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Abstract 36 

Osteomyelitis, or bone infection, is often induced by antibiotic resistant Staphylococcus aureus 37 

strains of bacteria. Although debridement and long-term administration of antibiotics are the 38 

gold standard for osteomyelitis treatment, the increase in prevalence of antibiotic resistant 39 

bacterial strains limits the ability of clinicians to effectively treat infection. Bacteriophages 40 

(phages), viruses that effectively lyse bacteria, have gained recent attention for their high 41 

specificity, non-toxicity, and the low likelihood of resistance development by pathogens. 42 

Previously, we have shown that CRISPR-Cas9 genomic editing techniques could be utilized to 43 

expand bacteriophage host range and enhance bactericidal activity through modification of the 44 

tail fiber protein, as well as improve safety with removal of major virulence genes. In a dermal 45 

infection study, these CRISPR-Cas9 phages reduced bacterial load relative to unmodified phage. 46 

Thus, we hypothesized this bacteriophage would be effective to mitigate infection from a biofilm 47 

forming S. aureus strain in vitro and in vivo. In vitro, qualitative fluorescent 48 

imaging demonstrated superiority of phage to conventional vancomycin and fosfomycin 49 

antibiotics against S. aureus biofilm. Quantitative antibiofilm effects increased over time for 50 

fosfomycin, phage, and fosfomycin-phage (dual) therapeutics delivered via alginate hydrogel. 51 

We developed an in vivo rat model of osteomyelitis and soft tissue infection that was 52 

reproducible and challenging and enabled longitudinal monitoring of infection progression. 53 

Using this model, phage (with and without fosfomycin) delivered via alginate hydrogel were 54 

successful in reducing soft tissue infection but not bone infection, based on bacteriological, 55 

histological, and scanning electron microscopy analyses. Notably, the efficacy of phage at 56 

mitigating soft tissue infection was equal to that of high dose fosfomycin. Future research may 57 
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utilize this model as a platform for evaluation of therapeutic type and dose, and alternate delivery 58 

vehicles for osteomyelitis mitigation. 59 

Introduction 60 

For nearly a century, antibiotics have been a vital resource utilized by clinicians to 61 

eliminate infection, with nearly 270 million prescriptions dispensed in 2015 alone.[1] Antibiotics 62 

are utilized for a variety of infections, from common otitis externa (“swimmers ear”) to severe 63 

endocarditis, pneumonia, meningitis or osteomyelitis. Although antibiotics are typically able to 64 

clear infection, antibiotic resistant strains of bacteria continue to emerge. It is not as lucrative, 65 

nor as feasible, for pharmaceutical companies to develop novel antibiotics at the rates that these 66 

multi-drug resistant (MDR) bacterial strains are isolated. Nationally, approximately $2.2 billion 67 

is spent annually to treat MDR bacterial infections.[2] By 2050, it is estimated that nearly 10 68 

million people could die each year due to resistant strains of bacteria.[3]  69 

Staphylococcus aureus (S. aureus), a gram-positive bacterial strain, is one of the most 70 

commonly isolated and arguably one of the most detrimental pathogens with antibiotic 71 

resistance. One of the most common antibiotic resistant strains of S. aureus is methicillin- 72 

resistant S. aureus (MRSA). MRSA alone was responsible for over 80,000 reported infections in 73 

2011 alone, of which 11,285 resulted in death.[4] S. aureus is able to achieve antibiotic 74 

resistance with genomic changes such as altered synthesis of peptidoglycan, a major component 75 

of the bacterial cell wall. Additionally, some strains of S. aureus can produce biofilms, an 76 

extracellular polymeric matrix including dead bacterial cells, which surrounds and protects the 77 

living, underlying layer of S. aureus.[5] These biofilms can be difficult to penetrate, and 78 

oftentimes require surgical intervention to remove.  79 
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Difficulties in treating osteomyelitis, or the infection of bone, have been exacerbated by 80 

the rise of antibiotic resistant bacterial strains, particularly S. aureus strains, which are the most 81 

common cause of bone infection.[6] Of diabetic foot ulcers, which occur in 25% of diabetic 82 

patients, approximately 20% will spread to nearby bony hosts and result in osteomyelitis.[7] As 83 

diabetic diagnoses continue to increase in the United States with an expected 55 million to be 84 

afflicted by 2030, osteomyelitis infections will be an ongoing challenge for the healthcare 85 

community.[8] It is essential that new therapeutics be engineered and tested, for rapid translation 86 

into clinical use. 87 

Bacteriophages (phages), or viruses that kill their bacterial hosts, are one class of 88 

therapeutics that have gained attention in recent years due to their high specificity, non-toxicity, 89 

and abundancy in nature.[9,10] Phages have been used for decades in Eastern Europe but have 90 

not yet been adopted in the United States or other countries. This may be due to public concern 91 

regarding elective viral use, issues concerning commercial phage production, and/or the ability to 92 

fund and validate clinical trials.[11] Nonetheless, the potential benefits of this treatment have 93 

been indicated by results of clinical trials of phages for treating diabetic foot ulcers, chronic 94 

otitis, and urinary tract infections[11–13]. In April 2019, data from clinical trials were published 95 

from Sydney, Australia, where intravenous (IV) administration of phage was utilized for 96 

Staphylococcus infection treatment. Marked reduction of staphylococci with no adverse events 97 

were reported.[14] In the United States as of January 2019, IV administration of phage for 98 

ventricular assist device infection treatment received approval for phase I/II clinical trials.[15] 99 

Collectively, these clinical trials demonstrate the efficacy of bacteriophage therapeutics and 100 

suggest their potential utility against MDR bacterial strains. 101 
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Hydrogels are a commonly used, easily tailored delivery vehicle for therapeutics for a 102 

wide variety of ailments, including osteomyelitis[6,16,17]. Alginate hydrogels are injectable, 103 

well characterized, and biocompatible.[18,19] Furthermore, bacteriophages have been 104 

successfully delivered to sites of infection with various hydrogel-based delivery systems in 105 

previous studies.[16,17,20] 106 

Although the high specificity of phages can be beneficial for treating a known, single 107 

species, specificity of these viruses can make polymicrobial infection mitigation challenging. In 108 

the clinical scenario, it is ideal for health care providers to administer one broad-spectrum drug 109 

immediately upon patient presentation, rather than spend time identifying the causative agents of 110 

infection. Previously, we have utilized CRISPR-Cas9 to modify temperate bacteriophage, which 111 

effectively removed major virulence genes and expanded host range via modifications to the tail 112 

fiber protein (which codes host specificity). In vitro testing revealed the improvements of 113 

bacteriophage bactericidal activity due to this CRISPR-Cas9 system.[21]Within 6h of treatment, 114 

the CRISPR-Cas9 phage effectively killed 1x105 CFU S. aureus culture. With native, 115 

unmodified phage treatment, the culture was found to increase to approximately 1x109 CFU. 116 

Similar effects were noted in an in vivo dermal infection study, where CRISPR-Cas9 phage 117 

treatment resulted in nearly complete mitigation of dermal infections (~1 log CFU/g tissue), 118 

while treatment with unmodified phage resulted in a significantly higher bacterial load (~3.5 log 119 

CFU/g tissue).[21] 120 

The objectives of the present work were: (i) to develop a green fluorescent protein (GFP) 121 

integrated S. aureus strain (ATCC 6538-GFP), modify bacteriophage using CRISPR-Cas9, and 122 

evaluate the bactericidal efficacy of our CRISPR-Cas9 modified bacteriophage in vitro, 123 

compared to conventional antibiotics, and (ii) to develop an in vivo model of osteomyelitis and 124 
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soft tissue infection using this biofilm forming S. aureus strain, and use it to assess the 125 

antimicrobial effects of bacteriophage, antibiotic, and dual bacteriophage-antibiotic therapies via 126 

histological, radiographic, and bacteriological analyses. Our hypothesis was that CRISPR-Cas9 127 

modified bacteriophage would be effective against S. aureus infection in vitro and in the femur 128 

and contiguous soft tissue in vivo.  129 

 130 

Materials and Methods 131 

Bacterial Strain(s) and Culture 132 

For a stable quantification of biofilm, S. aureus strain ATCC 6538 was genetically 133 

modified to contain chromosomally integrated green fluorescent protein (GFP), as previously 134 

described.[22] Briefly, S. aureus strain ATCC 6538 was transduced with a temperature sensitive 135 

plasmid pTH100 harboring the GFP gene by electroporation and cultured in a brain heart 136 

infusion (BHI) agar plate supplemented with chloramphenicol (BHI-CM) at 30°C, a plasmid 137 

replication permissive temperature. To promote the first homologous recombination and cure 138 

pTH100, a single colony grown in a BHI-CM plate was transferred to a fresh BHI-CM plate and 139 

cultured at 42°C, a plasmid replication non-permissive temperature. To promote the second 140 

homologous recombination, which removed the plasmid and resulted in a loss of 141 

chloramphenicol resistance but maintained the GFP phenotype, a single colony was inoculated 142 

into BHI broth and cultured at 37°C overnight. A serial dilution of culture was inoculated onto a 143 

BHI plate and incubated at 37°C overnight.  A GFP positive single colony checked by ultraviolet 144 

lamp was randomly selected and streaked onto BHI and BHI-CM. A colony that was both GFP 145 

positive and sensitive to chloramphenicol, indicating the integration of the GFP gene into the 146 

chromosome and removal of plasmid, was selected for experiments (ATCC 6538-GFP).  147 
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Preparation of Alginate Hydrogels 148 

All alginate gels were initially prepared at a 3% (w/v) concentration, for ultimate dilution 149 

to 2% after loading them with therapeutic. A 3% alginate mixture (w/v) was made with alginic 150 

acid powder (Sigma-Aldrich) and alpha Minimum Essential Medium (αMEM, Gibco) then left 151 

overnight at room temperature. This solution was sterile filtered (0.2 μm, Pall) and transferred 152 

into 1mL syringes. Therapeutics were then added directly to the alginate. The crosslinker, 153 

calcium sulfate (0.21g CaSO4 / mL distilled H2O) was loaded into a separate 1mL syringe and 154 

was mixed vigorously with the alginate solution for approximately one minute. Hydrogels were 155 

kept at 4°C or on ice until use. 156 

Synthesis of CRISPR-Cas9 Modified Bacteriophages 157 

S. aureus strain RF122 harboring CRISPR-Cas9 modified bacteriophage was cultured in 158 

BHI broth to the mid-exponential phase (OD600 at 0.3).[21] To induce CRISPR-Cas9 modified 159 

bacteriophage, mitomycin C (1 µg/mL, Sigma-Aldrich) was added to the culture and further 160 

incubated at 30°C with shaking at 80 RPM. A complete lysis of culture typically occurred within 161 

2-3 hours. The clear lysate was sterilized with syringe filers (0.22 µm, Nalgene). The 162 

concentration of phage was calculated by determining the plaque-forming units using a soft agar 163 

(0.5%, w/v) overlaying method.[21] 164 

Kirby-Bauer Analyses 165 

To analyze the bactericidal activity of therapeutics, a Kirby-Bauer assay was performed 166 

as previously described, with slight modifications.[23] Stock solutions of fosfomycin (50 167 

mg/mL) and phage (~10MOI/mL) were prepared in phosphate buffered saline (PBS). Using 168 

these stock solutions, a total of 10μL of: (i) fosfomycin, (ii) phage, (iii) dual: fosfomycin (5μL) 169 

and phage (5 μL), or (iv) PBS alone were directly applied to bacterial lawns, without the use of 170 
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disks as traditionally described. The applied solutions were allowed to set undisturbed for 171 

approximately 5-10 minutes at room temperature, and were then incubated at 37°C for 24h. The 172 

zones of inhibition were then measured and recorded. 173 

Qualitative and Quantitative Bactericidal Activity on Biofilms 174 

For qualitative in vitro evaluation of antibiofilm efficacy, a 6-well tissue culture plate was 175 

pre-coated with 2% human serum for 24 hours, after which Staphylococcus aureus ATCC 6538-176 

GFP was cultured in tryptic soy broth (TSB) supplemented with 2% glucose for 72 hours. After 177 

gentle washing with PBS, TSB supplemented with vancomycin (256, 512, or 1024 μg/mL), 178 

fosfomycin (16, 64, 128 μg/mL) or bacteriophage (5, 10, or 25 multiplicity of infection (MOI)) 179 

was added to the biofilm and incubated for 24 hours. After gentle washing with PBS three times, 180 

remaining biofilm indicated by GFP signal was measured using Cytation 5 plate reader (BioTek).  181 

To quantify the antibiofilm activity of selected therapeutics delivered by alginate 182 

hydrogels, fosfomycin, phage, or dual therapeutic was loaded in 2% alginate hydrogel and 183 

overlaid on top of the biofilms. As a control, empty 2% alginate hydrogel was used. BHI broth 184 

was added and cultures were incubated at 37°C for 24 h. After removing BHI broth, the entire 185 

2% alginate hydrogel and biofilm were harvested and vigorously washed with PBS by 186 

centrifugation to remove residual therapeutic. A serial dilution in PBS was plated onto BHI 187 

plates to determine viable bacterial counts. 188 

Rat Osteomyelitis Model 189 

All procedures (Fig. 1) were performed in accordance with the Institutional Animal Care 190 

and Use Committee (IACUC) of Mississippi State University. Charles River Sprague Dawley 191 

female rats, 13 weeks old, were housed with 12h light/dark cycles and were provided food and 192 

water ad libitum. Rats were administered slow release buprenorphine (1.0-1.2 mg/kg BW, 193 
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ZooPharm) pre-operatively for pain relief. Rats were anesthetized with isoflurane at an initial 194 

concentration of 2-3%, and maintained at 1-2%. After sterile preparation of the left hindlimb by 195 

fur removal and alcohol and chlorhexidine scrubs, the skin was incised with an anterior 196 

approach, from the level of mid-diaphysis to the patella, along the lower half of the femur. The 197 

muscle tissue was separated using blunt dissection along the muscle bundle divisions on the 198 

anterolateral side of the femur. In the mid-diaphysis, a 1.2 mm (diameter) bicortical defect was 199 

created with a pneumatic drill (Conmed Hall), and a #65 drill bit (McMaster-Carr). To mimic 200 

contamination of orthopedic screws with S. aureus occurring in development of osteomyelitis in 201 

vivo, sterile orthopedic screws (Antrin Miniature Specialties, #00-90) were placed into 200 μL of 202 

a bacterial suspension (~1x108 CFU) of ATCC 6538-GFP for approximately 5-10 minutes 203 

(average 6.5 min). The screw was then placed into a 96-well plate to dry for up to 6 minutes 204 

(average 4 min). The bacterial load of these contaminated screws was approximately 5x104 CFU, 205 

determined by placing screws into 1mL of PBS, vigorously vortexing to elute bacteria from the 206 

screw, then serially diluting the eluents for bacterial counting on BHI agar plates. In vitro 207 

characterization of bacterial load based on (i) the time screws remained in culture (soak time) 208 

and (ii) dry time was performed using the same procedure as for bacterial counts from ex vivo 209 

screws. To assess the effect of soak time, dry time was kept at a constant 5 minutes, and 210 

similarly for the effect of dry time, soak time was kept constant at 5 minutes.  To complete the in 211 

vivo procedure, the superficial fascia lata and skin were closed with sutures. Longitudinal 212 

monitoring of infection at days 1, 3, and 6 post-infection was performed via radiographs with 213 

fluorescent overlays using the IVIS Lumina XRMS II system (PerkinElmer). 214 

After a 7 day infection period, the area was accessed along the original incision line. The 215 

infected screw was removed and placed into 1mL PBS or fixative for bacterial counting or SEM, 216 
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respectively. Then, 100 µL of fosfomycin (3 mg), phage (MOI 3), dual (3 mg fosfomycin and 217 

MOI 3 phage), or PBS loaded into 2% alginate hydrogel was injected into the lateral end of the 218 

bicortical defect, with excess hydrogel pooling in the medial, underlying soft tissue.  219 

On day 8, approximately 24 hours post-treatment, animals were sacrificed via CO2 220 

inhalation. The hindlimb was initially cleaned with chlorhexidine, and sterile instruments were 221 

used to disarticulate the femur and adjacent soft tissues for further evaluation. For bacterial 222 

counting, bone samples were initially minced using sterile bone rongeurs and further processed 223 

using a homogenizer (Cole-Parmer, LabGEN7, 30s at setting 2-3, 30s at setting 9-10). Soft tissue 224 

samples were minced using sterile surgical scissors, then homogenized (30s at setting 2-3, 30s at 225 

setting 7-8). Following initial processing, homogenates were vortexed (2000 RPM, 1 minute), 226 

diluted as necessary, spread onto BHI agar plates, and incubated for 24 hours at 37°C for 227 

enumeration, with a detection limit set at 25-250 colonies. 228 

Fig 1. Overview of in vivo experimental procedure. (A-B) On day 0 (infection surgery day), a 229 

bicortical defect (drill hole) was generated in the mid-diaphysis of the left femur. A 230 

contaminated orthopedic screw was then fastened into this space, and left for 7 days to generate 231 

robust osteomyelitis and soft tissue infection. At day 7, the orthopedic screw was removed and 232 

100μL of therapeutic(s) were injected into the defect space. At day 8, 24h after treatment, soft 233 

tissues and bone samples were collected for histology, scanning electron microscopy, and 234 

bacterial counts. (C) At days 1, 3, and 6, IVIS imaging was performed to track infection 235 

progression. 236 

Electron Microscopy and Histological Analyses  237 

Screw samples for electron microscopy analysis were collected during revision surgeries 238 

on day 7 immediately prior to application of treatment, and placed directly into a fixative 239 
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consisting of 5% glutaraldehyde, 2% paraformaldehyde (w/w) in a sodium cacodylate buffer (a 240 

modified “Karnovsky’s” solution).[24] For electron microscopy analysis of infected bone, a 241 

representative control femur (empty alginate group) was collected at day 8, broken along the 242 

screw line with sterile bone rongeurs, and immediately placed in fixative for 24h. For both the 243 

screw and bone samples, no dehydration series was performed in order to preserve the biofilm. 244 

Prior to imaging, both samples were placed onto stubs with carbon tape and sputter coated 245 

(Quorom Tech Model # SC7640) with platinum at 30 mA and 3.5 kV for 3-5 minutes. All 246 

samples were then imaged using FESEM (Carl Zeiss AG-SUPRA 40). 247 

For histological analyses, the infected femur and adjacent soft tissues were placed into 248 

10% formalin for 48h, at ~20°C. Bone samples were decalcified for 5 days in Kristensen’s 249 

solution, then rinsed and placed into 10% formalin.[25] Tissues were routinely processed, 250 

embedded in paraffin, sectioned at 5µm, and Gram or hematoxylin and eosin (H&E) stained. 251 

Statistical Analyses 252 

All statistical analyses were performed using either GraphPad Prism 8 or SAS software 253 

systems. For the Kirby-Bauer assay, a one-way analysis of variance (ANOVA) with Tukey’s 254 

multiple comparisons test was performed. For the in vitro antibiofilm assay, a two-way ANOVA 255 

with Tukey’s multiple comparisons were performed. For bacterial counts from directly prepared 256 

and ex vivo orthopedic screws, a one-way ANOVA was performed, with Sidak’s multiple 257 

comparisons. All aforementioned statistical analyses were performed using GraphPad Prism 8 258 

(GraphPad Software, Inc.). For bone and soft tissue ex vivo bacterial counts, general linear 259 

models using PROC MIXED in SAS (SAS Institute, Inc.) were performed, with pairwise 260 

comparisons using Tukey’s (comparing treatment groups to one another) or Dunnett’s 261 
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(comparing each treatment to control) tests. An alpha level of 0.05 was used to determine 262 

statistical significance for all methods. Data are presented as mean ± standard deviation (SD).  263 

Results 264 

Integration of GFP into S. aureus 265 

Longitudinal analyses of infection progression and regression is an ideal tool for new 266 

model generation. Plasmids harboring reporter genes such as luminescence and fluorescence 267 

have been most commonly used; however, it is necessary to constantly provide antibiotic 268 

selective pressure to prevent a loss of plasmid, which is not achievable with in vivo models. In 269 

this study, we integrated the GFP reporter gene into the genome of S. aureus ATCC 6538 strain 270 

for the stable and accurate assessment of bacterial growth. All S. aureus ATCC 6538-GFP 271 

colonies grown in BHI plates without antibiotic selective pressure were highly fluorogenic over a 272 

span of 7 days (Fig. 2A). Furthermore, ATCC 6538-GFP recovered from an ex vivo orthopedic 273 

screw at day 7 post-infection was still highly fluorogenic (Fig. 2B). These results demonstrated 274 

that S. aureus ATCC 6538 chromosomally integrated with GFP can be used for real-time 275 

monitoring of bacterial proliferation in vitro and in vivo.   276 

Fig 2. Integration of GFP into ATCC 6538. (A) Phenotypic expression confirming integration 277 

of GFP into ATCC 6538 was stable over a 7 day period. (B) A Staphylococcus aureus CFU 278 

isolated from a contaminated screw ex vivo at day 7 revealed GFP expression continued after 279 

growth over a week in vivo. 280 

Kirby-Bauer Analyses  281 

For initial investigation of selected therapeutics, a Kirby-Bauer assay was performed 282 

(Fig. 3A). All therapeutics—fosfomycin, phage, and dual—had a larger zone of inhibition than 283 
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the PBS control (“a”, p<0.0001), which generated no zone of inhibition (“N.D.”) Dual and 284 

fosfomycin also resulted in a zone of inhibition greater than phage treatment (“b,” p<0.0001). 285 

Fig 3. in vitro Analyses of Therapeutic Bactericidal Activity. (A) From the Kirby-Bauer assay, 286 

all therapeutics delivered via PBS had a greater antibacterial effect than the PBS control (“a”, 287 

p<0.0001), which generated no zone of inhibition (“N.D.”). Dual and fosfomycin therapeutics 288 

also generated a zone of inhibition greater than phage treatment (“b,” p<0.0001). (B) 289 

Vancomycin (256-1024 µg/mL), fosfomycin, (16-128 µg/mL) and bacteriophage (MOI 5-25) 290 

delivered via PBS revealed varied bactericidal activity, where green indicated bacterial vitality 291 

and black indicated a lack of bacterial presence. Interestingly, vancomycin appeared to have little 292 

to no efficacy on biofilms at all concentrations. Fosfomycin, in contrast, showed efficacy at 64 293 

and 128 µg/mL, a dose range approximately one-tenth the vancomycin doses utilized. 294 

Bacteriophage was effective at an MOI of 10, indicated by the black panel revealing no viable S. 295 

aureus. (C) Compared to the empty alginate group, alginate-loaded fosfomycin, phage, and dual 296 

therapeutic-treated biofilms had lower bacterial loads at 6, 12, and 24 hours, except the 297 

fosfomycin group at 6 hours (“c,” p<0.05). Interestingly, all groups (fosfomycin, phage, dual, 298 

and empty alginate gel) had lower growth at all time points compared to the PBS control, i.e. the 299 

empty alginate gel exerted a killing effect (“s,” p<0.05). Within individual treatment groups over 300 

time, increased antimicrobial effects were observed. The fosfomycin treated biofilms were 301 

different at 6 and 12 hours, and at 12 and 24 hours (**p<0.0001). Phage treated groups were 302 

different at 6 and 12 hours, and at 6 and 24 hours (*p<0.05). Dual treated biofilms were different 303 

at 6 and 12 hours, at 6 and 24 hours, and at 12 and 24h (**p<0.0001). The empty alginate and 304 

PBS controls resulted in no changes over time.  305 

 306 

.CC-BY 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted July 17, 2019. ; https://doi.org/10.1101/705830doi: bioRxiv preprint 

https://doi.org/10.1101/705830
http://creativecommons.org/licenses/by/4.0/


 14 

Qualitative and Quantitative Bactericidal Activity on Biofilms 307 

Biofilms are generally considered the greatest agent of osteomyelitis treatment failure, 308 

and thus are important to consider when developing therapeutics. For this reason, it is important 309 

to evaluate the efficacy of novel therapeutics on robust biofilms, for translation into relevant 310 

clinical scenarios. Antibiofilm efficacy of therapeutics in vitro was characterized utilizing two 311 

different analyses: (i) qualitative fluorescent (phenotypic) assessment and (ii) quantitative 312 

bacterial counting. Surprisingly, vancomycin, one of the most commonly utilized antibiotics for 313 

difficult osteomyelitis cases, appeared to have little or no effect on biofilms, as indicated by the 314 

presence of green fluorescing S. aureus (Fig. 3B). Fosfomycin is a small molecular weight (138 315 

g/mol) broad-spectrum antibiotic and promising therapeutic option against biofilm.[26]  Here, 316 

fosfomycin appeared to remove biofilm at 64 and 128 µg/mL, doses much lower than 317 

vancomycin. The CRISPR-Cas9 modified bacteriophage has dual killing mechanisms: (i) a direct 318 

lysis of target bacteria by holin or murein hydrolase, and (ii) CRISPR-Cas9 nuclease activity. 319 

From qualitative fluorescent analyses, it was determined than a phage MOI of ~10 was effective 320 

in clearing biofilm infection (Fig. 3B). 321 

 Alginate is a versatile biopolymer used for prolonged, localized availability of 322 

therapeutic.[27] Antibiofilm assays with bacterial counts were utilized to qualitatively assess the 323 

effects over time of selected therapeutics delivered via alginate (Fig. 3C). Compared to the 324 

empty alginate group, fosfomycin, phage, and dual therapeutic-treated biofilms had significantly 325 

lower bacterial loads at 6, 12, and 24 hours, except the fosfomycin group at 6 hours (“c,” 326 

p<0.05). Interestingly, all groups (fosfomycin, phage, dual, and empty alginate gel) were 327 

significantly lower at all time points compared to the PBS treatment, i.e. the empty alginate gel 328 

exerted a killing effect (“s”, p<0.05). In all treatment groups where alginate was loaded with 329 
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therapeutic(s), antibiofilm effects increased over time. The fosfomycin treated biofilms were 330 

different at 6 and 12 hours, and at 12 and 24 hours (**p<0.0001). Phage treated groups were 331 

different at 6 and 12 hours, and at 6 and 24 hours (*p<0.05). Dual treated biofilms were different 332 

at 6 and 12 hours, at 6 and 24 hours, and at 12 and 24h (**p<0.0001). As expected, the empty 333 

alginate and PBS controls did not change over time.  334 

Bacterial Load on Orthopedic Screws  335 

To generate consistent infection in the osteomyelitis model, contaminated orthopedic 336 

screw preparation had to first be characterized. Two parameters of screw preparation were 337 

evaluated: soak time and dry time. Soak time (5-20 min) of screws appeared to increase 338 

somewhat proportionally with respect to bacterial load (Fig. 4A). Dry times from 0-10 min 339 

appeared to have little effect on bacterial load; at 20 min, decreased viability of S. aureus was 340 

observed (Fig. 4B).  341 

In the in vivo model, orthopedic screws removed at day 7 to allow injection of therapeutic 342 

into the infected defect space were analyzed for bacterial load to confirm all treatment groups 343 

began with a similar extent of infection. Bacterial counts from ex vivo screws indicated similarly 344 

severe infection among all samples (treated immediately following), with an average 8.19x104 345 

CFU/mL bacterial load (Fig. 4C). Per what would become individual treatment groups, 346 

calculated averages were: 1.05x105, 7.50x104, 8.20x104, and 6.57x104 for fosfomycin, phage, 347 

dual, and control groups, respectively. No significant differences between any groups were 348 

observed.   349 

Fig 4. Effect of soak time and dry time on bacterial load of orthopedic screws. (A) Soak time 350 

of sterile orthopedic screws in Staphylococcus aureus appeared to linearly relate to ultimate 351 

bacterial load. (B) Dry time did not appear to decrease ultimate bacterial load, until 20 minutes 352 
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of dry time. (A-B) The ranges of soak time and dry time used for preparation of screws for the in 353 

vivo study are indicated by the red portions of the x-axes. The average time for soak and dry 354 

times for orthopedic screws used in vivo is marked by an “x”.  (C) Bacterial counts collected 355 

from orthopedic screws at day 7 ex vivo indicated a similar ultimate bacterial load among what 356 

would become different treatment groups. 357 

Scanning Electron Microscopy 358 

Representative SEM images of screws collected at day 7 post-infection revealed an 359 

abundance of gram positive cocci (S. aureus), as expected, along the distal portion of the screw 360 

and within the ridges of the screw throughout its length (Fig. 5A-B). In bone fragments collected 361 

along the screw line (defect site) of an untreated (empty alginate) control sample at day 8 (24h 362 

post-treatment), gram positive cocci, presumably S. aureus, were visible. (Fig. 5C-D).   363 

Fig 5. Bacteria on ex vivo orthopedic screws and bone. (A-B) Gram positive cocci, and what 364 

appears to be biofilm, was evident on the distal portion (A) and between threads (B) of an ex vivo 365 

orthopedic screw excised at day 7. (C-D). Femur sample adjacent to the defect/screw site 366 

collected at day 8 from untreated (empty alginate) control revealed dispersed gram positive 367 

cocci. 368 

Bacterial Load Within Bone and Soft Tissue 369 

The average bone bacterial counts per treatment group were as follows: (i) control: 4.197 370 

± 0.289, (ii) fosfomycin: 3.401 ± 0.924, (iii) phage: 4.076 ± 0.268, and (iv) dual: 3.607 ± 0.316 371 

(Log10(CFU)), Fig. 6A). Fosfomycin bacterial counts were lower than empty alginate control 372 

(p=0.0083) and phage (p=0.0486). 373 

The average soft tissue bacterial counts per treatment group were as follows: (i) control: 374 

4.713 ± 0.331, (ii) fosfomycin: 4.146 ± 0.377, (iii) phage: 4.160 ± 0.516, and (iv) dual: 4.201 ± 375 
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0.556 (Log10(CFU)), Fig. 6B). Bacterial counts were lower in fosfomycin (p=0.0225), phage 376 

(0.0265), and dual (p=0.0430) treated groups compared to empty alginate control.  377 

Fig 6. Bacterial counts from bone and soft tissue. (A) Bacterial counts from bone tissue 378 

harvested from fosfomycin treated animals were lower than those for empty alginate 379 

(**p=0.0083) and phage (*p=0.0486) groups. (B) In soft tissue, bacterial loads were reduced in 380 

all three treatment groups—fosfomycin (*p=0.0225), phage (*p=0.0265), and dual 381 

(*p=0.0430)—compared to empty alginate. 382 

Histology 383 

Bone samples stained with H&E or Gram revealed strong evidence for development of a 384 

severe osteomyelitis infection. The areas at the site of the screw were characterized by extensive 385 

remodeling within the medullary cavity, with replacement of marrow cells by a central area of 386 

neutrophils surrounded by fibrovascular proliferation and reactive bone. Within the cortex, at the 387 

site of screw placement, was mild bone necrosis characterized by empty lacunae and bone loss. 388 

Along the periosteal surface there was locally extensive proliferation of woven bone (periosteal 389 

proliferation). Additionally, abundant gram-positive cocci were localized within the bone. No 390 

differences in the extent of infection among any groups were apparent. The outcome of the 391 

fosfomycin-treated bone histology varied from the other samples, due to sample damage during 392 

processing. Ultimately, this prevented the collection of images along the screw line (where the 393 

majority of bacteria and inflammation were localized), as seen with the other groups. However, 394 

the proliferation of woven bone, as a reactive process on the cortical surface, is visible (Fig. 7B). 395 

Within the phage-treated bone sample, a linear track of gram-positive bacteria in the bone at the 396 

original site of the screw line was visible (Fig. 7C). In the dual-treated sample, neutrophilic 397 

inflammation surrounded by reactive bone and fibrosis was observed (Fig.7D left, *). 398 
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 399 

Fig 7. Histology of infected bones one day post-treatment. (A, left) At the site of the screw of 400 

the empty alginate control was marked neutrophilic inflammation (arrows) with bone loss, 401 

surrounded by reactive bone and fibrosis (*, bar=50µm). (A, right) A higher magnification of the 402 

area of bone loss with large numbers of neutrophils (bar=5µm). Inset demonstrating gram 403 

positive bacteria within and outside macrophages (arrow, bar=5µm). (B) Within the fosfomycin 404 

treated bone, periosteal proliferation of woven bone was noted (arrows, bar=50µm). (C, left) A 405 

linear track in the bone at the site of the screw (arrows) with abundant neutrophils and reactive 406 

bone and fibrosis was observed (arrows, H&E, bar=5µm). (C, right) Gram staining 407 

demonstrating aggregates of basophilic bacteria along the screw site (bar=50µm). Inset is a 408 

higher magnification of the bacteria (bar=5µm). (D, left) At the site of the screw was marked 409 

neutrophilic inflammation with bone loss (arrows), surrounded by reactive bone and fibrosis (*, 410 

bar=50µm). (D, right) A higher magnification of the area of bone loss with large numbers of 411 

neutrophils (bar=50µm). Inset demonstrating gram positive bacteria within and outside 412 

macrophages (arrow, bar=5µm).  413 

Discussion  414 

In this manuscript, a previously developed CRISPR-Cas9 modified bacteriophage 415 

therapeutic, which was successful in treating external dermal infection[21], was evaluated as a 416 

therapeutic for internal osteomyelitis and contiguous soft tissue infection in a rat model using a 417 

biofilm forming strain of S. aureus. For real time monitoring of S. aureus, GFP was 418 

chromosomally integrated into S. aureus ATCC 6538 strain by homologous recombination. We 419 

demonstrated that S. aureus ATCC 6538 strain carrying the GFP gene stably maintained the GFP 420 

phenotype without antibiotic selective pressure in vitro and in vivo.  421 
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The therapeutic effects of vancomycin, fosfomycin, CRISPR-Cas9 modified 422 

bacteriophage, and fosfomycin-bacteriophage dual treatments were evaluated against biofilm in 423 

vitro. Vancomycin is considered a last resort treatment for S. aureus infection. Recent guidelines 424 

recommend vancomycin trough concentrations between 15 and 20 µg/mL for effectively 425 

controlling S. aureus infection.[28] As biofilms are typically more difficult to treat than 426 

planktonic bacteria, a much higher concentration of vancomycin (256-1024 µg/mL) was used 427 

here. Although the planktonic S. aureus ATCC 6538 strain was sensitive to vancomycin at 2 428 

µg/mL within BHI broth (data not shown), in biofilm form, it was highly resistant to vancomycin 429 

even at 1024 µg/mL. Biofilms consist of a group of bacteria and their byproducts such as 430 

extracellular polymeric substances (EPS) including proteins, DNA, RNA, polysaccharides, and 431 

peptidoglycans. These EPS materials provide physical barriers to penetration of antibiotics to the 432 

inner viable population of bacteria in the biofilm. Vancomycin, a large glycopeptide antibiotic 433 

with a molecular weight of 1,449 g/mol, binds to the D-ala-D-ala terminal amino acid at the stem 434 

of pentapeptide crosslinking peptidoglycan for efficacy[29]. Thus, resistance to vancomycin by 435 

biofilm may be explained by poor penetration of vancomycin due to its bulky size, which could 436 

have led to entrapment at the peptidoglycan layer of biofilm. In contrast, fosfomycin showed 437 

better efficacy against biofilm at much lower (64 and 128 µg/mL) doses. Fosfomycin is a small 438 

bactericidal antibiotic with a molecular weight of 138 g/mol. It interferes with the first step of 439 

peptidoglycan synthesis by inhibiting the phosphoenolpyruvate synthetase[30]. Thus, the 440 

enhanced fosfomycin efficacy could be explained by better penetration of fosfomycin due to its 441 

small size and its inhibition of the first step of peptidoglycan synthesis. From qualitative 442 

fluorescent analyses, it was determined than a phage MOI of ~10 was effective in clearing 443 

biofilm infection. This is similar and in some cases an improvement upon in vitro evaluation of 444 
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phage treatments discussed in literature, with biofilm eradication reported with MOI 10-445 

100.[21,31,32] Alginate hydrogel served as an effective delivery vehicle, enabling increasing 446 

effects against biofilm over a 24h period, for fosfomycin, phage, and dual treatments in vitro. 447 

Previously, we have observed similar sustained effects of bone morphogenetic protein-2 released 448 

from and retained within alginate hydrogels in vitro and in vivo.[18,27] 449 

For further evaluation of the CRISPR-Cas9 phage, motivated by augmented in vitro 450 

efficacy relative to antibiotic controls, we developed a clinically relevant model of implant-451 

related osteomyelitis. In human cases of osteomyelitis, chronic infection is diagnosed after a 6-452 

week period of infection, while our model had only a 1-week infection period. Based on SEM 453 

images, 1 week appeared to be sufficient to induce severe infection, including biofilm, in this rat 454 

model. By culturing S. aureus on orthopedic screws, infection was localized to the femur and 455 

surrounding soft tissue, as indicated by fluorescent imaging and histology. Fluorescent imaging 456 

served as a qualitative tool for longitudinal infection progression/regression, although no direct 457 

correlation between radiance output and bacterial load were observed (data not shown). This 458 

could be attributed at least in part to a residual GFP signal that likely exists after bacterial cell 459 

death, due to the persistence of the GFP. Clinically, debridement accompanied by long-term 460 

antibiotic administration is the gold standard for osteomyelitis treatment.[33] In this study, we 461 

have avoided debridement altogether so as to limit potential clearing of infection from any 462 

source other than the therapeutics delivered. For future studies, debridement may be included to 463 

more readily mimic the clinical scenario and enable evaluation of larger antibacterial materials 464 

such as scaffolds or putties. 465 

From bacterial counts performed on excised soft tissues, it was determined that severe 466 

soft tissue infection accompanied the expected high bacterial load in the bone samples. In 467 
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clinical cases of osteomyelitis, soft tissue infection is a common pathological finding of 468 

osteomyelitis infection progression[34–36]. In this model, soft tissue infection likely developed 469 

due to the distal end of the orthopedic screw resting freely within the soft tissue medial to the 470 

defect site. On excised orthopedic screws collected on day 7, scanning electron microscopy 471 

indicated a purulent, thick biofilm layer of Staphylococci on the end of the orthopedic screw. 472 

Based on in vitro results, the process of orthopedic screw preparation can be used to tailor the 473 

extent of infection, as soaking the screws for a shorter period of time would be expected to 474 

introduce less S. aureus into the bone and as a result induce a less severe infection. Histology 475 

results support the development of severe osteomyelitis infection, with disease hallmarks such as 476 

neutrophilic inflammation, reactive bone, fibrosis, and gram-positive bacteria. Within the 24-477 

hour time frame of this study, no differences among treatment groups were apparent. If later time 478 

points were evaluated, the differences noted in bacterial counting would likely be more readily 479 

reflected histologically. 480 

Although only the fosfomycin group resulted in reduced bacterial load in the femur, in 481 

soft tissue, all three treatments, including phage alone and phage with fosfomycin (dual) led to 482 

lower bacterial counts compared to empty alginate. It should be noted than an extremely high 483 

dose of fosfomycin (3g) was administered to the rat femur in this study. In humans, a 3g oral 484 

dose is recommended for treatment of urinary tract infections.[26] Conversely for bacteriophage 485 

dose, although a minimum effective MOI of ~10 was observed in vitro,  in vivo only MOI of ~3 486 

was able to be delivered due to: (i) the volume of alginate hydrogel delivered to the small defect 487 

site (100 µL total, but only ~10 µL fit into the defect itself), and (ii) the thicker consistency of 488 

phage solution, limiting the concentration that could be prepared in alginate hydrogel. 489 

Collectively, these discrepancies in dosing likely limited the efficacy of phage treatment alone in 490 
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osteomyelitis mitigation relative to antibiotic with and without phage. Furthermore, the 491 

canaliculi of cortical bone may provide an ideal environment for bacteria to evade treatment.[37] 492 

It should also be noted that in this study, a one-time 100 µL treatment was applied locally. 493 

Clinically, osteomyelitis is treated via debridement and systemic antibiotics for several 494 

weeks.[33] Similarly, success with bacteriophage therapy has been associated with continuous, 495 

prolonged delivery of the virus. A bacteriophage cocktail was used to successfully clear femoral 496 

infection with four intraperitoneal doses of phage (100 µL of ~2x1012  plaque forming units 497 

(PFU)/mL) over the span of 48 hours.[38] Another study adopted a treatment regimen for tibial 498 

osteomyelitis consisting of a once daily 3x108 PFU/mL intramuscular bacteriophage injection for 499 

14 days, which resolved the infection.[39] Recently, a case report was published describing the 500 

success of a weekly injection of bacteriophage over a seven-week period for human digital 501 

osteomyelitis.[36] Collectively, these data suggest that sustained, localized concentrations of 502 

phage may be necessary for efficacy in treatment of bone infection. In future studies, a greater 503 

initial dose of phage therapeutic should be considered, or a longer duration of treatment achieved 504 

with a delivery vehicle capable of tailored release of therapeutic. Given a higher phage dose 505 

and/or prolonged availability, it is possible that the efficacy of phage observed here in vitro could 506 

be matched in vivo. Furthermore, it may be more advantageous to use alternating doses of the 507 

antibiotic and phage therapeutic over time, rather than a combined simultaneous 508 

application.[40,41] In this study, no additive effect of fosfomycin or phage was observed in the 509 

dual treatment group. Only a 24h treatment period was evaluated, which may have limited the 510 

effect of our selected therapeutics, as later time points may have allowed therapeutics, especially 511 

those containing phages (which must replicate for optimal bactericidal activity), to have a 512 
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cumulative effect. Nonetheless, our challenging composite tissue infection model enabled 513 

efficient, rapid testing of antimicrobial therapeutics using a biofilm forming strain of S. aureus.  514 

Despite the prevalence and severity of osteomyelitis, no bacteriophage-based treatment 515 

for the disease has reached clinical trials in the United States. As populations of MDR-bacteria 516 

continue to spread and new strains are isolated, engineering novel therapeutics will be essential 517 

to augment the dwindling list of effective, available antibiotics. Phage therapy has great potential 518 

to fill this niche, as phages can be made readily and at a low cost. Using CRISPR-Cas9 519 

technology as in this study, phages can be modified to have a wide host range.[21] By 520 

contributing to the pipeline of bacteriophage therapeutic evaluation compared to traditional 521 

antibiotics, the goal of this work was to demonstrate efficacy of phage against bone and soft 522 

tissue infection. Enhanced bactericidal activity of CRISPR-Cas9 phage was demonstrated in 523 

vitro against biofilm, when compared to conventionally used vancomycin and fosfomycin 524 

antibiotics. Subsequently, an implant-related model of osteomyelitis and soft tissue infection was 525 

established, confirmed with histological, radiographic, and scanning electron microscopy 526 

analyses. Although phage did not mitigate bone infection 24h post-treatment, soft tissue infection 527 

was reduced 24h following treatment with bacteriophage, and notably to the same extent as 528 

treatment with high dose antibiotic. To improve bacteriological outcomes in the future, further 529 

investigations of delivery vehicles and optimal dosing are warranted. 530 
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