilities of phages while harnessing the surface repellency of the
liquid-infused coating to prevent bacterial attachment and caitorzon the surface of
orthopedic implantsThese surfaces demonstrated promising results inibeitro andin

vivo mouse models

Chapter6 i Regenerating Heavily Biofouled Dissolved Oxygen Sensors using Bacterial

Viruses

We have shown the effectiveness of lytic bacteriophages, or bacterial viruses, as a non
invasive approach to remove bacterial biofilms from theppmeable membrane of
electrochemical dissolved oxygen sensors. Our findings reveal-aomepiete restorain

and signal recovery for the dissolved oxygen sensor, enabling the reuse of the biofouled
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sensor without the need for harsh chemicals that could damage the delicate sensor

membrane

Chapter7 i Conclusions and FuturBirection

This chaptemprovidesconcluding remarks by summarizing the primary contributions of
this thesis and outlining areas for future research

Appendix i Bacteriophages as Engineering Nano Tools for Monitoring and Detection of

Pathogen in Water and Wastewater

In Appendix | we explore the use of bacteriophages as a unique tool for developing
detection and monitoring systems for environmental applications, with a specific focus on
detecting pathogens in water and wastewater. Bacteriophages have garnered significant
attention n the biomedical sector, but they remain relatively unknown to researchers in
other fields. The information presented in this chapter provides valuable insights for a
diverse audience interested in creating detection and monitoring metlabdsvblve the

application of phages.

Appendix Ili Strategies to Prevent Bacterial Infections on TitarBASED Orthopedic

and Dental Implants

In Appendix I, we explored antibacterial strategies to prevent biofilm formation on
titaniumbased orthopedic and dental implants. These strategies fall into two main
categories: antadhesion and bactericidal coatings, both aimed at combating biofouling and
bacterial infections. We discussed various techniques for surface modificatiuding
chemical and physical methods, as well as polybased coatings, to create surfaces that
resist bacterial adhesion and colonizatibarthermore, we investigated the incorporation

of different bactericidal agents, such as metallic coatings (&g.,Zinc, copper),
antibiotics, bactericidal chemicals, polymers, and bacteriophages, into coating strategies

designed to eliminate bacteria, reduce bacterial load, and decrease virulence
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Chapter 2: Introduction

Preface This chapter provides a concise background information regarding the global
antibiotic resistance crisis, followed by introducing bacteriophages as natural bactericidal
agents antheir potential role in combating multidrirgsistant bacterial pathogetisalso
introduces the utilization of phages for biocontrol and human therapeutics (phage therapy),
discusses the challenges associated with their use, and explores potential solutions.

| have published a review paper on the use of phage in biosedgipgndix I). For
information regarding applications of phage for bone and implant associated infections

please refer tthe review paper idppendixll, A s &c3.i olmact eri ophages:¢

Citations:

1. Bayat, F., Didar, T. F. & Hosseinidoust, Z. Emerging investigator series:
bacteriophages as nano engineering tools for quality monitoring and pathogen
detection in water and wastewater. Environ. Sci. Nano 8,3897021).

- Contribution: | performed the literature review and wrote the original draft. The
manuscript was revised and approved by Dr. Hosseinidoust and Dr. Didar.

- Significance: This paper was selected for the Journal cover in recognition of the
guality and significance of our research.

- Parts of this review paper has been reproduced and cited in this chapter.

2. Villegas M, Bayat F, Kramer T, Schwarz E, Wilson D, Hosseinidoust Z, et al.
Strategies to Prevent Bacterial Infections on TitanBesed Orthopedic and Dental
Implants. ChemRxiv. Cambridge: Cambridge Open Eng2@23 This content is
a preprint and has not been peer reviewed.

- Contribution: | contributed t€ollecing relevant research papers, artickesd other
sources, figure design, and writingNotably, | authored the entire "3.3.

Bacteriophages" section.
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2.1 Antimicrobial resistance, a globalchallenge

In the early 20 century Alexander Flemingliscoveredhe first antibiotic, penicillin, when

mold of Penicillium notatum clearegtaphylococcus aure(S. aureusfrom his plateIn

1943, penicillin became the first publicly available antibiotic, saving millions of lives
during the second world warThe advancements that had paved the way to
commercializatiorof penicillin,led to therapid discovery of novel antibioticer the next

few decades.Despite the initial effectiveness of antibioticsreruse and misuse of these
medications led to emergence and spread of antibiotic resistance and once again bacterial
infections became lifghreatening.In 2019, a comprehensive analysis revealed that
approximately 4.95 million deaths weassociated witklrugresistanbacterialinfections,

with 1.27 million directly attributable tbacterialAntimicrobial Resistance (AMR). The
Centers for Disease Control hakentified six primary pathogens responsiblar fleath

linked withthe AMR burdenncludingEscherichia coli, Staphylococcus aureus, Klebsiella
pneumoniae, Streptococcus pneumoniae, Acinetobacter baumandiPseudomonas
aeruginosa Despite the critical situation where more and more bacterial pathogens are
developing resistance towards antibiotics, the discovery of new antilliasbscomerery

slow and extremely costlgiuring the past few decaddse to various scientific, economic

and regulatory obstacles amas not been able keep up with théigh ratesof antibacterial
resistanc&mergence and spreitiDiscovery of new antibiotics takes more than 10 years
and the overall cost exceeds $1 billfo@onsidering all the abov@entioned hurdles to
discover new antibiotics, researchers have been investigating alternative options to fight
against the ongoing lifthreatening bacterial AMR. Among different approaches to address
the continuing crisis of AR, natural bacteria targeting viruses, known as bacteriophages
(or phage for short), have garnered considerable attention recently. The application of these
bacteria targeting viruses as natural antibacterial agents to address the global challenge of

bacteial AMR will be discussed in more detail throughout this chapter.

2.2 Bacteriophages, natural bactericidal agents

The alarming rates of antibiotic resistance spread around the evarédagairhas turned
bacterial infections into a major challentgading to increased ratesinfectiontreatment

6
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failures>® Bacteriophagesalso known aghages for short, are bacterial viruses which
have been around as antibacterial agents to treat bacterial infections for almost 100 years.
With increased prevalence of chronic bacterial infections due to spread of antimicrobial
resistance as a global thtgphages have regained attention after being overshadowed for

a long time by ant i1 These bacteria tardetirg vimsesareythei n
most abundant entities on the planet with a population 10 times larger than the bacterial
population, meaning we have a ready to mine resource in the nature to select suitable phages
for various application$1°So far, a diverse spectrum of phages with different morphology
and genetic material (DNA or RNA) from varioiasnilies and genera have beadantified.
Phagesare mainly categorized by the nature of their nucleic acid (genetic material) and
capsid morphologyfigure 1 shows a few different familiesf phagesTwo of themost
extensively researched groups of phagedude tailed phages, like T4 and T7, and

filamentous phages, such as M3

A)

Myoviridae (P1) Myoviridae (T4)
dsDNA dsDNA

Siphoviridae (A}  Podoviridae (T7)

dsDNA

!

dsDNA

B)

Tectiviridae (PRD1) Corticoviridae (PM2)
dsDNA dsDNA

leviviridiae (MS2)
SSRNA

Q)

Inoviridae (M13)

ssDNA

Figure 1. Phages classified based on morphology and genetic material (double stranded
DNA: dsDNA, single stranded RNA: ssRNA, and single stranded DNA: ssONMailed

phages(B) icosahedral phage, (C) filamentous ph&ge.

1
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Phages, similar to other viruses, are parasites which can replicate by hijacking the bacterial
replications machinery by injecting their genetic material into bacteria. The overall process
of phage infection includes adsorption, infection, and releasgeRhgection can lead to

the formation and release of new virions, called progeny phages, in a process called lytic
life cycle. These phages are called lytic or virulent phages, are the most favorable options
for applications of phage in biocontrol appticas for offering immediate bactericidal
actions. On the other hand, lysogenic or temperate phage infections can result in either
inserting the phage's genome into the bacterial host chromosome, forming what is known
as a prophage, remaining in a dormstate until environmental triggers induce it to enter

the lytic cycle.Although release of progeny phages leads to bacterial cell death in most
cases, the release of progeny phages from filamentous phages occurs without causing any
major disruption to thebacterial cell wall, and this generally nbactericidal phage
infection is called chronic infection/cyclé&igure 2 presents different steps of phage

infection for each of the describes life cyclés.
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Figure 2. Different phage replication cycleg¢A) The lytic cycle starts by (1) phage
adsorption, (2) phage genome insertion into bacterial cell, (3) synthesis of new virions
(progeny phages), and 4) bacterial lysis (5) and release of new phage into the surrounding
environment(B) Lysogenic cycle starts with phage adsorption (1) and genome insertion
(2); however, the phage genome is incorporated into the bacterial genome, forming a
prophage (3) that is replicated through the bacterial reproduction cycle (4). dgeriis

cycle could be induced to start the lytic cycle which ultimately leads to cell lysis (shown

by the dashed arrom)C) The phage chronic lifestyle starts with phage adsorption (1) and
genome insertion (2). After new virions (progeny phages) are synthesized inside the
bacterial cell (3), they are released without lysing bacterial cells (4). Some chronic phages
can also addpa lysogenic lifestyle, in which the phage genome is incorporated into the
bacteri al genome f or mi ng ted thrpugho then bagterial ( 3 Nj)
reproduction cycle (4Nj) until the chHhronic
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2.3 Bacteriophage applications for biocontrol and human therapy

There is a direct relationship between the use of antimicrobials and the AMR spread.
Antibiotics used in healthcare settings)imal husbandry, agriculture, aquaculture, and
waste from industrial and domestic activities find their ways to the environment easily, and
exacerbate the crisis of AMR worldwide!®® Besides, in many natural or artificial
environments, bacterial species form complex and irreversible assemblies called biofilms,
to protect themselves against the surrounding hazards and to survive in diverse
environments* Biofilms are aggregates of bacterial cells embedded in gpsmiuced
polymeric extracellular matrix (ECM) composed of exopolysaccharides (EPS),
extracellular DNA and proteif It has been reported that biofilms show 10 to 1,000 times
more resistance to antimicrobial treatments compared to planktonic baateri@re
extremely hard to eradicate. They could also perform as environmental reservoir of
antimicrobial resistant genes (ARG#&}°The ability to control and eradicate opportunistic
microorganisms is also important for a large number of industti€sFor instance,
microbial control in water is of great importance not only to prevent infectious disease
transmission through contaminated water, but also to reduce the biofouling in water and
wastewater treatment plants which leads to infrastructure camrasd water filtration

me mbr an e s 0 .2%Rlant diseaseccauised by pathogenic microorganisms, including
more than 200 plant pathogenic bacteria, leads to 10% loss in global food praéuction
Phages as bacteria targeting viruses naturalantibacterial agentsSince the risk of
antibiotic resistant bacteria as a global menace has raised, phages have regained attention
globally to target bacterial pathogens in different settih@s. date, he antibacterial
potential of phages has been harnessed in diverse applications, spanning from human,
livestock, and poultry therapeutics to the biocontrol of pathogenic bacteria in food,

agriculture, aquaculture, water, and wastew#tét2°

2.3.1 Characteristics of bacteriophages

Phages have distinctive characteristics that set them apart from other antibacterial agents in
the treatment of bacterial infections. Apart from their abundance and extensive diversity,
phages are regarded as selftaining antibacterial agents. Thibésause their population

can increase exponentially by infecting the target pathogen and replicatitg by taking

10
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advantage of bacterial reproduction machirférifhey also offer high specificity in
attacking bacterial species which helps protect the human microflora by selectively
targeting troublesome bacteffan contrast, antibiotics hawebroader spectrum, affecting

a wider range of bacterial cekradicating both detrimental and beneficial bacteria and
subsequently disturbing the balance of human microbiota. The imbalanced microbiota has
been known to cause detrimental health conditions including gastrointestinal diseases,
obesity, cancer, etc. ddlitionally, there are also some reports of direct toxic effects of
antibiotics on host cells and tisstfeOn the other hand, phages are safe and well tolerated
as they are actually an important part of the microbiome and colonize different parts of
human body, such as skin, oral cavity, gut, urinary tract and §iRjsages exclusively
target bacterial celland to date there has been no report of mammalian cell infection by
phage. Furthermore, serioagverse events following phatieerapy have been reported to

be nonexistent or extremely raf@3'However, it is worth mentioning that the interactions

of phage and human host is very complicated, not comprehensively understood by
researchers and needs further exploraffdn.addition to the previously mentioned traits,
certain phages have been documented as potent biofilm eradicators. They achieve this by
generating endolysins and extracellular polymeric substance (EPS) depolymerases, which
can disrupt the structural matrof the biofilm. This disruption creates the potential to
penetrate the biofilm's inner layers, ultimately enabling the elimination of concealed
bacteria®

2.3.2 History and principles of phage therapy

Phage therapy was initially introduced in 1900s and is defined as the use phages, bacteria
targeting viruses, to fight against pathogenic bacteria responsible for infectious
disease$**F ® 1 i x dvasHh® firgt $ciergist who used phages as therapeutics to treat
children with severe dysentery (a gastrointestinal disease) in 1919, 20 years before the first
clinical use of antibioticd® During the 1930s and early 1940s, phage therapeutics were
being commercialized. d'Herelle started producing five phage therapeutic products in Paris
at L'Oreal, while Eli Lilly Company in the United States attempted to produce seven phage
therapeutic prepations. Unfortunately, the latter effort encountered substantial technical

difficulties and was ultimately discontinued, largely due to the increasing use of antibiotic

11
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drugs!® Although the utilization of phage for treating bacterial infection was eclipsed in
most parts of the world after the discovery and widespread use of antibiotics in the 1940s,
it continued to persist in the Soviet Union and Eastern Europe in countrieassBatand

and Georgia till today? The revival of interest in phage therapy in the Western world can
be attributed to controlled animal studies published in Engdisguage scientific literature
during the 198QsIn recent yearsWestern European countries, including Belgium and
France have approved thimerapeutic applicationsf phage In the United States, various
organizations are in the process of developing phage therapeutics for clinical use, awaiting
approval from the US Food and Drug AdministrattdRecent FDAapproved "expanded
access" experimental phage treatmenften referred to as compassionate tmeseverely

il human patients afflicted by antibiotiesistant bacterial infectionkave attracted
substantial attentioff

There are two primary approaches to implementing pttegyapy: standardized (general)
and personalized phage therapy standardized phage therapg phageformula
comprising a mix of different phages (e.g., phage cocktaievelopedhat can address

the need of a larger population of people infected with a specific bact@rhisnapproach

is not restricted to a specific straif bacteria®® Consideing the fact thamost patients

have different microbiomes, and each infection could be different from the other, this
approach may not apply to most cadd®e other treatment approach that has been shown
to be more effective is callgmbrsonalized phage therapywhichthe phage formula (single

or a cocktail of phages) @esignedo targetthe patient's specifinfection® For decades,
phage therapy centers like the ones at the Eliava Institute in Thilisi, Georgia, and in
Wroclaw, Poland, have implemented a personalized approach to phage therapy. This
individualized approach is now also being embraced in the United Statagyhh

organizations like Adaptive Phage Therapeutics!inc.

Although there are many benefits associated with high specificity of bacteriophage, this
trait addscomplexity to theprocessof selecting appropriate phages for therapeutic
applications The commonstepsinvolved in personalized phage therapye shown in
Figure 3. First,the resistanbacterial pathogen is identified and isolated from the patient
in the hospital. Afterwards, the related phage library is screened to find the suitable

12
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phage/phagew attack the target pathogéhis worth mentioning thahis process requires
high levels of collaboration and communications betwesearch institutes, industry and
army research centerasthere isstill no universalpublic phage librariegand different
groups of phage researchers héweir own local libraies® The selected phage then
propagated, purified and sterilized based on FDA guidelitephagentended to be used

as therapeuticshould have some specificatiogisch as being strictly lytitiaving no sign

of toxic genes or virulence factors, low levels of chloroform, cesium (left from phage
purification step), etc. Finally, the phagepbiage cocktail isent to its destination for being
administered properly (topical, intravenous, transnasal, and riie treatmentresults

are not satisfactorfurther steps may involve additional phage isolation or phage training
(i.e., phage evolution and selectiodgsigning phage cocktails and phage and antibiotic
combinatory treatmentThroughout the treatment process, it is essential to maintain
ongoing vigilance for the emergence of resistant bacterial isolates and any interference with

the host's response to treatm®nt.

Isolation and o '
dof identification of — Fa!‘llf]ftieb'i"gﬁg:ﬁgpglonal
Trggm:)em < | Yes bacteria py

f |
|

= - g_l
! v

Adminstration of Preparation of effective
phage/phage cocktail | «—| Phages (high purity and
or phage + antibiotic titer, no toxic genes)

Figure 3. Common framework for personalized phage therapy. Antibiotic resistant bacteria
are isolated from the patient, screened through a phage library, and effective phages are
identified. Subsequently, the selected phages are produced in high titers and foubiéed

free from endotoxins. In addition, all phages in the library should be lytic without carrying
any toxic genes.

testing (Phage library

Phage susceptibility
screening)
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2.3.3 Different methods for phage susceptibility testing

Due to high specificity of bacteriophages to bacterial species and even particulay strains
customizing therapeutic phage cocktails for each patient to target the bacterial strains
responsible for infection has been shown to be more effective than standardized phage
cocktails*! For therapeutic applications, strictly lytic bacteriophages are needed to lyse and
destroy the bacterial cell§he use of lysogenic phages is not recommended for therapeutic
applications dugheir lack of immediate bactericidal effects and their potential involvement

in horizontal transfer ofintibiotic resistance genemd spread of virulence factdrs®

There are also a few characteristics of phages that can be considered to maximize the
therapeutic action of phage including high concentration of phage (known as phage titer),
shorter latent periodi{e duration from phage attachmentétease of progeny phages),
large burst size (number of released phages per lytic cycle), and high stability for long term

storage*

Plaque assay is the conventional and commonly used metkadrwerate bacteriophage.

In this methos, mixtures of phages and their corresponding bacterial host cells are mixed
with molten soft agar and poured onto a nutrigctt agar layer that supports bacterial
growth. After overnight incubation (or longer for specific bacteria), théebaccontinue

to grow until they reach the stationary phase, creating a continuous, opaque layer often
referred to as a bacterial lawim areas where phages are present, the progeny phages
released from phage infecting the nearby bacteria will creat@ee abservable by naked

eye, commonly referred to as a "plaque,” within the otherwise continuous bacterial lawn.
These plaques are quantified, and the concentration or titer of phages is typically expressed
as the number of plagdferming units per millilter (PFU/mL)*“® Aside from phage
concentration,ite morplology and plaque shapean provideadditionalinformation about
phagevirulency.

There are various methods available for identifying the target phages to infect bacteria
These methods can leoadly classified into two categories: sesolid medium assays

and liquid assay¥ Spot test is the most commerample of serssolid medium method
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in which small volume droplets of phage are spotted over bacterial lawn and incubated for
extended periods at a temperature suitable for bacteria growth. Although spot test is the
gold standard method used in microbiology to identify phage infection, titmis-
consuming, inefficient, and labamtensive. However, it is still commonly used as an initial
step of identifying target phages in the first round of phage library screéigogl assays

to monitor bacteria lysis as a result of phage infectiomudetracking the bacteria culture
turbidity (optical density) as a result of phage Kfiandbacterial cellular respiratictf

These methods provide the opportunity to monitor the bacterial growth kinetic under phage
predation and detect the long term efficacy of phage action, and pick up any secondary rise
of a phage resistance mutarfthe main hurdle of monitoring optical density of a bacteria
culture is that bacteria cell debriaggregates and clumps of lysates contribute to
turbidity of the culture and affect the results negativiiyaddition, it cannot differentiate
between dead and viable bactéfi®©n the other hand, tracking the metabolic activity of
bacteria under phage attack is not sensitive to aggregation and cell debris. In this method,
a color change based on reduction of a resEnsitive dye, such as tetrazolium, as result

of bacterial celllar respiration is monitored. The drawbacks of this method are the
irreversibility of the tetrazolium dye, which may not be able to detect lysis after growth,
requiring additional compounds, and might be limited to aerobic batéfiowever, a
drawback ofgrowth kinetic monitoring using the aboewgentionedliquid assayss that

scaling up demands costly equipment, such as multiple-thigighput robotic plate
readerd? In addition to these approaches, detecting the enzymes released as a result of
phagemediated cell lysis such as adenylate kinase, adenosine triphosphate (AG+P), or
galactosidaséave been reported f&. coli phages, mainly for biosensing purposes and

not phage library screenifg?®

2.3.4 Challenges of using phage for biocontrol and human therapeutics

Despite many cases with successful treatment outcoimesytilization of phages for
biocontrol and therapeutic purposes is not without its challefigyesregulatory approval
process for phage therapgs beercomplex and timeonsumingdue to the diversity of

phages and phage cocktails;emlution of phage and its bacterial host, and complicated
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in vivo behavior.The absence of wetlontrolled clinical trial data and the presence of
intricate regulatory frameworks have leEdcompassionate use on a cégecase basifor
patients without a better treatment optf8riLarge scale manufacturing of high purity
phages (e.g. endotoxin <0.5 EU/ml for subcutaneous injections) under current good
manufacturing practice might be challenging as Welsome additional challenges

associated with phage theragdpng with some potential solutioase detailed below.

Limited spectrum of activityhigh specificity) As discussed in sectioR.3.2 high
specificity of phages can limit their spectrum of activity to infecting a single strain of a
specific bacterial specie$o expand the range of phage activity, it is possible to design
phage cocktails capable of infecting different strains of the same bacterial species or even
multiple bacterial specie$ Another common approach to tackle this challenge is
personalized phage therapy, wherein phages or phage cocktails are carefully selected based
on the specific infection of a patient through the screening of phage librhriiss
noteworthy that certain phages exhibit the ability to infect multiple species or genera
(polyvalent phages), whereas many phages exhibit specificity towards a single strain or a

limited number of strains within a bacterial specfes

Phage activity is dependent on bacterial growth ra#eother critical factor to take into
account is the bacterial growth rage it can significantly impact the efficiency of phage
infectivity. Phages are essentially bacterial parasitesiy replication depends on the
bacterial replication machinenAs a result, theeffectiveness of phage may differ in
logarithmic and stationary growth phase of bacteria. It is recommended to examine the
phage infectivity in both logarithmic and stationary stated, ideally, select phages that

demonstrate effective performance in both stages of bacterial gtfowth

Phage resistanceOne of the main hurdles of phage theraphésdevelopment of bacterial
resistance to phagés Utilizing a phage cocktail not only expands the range of phage
infectivity but alsoactsas apotentialpreventive measure against the emergence of phage
resistanceBy having phages targeting different bacterial receptors, and having counter
defense mechanisms towards phage resistdmephage cocktail can effectively overcome
or bypass the defense mechanisms employed by the target bdcEa@h phage can
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employ slightlydifferentinfection mechanisms ands a result, &cteriamay face amajor
challenge when attempting fwreventall the infection strategies employed bifferent
phages. Additionally, phagesten bind to crucial surface proteins as receptd?bages

carry binding proteins that identify and adhere to sites on the exterior of a bacterial cell.
They camattach to bacterial structures like pili, flagella, porins, or efflux pumps. There have
also been reports of phages binding to particular sugar compondiptspiolysaccharide
(LPS).2 The mutation or loss of these receptors may prevent phage attachment but can
impose a fitness cost on the bacteriand they might experienceraduced fithessa
reduction in the expression of that virulence factord increased vulnerability to the
immune systemvhenthey develop resistance to phag€$his selective pressure against
virulence factors can have several beneficial effects. For example, some virulence factors,
like capsules, offer a degree of resistance to antibiotics, and hinder phagocytosis by
macrophage$ Moreover selection against other virulence factors that can act as phage
receptors, such as adhesins, pili, or secretion systems, may prevent bacterial attachment and
the invasion of epithelial cells. Similarly, phages that use an antibiotic efflux pump for
infection can drive a reduction in the expression of the efflux pump, making the bacteria
more susceptible to antibiotics that were previously being pumpédbig.leads us to the
alternative approach for addressing phage resistance, which involves employing a
combination therapy using both phages and antibiotics simultanédushselected
carefully, phage treatment of antibiotresistant bacteria can potentially restore their

sensitivity to the antibiotithrough abovenentioned mechanismi$

Phage neutralizationAnother challenge in the effective implementation of phage therapy
is the risk of neutralization or elimination within tie vivo environment, attributed to
factors such as extreme pH or immune respofisesages can be delivered to infection
site either in saline/buffdsased solutions, orimmobilized/encapsulated into
nano/biomaterials. While the latter is less common, incorporating biomaterials could
provide opportunities for developing multifunctional biomaterials that can serve for more
than just bactericidal purposes. There are a rahpgomaterials and coatings that can be
combined with phage as natural bactericidal agent to offer additional functionalities

attributed to the implemented bio/nanomaterial./Bamo materials could offer unique
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properties including promoting cell proliferation/adhesion, osteoinductive properties,
hemostatic effects, controlled release profile, etc. Phages can be immobilized onto the
surface of medical devices such as grafts and implants using physical or chemical
immobilization techniques. Different types of nasomaterials in various shapes and
forms including hydrogels, nanoparticles, nanovesicles, nanofibers, etc. can be used to
encapsulate/immobilize phagé>® These methods can retain the phage for longer at the
site of infection by increasing its stability by protecting it against harsh pH conditions,

enzymatic and immune system neutralization and cleafance.

Complicated pharmacokineticsThere are significant complexities associated with
pharmacokinetics (how the body processes phagil®ing phage therapy to combat
bacterial infections in both animals and humdrisarmacokinetic obstacles are internal
factors that impede a drug's ability to reach and sustain effective concentrations in specific
target tissues for a sufficient duration. These obstacles are traditionally categorized into
absorption (entry into the dbdstream), distribution (movement into ieais body tissues

from the bloodstream), excretion (drug removal from the body), and metabolism
(inactivation of drugs within the body). "Phage clearance,"” a collective term for excretion
and metabolism, can present a significant challenge in the corftgtiage therapy.
Shortcomings in phagabsorption dispersion, or overly rapid elimination or deactivation

can impede the effectiveness of phage the?&pyprphagego act as effective antibacterial
agents, they must first reach the target bacteria in adequate quantities. The route of this
movement can vary in complexity; it may be straightforward, as in some topical
applications, or more intricate, especially in twntext of systemic phage application
targeting bacteria in neblood tissue§®®* When phages are administered through
injections (parenteral) or orally, they primarily enter the bloodstream. The parenteral route
is expected to be more efficient in terms of absorption, reducing the risk of phage loss
compared to oral delivery. When adnsitered orally, phages have to navigate the complex
environment of the gastrointestinal tract. On the other hand, topical application minimizes
losses in absorption and distribution, which enhances the antibacterial effectiveness of
phages. Another meatld involves directly injecting phages into infection sites, further

minimizing losses$?
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2.4 Conclusion

Phages are one of the promising antibacterial agents in the gi@af spread oAMR.

These abundant natural bacteaageting viruses are easily accessible in the environment,
and can be identified and propagated by processing various types of environmental
samples, such as water, sewage, soil, etc. Phages have unique characgcistas high
specificity, selfdosing, and are generally safe and weliérated by humans and animals.
Although several successful phage therapy cases in treating aangke of infections in
different body parts have been reported so far, there are complexities associated with their
utilizations and needs to be explored and circumveiiee.intricate pharmacodynamics

and pharmacokinetics of phages have posed challenges for regulatory approval and
extended usehowever, several phage therapy centers are implementing these viruses to
save lives through compassionate use in patients with severe antibiotic resistance
infections. Incorporating phages into different biomedieabineering designs could
contribute effectively to enhancing their performance. Specifically, proposing new ways of
stabilizing phages, encapsulating phage into biomaterials, and immobilizing them on the
surface of biomedical devices are some of thedspbat can be engineered to facilitate

their incorporation in redife applications.

In the following chapters, | have explored various applications of phages in biocontrol and
therapeuticsMy PhD research encompasses the following projects: the development of a
novel approach for phage susceptibility testing using ani#dlBminescence (Chapter 3),

the creation of a phageaded injectable hydrogel for addressing bone and implant
associated infections (Chapter 4), the utilization of pramgugated liquidnfused
coatings on titanium implants (Chapter 5), and the erfidicaf biofilms from the surface

of dissolved oxygen sensors (Chapter 6). In Appendix |, you will imycdreview paper
discussing the general properties of phages and their potgmpiadationin biosensors$or
environmental monitoringAppendix Il dehes into various antibacterial coatings for
titanium implants, including the potential incorporation of phages as natural antibacterial

agents
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Chapter 3: High throughput platform technology for rapid target identification in

personalized phage therapy

Preface In this chapter, a tabltased system has been developed to facilitate and
accelerate the process of target phage identification for personalized phage therapy. In this
method the ATP released as a result of phragdiated cell lysis has been implemented to
track the lytic activity of phages. In order to enhance the thermalitstalbithe ATP assay
components, namely luciferase and its substrate luciferin, a sugar mix comprising pullulan
and trehalose has been used. Finally, dry shgsed tablets containing phage, ATP assay
components, and phage have been developed to imphevehelf stabilityat room
temperature and ease up the transportation process of the local phage libraries globally.
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3.1 Abstract

As bacteriophages continue to gain regulatory approval for personalized human therapy
against antibiotigesistant infections, there is a clear need for transformative technologies
that address centwgld challenges, specifically for rapid target idewafion through
multiple, large, decentralized therapeutic phages libraries. Combining materials technology
and biochemistry, we designed a high throughput phage screening platform comprised of a
library of sheltstable, readyo-use, portable, alhclusive solid tablets. Each tablet
encapsulates phage along with the biochemistry of detection, stabilized in a matrix of sugar
polymers that confer heat stability to detection enzymes, increasing the generated
bioluminescence signal by ~90 % and allowing faagdhsusceptibility screening in as low

as 30 mins, as well as enhancing desiccation tolerance of all components, promising easier
and cheaper transportation of this technology around the world and as a result, increased
accessibility to therapeutic phadg¢igh throughput screening was demonstrated using an
in-house library of alinclusive solid tablets to identify target phages for selecting
multidrugresistant clinical isolates of Pseudomonas aeruginosa within 30 mins. This
technology is a paradigm shifom the centuryold, slow, and labeintensive plaque assay,
offering the promise of enhanced accessibility and potentially lowering mortality rates for

patients with antibiotiresistant infections through rapid personalized phage therapy.

Keywords: healthcare accessibility, antibiotic resistance, phage susceptibility, as, point

of-care
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3.2 Introduction

The spread of antimicrobial resistance (AMR) is considered a major global challenge,
claiming more than 700,000 lives per year, with a projected death toll of 10 million by
2050! The looming global crisis of AMR and urgency to identify new therapeutics to fight
against acute and chronic bacterial infections has garnered the attention of researchers,
clinicians, and regulatory bodies towards bacteriophage therapy the use of
bacteriophages to fight bacterial infections). Bacteriophages, or phages for short, are
viruses that exclusively infect bacteria in a highly targeted mé&rieis targeted killing

action is in stark contrast to the indiscriminate sleldgmer action of antibiotics and is a
major advantage of phages over antibiotics, promising minimal disruption to our precious
microbiota®® while simultaneously challenging decades of experience in development of

antimicrobial therapies.

Phage therapy relies on centiotgd methods that while adequate for phage research labs,
fall short when a human life hangs in the balance. Design and administration of phage
therapeutics requiresfundamental shift in the way we think about antimicrobial therapies

as well as a collection of custedesigned tools and technologies that meet the standard of
care in modern medicine. One of the challenges in clinical practice of phage therapy is that
owing to the targeted action of phage, human phage thempyost effective when
implemented as a personalized therapy, as demonstrated by an increasing number of
clinical case report8’ Personalized phage therapy begins with isolating bacteria deemed
to be resistant to all available antibiotics and screening the antibéstigtant bacterial
isolate against large libraries of therapeutic phage and/or libraries of environmental samples
expected to contain phagEigure 1A-i). These libraries can contain hundreds of phages
and thus require susceptibility profiling technologies that can be implemented rapidly and
in a high throughput format. The current gold standard in susceptibilitpgesthich has
remained unchanged for over a century, is the spof sestlturebased method which
involves a long incubation period of overnight to several daigufte 1A-ii).° Although

widely used in research labs, the spot test meth&aborious, slow, and not amenable to

high throughput implementation. The second challenge isatbhatversal phage library is
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nonexistent and patients, researchers and clinicians pursuing phage therapy depend on
libraries maintained by local and, in very few cases, national or military research labs.
Successful implementation of personalized phage therapy therefore requires streamlined
communication and sharing between curators of small and large phage libraries at the
national and international levEl We envision a platform technology that addresses both
aforementioned challenges in personalized phage therapy, namely a reliable high
throughput technology that can be implemented rapidly with-skedtle and portable assay
reagents that can be readilyigped around the world to be employed at the point of care
with minimal infrastructure or training. To meet these design criteria, vwaagined a
therapeutic phage library in the physical format of stable arddilsive solid tablets,

each tablet empsulating a stock phage along with the biochemistry of detedtigaré

1A-iii).

Plaque assay is the conventional and commonly used method to evaluate the phage
infection of bacterial cells. In plague assay, the formation of clear zones called plaques on
a lawn of bacteria is monitored. As a result of phage lysing bacterial cellelaade of
progeny phages, these clear zones are fotnitmvever, this process is tirm®nsuming,
expensive, laborious, and not scalable for high throughput screening. Liquid assays to
monitor bacteria lysis as a result of phage infection include tracking the bacteria culture
turbidity (optical density) as eesult of phage lyst§, and phenotypic/metabolic analysis.

The main hurdle of monitoring optical density of a bacteria culture is that bacteria cell
debris can contribute to turbidity of the culture and affect the results negatively. The
phenotypic/metabolic microarray assaywé gained much attention recently and can be
used to analyze properties related to phenotypes, namely cell growth and respiration.
However, these assays are detecting the pheagkated bacterial cell lysis indirectly. We

built our technology based on detection of released adenosine triphosphate (ATP) during
phagemediated bacteria lysisFigure 1B) by overcoming two major barriers in
biochemistry of detection. ATP can be readily detected with firefly lucifetéseyich is

a heat labile enzyme and quickly deactivas¢demperatures above 30%CFor human
therapeutic applications, however, lytic activity of bacteriophages must be detected at 37°C,

which is optimal for metabolic activity of clinical bacterial isolates and thus for phage lytic

27



Ph.D. Thesi$ Fereshteh Bayat; McMaster UniversitBiomedical Engineering

action. In addition, commercially available ATP detection assays require stagewise

addition of reaction components, complicating high throughput implementation.

To overcome these barriers in detection, we utilized materials technology and stabilized
and encapsulated all reagents required for ATP detection along with each phage in a sugar
based matrix that prevented thermactivation of enzymes. Optimizing theobhemical

rection in the presence of this matrix enabled realization of a Hass|eonepot
biochemical reaction, stabilized the form of a solid tablet that preserved the activity of
enzymes at physiological temperatures and the activity of phageg aith the enzymes

under desiccation. The latter promises easier and cheaper transportation around the world
and as a result, easier screening of decentralized phage libraries and increased accessibility
to phage therapy. We demonstrated the utility a$ thlatform technology for high
throughput implementation by phage susceptibility screening of selectdtidrug

resistant clinical isolates #fseudomonas aeruginofam an irhouse library.

3.3 Results and discussion
3.3.1 Phagemediated bacteria lysis

To develop a onéablet assay based on detection of phagéiated lysis, we selected three
phages from our Hmouse phage library with different levels of bacteria lysis ability.
BacteriophagesB_PaeThilisi32 (P32), JG004, and PP7 were propagated using the host
bacterial strainP. aeruginos@AO1 (Pa). Transmission Electron micrographs of the three
phages are shown kigure 1C. P32 belongs to tHeéodoviridaefamily and has a very short

tail (Figure 1C-i).1®> JG004 is a tailedlyoviridae phage'® with an isometric head and a
contractile tail Figure 1C-iii). PP7 belongs tbeviviridaefamily and has an icosahedral
capsid with an approximate diameter of 30 rfiggre 1C-v).}” Figure 1C also depicts
plagues generated by each of the three phages on Pa bacterial lawn, indicative of the ability
of these phages to successfully infect and lyse Pa. A phage plaque is a clearing caused by
phagemediated killing of bacteria, usually cultured adaan on a semsolid agaf

matrix 1°Plaque morphology can provide qualitative yet important information regarding
phage characteristics. For example, larger plagues are usually indicative of a larger burst

size fumber of progeny phages released from the infection of a single bacterfaboel()
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shorter latent periodoériod between phage adsorption and release of progeny vitons).
As seen irFigure 1C-ii, P32 generates the largest plaque, followed by JGtgdre 1C-

iv), and then PP7Hgure 1C-vi). To further characterize phageediated bacteria lysis,

we generated kinetic kill curves which showed the change in metabolic activity of bacterial

culture challenged with the three phages, using the XTT colorimetric &sgaye(1D).
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Figure 1. (A) Personalized phage therapy. The first step in personalized phage therapy is
isolation of treatmentesistant bacterial strain from patient (i), followed by employing slow
culturebased, spot test method to screen and select therapeutic phages (ii) pdée jaro
singletablet technology for rapid, higimroughput screening of therapeutic phages (iii).
(B) Phagemediated ATP release and detection. Phragdiated lysis of bacterial cell starts
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when a phage virion encounters the host cell and attaches to specific phage receptors (i),
this is followed by phage genome insertion into the host bacteria (ii). This starts a cascade
of events leading to hijacking of bacteria replication machinery fothggis of new
progeny phage(iii), which ultimately leads to host cell lysis (iv), and release of progeny
virions along with a burst of ATP (VATP reacts with luciferin to form luciferin adenylate,
which is oxidized by the luciferase enzyme in the preseof magnesium to form
oxyluciferin, CQ and adenosine monophosphate (AMP), which results in light emission
(vi). (C) Transmission electron micrographs of P32 (i), JG004 (iii), and PP7 (v). Plaque
formation on Pa lawns created by P32 (ii), JG004 (iv), and PPTyiMetabolic activity

of uninfected and infected (MOI = 10, 1, 0.1, 0.01, 0.001) Pa cultures (n=3, mean = SD).
All reported values are the mean of three biological replicates and associated error bars
shown as dashed lines represent standasidtiEn from the mean.

Pa was infected at different MOIs(ltiplicity of infection,commonly defined athe ratio

of infectious virions to bacterial cells in a cultufé)For all experiments, starting
concentration of bacteria was kept constant (~<CFlJ/mL). Both P32 and JGOOEi¢ure

1D+, ii) significantly suppressed bacterial growth, as indicated by a low metabolic activity.
Thedecrease in bacterial metabolic activity was slower by at lower MOls, as expected. It
is noteworthy that although PP7 formed visible plaques on Pa lawns, it did not show
effective bacterial growth suppressidrigure 1D-iii). These trends agree with Pa Kkill
curves based on optical density Feg(re S1) and highlight a very important bias of the
current gold standard method in phage susceptibility testing, specifically as it pertains to
phage application for therapy and biocontrol that a clearing on aibataen (plaque or

spot test) does not necessarily signal the ability of a phage to control the population of
bacteria in a liquid culture, and as some studies have indicaiadsiiro models?®

It is important to note here that phages have three different lifecycles, namely Iytic,
lysogenic, and chronicFgure S2. Through the lytic lifecycle Kigure S2A) a
bacteriophage can lyse and destroy a bacterial cell in as short as ~20 minutes, leading to
release of a range of biomolecules in addition to hundreds progeny PiRegulatory
agencies have historically only approved strictly lytic phages for human therapeutic use
and environmental biocontrol because of outstanding concerns regarding horizontal gene
transfer through the lysogenic lifecycligure S2B, 0.2° Keeping in mind that our aim

was to screen phage libraries for phages with therapeutic potential, in this work we focused

on detection of phages capable of bacterial lysis.
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3.3.2 Increasing signatto-noise ratio and endpoint detection of phagemediated

bacteria lysis

The next step towards realizing the high throughput;pmialetection of phageediated
bacteria lysis was to filter out the background signal. Phage stocks are obtained through the
infection and lysis of bacterial cells leading to the release of progieages along with

other intracellular components, including ATP. Therefore, we hypothesized that phage
suspensiongsust be treated to reduce residual ATP molecules which can otherwise give
rise to a strong background signal. The goal was to diminish thgieaind bioluminescent

signal at time zera,e., at the point of phage addition to the bacterial culture, which would

in turn decrease the assay time and allow a signal to be discernable as soon -as phage
mediated lysis of bacterial cells occurgigure S3A shows the background
bioluminescence signal in phage suspensions at different stages of purification (including
sterile filtration with 0.2 em filters, P
filtration with 10 KDa and 3 KDa filters) and aftdiluting phage in culture media. After

PEG purification, the ATP concentration decreased significantly; however, ultrafiltration
with 3 KDa filters failed to reduce ATP levels. As showrFigure S3B simply diluting
concentrated phage suspensions in cell media was found to be equally effective for reducing
background ATP signal as thaborintensivePEG purification technique. Based on these
results, we used the dilution method to reduce background bioluminescence signal and
recommend dilution for preparing large phage libraries. While the dilution method reduced
the signal, it did not eliminate tlsggnal and so the background bioluminescence signal due

to residual ATP was deducted from the data for better visualization of the signal resulting
from phageinduced ATP release.

For end point detection of phage lysis, each phage was mixed with a culture of host bacteria
at physiological temperature. Aliquots were collected periodically and added to ATP assay
reagents in a stagewise manner at room temperature, before measwiolthmescence
signal(Figure 2A). Exponentially growing bacteria were infected with phage at MOls of

10, 1, 0.1, 0.01, 0.00Figures 2B-F show ATP release as a result of phagediated lysis,
measured over al¥ period. At MOI~10, bioluminescence sig§maas detected within 30

mins after the addition of P32 or JG004 to the bacterial cuFugere 2B). At lower MOls

(lower phage to bacterial cell ratio), bioluminescence signal became detectable at later time

32



Ph.D. Thesi$ Fereshteh Bayat; McMaster UniversitBiomedical Engineering

points. The phage with the weakest lytic activity, PP7, showed significant bioluminescence
signal only at MOI=10 and after 60 to 120 mins, while at lower MOls, the signal was not
significantly different from the control, uninfected Pa, demonstrating thtyath the assay

in endpoint format at physiological temperature to differentiate strong and week lytic
activity. Another trend to note is that for P32 and JG004 phages at MOls of 0.01 and 0.001
(Figure 2E, F), the signal intensity at the end of 3 hrsswasibly higher than the same
timepoint at MOI=10. This can be explained by the lower number of phages at the
beginning of infection, which provides enough times for bacterial cells to grow and increase
their population, leading to higher bacterial corticagion which can be infected and release
ATP at later timepointdzigure 2G clearly shows the overall trend that the minimum time

to detect a signal that is significantly higher than the control decreased with increase of
phage to bacteria ratio or MOI.

Another noteworthy trend and one that is of high significance foflifeapplication of

phage is that even at very loghage to bacteria ratio of 1:1000 (MOI=0.001), signal
intensity from phage infected samples is significantly different from uninfected samples 2
hrs postinfection Figure 2F). This shows the ability of the ATP detection biochemistry

to discriminate between phageediated lysis and bacterial autolysis at very low phage to
bacterial cell ratiodt is important to keep in mind that thenm@ntration of phages curated

in libraries is quantified in terms of plaque forming units, which reflects the number of
infective particles capable of infecting the known host bacteria used to propagate the library
phages at the stage of making the librAf§hen screening for therapeutic phages against
an unknown strain of bacteria.¢.,a multidrug resistant clinical or environmental isolate),

the number of infective particles against this unknown strain may be orders of magnitude
lower than the origindiost strain, a concept known as efficiency of plagdtitherefore,
demonstrating that any susceptibility profiling technique works at low MOI and thus low

efficacy of plaquing, is critical for redife applications.
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Figure 2. (A) Workflow schematic. Bacterial cultures were infected with phage at different
concentration (i) and incubated at 37°C (ii), at different time intervals, ATP was measured
at room temperature by adding ATP reagent solution which contains luciferin anchlseeife

as main components (iii), and bioluminescence signal was measurébfi¢entration of

ATP was calculated for bioluminescence signal measured from Pa infected with P32,
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JGO004, and PP7 at different MO(8) MOI = 10, (C) MOI = 1, (D) MOI = 0.1, (E) MOI
=0.01,(F) MOI = 0.001. All reported values are the mean of three biological replicates and
associated error bars represent standard deviation from the mean. Significance levels
include *P < 0.05, **P < 0.01, ***P < 0.001, and *** < 0.0001.

3.3.3 One-pot biochemistry for detection of phage lytic activity

Endpoint detection of phageediated bacteria lysis involves periodic sampling of
bacterial cultures, mixing with ATP reagents at room temperature, before measuring the
bioluminescence signal. This technique is toeasuming and laborious, making it
incompatible for high throughput screening applications. A-poieformat in which assay
reagents are mixed with bacterial cultures at the start of phage infectiorfFigcliee 3A-

i) is therefore a more desirable and practical approach when designing arbigihput
screening technologyrigure 3A-ii shows the bioluminescence kinetic curve for cultures
infected with P32 and JG003 at MOI=10 in a-@u format. Notably, a detectable signal
appears ~30 mins post infection and peaks at 60 mins. Thereafter, the signal decays quickly
until it becomes undettable ~ 4 hrs pogtfection. Signal detected from cultures infected

with PP7, known to have weak lytic activity, was indistinguishable from uninfected cultures
(Figure 3A-ii). The major shortcoming of thenepot biochemistry of ATP detection,
however, was that the bioluminescence signal produced under these conditions started to
decay after 1 hrRigure 3A-ii). The signal decay is a result of thermal inactivation of
luciferin and luciferase at 37°C, which can decrease assay fidelity, resulting in false

negatives.

Despite the heat deactivation of luciferase, our data show that thgbfermat not only
discriminates between uninfected and infected cultures but can also differentiate between
strong (P32), moderate (JG004), and weak (PP7) lytic activity of diffpreges even at

lower concentration of phage (lower MOIgidure 3B). This capability to resolve lytic
activity makes our method as powerful as the gold standard plaque assay, which has
remained unchallenged for over a century, while offering the obaduantage of being
amenable to high throughout format. Aexeamination ofigure 1C (ii, iv, and vi) shows

that the plaque morphology for each phage, which shows the combined effect of phage
burst size and latent period and is thus a good indicator (although not the only indicator)

for phage biocontrol efficacy, agrees with the trends observédgure 3A-ii and B.
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Latent periods and burst size of phages are two of the phage characteristics which are
commonly used to evaluate the phage viruletidy32 is reported to have a-Bfinute

latent period and a burst size of 210 progeny phag®s aeruginosal® JG004 is reported

to have a 34minute latent period and a burst size of 13 progeny phgasruginosa®

Latent period and burst size numbers may vary depending on host bacterial strain, stage of
bacterial growth, and nutrient source; however, the general trend shouléFigaied 3A-

i shows 2530 mins are required from the time of phage addition to the time to detect
bioluminescence signal, which matches closely with the latent period of P32 and’3G004.
As seen inFigure 3A-ii, the time to peak signal decreases as concentration of phage
increases (higher MOIs) as expected. Additionally, the phage burst size appears to correlate
with the intensity of peak signal, with P32 generating a stronger peak signal as compared
to JGOO4Figure 3A-ii). Taken altogether, these findings confirm the feasibility of the one

pot chemistry for the detection of phagediated cell lysis and thus showing promise to

form the basis of a high throughput susceptibility profiling technology
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Figure 3. (A) Onepot ATP bioluminescence assay. Workflow schematic (i) which
includes adding all ATP bioluminescence assay reagents (luciferin and luciferin as major
components) and phage, followed by adding bacterial suspension and incubating the plate
at 37°C for eattime measurement of phageluced ATP release. Kinetic ATP
measurement for Pa infected with P32, JG004, and PP7 at MOI = 10 and uninfected Pa (ii).
Time to peak signal for P32 and JG004 at different MOls (@) Signal at peak for Pa
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cultures infected with P32, JG004, and PP7 at different MOls including (i) MOI=10, (ii)
MOI=1, (iii) MOI=0.1, (iv) MOI=0.01, (v) MOI=0.001. All reported values are the mean
of three biological replicates.

3.3.4 Optimizing detection of phagemediated lysis in a stabilizing sugar polymer

matrix

The next step towards a reliable susceptibility assay was to address the rapid enzyme
deactivation at physiological temperatures.address this challengee selected pullulan,

based on previously reported thermotective effects towards biomolecuf@s? and
trehalose based on reported desiccation protection towards Vitdédullulan and
trehalose were added to a mixture of phage suspension and lyophilized ATP detection
reagents and homogenized before the addition of badtggiaré 4A). As shown irFigure

4D, a discernable signal appeared3bmins after all assay components were mixed with

the bacterial suspension. Time to signal detection in the presence of the sugar mixture was
comparable to the sugfee mixture Figure 3B, C). This confirmed thathe addition of

sugar polymers did not interfere with the function o$agsreagents or with phage
infectivity. Moreover, addition ofsugars did not significantly affect the peak
bioluminescence signal, whereas the signal ab@shpost infection in cultures infected

with P32 Figure 4B) and JG0O04Rigure 4C) containing pullulartrehalose mixture was

~ 99% and 95% higher, respectively, than the negative control. In summary, addition of
pullulantrehalose to the mixture stabilized the assay signal and significantly reduced signal
decay.

We further demonstrated that the sugar mixture can be dried and cast into a tablet format,
encasing all the assay components into a sugar nigtgure 4E). As shown inFigure

S4, titer loss for phage encased in the sugar polymer matrix was less than one log for all
three phages after a-8dy storage under ambient condition. In the absence of the sugar
polymer matrix, phages showed weak desiccation tolerance, with PP7 berasthsdble

one with a dog reduction after being aged for 30 days, dematiaty a clear desiccation
protective effect. We then evaluated the stability of all assay reagents in a dehydrated tablet
form. ATP assay components were first mixed with pulkifehalose and then phage
suspensions in a well plate and dried under nittr@yelow. Following a weeltong storage

under vacuum, dried tablets were reconstituted. As showigure 4E, the rate of rise in
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bioluminescence signal from the reconstituted tablet assay was slower compared to the
liquid assays. The rate of rise in signal intensity depends on the dissolution rate of the tablets
in water, which in turn controls the release of phage and ATP reagtmthe mixture.

The slower rise of signal from the reconstituted tablet is a smallofhé the portability,
improved storage, and ease of use afforded by the solid tablet fétiguate(4D). Lastly,

it should be noted that drying the ATP reagentsghage in the absence of sugar polymers

led to complete loss of signal after the ameek storage period, as showrFigure 4F, G.

This clearly shows the importance of sugar polymers in preserving the phage and ATP
assay components, which is particularly advantageous for ease of transportation and point

of-use accessibility of our phage screening technology, especially in remotgsreg
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peak and assay end point of 6 hours for @2and JG004C) infected Pa cultures in the
presence versus absence of sugar mixture in fresh liquipa@n®&TP assay.D)
Continuous measurement of bioluminescence signal for Pa infected with P32, JG004, and
PP7 in fresh liquid sugar mix solutiofi) Kinetic measurement of bioluminescence signal

for Pa infected with P32, JG004, and PP7 in reconstituteever& old tabletqF) Kinetic
measurement of bioluminescence signal for Pa infected with P32, JG@D&LPahin
rehydrated phage and enzymes dried in the absence of sugar polymers showing complete
loss of signal after one week stora@f®@) Same data as pert F but with a narrowaixis

scale, clearly showing the loss of signal. Error bars in B and C graphs show the statistical
analysis based on unpairetest, associated error bars represent standard deviation from
the mean. Significancevels include *P < 0.05 and **P < 0.01. Dashed line in D, E, and

G show standard deviation from the mean for at leasplBates.

3.3.5 Screening the stabilized phage library against clinical bacterial isolates

We selected two multidrug resistant clinical isolate$ ofieruginosadrom an inhouse

library of isolates from Hamilton Health Sciences. The antibiotic resistance profile for these
strains is shown iffigure S532 The two strains were given the designations C0335 and
C0072 and were isolated from patients with urinary tract infeckayufe 5B-i) and arm
wound infection Figure 5C-i). We conducted susceptibility screening against otioinse

phage library containing seventeen different phaggag one weelbld, alkinclusive
tablets stored under ambient conditions. Results of the{addeid, ongot assay shows a
significant, but slow rise in bioluminescence signal in 60 mins for C0072 infected with P32
(Figure 5B-ii and iii). As shown inFigure 5C-ii, for the clinical isolate C0335, the
bioluminescence assay did not show any rise in signal with any of the phages in the library.
However, a faint signal was observed for one of the phages (JG004) with a delay. Phage
susceptibility was confirmed with a@iptest (representative images showifigure 5B-

iv and C-iv), as well as optical densitfigure S6), and XTT Kill curves Figure S7).

Isolate CO072 showed an obvious clearance with Pig2ie 5B-iii ) but isolateC0335 did

not show susceptibility to any of the phages in the library, although a very faint clearing
was observed with JGOO&igure 5C-iii ), which may correspond to the faint signal after
180 min(Figure S8) The identified phage for C0335 is clearly very weak and thus not
recommended for phage therapy/biocontrol applications. We calculated the efficiency of
plaguing the identified phage on C0072 to be 0.77, confirming a high production
efficiency®* These data clearly demonstrate tlaged tablets, stored under ambient

conditions, could identify phages capable of infecting clinical bacterial isolates. The solid
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tablet format of detection biochemistry, as well as thenallsive feature (detection
biochemistry stabilized alongside each phage) enables-qleirste applications with
minimal infrastructure and training. This highlights the compatibility of thisresged

assay format for rapid screening of phage libraries against MDR isolates in clinical settings,

even in remote and hard to access regions across the world.
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Figure 5. (A) proposed workflow for screening a bacterial isolate against a phage library
using our platform technology, where the phage library is redesigned as sotid|usive

tablets, each containing phage along with the detection biochemistry. The engiatie

can be stored at room temperature, or shipped to point of use and once the need arises to
find phage targets for a bacterial isolate of interest, a drop of bacterial culture is added to
each tablet resulting in a bioluminescence sigm&)l.The urinary tract infection isolate
C0335 (i) was screened against a wekklibrary of alkinclusive tablets. Bioluminescence
signal was recorded every 5 mins (ii) and the peak signal is shown after 60 min for each
well (i), which corresponds to speests of representati® aeruginosghages (iv). (C)

The arm infection isolate C0072 (i) was screened against aolédkrary of alkinclusive

tablets. Bioluminescence signal was recorded every 5 mins (ii) and the peak signal is shown
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after 60 min for each well (iii), which corresponds to spot tests of represeniative
aeruginosgphages (iv). Data points represent results for at least 3 technical replicates.

3.4 Discussion

Personalized phage therapy is the last hope for many patients suffering from infections
resistant to all known antibiotics. However, access to phage therapy is challenged by the
lack ofa universal phage library. There have been efforts in curating phage libraries around
the world, but due to the remarkable diversity in the phage world, the more realistic forecast
is that we may always need to screen multiple decentralized libraridy, diketed in
different parts of the world, each containing thousarigshages, to find suitable phage(s)
against a resistant infection. This is challenged not only by the fact that there is not a clear
library sharing mechanism and workflow (most these libraries are liquid lysates or frozen
stocks), but also by the lack ofpid screening methods, which are laborious, time
consuming, with an extremely slow response time. We address both the challenges and in
doing so present a path towards routine practice of personalized phage therapy worldwide.
We reimagined phage libraries not in the form of liquid lysates in a fridge, or even frozen
stocks in a deep freezer, but as solid tablets packed in microtiter plates, stored on a shelf,
ready for rapid high throughput screening with a plate reader wbeded, or to ship
around the world with a momentds notice.
enzymes and ions needed to detect the burst of ATP release duringeaigeed bacteria

lysis, all stabilized in a sugar polymer matrix that protdasenzymes against degradation

at physiological temperatures needed for rapid phage susceptibility detection. The matrix
also offers desiccation protection to phage and enzymes, making the tablets shelf stable and
easy to store and ship around the walldaddition, the solid, alinclusive tablet format
eliminates the need for stagése addition of reagents, enabling high throughput screening.
Our technology has obvious advantages over the status quo (culture techniques) for phage
susceptibility profing, namely a faster response time and compatibility with high
throughput implementation, as well as environmental stability, eliminating the need for a
cold chain or special packaging. All this makes the proposed phage susceptibility profiling
technology suitable for poinbf-use implementation with minimal infrastructure and

training, which will be particularly impactful in remote, hard to access, and underdeveloped

42



Ph.D. Thesi$ Fereshteh Bayat; McMaster UniversitBiomedical Engineering

regions. This addresses one of the major roadblocks for widespread practice of personalized
phage therapy, which has been proven time and time again to save lives. Our technology
goes beyond binary susceptibility profiling and can sguantitatively resale phage

ability for biocontrol. With personalized phage therapy being increasingly practiced as the
last resort for treating antibiotic resistant infections, or work is a meekded effort in
developing powerful tools and technologies that address icistmallenges in the field are

essential to tackle the evesing tide of antibiotic resistance.

3.5 Materials

Pullulan (P120 food grade, 200 kDa) from Hayashibara Co, Ltd., Okayama, Japan was
kindly provided by Dr. Carlos Filipe, Department of Chemical Engineering, McMaster
University. D(+)-Trehalose dehydrate, and XTT tetrazolium sodium salt, menadione, and
acebne were purchased from Sigma Aldri€thosphatéuffered saline (PBS) tablets were
purchased from VWR (Mississauga, ON, CA). Luria Broth (LB) was purchased from
Fisher Scientific (ON, CA)ATP bioluminescence Assay Kit CLS Il was purchased from
Millipore Sigma (Sigma&Aldrich, Oakville, ON). vB_Padbilisi32 or for short P32 and
JG004 phages, and Pa strain were purchased from DSMZ (Germany), and PP7 phage from
Université Laval (QC, Canada). Two clinical strains including C0072, isolated from
patients with unary tract infections, and C0335, isolated from arm infection site, were
obtained from IIDR database at McMaster University. Antibiotic resistance profile for
C0335 includes ampicillin, amoxicillin clavulanic acid, cefazolin, cephalothin, cefixime,
nitrofurantoin, tetracycline, trimethoprim sulfamethoxazole, cefoxitin, ceftriaxone, and for
C0072 includes ampicillin, amoxicillin clavulanic acid, cefazolin, cephalothin, cefixime,

nitrofurantoin, tetracycline, trimethoprim sulfamethoxazole, cefoxitin, esfre

3.6 Methods

3.6.1 Bacterial culture and phage propagation

Pa was stored aB0O°C in 25% v/v glycerol. Overnight bacterial cultures were prepared by

inoculating 3 mL of LB media with Pa glycerol stock. The inoculated media was incubated
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at 37°C and 180 rpm for 183 hours to promote bacterial growth. Overnight cultures were
subsequently diluted 1:100 in 50 mL of fresh LB media and incubated3andlrs to

allow bacterial cells to reach the nmaponential growth phase. 10 pL of phageswa
introduced to bacterial cells at ragckponential phase and the cultures were incubated for

a further 6 hours to allow for phage lysis of bacterial cells. The lysate was centrifuged for
20 min at 7000 rcf, and the supernatant was sterilized usinguaBpgdresized filters and

stored at 4°C. Phage concentration (number of plague forming units per milliliter, PFU/mL)
was determined using the overlay techni¢fRhage stock was serially diluted in LB media

and plated on bacterial lawns to enumerate the number of infectious virions present in the

stock.All phages used in this paper were sterile filtered unless otherwise stated.

3.6.1.1Efficiency of plating (EOP).

Efficiency of plating measures the titer of phage infecting ahast bacterial strain. Phage
overlay assay was conducted in triplicates to obtain the PFUs on the test strain (C0072) and

the host strain (Pa). EOP was calculated using the following forthula

EOP :

Infection efficiency:

EOP 1@ (high production efficiency)

0.1 EOP <0.5 (moderate production efficiency)
0.001< EOP <0.1 (Low production efficiency)
EOP 0.001(inefficient)

3.6.1.2Phage purification

The aqueous twphase method was used to purify filgterilized phage suspensith.
Briefly, sterile 20 (w/v)% Poly(ethylene glycol) containing 2.5 M NaCl solution was added
to the phage stock suspension at a ratio of 1.6 v/v followed by overnight incubation at 4°C.
Phages in suspension was pelleted by centrifugation at 5000 rcf for 45 minutes and
resuspended in 10 mL of RO Millipore water and subjected to mild agitation at 4°C for at
least 2 hours. PEG purified samples went through further purification using Amizan U
centrifugal filters (Millipore Sigma, Ultrd5, MWCO 10 KDa, and XDa). ATP
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background signal was measured at different stages of purification and compared with
starting phage suspension to monitor the change in background signal. For all liquid phage
infection assays, the initial titer of each phage was determined using the dgablayer
method by three independent experiments.

3.6.2 XTT metabolic assay

XTT assay is commonly used to measure metabolic activity of cells using a tetrazolium salt
which is a formazan compound in the presence of metabolically active cells followed by a
detectable change of color. Assays were conducted in cledroftatm, 96well plates with

total volume of 100 &L in eat8Il°PAWML)werel 2 ¢ L
mi xed with 38 e®+tO0.1bandcatided to wellsat the @ial multiplicity of

infection (MOI) of 10, 1, 0.1, 0.01, and 0.001 which indic#itesratio of phage to bacterial

cells. XTT solution was prepared in LB media to contain 0.2 mg/mL of XTT and 0.1 mM
menadione. 50 €L of the XTT solution was a
50 €L of LB media as nwigtah i & «lonh aot er ilal
positive control, and 12 eL phag-mfeced t h 38
sample. Absorbance was measured at 490 nm wavelength every 5 minutes for at least16
hours using Synergy Neo2 BioTek plate reader sef7®€.3The absorbance value from

wells containing XTT solution with LB media was subtracted from baecbeniaining

wells.
3.6.3 Optical density assay (OBoo)

Overnight culture was added to fresh LB media at 1:100 v/v ratio and incubated until the
sub-culture reached Odgo~ 0.1. Assays were conducted in transparent flat bottomedle

plate with total assay volume of %201 gL pe
PFU/mL) with 155 pL of bacteria at @&~ 0.1 (~ 3 10’ CFU/mL) were added to specific

wells at the final multiplicity of infection (MOI) of 10, 1, 0.1, 0.01, and 0.001. Control
wells conthaaoter ild5ard 45 &L medi a. Absorb
wavelength using Synergy Neo2 BioTek plate reader. Data was collectgcdbannutes

for at least 16 hours at 37°C.
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3.6.4 Transmission electron microscopy (TEM)

Phages with concentration of IPFU/mL were absorbed onto plasweiaaned carbon
coated copper grids and negatively stained with 1% uranyl acetate. Stained grids were dried
at room temperature and imaged using Talos L120C transmission electron microscope at
the Canadian Centre for EleatrtMicroscopy (CCEM), McMaster University (ON, CA).

3.6.5 ATP Bioluminescence assay

ATP assay reagent solution was by reconstituting the lyophilized ATP reagent solution
using bioluminescence Assay Kit CLS Il (Sigiklrich, Oakville, ON) based on
manufacturerds instructi on -trelfalose sugaosoldtiang t i n g
lyophilized ATP reagents of the ATP bioluminescence Assay Kit CLS Il were reconstituted

with the sterile sugar solution containing 10 wt% pullulan and 0.5 M trehalose, at the same

' i quid volume as manufacturero6s instructi ol
Assays were conducted in white flat bottomv@éll plate with total assay volume of 100

eL per wel | . Bi ol uminescence signal was d
reagent solution mixed with 50 €L aél the s
suspension). 12 gL oftopthPaFgle/ nslu sapnedn s3 80 nesL wa f
at ODsp0~ 0.1 (= 3 10° CFU/mL) was used for obtaining MOls of 10, 1, 0.1, 0.01. 0.001.

For endpoint ATP bioluminescent assay, the ATP reagent solutions have been added at

the end point to samples and the signal was measured at room temperature. The RLU signal
was measured at times 0-360-, 120, and 186minutes using Synergy Neo2 BioTglate
reader. The ATP standard curves were prepalt
the ATP amounts.

For onep o t ATP bioluminescent assay, 50 eL of
specified wells, followed by 12 L dJ&f phag
1°PFU/ mL) and 3 8cultules abQige~0.& nespectivelys ta dbtain specific

Mols (10, 1, 0.1, 0.01, 0.001) within 100 ¢
reagent solution, phagefected and uninfected bacterial cultures was incubated inside
Synergy Neo2 BioTek plate reader at 37a the RLU signal was recorded every 5

minutes in stationary state without any shaking to prevent damaging the sensitive ATP
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assay enzymes. Wells with uninfected bacterial suspensions, and wells containing phage
only were used as controls. The RLU values from ploadye wells were used to normalize
the data.

3.6.6 Stabilization in sugar polymer matrices

Sugar solutions containin wt% pullulan and 0.5 M trehalose was dissolved in 1@illi

water and autoclaved to sterilize.

3.6.6.1Phage stability

Phagesuspensions were diluted in sugar solution to achieve a concentratior? of 10
PFU/ mL, and 100 eL of t he -welpajesandadsgd.ensi on
Stability of phages incorporated within dried pullulaehalose matrix was tested. Phage

titer was calculated-17-, and 36days after storage at room temperaturegishe plaque

overlay assay method.

3.6.6.2All -inclusive dried tablebased ATP assay

To stabilize the ATP reagents and the phage particles in a dried format, the plate containing
phages (PfPBFYLmlb)Y d®d ATP reagent solution
added to specified wells. The plate was dried under nitrogen flow in a glove bag for at least

4 hour s, foll owed by storage under vacuum
containingATP reagent solution and different phages in 96 \plkite was assessed after

one week storage at room temperature. For conducting the thesdsied tablet containing

the ATP reagents and phage particles embedded in sugar polymer matrix were rehydrated
using 50 eL-Qofwaseeri fel nowlked by a&udideati on o
ODgoo = 0.1 (~ 3 10’ CFU/mL), and reading the signal every 5 minutes at 37°C. As a
control, a plate containing phages and ATP reagent solution was prepared without addition

of sugar polymers, and dried/stored under same conditions. The plate was rehydrated and
tested followingthe same process used fasassing the phag€lP reagent solution

encased in sugar matrices.
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3.8 Supplementary Information
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Figure S1 Optical density (Olhg) or growth curve of PAO1 infected with P3®)( JG004

(B), and PP7 ). P32 shows a strongerformance in preventing bacterial growth by
decreasing the culture turbidity even at lower MOls (0.001). JG004 was also able to
suppress the bacterial growth effectively, while PP7 shows week performance which
aggravates by decreasing the initial conitn of phage (lower MOIs).
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Figure S2 Schematics of Phage life cycld®\) Lytic life cycle of phage starts with (i)
phage recognition and attachment to bacterial cell receptors, (ii) genome insertion, (iii)
taking control of bacterial replication machinery and producing new virions, and (iv)
release of progeny phages by bactet&ll lysis. (B) In lysogenic life cycle, phage is
adsorbed to cell receptors (i) and inserts its genome inside bacterial cell (ii); however, the
phage genome is incorporated into the bacterial genome, forming a prophage (iii) that is
replicated throughhie bacterial reproduction cycle (iv). The lysogenic cycle could be
induced to start the lytic cycle with environmental triggers such as high temperature and
UV exposure which can ultimately lead to cell lysis (as shown by the dashed @pw).
Similar to other phage life cycles, the chronic lifestyle (mostly seen in filamentous phages)
starts with recognition and adsorption to bacterial cell receptors (i) and genome insertion
(i1). By taking control of bacterial replication machinery, new vis@re syntisized inside

the bacterial cell (iii) and are released through budding or extrusion without lysing bacterial
cells (iv). Similar to tailed phages, some chronic phages can also adopt a lysogenic lifestyle,
in which the phage genome is incorporated intobideterial genome forming a prophage

(iiiNj) and

i s

replicated

t hrough

t he

until the chronic cycle is induced by environmental stimuli (shown by the dashed arrow).
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Figure S3 ATP background in phage solutions at different stages of purification (A) and
after dilution in cell media (B). The effect of diluting phage samples is comparable to
purifying phage suspensions. Depending on the availability, either diluted sterikedfilter
phages in cell media/buffer or purified phages can be used to reduce the effect of the
background bioluminescence signal intensity.
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Figure S4 Stability of driedPseudomonaghages?) P32,B) JG004C) PP7 in ambient
conditions in 10 wt% pullulan + 0.5 M trehalosecomparison with no sugars. Sugar
polymers helped to retain higher infectivity after 30 days.
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Strain Antibiotic resistance profile Source (body

location)
ampicillin, amoxicillin clavulanic acid, cefazolin, cefalotin, cefixim
C0072 nitrofuratoin, tetracycline, trimethoprim sulfamethoxazole, cefoxi urine
ceftriaxone
ampicillin, amoxicillin clavulanic acid, cefazolin, cefalotin, cefixim
C0335 nitrofuratoin, tetracycline, trimethoprim sulfamethoxazole, cefoxi Arm
ceftriaxone

Figure S5 Antibiotic resistance profile of the clinical isolates C0072 and C00335, isolated
form patients with urinary tract and arm infections, respectively.
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Figure S& Optical density assay of CO33BA)(and C0072R) infected with P32, JG004,

and PP7 at MOI ~ 10 compared to uninfected strains. None of the phée#sC0335,

while C0072 is infected with P32 as turbidity of the culture decreases compared to
uninfected C0072.
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Figure S7. Metabolic activity measurement of phage infected and uninfected GB335
and C0072 B) at MOl ~ 10. Metabolic activity ophage infected C0335 shows no
significant changes compared to uninfected cultures, while metabolic activity of C0072
decrease after 2 hours for C0072 infected with P32.
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Figure S8 Zoomed in image of the phage library screening, showing a delayed increase in
bioluminescence signal for C0035 infected with JG004 appearing after 2 hours.
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Chapter 4: Phageloaded Injectable hydrogel for treating bone and implant associated

infection

Preface: In this chapter, we report a phage loaded injectable hydrogel based on physical
crosslinking of laponite nanoclay (silicat@sed nano discs) and carboxy methyl cellulose
(CMC) for treating bone and implant associated infections. The hydrogel showed
compdibility with phage infectivity and enhanced the production of Alkaline phosphatase
(ALP) enzyme, which is an osteogenic biomarkeqviding an antibacteriahydrogel
suitable for bone healing and osteointegration of orthopedic implants.

Contribution: | conceptualized theroject, conducted experiments, analyzed the data, and
prepared the original draft under supervision of Dr. Tohid Didar and Dr. Zeinab
Hosseinidoust. Sara Rahmani condudteditro mammalian cell culture and cytotoxicity
assay.l conducted ALP assays. Lei Tian performed D&l zeta potentiaghnalysis.
Mathura Thirugnanasampanth@ovidedoptimizedXTT assay protoccand prepared the
assay reagent solutioRiorelle Aguilar contributed to phage propagation and puriboati
Martin Villegas developed Animal Utilization Protocol (AUP) and will contribute directly
to animal studies in theext stepThe SEM and TEM imaging was conducte€anhadian
Centre for Electron Microscoff CEM), McMaster universityChris ButcheandCarmen

Andreihelped with SEM andEM imaging respectively.

Citation: This work is in preparation for submission.

Phageloaded Injectable hydrogel for treating bone and implant associated infection,
Fereshteh Bayatf Martin Villegas, Sara Rahmani, Lei Tian, Mathura
Thirugnanasampanthar, Fiorelle Aguilar, Zeinab Hosseinidoust, Tohid F. Didar,
Manuscript in preparation for submission.
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4.1. Abstract

Injectable hydrogels loaded with antibacterial agents offer a minimally invasive approach
for tackling recurrent bone amsiplantassociated infections. Pseudomonas aeruginosa (P.
aeruginosa), a prominent Gramgative multdrug resistant (MDR) bacterial pathogen,
plays a significant role in refractory bacterial infections related to bone diseases.
Bacteriophages, commonlyn&wn as phages, are natural bactericidal agents that have
demonstrated successful outcomes in the treatment of variousrddatezl infections,
including osteomyelitis. This study introduces a shibaming injectable hydrogel loaded

with phages, composed laponite nanoclay and carboxymethyl cellulose (CMC), designed
for the treatment of bone and impla#sociated infections. The laponite and CMC interact
through hydrogen bonding and electrostatic interactions, forming biocompatible shear
thinning phystally crosslinked hydrogels. To enhance the bactericidal effectiveness of
phage therapy, we have selected a binary cocktail of P. aeruginosa phages. These phage
loaded hydrogels have demonstrated exceptional antibacterial performance in both in vitro
biofilm prevention and biofilm dispersion assays. Metabolic activity assays and bacterial
load assessments (CFU counts) have revealed a highly effective inhibition of bacterial
growth. This was evidenced by a remarkable reduction in bacterial cell activityptey m
than 99% and a substantial decrease in bacterial load of at least 5 logarithmic units in the
in vitro setting. Moreover, the laponitellulose hydrogel loaded with phages exhibited not
only effective antibacterial performance driven by phage actiwtylso an approximately

50% increase in the production of alkaline phosphatase (ALP) enzyme, a key early

biomarker for osteogenic differentiation, in Sa@8ell line.

Keywords: Injectable, AMR, Phage, Bone, ImplaBicterial nfection osteomyelitis
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4 .2. Introduction

Difficult to treat bone infections, also known as osteomyelitis, can develop impuwed

bone (e.g., septic arthritis), fractured bone, diabetic foot, and implanted devices such as
peri-prosthetic joint infectiort.Despite proper medical and surgical procedures in place for
osteomyelitis treatment, the rate of infection relapse is arour@0®) resulting in
elevated mortality and morbidity rates, as well as a substantial economic burden on
healthcare systentsFurthermore, as the prevalence of antibiotic resistance escalates
among both Grarpositive and Grarmegative pathogenic bacteria, the management of
bone and implantelated infections is evolving into a significant global challetfye.
Staphylococcus aurea@ndPseudomonas aeruginoase the most common gram positive

and gram negative bacterial pathogens causing orthopedic infegtion.

Bacteriophages, or phages for short, are bacterial viruses which have been around as
antibacterial agents to treat bacterial infections for almost 100 years. With increased
prevalence of chronic bacterial infections due to spread of antimicrobial resi§fviR)

as a global threat, phages have regained attention after being overshadowed for a long time
by antibioti cs 0% Rhagsscoarv atack badtemial dels 40dsreplicate
themselves osite by taking advantage of bacterial reproduction machf€hys unique
selfdosing characteristic sets phage apart from the rest of antibacterial agents as phages
can be implemented as selistained antibacterial agents. Another intriguing aspect of
bacteriophages is their specificity in attacking bacterialisp@own to strain levels which
mitigates the damage to the human microflora as opposed to antibiotics which can affect
both good and troublesome bactériBhere have been several successful cases of phage
therapy in treating bonelated infections including osteomyelitis, bone and joint

infections, implant associated infections, and fracha&ged infection&” 13

Bioactive injectable hydrogels, capable of passing through small size needles, are intriguing
candidates for regeneration of small Aoad bearing infected bone defects, and implant
associated infection$. They can also be used as local Ggirotein and drugdelivery
systems with no to minimal surgical procedures required. Additionally, injectable
hydrogels have the potential of efficiently filling the irregular tissue defects and cavities.
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Injectable hydrogels can be designed to chiogsin situ or crosdink before injection with
shearthinning or shape memory propertiésSome of the challenges regarding site
gelation include nomniform hydrogel formation with the liquid precursor solution
penetrating into the surrounding tissue and gelation kinetics control which is also
influenced by specific physiological conditionisthe treated sit& Physically crossdinked
shearthinning hydrogel have the potential of addressing these challenges by showing
viscos flow under shear stress (shear thinning property), and recovery of the structure
following the stress release.

Phages can get cleared by the immune system or degrade by enzymes and proteins present
in body!"'® Phageloaded hydrogels present numerous advantages, such as protecting
phages from harsh pH condition, enzymatic degradation, host immune cell responses, and
mammalian cell infiltratiof??®* When designing phageaded biomaterials, it is
imperative to prioritize phage compatibility in the selection and processing of biomaterials
and minimize any interference with phage infectivthBpecifically with hydrogels, any

harsh chemical procedure, long term exposure to high temperatures and UV light would
potentially damage the phag@ddydrogels seem to be ideal carrier for phage delivery, as

long as the crosslinking strategy is phage friendly and does not inactivate or interfere with

the phage infection process.

Nanoclays as netoxic, biologically active, and environmentally friendly components have
been extensively studied for biomedical applications. In particular;stliaged laponite
nanoclaywith (Na'o.7(SisMgssLio.3) Ox0(OH)4]' %’ formulation with 2050 nm diameter

and I 2 nm thickness have been used as an important bioactive gel forming component in
many different hydroge®® These nanoparticles have dual charge distribution by having
permanently negative charge on the surface and a positive charge along the edges, making
them capable of forming house of card structures when dispersed in water at high enough
concentratiort® The applications of these hydrogels extends from drug delivery sy$tems,

29 to bone cements and musculoskeletal injury treatd?éhtissue engineerintf,and as
hemostatic biomaterials for hemorrhage contfdlaponite specifically can interact with
polymers through hydrogen bonding, electrostatic and hydrophobic interactions to form

biocompatible physically crosslinked hydrogels. Laponite has proven to be osteoinductive
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in a growth factofree mannef® The degradation products of nanosilicate include
magnesium, orthosilicic acid and Lithium which are #baxic as well as beneficial for

bone tissue engineeridg.Implementing laponitdased hydrogels for treating bene
associated diseases has been extensively studied due to osteogenic potential of laponite
degradation product8:*#3°0n the other hand, cellulosmsed hydrogels have been widely

used in skin, bone and cartilage tissue engineering applicatiGasboxy methyl cellulose

(CMC) is commercialized and widely used cellulose ether, offering-toanity,
biocompatibility, and biodegradability. CMC is an anionic biopolymer which has been used

as an important component of biomaterials used for bone tisgeneratiof 4°

Here, we have developed a-fbnctional phagdoaded injectable hydrogel based on
physical crosdinking of CMC and laponite nardiscs for bonenfection treatment. The
physically crosdinked hydrogel has shown to be biocompatible and to preserve the pha
infectivity, meaning not to interfere with bactericidal effect of phage. Furthermore, when
the hydrogel degrades, it promotes the bone healing process in vitro by stimulating the
production of alkaline phosphatase (ALP) enzyme in Hikee SaOS2 cell lines.
Additionally, our phagdoaded hydrogels effectively reduce bacterial load and successfully

disperse/prevent tHe. aeruginosaiofilms.

4 3. Results and discussion

4.3.1 Hydrogel polymer interactions

Laponite is a tweadimensional phyllosilicate composed of stacked tetrahedral and
octahedral sheets in a 2:1 ratio. A positive charge is created a the edges by a charge
imbalance caused by Magnesium/lithium atoms in the octahedral layer, while the surface
is negatively charged due to the presence of silicate tetratte(famure 1a). The
anisotropic charge distribution on the surface and edges of laponite can result in reversible
electrostatic interactions between nanoclay particles. At higher concentrations, these
interactions can lead to the formation of structures commonly eeféar as "house of
cards". Figure 1b). Due to these opposite charges, and presence of hydroxyl and silanol

groups on its crystals, laponite can interact with other anionic, cationic, and neutral
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polymers by electrostatic, covalent and hydrogen borfdifiBiopolymers and nanoclay
can have a fairly complicated interactions, but it is satbwn that electrostatic and
hydrogen bonds play a significant role in these interactions due to the presence of the
opposite charges on the surface and edges of thelagpacticles and the hydroxyl groups

in nanoclay and most biopolymefs.

To create the nanocomposite injectable hydrogel-sheped Laponite solutions were
formed in millFQ water using a vortexer and then mixed vigorously with CMC stock
solutions to prevent clump formation. From this point, laponite nanoclay is referred to a
NC. The hydrogels were formulated at constant concentration of 1 w/v% CMC and three
different laponite nanoclay concentrations of 1.5, 2, 2.5 w/v%, and the final hydrogel
formulations were simply labeled as 1.5% NC, 2%NC, and 2.5%NC. Right after mixing
the components, the CMC polymer chains physically eiioks with laponite nanaliscs.
Hydrogen bonds between silanol groups of laponited)Sand hydroxyl groups©H) of

CMC *34 As previously mentioned, there are electrostatic interactions among NCs as well.
CMC is also an anionic biopolymer that can electrostatically interact with positive edges of
the NC. As a result, CMC can get absorbed to the surface of NC and also inittrdice
positive edges through both hydrogen and electrostatic Bénd&gure 1c shows a
schematic representation of NC interacting with each other and CMC polymer chains
through electrostatic and hydrogen bonding, to form a physically-tné&sl injectable
hydrogel. The phage loaded NEMC injectable hydrogel can then be implemented to
different types of osteomyelitis affecting nonured bone, fractured bone, diabetic foot,

and bone implant associated infectioRgy(re 1d).

The interactions between carboxymethyl cellulose (CMC) aadoclay (NC) were
investigated using dynamic light scattering (DLS) analysis. In the presence of low
concentrations of NC (0.2 w/v%) with fully dispersed NC particles in Millwater,
varying concentrations of CMC were introduced to the solution and vigorousiglnThe

DLS results, illustrated iRigure S1, demonstrated that the hydrodynamic size of 0.2 w/v%
NC was initially 60 nm. With the addition of 0.1, 0.2, 0.3, and 0.5 w/v% CMC, the
hydrod/namic size progressively increased to 137 nm, 293 nm, 632 nm, and 1370 nm,

respectively. Simultaneously, the standard deviation exhibited a notable increase,
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indicating the nonuniform formation of NC and CMC aggregates. Furthermore, the
solutions containing 0.2 w/v% NC, 0.2 w/v% CMC, and a combination of 0.2 w/v% NC
and 0.2 w/v% CMC displayed zeta potentials 3if, -28, and-50 mV, respectively (see
Figure S1). This suggests that the mixing of CMC and NC leads to the adsorption of CMC
polymer chains onto the surface of NC through hydrogen bonding. Additionally, the anionic
negatively charged CMC interacts with the positively charged edges of the NC,

contributng to the observed variations in zeta potential.
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Figure 1. Molecular Structure of Laponite Nanoparticles and the Formation Mechanism of
a Multifunctional Phagé.oaded Injectable Hydrogel with Antibacterial Properties. a)
Molecular structure of a single Laponite nanoparticle, composed of tetrahedral and
octahedralayers of lithium magnesium silicates. b) Schematic representation of the self
interaction of Laponite nanoparticles in water, leading to the formation of a "house of cards
structure at higher concentrations. c) lllustration of the interachietvgeen Laponite and
carboxymethyl cellulose (CMC), involving hydrogen bonds and electrostatic interactions.
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d) The application of phageaded LaponiteCMC injectable hydrogels for the treatment
of osteomyelitis."

4.3.2 Physical characterization of hydrogel

Freestanding injectable hydrogels were prepared by simple mixing of the NC and CMC in
milli -q water, which led to instant interaction between NC and CMC due to the electrostatic
and hydrogen bondingFigure 2a, b, d). The hydrogels were easily injected through
needles as seen kigure 2c due to the reversible electrostatic and hydrogen bonds. To
characterize the microstructure of the hydrogels using Scanning Electron Microscopy
(SEM), samples were freeze dridddure 2e). As seen in SEM micrographBigure 2f),

the 2.5%NC hydrogel formed uniform pore size distribution with irregular pore shape. SEM
images of the 1.5 and 2%NC hydrogels showed similar microstructure, with slightly larger
feature sizesHigure S2. Swelling test was conducted using PBS (pH 7.4) at 37°C on
freeze dried samples, which showed high swelling ratios (3500 g/g%) for 4l
formulations. The dried aerogels absorbed PBS to their full capacity after 2 hours, and the
amount of swelling ratio stayed constant for the rest of measurements till 24 hours. The
Swelling ratio showed to be increasing by lowering the NC concentraton2.5 to 1.5
w/v%, and there was no significant difference between 2.5%NC and 2%NC formulations
(Figure S3. The Fourier transform infrared (FTIR) spectroscopy of laponite, CMC and
NC-CMC aerogel is shown iRigure 2g. In the Laponite spectrum, the brda@hd shown

at around 3427 crhis due tai OH stretching vibration of the surface hydroxyl groups, and
1631 cmtis attributed to HOH flexion (absorbed watety.The bands seen at 973 and 641
cm'! of laponite spectrum can be attributed to bending and asymmetric stretchiii@of Si
and vibration of MO bonds® In the FTIR spectrum of CMC, the characteristic picks
seen at 3281 c 2891 cm', 1319 cmt, and 1020 crh are attributed toOH, CH
stretching, CH bending,-O bonds, respectiveflf. The bonds at 1595 cm 1441 cmt are

also indicators of symmetric and asymmetric C=0 stretching vibrations of carboxylate ions,
respectively. In the N@CMC spectrum, the broadening and displacement of 3427tem
3395 cm' and the displacement of the®H flexion pick from 1631 cht to 1595 cmt

can be attributed to intramolecular hydrogen bonding interactions between laponite and
CMC.* Similarly, the SiO band has been displaced from 973 to 983'amd also

63



Ph.D. Thesi$ Fereshteh Bayat; McMaster UniversitBiomedical Engineering

broadened, along with displacement of asymmetric C=0O stretching vibrations of
carboxylate ions and-O bonds, when comparing the laponite spectrum to lapGhte
hydrogel, indicating the interactions betweenCsgroups in laponite and the@, C=0
groups in CMC.

4.3.3 Rheological Characterization of hydrogels

Quantitative measurements of viscosity and storage and loss moduli are crucial in
determiningthe shearhi nni ng behavi or and injectabilidH
and |l oss (Ga) modul i of a mat er i allityion r esp

either absorb (solitlke behavior) or dissipate the energy (liglike behavior),

respectivel y. The amplitude sweep resul ts
exceeded Gqag, i ndicating the f oltkenbehaviar,n of i
resulting in the creation of a freganding hydrogelRigure S49 . The regi on wer
Ga are independent of applied stre®%s is c

expected, the elevation of NC concentrations resulted in an increased storage modulus. The
resulting Ga were 446.47 N 41 Pa, 573.6 N ¢
2.5% NC hydrogel s, respecti velngysmallehttan Ga o f
t h e FiGuee 2K). A strain of 0.2%, within the linear viscoelastic (LVE) region of all
hydrogels during the amplitude sweep, was selected and used for the frequency sweep test.
This rheology test is used to investigate the viscoelastiperties of a hydrogel over a

range of low to high frequencies to evaluate how the hydrogel respond to different rates of
deformation or stress. As seen kigure 2i), across the frequency range of XD Hz,

Ga consistentl y e x c-bkelktleadior @ainfaines at@lifrequendies.g a
This behavior suggests strong interactions between polymer chains and NC patrticles within

the hydrogel network by mataining its solid i ke behavior (Gg>Ga) a
frequencyrange. Astheokcl at i on frequency increased, bo-
(frequency dependency), a phenomenon that has been reported to occur when there are
physical entanglements within the hydrogel netw8rkhis is due to the presence of a

dynamic network structure formed by Rroavalent interactions, such as hydrogen bonds

or electrostatic forces between hydrogel components and polymer chains.
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Figure 2. Physical Characterization dfC-CMC Hydrogel. a) Schematic of phatmaded
injectable hydrogel formation by mixing CMC ahtC. b) Image of thephysically cross
linked hydrogel. c)Injectability of the NGCMC hydrogel d) Freestanding hydrogel, e)
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stress of NGCMC hydrogelsat 38°C.l) Recovery test of the hydrogels by applying
consecutive cyclic low (0.2%) and high (500%) strains up ¢gcles aB8°C.

When a material is exposed to shear stress, monitoring the viscosity changes can show the
ability of the material to resist deformatibhin sheasthinning hydrogels, viscosity
decreases upon shear stress application due to the presence of reversibliekicrgss
mechanisms. As seen knigure 2j, in all hydrogel formulations 1.5, 2 and 2.5% NC (all

made at constant 1w/v% CMC), the viscosity decreased by increasing the shear rate,
indicating the presence of sheéhmning behavior. By increasing NC amounts, relatively

higher viscosities were obsed due to the presence of more electrostatic and hydrogen
bonding between NC and CMC polymeaats. In 0%NC (which is 1w/v% CMC) sample,

the viscosity stayed constant and did not change with shear rate increase, indicating a
Newtonian fluid behavior. The 0%NC (1%CMC) sample also showed significantly lower
viscosity compared to NCMC hydrogels. Thetress sweep test shows in which applied

stress hydrogel transitions from a linear, elastic behavior to a more nonlinear, viscoelastic
behavior. Th stress sweep result is presentéthire S5 The point at which the hydrogel
transitions from a linear ta nonlinear region is commonly referred to as the yield stress.
Beyond this threshold, the hydrogel may begin to flow or exhibit plastic deformation. The
results of the stress sweep test conducted at a constant frequency of 10 Hz indicated an
increase irthe yield stress, with values measured at 138.5 Pa, 167.2 Pa, and 244.9 Pa for

the 1.5%, 2%, and 2.5% NC hydrogels, respectivElgure 2k). This could be due to

increased interactions between NC and CHMChigher NC concentration. Another
significant feaure of sheathinning hydrogels is their capacity for rapid recovery after
injection, which can be assessed by subjecting them to cyclic low and high strains and
monitoring changes i n Gleigura 8, ,dt |dWertraio ewels t i me
within LVE region (0. 2%), Ga surpdileses Gaq
structure. However, when subjected to a high strain outside the LVE region (500%), the
hydrogel net wor k becomes c o mpultimgmmi aslassigf wi t h
structural integrity. By lowering the applied strain to 0.2% again, there is a swift recovery

of the hydrogel network as shown by i mmedi
These successive low and high strain cycles demonstrate the remarkabley cdptheit

hydrogel to recover after complete disintegration, a crucial attribute for-gheang
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injectable hydrogels. In summary, the system containing 2.5% NC displayed the highest
yield strength and elasticity. It's worth noting that NC concentrations exceeding 2.5% were
not assessed due to the excessively high viscosity of the mixture, whiclt mgutectical

to achieve uniform hydrogels.

4.3.4 In vitro bacterial assays

Due to high specificity of phages, the utilization of purposefully designed phage cocktails
has shown to enhance bacterial eradication and treatment efficRtyage cocktails
broaden the spectrum of phage antibacterial activity, allowing them to target a wider range
of bacterial strains, and they may also mitigate the risk of phage resistance emergfence.

As a proof of concept, we examined the bactericidal activity of six distinct P. aeruginosa
phages, namely P32, JG004, PO4, PP7, and E79, against the P. aeruginosa laboratory strain,
PAOL1. These phages were tested both individually and in binary combsdBiased on
turbidity monitoring (ORoo assay) of phage infected and uninfected bacterial cultures (Kkill
curves) shown ifrigure S6 by infecting the bacterial strain with individual phages, phage
resistant mutants rise after ~8 hours. However, someybjpizage infections showed
promising results in terms of bacterial eradication performance. The Four phage pairs
including P32JG004, P3E79, PO4JG004, PO479, were able to successfully eradicate
bacteria and prevent phagesistant mutants arise for tqp 24 hoursn vitro. Theresults

of this experiment underscore the potential for enhancing the effectiveness of phage therapy
through the deliberate formulation of phage cocktails. As a proof of concept, the
combination of two specific phages, P32 and JG004, was selected faviiemmnent of
phageloaded injectable hydrogels for the subsequent experiments. In all-|olzalpe

hydrogel formulations, the term ‘phage’ refers to the 3204 combination.

Figure 3a displays electron micrographs of phages, using transmission electron
microscopy (TEM), and PAO1 bacterial cells, visualized through scanning electron
microscopy (SEM). To assess this phage pair's efficacy, PAOL cultures were exposed to
varying phage conedrations. The ratio between the number of phages and the number of
bacterial cells is referred to as the Multiplicity of Infection (MMHigure 3b illustrates

that the P321G004 pair at MOI=0.1 effectively suppressed bacterial growth, whemreas th

use of individual P32 and JG004 phages led to the emergence of resistant mutants after 8
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10 hours. At all other examined MOIs (10, 1, 0.01, 0.001, 0.0001), a noticeable and
effective reduction in bacterial growth was observed when compared to the control and
singlephage infectionsHigure S7). Injectable bactericidal hydrogels were created by
incorporating a phage cocktail (composed of a 50:50 ratio of P32 and JG004) into-the NC
CMC hydrogel. The resultant hydrogel contained a final phage concentration of
approximately ~19PFU/ml (Plaque Forming Units per milliliter). When this phéggded
hydrogel was injected onto a bacterial lawn and incubated at 37°C overnight, a clear zone
of bacterial clearance was observed around the injected hydrogel, demonstrating its

effectiveness in eliminating bacterial cellBigure 3c).
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Figure 3. In vitro bacterial assays) Transmission electron microscopy (TEM) images of
phages (P32 and JG004) and scanning electron microscopy (SEM) images of P. aeruginosa
(PAO1).b) Kill curves depicting the effects of individual and binary phage infections on
PAOL1 bacterial cell®ODeooassay)c) Schematic representation of phdgaded injectable
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hydrogel preparation along with an image illustrating the antibacterial effect of the
hydrogelafter beingnjectedonto bacterial lawn. The cleared zone surrounding the injected
hydrogel signifies bacterial growth inhibitiod) Schematic illustrating the steps of the
bacterial prevention assay (a prophylactic measa)@&iofilm prevention performance is
analyzed after 24 hours of incubation by measuring Céihts f) representative images

of MacConkey agar plates after culturing 100 pL supernatants from each well containing
hydrogel with phage antbntrol no phagéydrogel g) Metabolic activity of bacterial cells

in both the supernatant and adhered biomass of each well withiwell?dlate using the

XTT assay(a tetrazolium salt undergoes reduction to an orange soluble formazan dye in
response to cellular metabolic actiyitly) Theassay protocol for biofilm dispersionCFU
countsof biofilm dispersionassay,) Representative images of MacConkey agar plates
after culturing 100 pL supernatants from each well containing hydrogel with phage and
control no phagéwydrogel k) Metabolic activity of bacterial cells in supernatant and
adhered biomass using XTT assaybiofilm dispersion assay****p < 0.0001, **p <

0.01, *p < 0.05)

The effectiveness of phadeaded hydrogels in preventing and dispersing biofilms was
assessed through various liquid bacterial assays, including e@oning unit (CFU)
counts, assessment of metabolic activity via the XTT assay (tetrazolium sodiuim salt)
both the supernatant and adhered biomass, as well as turbidity measuremejzsEaR)

of the supernatant within each well. In biofilm prevention assay, hydrogels were placed
within sterile untreated flat bottom 2#ell plate and bacterial cells were seeded at an initial
concentration of T0CFU/mL in each wellFigure 3d). The plate was incubated at 37°C

at 120 rpm shaking for 24 hours to allow bacterial biofilm growth. Bacterial concentrations
were assessed for each condition by creating serial dilutions of the supernatant from each
well and then culturing on McConkeygalective nredium for grarmegative bacteria) agar
plates.Figure 3e presents the concentration of viable bacterial cells in Log (CFU/mL) for
each condition. A comparison between the PAO1 blank control (no hydrogel) and the
2%NC hydrogel without phage reveals that the hydrogel did not exhibit any bactericidal
effect, as te number of viable bacterial cells remained the same. In contrast;|phdge
hydrogels with various formulations (1.5%, 2%, and 2.5% NC) reduced the bacterial load
by approximately 5 logs when coamed to the control PAOL1 blank and the hydrogel
without phage. By spreading 100 pL of the supernatant from each well onto MacConkey
agar plates and incubating them overnight, it was observed thatiolaage hydrogels led

to the growth of only a few colags. In contrast, the hydrogel without phage was densely

covered with bacteria, as illustrated in the representative plate imagegune 3f. The
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metabolic activity of bacterial cells in both the supernatant and adhered biomass from each
well was assessed using the XTT assay, a cell proliferation assay employed to measure
cellular metabolic activity as an indicator of cell viability. XTT is a tettamn salt that
undergoes reduction to an orange soluble formazan dye in response to cellular metabolic
activity. An increase in the metabolic activity of bacterial cells leads to the reduction of
tetrazolium salt into formazan dye, resulting in increasmbrbance®>*After introducing

100 pL of the XTT solution to an equal volume of the supernatant from each well (resulting
in a total volume of 200 puL) and incubating for one hour at 37°C, the metabolic activity of
bacterial cells was assessed to compare hydrogelslloatiea phage cocktail to hydrogels
without phages. To measure the metabolic activity of bacterial cells within the adhered
biomass, all the supernatant solution was removed from each well without disturbing the
adhered biomass. Subsequently, 1000 pK©F solution was added to each well (without
removing the hydrogel), and the plate was incubated for one hour at 37°C. Subsequently,
200 pL of the solution was transferred to a®él plate, and the absorbance was measured

at 490 nm. The absorbance value=e significantly reduced for phataded hydrogels
compared to hydrogels without phages in both the supernatant and adhered biomass. These
results affirm the successful antibacterial performance of the gbaded hydrogels in
preventing the formatioaf bacterial biofilms Figure 3g). The turbidity of the supernatant

was also measured for each well and as showrigare S& Phageloaded hydrogels
resulted in lower absorbance numbers §6JI) that the presence of phages effectively

prevented bacterial growth and biofilm formation.

For biofilm dispersion assay, PAO1 was seeded the wells of a 24vell plate and

allowed to grow biofilms for 24 hours at 37°C with agitation at 120 rpm. After the 24 hours

of biofilm growth half of the supernatant from each well was carefully removed
Subsequently, hydrogels were introduced into the wells, and the volume of supernatant that
was previously removed was replaced with fresh growth media. The plates were then
incubated for an additional 24 hefigue t o as
3h). Similar trends were observed in the biofilm dispersion assay. The results from the CFU
count assay indicated a remarkable decrease in bacterial load (approximately 6 logs) i
biofilms treated with phagmaded hydrogels when compared to the PAOL1 blank control

and hydrogels without phagdsigure 3i). Representative images of the overnight growth
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of 100 pL of the supernatant from each condition, which was spread on MacConkey agar
plates, are presentedhigure 3j. The introduction of phagmaded hydrogels resulted in

a substantial reduction in bacterial load, with only a few bacterial colonies observed. In
contrast, the supernatant from wells with hydrogels lacking phages was able to completely
cover the plate. ThXTT assay results demonstrated a significant decrease in bacterial
metabolic activity in both the supernatant and adhered biomadse gphagdoaded
hydrogels when compared to hydrogels without phagégufe 3k). Turbidity
measurements of the supernatant in each well validated the findings from CFU counts and
the XTT assay by revealing lower absorbance values in the presence ofiqatsge
hydrogels Figure S9. Representative images of the wells of biofilm prevention/dispersion

experiments after conducting XTT assay are showigare S1Q

An intriguing characteristic of phages as bactericidal agents is thedaoseifg ability.

They can replicate esite by utilizing bacterial reproduction machinery to multiply. In both

the biofilm prevention and dispersion assays, the concentration géphas determined

by serially diluting and plating the supernatant from samples of dbaged hydrogels on

a PAO1 bacterial lawn. The phage population increased to approximatélanrdl 616!
PFU/mL in the biofilm prevention and biofilm dispersion gssaespectively (seeigure

S117). The final concentration of phages in the biofilm dispersion assay was notably higher
than in the biofilm prevention assay, as the bacterial cell density in each well was greater
due to the prexisting 24hour biofilm growth when the hydrogels were atuced.

4.3.5 In vitro cell culture.

In vitro cell culture studies were conducted on pHageed injectable hydrogels using the
Sa08S2 osteoblast cell line. The cytocompatibility of the hydrogels was evaluated through
an indirect approach, wherein seeded cells were exposed to standardeongu= and
complete media containing extracts from phbggaled hydrogels. These hydrogel extracts
were derived from hydrogels incubated in standard complete media for 5 and 7 days. As
depicted inFigure 4a, the hydrogels exhibited biocompatibility, with no signs of

cytotoxicity. Cells exposed to extracts from hydrogels with a longer incubation period (7
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days) also displayed enhanced cell proliferation compared to cells cultured in regular

complete medium.
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Figure 4. In vitro cell culture. a) Indirect cytotoxicity assay conducted after 48 hours of
incubating SaO& cells with extracts of hydrogels immersed in complete media for 5 and

7 days at 37°C in 5% CO2, in comparison to cells grown in fresh complete cell culture
media asa control. None of the hydrogels exhibited any cytotoxic effects on the-3aOS

cell line. b) ALP assay performed after incubating cells with hydrogels for 3 days, revealing
significantly higher levels of ALP induction in cells incubateith hydrogels when
compared to control cells cultured in complete cell culture media alone. (****p < 0.0001,
***p < 0.001, *p < 0.01, *p < 0.05)

Osteomyelitis, a severe form of bone infection, is renowned for causing localized bone loss
and destruction. The prevalence of antibioésistant infections and biofilm formation has
significantly reduced the success rate of treatment in such ¥a$esimprove the
management of osteomyelitis, the creation of a biomaterial with dual functionality for
infection control and bone regeneration is imperative. As previously mentioned, the
hydrogel utilized in this study incorporates laponite and CMC, bbtthach have shown
promise in promoting bone formation in various research stétité4’ The SaOS cells

used in this study are human osteosarcoma cells exhibiting osteoblastic characteristics,
including the expression of alkaline phosphatase (ALP), osteonectin, and a response to
mineralization activatio”® ALP serves as an early marker of osteogenic differentiation in
osteoblast cells. It is expressed on the extracellular matrix and stimulates bone
mineralization by releasing phosphoffi&ln this study, we assessed the ALP activity after

culturing SaO£L cells in the presence of hydrogels for 3 days. The ALP activity increased
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by 34%, 48%, and 50% in the presence of 1.5%, 2%, and 2.5% NC hydrogels, respectively
(Figure 4b).

4.4. Conclusion

In this study, wesuccessfully developed an injectable hydrogel for delivering phages to
infected bone tissue. This hydrogel was created by simply blending NC and CMC, resulting
in physical crosdinking driven by electrostatic and hydrogen bonds. The presence of
reversibleelectrostatic and hydrogen bonds conferred stieaning behavior and self
healing properties to the injectable hydrogel, as demonstrated by rheological assessments.
The hydrogels were loaded with a bind&yaeruginosgphage cocktail, which exhibited
significantly stronger antibacterial performance compared to individual phages. The phage
loaded hydrogels demonstrated excellent antibiofilm performance in both biofilm
prevention and dispersion assays. Furthermore, these biocompatible hydrogels displayed
enhanced osteogenic activity in SaQ®steoblast cells, underscoring their considerable
potential for promoting bone healing and osteointegratosummary, the phageaded
NC-CMC injectable hydrogel, with its dual functionality of antibiofouling andébealing
properties, holds promising potential for the treatment of bone and irgdsotiated

infections

4.5. Materials

Carboxy methyl cellulose (CMC) with average Molecular weight of ~250,000 and degree

of substitution 0.9 was purchased from Millipore Sigma (Oakville, ON, Canada). Laponite
XLG Nanoclay (NC) was generously provided by BYK Additives Inc., USA. Phosphate
buffered saline (PBS) tablets were purchased from VWR (Mississauga, ON, CA). Luria
Broth (LB) was purchased from Fisher Scientific (ON, GA. PaeThilisi32 or for short

P32 and JG004 phages, and Pseudomonas aeruginosa (PAO1) strain were purchased from
DSMZ (Germany). E79, PO4 and PP7 phage from Université Laval (QC, Canada). XTT
tetrazolium sodium salt, menadione, and acetone were purchased from Sigma. Aldrich
Phosphatduffered saline (PBS) tablets were purchased from VWR (Mississauga, ON,
CA). Luria Broth (LB) was purchased from Fisher Scientific (ON, CA). Alkaline
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Phosphatase Assay Kit (ab138887) aRdestoBlu& HS Cell Viability Reagent
(Invitrogen P50200) were purchased frélmcam (Abcam.com) and Fisher Scientific (ON,
CA), respectively.

4.6. Methods

4.6.1 Hydrogel preparation

Solutions of CMC and Laponite were prepared in rgjlivater under vigorous agitation.
CMC required a heating process at 50°C for at least 5 hours to obtain homogenized
solutions, while laponite formed transparent solutions after a few minutes of sétring
room temperature. Laponite nanoclay particles (NC) were stirred at 700 rpm and after 2
minutes, CMC solutions was added to it, followed by a vertexin§ foinutesto obtain a
homogenized hydrogel. The concentration of CMC was kept constant at 1 wiv¥Ca
concentrations increased to obtain hydrogels with 1.5, 2, 2.5w/v % NC. All hydrogel
formulations were aged fd8 hours at room temperature after preparation.

Phage loaded hydrogels were prepared the same way described above by mixing Laponite,
CMC and phage cocktail to obtain the final concentration of phages aPFU/mL. The
original phage cocktail was prepared by mixing equal volumes of both phager at

PFU/mL to obtain 5 p 1 PFU/mL in the final mixed solution.

4.6.2 Rheological analysis

Rheological properties were assessed using a Discover Hybrid rheometer (TA
Instruments, USA) with a cor@ate geometry with 40 mm diameter, 1°cone angle, and 50
pm truncation gap. To prevent evaporation, mineral oil was applied around the
circumferace of the plates in all measurements to obtain consistent results. The hydrogels
were equilibrated for 2 minutes prior testing under steady shear of 0.2% strain at 10 Hz to
remove the mechanical history of handling the hydrogel. Frequency sweeps weiedednd

from 0.01 to 100 Hz at 25°C, and strain sweeps were performed from 0.01% to 1000%
strain at 10 Hz at 37°C by 10 points per decade measurements. The recovery test was
performed at 10 Hz 37°C under 500% strain for 60 seconds, a value outside the linear
viscoelastic region, followed by applying a 0.2% strain for 120 seconds. The low and high
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strain cycle was repeated 6 times for a cyclic strain test to assess the ability of the hydrogel
to recover itself. The flow ramp was performed at shear rates from Oito Sfver 150

seconds at 25°C.

4.6.3 Swelling and degradation experiments

Freeze dried hydrogels (n=4) inside a stlhiner were submerged in PBS and incubated

at 37°C. Samples were removed at different time intervals, including 2, 4, 6, 8 and 24 hours.
Before weighing the samples, the excess water was removed carefully using a Kim wipe.
The swelling ratio was measurading the formula: Swelling ratio = (WWq)/W4 100.

W\, represent the swollen weight after incubation in PBS, aqid We original dry weight.

4.6.4 Scanning Electron Microscopy (SEM)

Bacterial cellsvere grown on steel coupons overnight éixeld using 30% glutaraldehyde

for 30 min at 4 °C. Fixed samples were dehydrated by sequentially immersing in ethanol
gradient solutions (10%, 30%, 50%, 70%, 90%, 100%) for 10 min. Samples were then dried
using a Leica EM CPD300 critical point dryer (Leeilikrosysteme GmbH, Austria). Dried
samples were coated with 20 nm of gold using a Polaron Model E5100 sputter coater
(Polaron Equipment Ltd., UK). SEM images were taken using a Tecan VEGA Il LBU SE
(Tecan USA, PA, USA). In order to prepdmgdrogels for SEM imaging, hydrogel samples
were freeze dried for 24 hours, sputter coated with a 15 nm gold layer and fixed on SEM
stubs using double sided carbon tape. The samples were then imaged using a JEOL 6610LV
SEM instrumentat the Canadian Centre for Electron Microscopy (CCEM), McMaster
University (ON, CA).

4.6.5 Transmission Electron Microscopy (TEM)

First, carboncoated copper grids were plasma treated shortly to help spread the liquid on
it properly. Afterwards, phages with an initial concentration 8PFJ/mL wereabsorbed

onto the prepared carbon coated copper grids and negatively stained with 1% uranyl acetate.
Stained grids were dried at room temperature and imaged using Talos L120C transmission
electron microscope at the Canadian Centre for Electron MicrosGipgN!), McMaster
University (ON, CA).
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Transmission election microscopy (TEM) images of the phages were obtained using Talos
L120C transmission electron microscope at the Canadian Centre for Electron Microscopy
(CCEM), McMaster University (ON, CA).

4.6.6 Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectra were obtained for laponite XLG powder (NC), CMC powder and powdered
lyophilized hydrogel (1%CM&%NC) in the range of 400800 cm?, at 2 cm resolution

with 32 scansEruker instrument, model Vertex70)

4.6.7 Dynamic Light Scattering (DLS)

DLS measurements were performed at a backscattering angle of 173° and a laser
wavelength of 633 nm. First, the hydrodynamic size of 0.2% NC was assessed using DLS.

In order to analyze the interaction between CMC and NC, 0.1, 0.2, 0.3, and 0.5% CMC was

introduced to the 0.2% NC dispersions, and the measurements were conducted after 60
seconds of higispeed vortex. Fresh samples were prepared for every measurement. Zeta
potential and DLS measurements weeeformed using Malvern Zetasizer Nano.

4.6.8 Bacterial culture and phage propagation

Overnight cultures of bacteria were prepared by streaking a frozen glycerol stock of
Pseudomonas aerugino2AO1 strain (stored at80°C) and inoculating LB media,
followed by incubation under 180 rpm at 37°C forliBlhoursPseudomonas aeruginosa
phages including JG004 (JG004), vB_Hdflisi32 (P32), PO4, PP7, and E79 were
propagated on their host (PAO1), by introducing a single plaque of each phage to a bacterial
subculture amid-exponential phase of growth (@9= 0.3) and incubating at 37°C at 180

rpm for 6 hours. Crude phage lysates were then pelleted down at 7000 rcf, at 4°C for 15
minutes, the solution on top was decanted to a new tube, and the pellet containing bacterial
debris was discarded. The phage combg solutions were then sterile filtered using 0.45

pm and 0.22 um syringe filters consecutively. To further concentrate the phage solutions

in some cases 100 KDa, and 30 KDa Amicon ultra filters were used.
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4.6.9 Phage cocktail design

Phage Cocktail designs were conducted by measuring turbidity of phage infected cultures
compared to winfected cultures using Qb assay. Binary combinations of phages
(including P32JG004, P304, P32PP7, P3ZE79, PO4JG004, PO4P7, PO4T9,
JGO04PP7, PPE79) were introduced to PAOL cultures at éD~0.1 at MOI=10
(multiplicity of infection or phage to bacteria ratio), at total volume of 200 L in a sterile
flat bottom transparent 96 well plate. The plate was incubated for 24 hours at 37°C under
orbital shaking inside &ynergy Neo2 BioTek plate readmnd absorbance was recorded
every 5 minutes at 600 nm. Phage pairs which successfully suppressed the bacterial growth
and had absorbance values similar to media controls were introduced as effective
combinations. The selected phage pair (¢GP04) weredrther analyzed by repeating the
above explained experiments at different MOls including 10, 1, 0.1, 0.01, 0.001. The final
ODeooresults were graphed using GraphPad Prism 10 software.

4.6.10 In vitro antibacterial assessment

In order to evaluate the biofilm prevention ability of the phage loaded hydrogels,
guadruplicates of phage cocktihded hydrogels with 3 different formulations (1.5%NC,
2%NC, 2.5%NC+phage) with a final concentration of PFU/mL of phage cocktail
containing P32,JG004 (1:1 v/v) and a hydrogel formulation without phage (236NC
phage) as a negative control were placed in a sterile untreated flat bottom 24 well plate. LB
media only wells and PAOL1 only wells were also usedrots 1 Hydrogel volume was kept
constant at 400 pL for all conditions. Having added 1 mL of bacterial cultures of PAO1 at
10° CFU/mL to each well, bacterial biofilms were grown for 24 hours under 120 rpm
agitation at 37°C. At the end of 24 hours biofilm growth, optical density of 200 pL of the
supernatant was measured at 600 nmg(g)n a 96 well plate, comparing the turbidity of

the samples. Afterwards, CFU counts of the supernatant was calculated by taking samples
from the wells containing hydrogels with and without phage and gsedidlited in sterile

PBS solution (10 folds serial dilutions) and plating on MacConkey agar (selective for gram
negative bacteria) plates to obtain CFU/mL. The metabolic activity of the planktonic
bacterial cells was also measured by adding 100 L ofisnlfrom each well and added

to 100 pL of XTT solution in a 96 well plate and incubated for an hour. The absorbance
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was then recorded at 490 nm usiBgnergy Neo2 BioTelplate reader. The metabolic
activity of the adhered biomass was also evaluated by carefully removing all the planktonic
bacteria and adding 1500 of XTT solution, followed by one hour incubation in the dark
under 120 rpm agitation at 37°C. The absorbanceraeorded for all samples by adding
200 pL of the XTT containing solutions from each well to a 96 well plate and recording

the absorbance at 490 nm.

For assessing tHaofilm dispersing ability of the injectable hydrogels, 2¥bur biofilms

were first seeded inside a sterile 24 well plate under 120 rpm agitation at 37°C in a total
volume of 1000 pL per well by initial concentration of PAO1 at OFU/mL. Having
removed 500 pL from each well at the end off@r incubations, and replacing it with

500 pL of fresh media, different hydrogel formulations with and without phage cocktails,
were introduced to each well in quadruplicates. The platestivemarcubated for another

24 hours, followed by measuring the turbidity of the supernatandogd bhetabolic activity

of the supernatant and the adhered biomass using XTT assay, CFU counts, and turbidity
measurements as discussed ab8ymergy Neo2 BioTek plate reader was used to record
absorbance data in both XTT a@@esooassays.

4.6.11 In vitro cell studies

The cytotoxicity of the phaglwaded NGCMC hydrogels was evaluated using an indirect

method. First, hydrogels with three different Lapointe concentrations (1.5, 2, 2.5% NC)
loaded with a mixture of P32G004 phages at a final concentration of RBU/ml were
emersed in 700ulSa@S gr owt h medium (McCoyds 5A medi L
bovine serum (FBS)) and intubated at 37°C in 5% CO2 for 3, 5, and 7 days. In the
meanwhile, SaOR cells were seeded at a density of 2>ddlIs per well into each well

of atissue culture treated-2¢ell plate. Tle SaO2 cells were exposed to hydrogel extracts

by replacing the complete media in cell seeded wells with 700 pL of the extract form each
hydrogel group. The cells were incubated for an additional 48 hours in elutioa medi
containing hydrogel extracts. The cells exposed to fresh complete media were regarded as

a control group. After 48h of incubation, cytotoxicity assay was conducted using
PrestoBluE HS Cell Viability Reagent (Invitrogen P50200) according to the
manufacturer 6s i n gremoued the nediwn.fronBeadh edll bfthe24h a v i 1
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well plate containing cells, a #0ld dilution of the cell viability reagent in cell culture
medium was added to each well. The plate was incubated for 3 h at 37°C in 5% CO2. After
incubation,200 pL of the solution was added to black well plates (Greiner(Bie
655086) and fluorescence measurements were taken at excitation and emission
wavelengths of 560+5 nm and 5905 nm, respectiusiggSynergy Neo2 BioTebklate

reader. To assess the ALP activity of cells exposed to hydrogels; Ze€)S were seex

at a density of 2 xPCcells per well into each well of a tissue culture treateseH plate.
Hydrogels with 1.5, 2, 2.5% NC loaded with phage cocktail (P32, JG004) were placed onto
seeded wells, and incubated for 3 days. The ALP activity was measured at the end of
incubationin the supernatant of each sample usklgaline Phosphatase Assay Kit
(ab138887, Abcam. com), b a s &l measnremardsnwere a ct ur

performed in quadruplicates.
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4.8. Supplementary Information
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Figure S1 DLS and zeta potentiaheasurements
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Figure S2 SEM images of 1.5% and 2%NC hydrogel formulations
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Figure S3 Swelling ratio of freeze dried 1.5, 2, 2.5 %NC hydrogels at different time
intervals recorded up to 24 hours.
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Figure S5 Stress sweep at 10Hz for hydrogels containing 1.5, 2, and 2.5% NC at 38°C.
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Figure S6 Kill curves of individual and binary phage cocktails. OD600 assay results of
infecting PAO1 bacterial strain witsingle P. aeruginosa phages including P32, JG004,
PO4, E79 and PP7 and binary combinations ofR3Q04, P32P04, P32ZE79 and P32
PP7, PO4G004, PO£79, PO4PP7, JGOOLP7 and E7PP7 in comparison to
uninfected PAO1 (gray graph). Dashed line shows st@hdeviation from the mean of

n=6 samples
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Figure S8 Turbidity measurement of the supernatant in biofilm prevention assay
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Figure S9 Turbidity measurement of the supernatant in biofiispersiorassay
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Figure S1Q Representative images of wells for metabolic activity measurements using
XTT assay. The metabolic activity of adhered biomass and the supernatant solution in each
well was measured for both biofilm dispersion and prevention. Color change in wells
containing hydrogels after removing the supernatant and adding the XTT reaction solution
to measure the metabolic activity of adhered biofilm after 24 hours treatmerghaige

loaded hydrogels in comparison with POA1 and no phage containing hydrogel (A). Color
change correlated to metabolic activity of cells in the supernatant of the wells containing
phage compared to POA1 and no phage containing hydrogel after mixisgpimatant

and XTT reaction solution 1:1 volume ratio (B).

14

® 1.5% NC

+Phage ok oKk

2% NC |
® +Phage

12_ ns

0 2.5%NC

+Phage S=e %% 0

d
£
) ns
i 104
(o)}
3 ‘ \
84
6

Biofilm prevention Biofilm dispersion
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Chapter 5: PhageConjugated Liquid-Infused Implants Prevent Mortality Against an

Implant -Associatedinfection in a Mouse Mode

Preface: In this chaptera phageconjugated liquid infuse@oating was developed to
prevent bacterial infection and biofilm formation on the surface of orthopedic implants.
The developed coating harnesses a dual functionality, combining thadaesion
properties of a liquidnfused surface with the bactericidal effects of phagdse
biocompatibility and efficacy ahis coatingwere tested in botim vitro andin vivomouse
model.

Contribution: This work was an equal collaboration between me and Martin Villegas. Martin
Villegas developed the Liquid Infused Coatings, conduictedro mammalian cell culture and

in vivo animal studies with help of Sara Rahmani and two undergraduate stubiayity,
Kramer and Elise Schwarz| helped with sample preparation, propagated, and purified
different phages, conducted all the bacterial culturesjtro bacterial and phage assays. |
analyzed the samples collected from animals and conduategtibhassays on them with help
from MathuraThirugnanasampantha¥lartin Villegas wrote the original draft with input
from me and others Both Martin Villegas and | analyzed the results and edited the
manuscript. The project was conceptualized by Dr. Tohid Didar and conducted under
supervision of Dr. Tohid Didar and Dr. Zeinab Hosseinidoust. Dr. David Wilson provided

scientific support frm a clinical perspective.

Citation: This work isin preparation for submission

PhageConjugated Liquidnfused Implants Prevent Mortality Against an Impfant
Associatednfection in a Mouse ModeMartin Villegas® Fereshteh Bayaf? Sara
Rahmani, Mathura Thirugnanasampanthar, Taylor Kramer, Elise Schwarz, David Wilson,
Zeinab Hosseinidoust, Tohid F. Didar

9 Equal contribution
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5.1. Abstract

Implantassociated infections (IAls) continue to be one of the top medical complications in
modern medicine. Eradicating an | Al can be
biofilm on the medical device. A biofilm is a surfaseund bacterial @ammunity
encapsulated in an extracellular matrix, which promotes bacterial attachment and creates a
protective barrier against antibiotics and the immune system. If the infection is not treated
promptly, severe complications can arise, including implahiré tissue trauma, chronic
infections, or sepsis. Resent strategies have been developed to prevent medical implant
infections. Here, we developed a bacteriophage conjugated-iiuskd surface (LIS)
coating capable of repelling and killing bactefairthermore, this coating contained a
collagen layer, which promoted bone cell adhesion and proliferation. The fabricated coating
was testedn vivo, in a sepsis mouse model using the highly pathogesezidomonas
aeruginosabacteria. Mice containing thebteriophage liquidhfused (Phagt|S) coated
implants had zero mortalities compared to groups containing untreated titanium implants
(90% mortalities) or liquidnfused coated implants (70% mortalities). We envision a
modular coating using therapeuticberiophages within a repellant LIS coating to prevent

IAls, along with biomolecules to promote tissue integration dependent on the application.

Keywords: Titanium implant, Liquid infused, LIS, AMR, Phage, Antibacterial, Coating,

Sepsis, mouse model
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5.2. Introduction

Titanium and titanium alloys continue to be some of the most saiigtmaterials for
medical implants due to their unique material properties. Titanium provides high resistance
to degradation, fatigue, and wear while providing high moduli and stréAgtirthermore,
titanium alloys, especially grade 5 and grade 23, provide high corrosion resistance and
display no cytotoxic characteristiégor these reasons, titanitimased medical implants
have been used in various applications, from orthopedic and dental implants to
cardiovascular stents and mechanical heart vdlRespite implant material or application,
implantassociated infections (IAls) remain one of the top medical complications in modern
medicine. Als are the highest cause of implant failure in orthopéflies\d dental
applications, requiring lengthy hospital stays, prolonged antibiotic regimens, and multiple
surgeries to eradicate the infection. Even when the probability for an IAl is low, as is with
cardiac implants (6%), the risk for complications or mortality is substantial.$24)8
accounting for a higher medical and financial burden to the individual and the medical
institution. If an 1Al is not diagnosed and treated promptly, severe complications can occur,
including the possibility of sepsis. Sepsis is a clinical syndrome wherdextion causes

a dysregulated immune respofsdoreover, sepsis can quickly result in septic shock,
which is characterized by failure of the circulatory system, which may result irongegtn

failure and mortality®

Eradicating an established implaagsociated infection can be complicated due to biofilm
formation on the | mpl asecretedpolgmernclagectieat protectsb i o f i
surfacebound bacteria coloni¢é The secreted extracellular matrix (ECM) is composed of
extracellular DNA, polysaccharides, and glycoproteins, among other molecules, which
promote cell adhesion, bacteria eteHcell communication (quorum sensing), and protects

the bacterial cells fromystemic antibiotics and the host's immune systéthin fact, it

has been shown that bacteria in biofilms are 1000 times more resistant to antibiotics
compared to planktonic bacteffaFigure 1a displays an oversimplified schematic of the
evolution of biofilm formation. First, planktonic bacteria colonize the surface, where it
proliferates, matures, and produces ECM. The ECM can then promote additional bacterial

attachment, and in some cases,ltirgapecies biofiims can be formed, increasing the
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infection's complexity. Finally, bacteria can be expelled from the biofilm to create new
colonies, thus repeating the cycle. Another complication caused by biofilms is that even if
the infection is treated successfully, the leftover biofilm on a medigaaimcan facilitate

the recolonization of the surface by persisted cells causing an infection réfdfse.

Implantassociated infection prevention continues to be a highly researched topic, leading
scientists to formulate protective coatings on medical implants. There are two main
methods for how these coatings operate. The first one kills the bacteria dinedtiy
implant or in the pefrimplant space, while the second category prevents bacterial
attachment to the implant. Among the latter category, lipfigsed surface (LIS) research

has become prominent due to its exceptional antifouling capabtfitté4.iquid-infused
surfaces, inspired by thidepenthegpitcher plant, are surfaces containing a thin lubricating
layer tethered through chemical and physical forces. The lubricating layer is chosen to be
immiscible with the liquids that need repelling, thus creating a protective layer that prevents
direct conact with the underlying substrate. Although LIS is a promising antifouling
technology, LIS alone cannot indiscriminate between bacteria or the host cells, preventing
important interactions required forqgper hosimplant integration. To circumvent this
problem, our group has developed a plethora of multifunction LIS coatings, including LISs
capable of preventing blood coagulation while promoting endothelialization in medical
catheterg! 232527 |S combined with antibiotics for a muliitage protective layéf;and

LIS conjugated with chitosan to enhance bone cell adhesion and proliferation on titanium

implants?®

In this work, we set out to create a new generation of biofunctionaldigfuided coatings

for medical implant materialdHere, we created bacteriophage and collagennjugated

LIS (PhagellS) coating on medicalgrade titaniumto promote cell attachment and
proliferation while at the same time possessing the ability to repel ssddgteriaFigure

1b. displays the protective functions of the proposed coating. Here, theildused layer
provides a notadhesive film that prevents bacterial attachtme/hile the bacteriophage
collagen layer can kill the bacteria upon contact. Furthermore, the collagen layer increases
the surface area for bacteriophage attachment and provides anchor points for proper
adhesion and integration with the host's cellsi&amphagesalso known aphagesyere
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chosen as the antibacterial agent due to their high stability, specificity, ardbsielf

ability by reproducing themselves on site upon infecting bacterial pathéféns.

Even though phages were discovered in 1%81Beir medical and research value has been
greatly overshadowed by the discovery of antibiotics inl@#0s>33*However, with the

rise in antibiotic resistance and the creation of bacterial supg®>3° bacteriophages
have emerged as promising alternatives to antibid@steriophageare mainlyclassified

into two categories. The first is lytic or virulent phage® to their fast lytic action. Soon
after a bacterium has been infected, itijected genometakescontrol of the bacteria's
reproduction system to replicate itsedhdnewly formed phages $g¢ the bacteria from
within, thusreleasng the progeny phages into the environment. The second category of
phages is known as temperate or lysogeniagph. Upon infection, lysogenic phages
incorporate their genome into the bacterial genome, which stays ddonanprolonged
period. Uporan external triggeithe phage's genome awakens and transforms into the lytic
life cycle to reproduce and release new progeny pli@eause of this distinction, lytic
phages are preferred fibrerapeutic applicationsreatingan immediate antibacterial effect
and reduimg theprobability of horizontal gene transfer of virulence factor by temperate

phages?

The created PhagdS coating was optimized agaif@seudomonas aeruginogag most
common and hard to treat gramegative bacterial pathogen in implassociated
infections3¥4! The coating displayed an active liquitfused layer through low sliding
angles while promoting osteobldite cell adhesion and proliferation and showed no
cytotoxicity. Moreover, the PhagdS coating reduced bacteria 89.94%compared to
infected untreated titanium surfadesvitro. The Phage.IS coatings were also testéad

vivo in a sepsis mouse model. The treated samples prevented the mortality of mice with
phagetreated implants. In contrast, the groups with untreated titanium implants or LIS
implants displayed a 90% and 70% mortality rate after seven days, respectively.

We conceptualize a modular coating with the superior antifouling properties ahtlthe
integration of cocktail bacteriophages to protect the implanted surface. Moreover, the

multifunctional LIS can include modulatory molecules to promote proper biocompatibility
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and integration with the host. These modular coatoays be adaptedepending on the
application andhave the potential to be applied to otliomaterialswhere infection

prevention is required

5.3. Results and discussion

To create the phagmllagen liquidinfused coatindPhagelL|S), the titanium discs were

first sanded, cleaned, and autoclaved, as discussed in the methods section. It is worth noting
that after the sterilization process, the titanium samples were handled with sterile tools
inside a biosafety cabinet (BSGecause phageoated samples cannot besterilized.
Titanium discs were placed in sterile Petri dishes and oxgtgemma treated to hydroxylate

the surfaces. Immediately after, the samples were placed inside a vacuum chamber
alongside Trichloro (1H,1H,2H2H perfluorooctyl) silane (TPFS), and (3-
Glycidyloxypropyl) trimethoxysilane (GPTMSfpr the chemical vapor deposition (CVD)

of the mixed silanes onto the surfaBegyre 1¢). In these silanes, the chlorine and methoxy
groups are hydrolyzed into hydroxyl groups, which can covalently bond to hydroxylated
surfaces via a condensation reactibhe epoxy group of GPTMS is then capable of
reacting with amine groups found on bacteriophages and collagen. On the other hand, the
fluorine groups of the fluorosilane (FS) were used to render the surface hydrophobic and
increase the affinity to the flumated lubricantPerfluoroperhydrophenanthrene (PFPP)
After the CVD process, the silanized titanium discs were placed instdeHl@lates and
submerged in a mixture containing the bacteriophages, collagen, and additional GPTMS
linker molecules for 4 hog. Then, the samples were washed thoroughly with phosphate
buffer saline (PBS) and stored at 4 i n
implemented since the bacteriophampated surfaces cannot besterilized. Here, the
coated samples were subrged in antibiotidree cell media and placed in a cell incubator

for 24 hours. After 24 hours, the samples were checked under the microscope for
microorganisms. After testing, the samples were allowed to air dry inside the BSC and then
lubricated with FPP to produce a liquithfused interface.
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Figure 1. Implant Infection Prevention, Device Fabrication, and Wettability. a)

Biofilm formation schemeb) Infection Prevention scheme displaying bacterial cell
repulsion, lubricant penetration, and cellsity due to bacteriophage infection and
propagation mechanisnc) The surface fabrication process displays the surface's
hydroxylation, mixed silane deposition, and collagpacteriophage layer addition. Finally,

the coated surfaces are lubricated with a fluorinated lubricant to form ailidusdd lar.

d) Water contact angle between pristine titanium (Ti), Ti after fluorosilanization (FS), and
Ti with the addition of collagen, fluorosilane, and bacteriophages (HF@ge) Water

sliding angle for the coated titanium surfaces, both bare or lubricated with PFPP. Part d)
and e) were analyzed using an ANOVA, n=4 for part d) and n=5 independent samples for
part e). ***' represent a-palue of P < 0.001, and *' represent-ague of P < 0.05

5.3.1 Liquid -Infused Layer Testing

Contact angle and sliding angle experiments were conducted to test the integrity of the
liquid-infused coating. The water contact angle was used as a rapid test to check if the
fluorosilane layer rendered the coating hydrophobic. The resukigure 1d. did align

with our hypothesis. Here, untreated samples (Ti) had low contact angles that can be
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characterized as being hydrophilic (less than 90 d&@i the other hand, fluorosilanized
titanium (FS) obtained water contact angles of ~120 deg, reflecting a strong hydrophobic
surface. Moreover, the optimized coating composed of the mixed silane layer and the
collagenphage layer (PhageS) remained hydrdmbic despite collagen and phage being
hydrophilic in naturé®4’ Since the PhagES was hydrophobic, the water sliding angles
were tested to evaluate the LIS characterisiagufe 1e). At first glance, water droplets

on nonlubricated surfaces tend to pin on the surfaces and thus remain immobile even after
reaching high tilting angles. Notably, droplets pinned on angles exceeding 90 degrees to
the horizontal plane were given a maximangle of 90 degrees. As expected, lubricated
samples lacking the proper affinity to the lubricant caused the droplets to pin orfdlse su
(Ti-lub). This predictable behavior is caused by the higher affinity between the Ti substrate
and water, causing the droplet to displace the lubricant and reach the Ti $trface.
Conversely, surfaces that were properly fluorosilanized and lubricated resulted in low
sliding angles (< 5°), confirming a stable liquidused coating on the liquithfused
titanium (LIS) and the titanium coated with the phag#agen liquidinfused lyer (Phage

LIS). These results mirror the outcomes observed in our previous stitfié&jespite the

differences in coating composition or variations in coating deposition methods.

To test the feasibility of a PhaddS, P. aeruginosastrains PAO1 and bioluminescent
PAOL1 (PAOux) were screened to find strong lytic phagegure Slashows that PAO1

lux was infected by JG004 and E79 phages, but was not infected by P32, P04, or PP7
phages. JG004 and E79 phages were tested independently and in combination at different
Multiplicity of Infection (MOI) to evaluate their efficiency at impisig bacterial growth

and to test if their combination had complementary antibacterial effects. e M
represents the ratio between bacteriophage and bacteria, where a larger number indicates a
higher phage concentration compared to bacterial concentraigumes S1df. show that

both JG004 and E79 were able to suppress bacterial growth for at least 12 hours, even at
low MOls, when used individually. However, the bacteria population increases thereafter,
due to rise of resistant mutants. Furthermore, the combinatid@@¥4 and E79 did not
improve the outcomeF{gure S1f), showing similar growth curveas when tested
individually (Figure S1de), therefore implying a nenomplementary bacteriophage set.

Similar tests were performed on the Amnluminescent PAO1 bacteria strain, which was
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susceptible to five different phagdsiqure S1b. The PAO1 bacteria strain and the P32

and E79 phage combination were chosen after extensive testing. The reBigtgen2h

show that both P32 and E79 effectively reduced bacterial growth for at least 12 hours when
tested individually at the very low MOI of 0.001. However, the -E32 combination
showed exceptional bacterial growth suppression for at least 24 hours of ioc{Bigtire

2h, red line). These results infer complementary bacteriophagepaid uci ng t he ba
viability and the rise of resistant mutants. Notably, the phage pairEP3P cannot be

tested against PAGLX as this strain was not infected with P32. The high specificity
shown by these phages demonstrated that even simil@ribhstrains may have subtle
genetic variations between strains from different labs. This limited our options in designing

a phage cocktail against the bioluminescent strain. It is worth mentioning that in real life
phage therapy cases, isolated pathegame screened against a larger library of phages
(phage banks) to find the suitable phages for the target pathogen. For the reasons stated
above, even though PAGadx was initially used to optimize the bacterial load of the mouse
sepsis model (describe@lbw), the PAO4ux strain was not adopted for further testing

due to the lack of synergistic phage pairing. Once the phages were chosen, the titanium

discs were coated and testediitro against mammalian and bacteria cells.

The engineered Phad@¢S coating was tested against osteoblikst SaOS2 cells to assess

the potential use in orthopedic and dental applications, where bone integration is
essentiaf>#95! Figure 2ab shows a representative image of cells on the fabricated
coatings. Here, untreated titanium showed the highest number of cells on the surface,
followed by Phageollagen (PhagéS and PhagklS) coated surfaces. Lastly,
fluorosilanized and LIS titanium ctained the fewest cell§igure 2b). When evaluating

the cell morphology, LISoated titanium showed cells clumping on the surface, indicating
poor cell adhesiof’°2 Conversely, the cells growing on titanium or Pha¢® coated
samples were seen spreading and creating a monolayer, indicative of a healthy cell
population?®>2Further testing was performed on LIS, Ph&é®, and Ti (control) surfaces

to evaluate if the coating had any cytotoxic effects or if it impaired the production of
alkaline phosphatase (ALP). Alkaline phosphatase is an enzyme produced by osteoblasts
cellsin the process of bone mineralizatitrFigures 2cand2d show that neither the LIS

nor the Phag&lS significantly affected cell viability or ALP production compared to
98



Ph.D. Thesi$ Fereshteh Bayat; McMaster UniversitBiomedical Engineering

untreated titanium surfaces. Altogether, these results indicate that the [PRagmating
did not adversely affect mammalian cells. Moreover, the collphage layer increased
cell adhesion and proliferation compared to cki&ted titanium, which alignsith the

observations seen in our previous projédts.

Bacteriophage infectivity was tested on the coated titanium discs using a diffusion assay on
PAOL bacterial lawndHigure S19. The results showed that the phagated Ti samples

had lytic activity in the presence and absence of the PFPP lubricant, indicating that the
phage remained viable through the coating process and that-lphetgeia interactions

were possible. Furtheesting was performed using a liquid assay to evaluate the bacteria
colony forming units (CFU) and phage plaque forming units (Riftéy a 6 and 2hour
incubation. First, liquidnfused titanium, PhagelS coated, and untreated samples were
placed in a 48vell plate and submerged in 400 puL of PAO1 (CFU/mL) containing
solution. The well plate was set in a shaking incubatat20 rpm and 37°C. After the
incubation periods, the solution and the samples were tested for CFU and PFU, and the
results are displayed Figure 2e-g. The CFU found on the surfaces indicated that LIS and
PhagelLIS coated samples reduced the bacterial burden on the surface compared to
untreated Ti discs. After thel@ur incubation, PhagelS had a 99.6% bacteria reduction
compared to untreated Ti surés. After 24 hours, LIS had a 0.7 log reduction compared

to untreated Ti samples, while Phddg& had a3.2 log reduction on the surface of the
samples. Not surprisingly, the bacteria's CFU was also reduced in the solutions containing
the Phagd.lS sampls (99.96% reduction compared to Ti), while no CFU reduction was
seen in solutions containing L-tB2ated when compared to untreated Ti controls. These
results highlight the benefit of having a phage layer to protect the implant material and the
nearby spae. The plaque forming units were also quantified from the RPhEg¢reated

discs and the solution. Interestingly, the phage availability increased ffor®RED on the
surface of the treated Ti discs to Y1PFU of phage found in the solution after Guts

This drastic increase in antibacterial agents is one of the most remarkable characteristics
seen with bacteriophages otherwise not found with conventional antibacterial agents. This
means even a thin layer of phage coated on an implant surfaceezmitd replication and
release of a large population of phages on site. In other words, anfififStioetallic>” >°

or antimicrobial peptic®®! protective coatings are limited by the initial concentration,
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while phages can increase in concentration if the phage successfully infects bacteria.
Therefore, providing on demand bactericidal effect and havinglesihg properties. To
further test the engineered Phdd8 coating, an infectious murine model waeated to

assess the coating's ability to prevent severe morbidity or fatality in a sepsis model.
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Figure 2. In vitro surface testing with mammalian and bacteria cellsa) Image
representation dbaOS2 cell population and morphology after ad@y incubation period.
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b) Sa0S2 Cell count after a -8lay incubation period. n=4 independent surface for all
surfacesc) Cell cytotoxicity assay after ady incubation period da0OS2 cells. n=5
independent surfaced) Alkaline phosphatase activity after aldy incubation 06a0S2
cells. n= 4 independent surfaces n=))Colony Forming Units (CFU) of P. aeruginosa on
the surface of Ti and treated Ti samplfsPlanktonic CFU of P. aeruginosa left in a
solution containing Ti and treated Ti samples (ngd)Plaque Forming Units (PFU) of
phagecoated samples on the surface and in solution (hg@Qptical densitygrowthcurve

of PAOL1 bacteriavith bacteriophages P32, E79 and synergistic combinati®33E79.
Parts b), c), d), e), and f) ANOVA were analyzed using an ANOVA, and part g) was
analyzed using a studentast. ****' represent a walue of P < 0.0001, ***' represent a
p-value of P < 0.001, "** represent avplue of P < 0.01, and *' represent-aalue of P <
0.05, ns denotes a no statisticéledence.

5.3.2 Establishing a Mouse Sepsis Model

A simple subcutaneous sepsis model was created before examining the engineered Phage
LIS coatingin vivo. During the model development, 30 mice, 15 male (M) and 15 female
(F), were infected with the bioluminescent PA{D% strain to monitor the infection
progression. The mice were divided into six groups: PBS (control) and infected groups with
bacterial load ranging from 19to 10' CFU. Furthermore, the groups were assorted such
that each group had five mice (3M/2F or 2M/3F). During the surgery, the reitewder
anesthesia, shaved, and their dorsal section was prepared for a surgical incision. The
surgical incision was created roughly 2 cm below the scapulae, and then, a subcutaneous
pocket was created through blunt dissection. A sterile and untreteilim disc was
inserted into the subcutaneous pocket, along with 10 pL of PBS or a predetermined
bacterial concentration. Then, the wound was closed with autoclips, and the mice were set
in a recovery cage before returning to their home cage. The mieenvagritored daily for

signs of sickness based on the categories displayed in Table S1. In addition, the mice were
monitored every other day using an IVIS CT bioluminescent imaging equipment, which
started the day after the surgdfigure 3 displays the observations seen between the tested
groups. Figure 3a shows a representative bioluminescent image for the female mice
infected with 16 and 16 CFU. Here, it can be seen that two mice (infected withCF)

reached the endpoint before their second imagmday three posturgery. Furthermore,

two of the remaining three mice (infected witt? TFU) reached the endpoint by day eight
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postsurgery. Interestingly, mice infected with>XDFU or lower had a 100% survival rate.
Conversely, mice infected with 48nd 16 CFU reached a 40% survival rate on days 8 and

2, respectively. | t i s Figuoes 3c8f represeéntithegumben at t |
of mortalities on each day, whilégure 3b shows the combined survival rates for each
group. When analyzing the overall health differences between groups, some interesting
trends appeared. First, mice infected witt? OFU or lower disgyed no physical or
behavioral changes compared to control mice injected with Pig8ré 3f). Second, mice
infected with 18 CFU or lower did not have a significant drop in weight gasgery, with

most groups showing an increase in weigigire 3d, 39. Furthermore, most mice groups
recovered any weight loss within®days after surgery for groups infected with CEU

or lower. Contrariwise, mice infected with ®@nd 10 had the largest weight loss, with

most failing to recover to their original vggit. When looking at the bioluminescent signal
(Figure 30, all groupsshowed a significantly higher signal on the fasty postsurgery

than the PBS control group. Generally, the bacteria signal plateaued until-daywéén

the signal started decreasing. This decrease in signal was likely caused by the activation of
the aaptive immune response and overall decrease in bacteria. Apart from the mice
infected with 16 and 13 CFU, all groups reached a bioluminescent signal comparable to
the background noise by dayl3. Based on these observations, we concluded that mice
infected with 18 CFU or lower did not present any significant health issues, with all of
these groups fully recovering nearly a week pof&ction. In contrast, mice infected with

10° and 16 CFU showed relatively high bioluminescent signals throughout thaéag4
experiment and reached a 60% mortality rate. The main difference betweand10d

CFU infected groups was in the onset of sickness and mortality, which was much sooner
for the 10 CFU-infected group than the group infected wittf TFU. Interestigly, the
mortality rate was twice as high for female mice compared to male mice betwesmd10

10" CFU-infected groups. Even though this mortality rate was significant, it could be
explained by size difference, in other words, female mice might be more vulnerable to such
high bacterial loads, since they weigh ~33% less than male mice. However, testhner

should be performed to describe this phenomenon since sex hormones do have an impact
on the regulation of the immune system. For example, a stuétyped by Sakr et al.,

concluded that even though the prevalence of severe sepsis was lower in females compared
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to male patients, females had a higher mortality rate in the®4@urthermore, multiple
sclerosis studies have shown a direct link between sex hormones and the regulation of the
immune system in the progressions of this diséasegrefore, there is a plausibility that

sex hormones also impact the immune system in the progression of sepsis. Despite these
sex difference, we chose to test our engineered coatings in both sexes, against a higher
bacterial load (IDCFU) to have a higher mortality rate compared to the 60% mortality
seen with 16and 10 CFU bacterial loads.
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Figure 3. In vivoOptimization of Bacterial Load for Sepsis ModelMice were implanted
with a bare titanium surface, and bioluminescent PA®Ibacteria were introduced into
the subcutaneous cavity with the following concentrations: 1x1xX1L®, 1x1®, 1x1d,
1x10° CFU, and PBS as contral) Representative bioluminescent imaging of female mice
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with bacteria concentrations 1X1GFU for LL and RR and 1x106 CFU for mice labeled

0, L, and R. Missing mice represent mice that have reached the entp&aplanMeier

curve denoting the survival probabilities of each group of ntcBioluminescent signal

from mice with different bacterial loadd) Average weight for male mice with different
bacterial loadse) Average weight for female mice with different bacterial lofjd&verage

health score was given to mice for their appearance and attitudg their daily survey,

as explained in Table S1, located in the supporting information section. Note: a score of 3
or lower in either category represented a mouse reaching the endpoint. The # symbol
denotes the number of mice reaching the endpotiffatent times. Path) was analyzed
usingaLlogr ank test . Gvalte®fPr<dpr. esents a p

5.3.3 BacteriophageLlIS Testing in Mouse Sepsis Model

With the mouse sepsis model established, the Phi&eoating was tested and compared
against LIS and untreated titanium controls. For this experiment, 30 mice were divided
equally between the 3 groups. In order to reduce the number of mice used, edinfect
controls were not repeated in this experiment, therefore abiding by the 3Rs principles of
animal studie§* The same surgical protocols were used for this experiment as in the
previous section, where the mice were anesthetized, surgically prepared, and operated on
to create a subcutaneous pocket. Titanium discs (either untreated or treated with either LIS
or PragelLlS coating) were then inserted in the subcutaneous space, and 10 pL- of non
bioluminescent PAO1 bacteria €LEFU) was pipetted into the subcutaneous cavity.
Finally, the incision was closed with autoclips, and the mice were placed in a recovery cage
for the anesthesia to wear off before returning to their home cage. The results from this
experiment are summarizedrigure 4. The results demonstrated increased morbidity and
higher mortality ratesHigure 4€) compared to those previously seé&ig(re 3b). After

seven days, the mortality rates for untreated Ti and LIS groups were 90% and 70%,
respectively. Conversely, mice with Phdg& treated discs had a 100% survival rate
(Figure 49. When analyzing the data in more detail, most of the early marsatiticurred

in female mice, which occurred on the fiddy post nf ect i on Hgpedbpl e &6 #6
cii). At the end of the seven days, the Ti group had a single male survivor, while the LIS
group had three male survivors. Even thoug
not recover fully for the Ti and LIS groups, these scores plateauedatindi that their
adaptive immune system was preventing the progression of the infection. The experiment

was terminated after only seven days, mainly dukdateation of skin lesions, as seen in
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Figure 4, column a. These wounds carried the risk of wound reopening, which would have
resulted in implant loss and the introduction of other pathogens. Interestingly, none of the
male mice containing the Phabt implants exhibited these wounds. However, a few
PhageLlS treated female mice displayed similar but smaller necrotic wound patterns. The
skin lesions differences between male and female mice (RH&ggroup) may have
occurred due to anatomical differences related to skin thickness and availablee cell

within the skin tissu€>®Although the maldemale differences in wound healing were not
further explored in this study, these differences should be further investigated to create

more robust animal models or extract information relevant to human studies.

After reaching the endpoint, the mice were harvested, and their blood, liver, spleen, and
titanium implants were collected for further analysis. Interestingly, the blood of fifage
bacteria showed no bacteria on all collected samples, while some rtheeuntreated Ti

and LIS groups displayed active bacteria in the bléoglufe 4f). Furthermore, the blood
samples collected from Phafés samples had a bacteriophage concentration of3~ 10
PFU/mL, indicating that the phage was present at the implantase circulating
throughout the body. Not surprisingly, the bacteriophages were also present in other tissue,
including the liver and spleen, although at lower concentrations than the phage on the
titanium discs Figure S2d. Scanning electron microscopy (SEM) images from the
recovered titanium implants showed that PRaIgeor LIS samples had little to no bacteria
present on the implant compared to untreatedigufe 4 column d. Moreover, the SEM
images reveal low tissue deposition and traces of witat were live cells on the untreated

Ti surfaces. On the other hand, both LIS and Phdgditanium discs show the availability

of tissue and cells on the surface of the recovered implants. When quantifying the bacteria
found on the recovered titanium caus or on the collected organs, it was discovered that
there was no significant difference in bacteria quantity between gréiugpsd S2ac).
However, the factors influencing these results must be discussed to weigh the CFU values
fully. First, the diffeence in endpoints needs to be accounted for. While many of the mice
in the Ti and LIS groups reached endpok® days after infection, their bacteria population
grew to the same level as those found on Pha8§esamples after 7 days. This meant that

the phage initially suppressed the bacteria growth, giving the adaptive immune system a

fighting chance and preventing early mortality. Secondly, it must be understood that the
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bacterial colonies retrieved from the phage samples (blood, liver, spleen, aneLFhage
titanium) displayed phagefected colonies, as seen in the plateg-igure S3 Even
though the phagmfected colonies are being reported here, it must be noted that these
colonies did not survive after a few days on the agar plates. This revelation highlighted a
limitation in our quantification tools, and a different metric shchdde been chosen to
compare bacteria virulence other than quantifying bacteria pomsatiastly, even though

the reported CFUs might not be an accurate metric for cell population (due to the continuous
lysis of bacterial cells), there also exists the possibility that bacteria mutations occurred,
rendering both P32 and E79 phages ineffiectiTfhese mutations could account for an
increased colony population, but these mutations may also change the virulence of the
bacteria, as seen in other studie® This point reiterates the need to use a more

comprehensive testing set when comparing similar bacteria populations.

Another explanation for the high bacterial concentration in Rh#gegroup is the
possibility that bacteria could diffuse to deeper parts of the tissue and not be exposed to
phages circulating in the blood system. In other words, the phage could betelskry

physical obstacles to reach to all the present bacteria in deeper tissue and organs in a sepsis
model. Where failure in phagdeacteria interactions represent an obstacle in phage
therapy®® as is with other bactericidal agents. It is worth mentioning that here we have
developed a sepsis model to evaluate our ph#§ecoating performance at extreme
conditions, and the presence of phage has led to decrease the mortality rate significantly,
although there is still high concentration of bacteria present in the organs and on the
coupons. There is a high chance that these bacteria have reduced virulence and produce
lower amounts of toxins as reported in other phage therapy studies, which néeds to
further evaluated. As is, this Phagks coating is designed as preventative strategy, in real

life cases, more phages can be administrated intraven8ymdycutaneously, or via other
administration routes such astraperitoneal injectionsubcutaneous injectiorand
intramuscular injectiofit Moreover, adjunct antibiotic therapy can be used to complete the
treatment as commonly reported in many cé4ésTaking these point into account, there

also exists the possibility that sepsis progression was nullified by the phage therapy, despite

showing a high CFU numbers. This could be explained because phage, and phage proteins
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have been shown to downregulate the immune response and reduce proinflammatory

markers caused by bacterial endotoxXis.

Figure 4. In vivo Results for Titanium and Coated Titanium Surfaces.Mice were
implanted with either bare titanium, liquid infused (LIS), or Phlakg:coated surface, and
PAQOL1 bacteria was introduced into the subcutaneous cavity at a concentration of 1x108
CFU. a) Representative images of wounds created by the bacteria seven days post
infection.b) Average weight for male and female mice for Ti, LIS, and Pha§egroups.

c) Average health scores given to mice for their appearance and attitude during their daily
survey, as explained in Table S1, located in the supportiogmiation section. Note: a
score of 3 or lower in either category represented a mouse reaching the erpoint.
Scanning Electron Microscopy images of excised titanium implants for Ti, LIS, and-Phage
LIS groups.e) KaplanMeier curve denoting the survival probabilities of each group of
mice.f) Colony Forming Units (CFU) found in blood samples of mice at the endpoint. g)
Bacteriophage's Plaque Forming Units (PFU) found in blood samples of mice treated with
phageLIS coated implants at the endpoint. Note: 'thesymbol in figures {t) denotes the
number of mice reaching the endpoint at different time points. Part €) was analyzed using
a Logrank test, and part f) was analyzed using an ANOVA. **' represemgadup of P

< 0.01 and n.s. for no statisticaffdrence

5.4.Conclusion

In this study we introduced a new generation of multifunctional lipfigsed coatings by
adding bacteriophages and collagen into the LIS layer. The bacteriophages remained

infective within the LIS coating dttahmmr easi r
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