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To those who suffer from infection, biofilm-
related, or otherwise. Don’t lose hope.
Solutions are on the horizon as thousands of
researchers and clinicians work to resolve
infectious problems. Healing will one day
transcend pain.

And to my wife, who has never let me quit.
She’s consistently been there with her hands
on my back, when my shoulders have needed
squaring and I've had to face the wind.



Foreword

For decades, bacterial and polymicrobial biofilms have been recognized as unique
microbial communities, distinct from their planktonic or single sessile microbe rela-
tives. Biofilm phenotypes, behaviors, properties, and persistence survival strategies
are now known to be responsible for diverse scientific, medical, and technological
problems. Despite substantial published scientific evidence elucidating their diver-
sity and persistence across many environmental niches, microbial biofilms are only
now garnering sufficient universal attention and broad scrutiny to categorize them
as a unique microbial life-form. Indeed, the biofilm research community continues
to advocate specific scientific, pathological, biomedical, and technological differ-
ences for established biofilms that are clearly distinct from their individual microbe
precursors, either suspended or adherent to surfaces. These differences extend to
their physical attributes as living communities, their metabolism, microbiology,
pathology, and interactions with materials and within specific ecological, maritime,
physiological, and biomedical environments and antimicrobial susceptibility and
resistance. Methods to monitor biofilm formation, dynamics, maturation, and
behaviors, to control their engagements, and to facilitate their removal and elimina-
tion have naturally evolved as biofilm properties are better understood. The result-
ing implications for controlling biofilms, or eliminating them from specific niches
(i.e., as biomedical threats or technological problems), have increasing urgency,
given their recognized costly involvement in disease and medical implants as well
as their broader technological challenges across their diverse environmental niches.

This book considers the “biofilm problem” from a predominantly medical per-
spective, with numerous chapters examining current thinking and strategies to diag-
nose, control, and eradicate pathogenic biofilms from patient wounds and implants.
Surgical implantation and clinical placement of medical devices and biomaterials
into patients create a predisposition and increased susceptibility to device- and
implant-related infections. The result is a catastrophic combination of substantial
patient mortality and increasingly unaffordable economic burden. Catheter-related
bloodstream and urinary tract infections and periprosthetic joint infections are com-
monly attributed to biofilm complications. More broadly, orthopedic device-related
infections commonly associated with the diversity of implanted biomaterials to
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repair and augment musculoskeletal tissues represent a daunting clinical challenge.
Nonetheless, all implanted materials, whether synthetic (e.g., metallic, polymeric,
or ceramic) or natural (e.g., matrix-derived, decellularized, tissue-grafted, chemi-
cally fixed, fresh frozen allogeneic, bioreactor-grown), predispose the host (patient)
to infections, primarily those of biofilm origin. That clinical biofilms might be pre-
vented as a major source of patient suffering and increasing healthcare cost burden
is an important motivation.

Several primary causes of host-implant predispositions to clinical infection are
the following: (1) abundance of opportunistic and commensal pathogenic communi-
ties and even biofilms within host tissues that are locally disrupted or activated in
tissues upon implant placement; (2) recognized pathogenic competence to locate,
colonize, and establish biofilm communities on or near biomaterials; and (3) com-
promised host immunological engagement around an implanted biomaterial, associ-
ated with the foreign body response. All implanted medical materials and even many
chronic wounds present with these local tissue site compromises, enhancing the risks
of patient infection. Incidence and infection risks are empirically observed to be vari-
able, depending on patient health status, comorbidities, biomaterials chemistry and
physical attributes (i.e., size, porosity, compliance), tissue physiology or anatomical
site of wounding, surgical techniques, and as-yet undetermined predisposing genetic
variations, including the commensal microbiome profile, and perhaps opportunistic
microbiome features, including endogenous biofilm populations.

Despite increasing recognition that pathogenic biofilm formation is causally
linked to many patient infectious disease challenges, both with and without implants
(e.g., oral caries and gingivitis, epithelial fungal infections, ocular keratitis, bacte-
rial dermatitis, cystic fibrosis), few clinical antimicrobial therapeutic strategies dis-
tinguish virulence factors unique to biofilms from those of related planktonic
non-biofilm pathogens and then tailor antimicrobial regimens accordingly. Biofilm
formation provides fungal and bacterial pathogens unique physical protection from
host immune mechanisms, including frustration of complement activation and
phagocyte clearance, and also a barrier against antimicrobial agent exposure.
Chemically, biofilm-produced molecular signaling to host microbiome, host tissue
cells, and pathogenic partners (e.g., polymicrobial signaling dynamics) effectively
confuses host responses, both from commensal protective bacteria (e.g., commensal
Staphylococcus epidermidis) and endogenous host immune defense mechanisms
(e.g., complement lysis, phagocyte uptake, neutrophil-induced free radical activi-
ties). Significantly, biofilm-resident bacteria exhibit population phenotypic hetero-
geneity: some resident colonies are highly pathogenic, while others exhibit reduced
metabolic activity (e.g., sleeper cells or persisters) that are inherently refractory to
antimicrobials targeting metabolic pathways. This population diversity compro-
mises current clinical anti-infective approaches to mitigate infection. Planktonic
pathogens might be readily neutralized by combinations of host clearance and clini-
cal antibiotic regimens, but due to their unique features, biofilm forms do not
respond to conventional clinical strategies. Empirically, inhibitory or bactericidal
concentrations shown to kill planktonic organisms fail to kill or eradicate biofilms
of the same organism. The clinical distinction for addressing mature, colonized,
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established biofilms as the infection nidus different from conventional “infectious
organisms” classically considered as planktonic, invading species must be continu-
ously emphasized. Accordingly, new antimicrobial strategies that address biofilm
vulnerabilities must be developed.

The observation that there currently is no formal, universally accepted definition
for “biofilm” is troubling. This inability to provide a definition has traditionally
caused confusion in the published literature, producing ongoing claims to effec-
tively address biofilm challenges when in fact no biofilm is actually shown. Often,
sessile, surface-resident microbes are described as “biofilm” in published work
when in fact this simple (and false) characterization fails to consider most of the
unique biofilm-specific factors. Recognized traits for biofilms include (1) their
unique chemical signaling dynamics (e.g., quorum sensing); (2) their exopolysac-
charide barrier matrices comprising both bacterial and host-sourced extracellular
products, including nucleic acid nests, that firmly attach these viable colonies to
tissue and biomaterials surfaces; (3) their population heterogeneity and persisters;
(4) their unique propensity to reside naturally within host tissues without immune
recognition; (5) their enhanced physical and biochemical ability to resist both host
clearance and antimicrobial assault; and (6) their dangerous capacity to rapidly and
readily reseed and repopulate debrided tissues, implants, and necrotic areas with
viable satellite biofilm colonies. These specific phenotypic features should define
“biofilms” for scientific and research purposes and be further exploited to drive new
effective clinical solutions that address biofilm-specific infection vulnerabilities. A
clinical “one-size-fits-all” antimicrobial treatment approach to addressing plank-
tonic and biofilm pathogens is clearly losing the battle and might very well be pro-
moting antimicrobial resistance. In this regard, increasing focus on small colony
variants that populate biofilms as slow-growing pathogens recognized as major
players in difficult, persistent infections is also becoming integral to the ongoing
biofilms narrative.

Because reliable identification of implant-centered infection in patients and,
more fundamentally, discerning differences between biofilms and planktonic patho-
gens in clinical infections are compelling unsolved issues, improved biofilm-specific
diagnostic tools and methods are required before any rational approach to infection
therapy can be decided. Parts of this book also address biofilm diagnostics and
infection markers to resolve biofilms as causative and ensure their elimination.
Traditional clinical infection markers (e.g., procalcitonin, C-reactive protein, eryth-
rocyte sedimentation rate) are not specific to biofilms. Despite their high sensitivity
and routine accessibility, these serum biomarkers currently are used for first-line
screening tests for implant infections, particularly in orthopedic implants. However,
given patient-specific biomarker variations with infection, effects of patient phar-
macologies on these markers, and their intrinsic temporal variability, these markers
are often not recommended as sole evidence for implant-associated infections. The
lack of sufficiently reliable diagnostic evidence, and ambiguities about specificity
and sensitivity of each marker, especially for biofilm infections, motivates the need
to develop new approaches. Additionally, the invasive nature of sample procurement
from implant sites to confirm infection source, including during infection revision
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procedures, demands continued focus on discovering and validating reliable surro-
gate markers or systemic indicators of local, implant-specific infection that are less
invasively sampled. Clinical validation of new biomarkers is not trivial: it is time-
consuming and expensive. Therefore, diagnosis innovation to improve biofilm anal-
ysis and characterization will take time, patience, and research financing to produce
progress.

Proper diagnosis and molecular profiling of biofilms, both in laboratory preclini-
cal work and in patients, will improve the reliability of information and insights
necessary to facilitate development of more effective strategies to find, study, probe,
and control biofilms. Fundamental discoveries regarding biofilm microbiology and
phenotypes will guide better methods to modulate and eradicate them. Pairing
detection and analysis to identify biofilm-specific infections will better guide thera-
peutic management of biofilm-centered infection, a sorely needed improvement to
benefit many patient infections, and especially those involving biomaterials and
implants.

Departments of Biomedical Engineering David W. Grainger
and of Pharmaceutics and Pharmaceutical Chemistry

University of Utah,

Salt Lake City, UT, USA



Preface

This isn’t an autobiography, but I hope you’ll excuse an autobiographical note as I
try to set the stage for this book and provide a backdrop of my experience, as it
provides a basis for why I propose a targeted approach against the biofilm pheno-
type (where biofilm is applicable) in translational research, antimicrobial testing,
and device development.

My introduction to biofilms came as an undergraduate student. During a
Microbial Ecology course, my professor spent a few brief moments during a lecture
to discuss observations of bacteria living in clusters, but little was discussed about
the impact of biofilms on the environment or its role in ecology. It surprises me now
that the predominant dwelling state of bacteria in natural ecosystems was touched
on only briefly in a microbiology program, but despite the brevity, I was instantly
intrigued. At the time, I didn’t realize biofilm-related research would become the
foundation of my career, but I'm glad it did.

Three years after I graduated with a bachelor’s degree in Microbiology, I was
hired as a member of the first team in the United States developing osseointegrated
(OI) implant technology for wounded warriors. In brief, OI implants provide an
alternative to socket prosthetic technology. They consist of a metal post that is surgi-
cally inserted into the residual bone (e.g., femur) of a patient with a portion that
protrudes through the skin for prosthetic limb attachment. This design provides
direct load-bearing to the skeleton as opposed to soft tissues and reduces bulkiness.
However, the percutaneous nature and solid surfaces of OI implants make them
innately challenged as they are particularly well-suited to host and harbor biofilms,
which thrive in air/solid/liquid interfaces. I was tasked with supporting the develop-
ment of antimicrobial strategies to treat and prevent biofilm implant-related infec-
tions at OI implant interfaces. Several years of data collection showed that a
mechanical skin seal established by the host may be the principal method of control-
ling infection outcomes. Data further indicated that a daily hygienic wash, similar
to brushing teeth, may serve as a secondary method to help manage biofilm burden
and reduce the risk of infection.

xi
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I shifted my efforts as a graduate student to the development of an active release
antimicrobial coating that could be applied to orthopedic implants, with an emphasis
on fracture fixation plates. As I prepared the study design, I considered what I had
learned about biofilms, their predominance in natural ecosystems and impact on
device-related infection. I wondered, “If estimates suggest that >99% of bacteria in
natural environments, such as dirt and soil, dwell in the biofilm phenotype, wouldn’t
that mean that when an injured soldier or a civilian patient breaks open their leg, the
wound would be contaminated with biofilms at the point of injury, and not just
planktonic bacteria?” It was apparent after scouring the literature that essentially all
animal models of infection involved inoculation with planktonic bacteria. But that
didn’t seem to me to model an open fracture situation, wherein mature bacterial
biofilms from dirt, mud, or soil would be the initial contaminants. I proposed the
idea of developing an active release antimicrobial coating that specifically targeted
the biofilm phenotype in an animal model of open fracture infection to my mentor,
Roy Bloebaum, PhD, and two other colleagues, Peter Beck, MD, and John Hibbs,
MD. Within a year, we had secured NIH funding to test a unique coating in a sheep
model of open fracture infection—using biofilms as initial inocula. In short, data
indicated that established biofilms were able to cause low-lying infection that was
chronic in nature and positive infection control animals were able to survive to the
endpoint without antibiotic intervention. Furthermore, our antibiofilm coating,
which we first optimized against biofilms in vitro, was able to prevent biofilm
implant-related infection in 100% of cases.

It was an honor to host William (Bill) Costerton, PhD (1934-2012), in our lab for
2 days toward the end of my graduate school experience. Bill (he didn’t like me
calling him Dr. Costerton) is considered by many to be the father of biofilm discov-
ery and research. I had shared with him the concept of using biofilms as initial
inocula in animal models of infection, and we published a paper on the topic. Bill
Costerton and my wife were the two catalysts who gave me the confidence to work
toward the completion of my PhD. Bill was a champion of students. My graduate
experience had been particularly challenging, and I was on the verge of quitting.
Bill and my wife talked me out of it. It was particularly humbling when he told me
that my graduate project was one of the top ten graduate projects he had encoun-
tered in his career (he probably said that to every graduate student). His validation
gave me an extra sense of commitment. I worked harder than ever after our visit; I
memorized the contents of more than 300 scientific papers, so I could defend my
dissertation, completed my 10th and 11th papers, authored a book chapter, and prac-
ticed my presentation skills on a weekly basis until I could stand with confidence in
front of my committee and show them I was worthy of the PhD. In the end, it worked
out. The reason I share this isn’t to inflate myself. Rather, I hope my experience
resonates with graduate students, in particular those who may be struggling—the
effort is worth it!

The data collected during my graduate years was promising, and we had hopes
of advancing our unique antibiofilm coating to the clinic. However, within months
of receiving my PhD, the technology transfer office of my university sat me down
and told me that I could no longer work on the technology I had spent 5 years devel-
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oping. Legal documents had not been established correctly between several parties.
That was a challenging time for me as a newly minted investigator and forced me to
pivot my biofilm research efforts. But I soon realized that receiving a PhD wasn’t
the endgame, it was just the beginning. There are myriad amounts of studies that
need to be done to address the problem of biofilm-related infection. And this
research can’t be accomplished in one study, by just one lab or by a single
organization.

As evidenced in this book, many approaches are being taken to tackle the biofilm
problem, and our collective efforts are consistently increasing the potential for tech-
nologies and protocols to manage biofilm-related infection. I never considered that
entering into the biofilm space would be so rewarding, but it has led to the accom-
plishment of my aspiration of being a professor at the University of Utah and more:
directing a robust lab in the Department of Veterans Affairs with enthusiastic stu-
dents and postdoctoral fellows, all of whom are engaged with me and thousands of
others in research institutes and companies across the globe in the pursuit of antimi-
crobial technologies that can target the biofilm phenotype. Our most important work
may be on the horizon wherein lies the culmination of therapies put into clinical
practice where they can improve quality of life and relieve suffering. And perhaps,
the time will come when I can share a copy of this book with my undergraduate
microbial ecology professor. It will certainly provide many discussion points that
can be considered for far longer than a few moments of a lecture.

Salt Lake City, UT, USA Dustin L. Williams



Acknowledgments

Thank you to those who helped me start my career and who took a chance on me
early on. I recognize that the efforts of many have served as pivot points in my
career, ultimately making this book possible. In a random encounter that lasted only
a few minutes, Doug Powell, MD, was kind to listen to me as a young 20 something
when I expressed an interest in becoming a scientist. Within a day, he put me in
touch with his colleague, Sancy Leachman, MD, who allowed me to volunteer in
her lab and showed me the ropes of research. She helped me find my first paid posi-
tion with Ray Warters, PhD. His guidance provided me with a skill set that led to a
research position with Roy Bloebaum, PhD, and team members including Cathy
Petti, MD. Roy was driven to develop the first transfemoral osseointegrated implant
in the United States. He and many team members had their hands full with an aspir-
ing scientist who, admittedly, could be (over)ambitious at times. We often joked in
the lab that Roy only gambles on black 17 (in roulette), but he metaphorically
stepped outside his comfort zone and took a chance on me as a PhD student. I'm
grateful he did and am indebted to him and Charles Saltzman, MD, for the opportu-
nity to take over the Bone and Joint Research Lab after completing my PhD train-
ing. A heartfelt thank you also goes to the many students, technicians, project
supervisors, postdoctoral fellows, volunteers, and administrators who have put in
late nights, weekends, holidays, and everything in between to make our work
possible.

Special thanks go to Brad Isaacson, PhD, MBA, MSF, PMP, who grunted with
me through Graduate School and has become one of my dearest friends, collabora-
tors, and colleagues. We have both come a long way from eating sandwiches at
Subway to now watching our kids bounce around toys at local playgrounds or work-
ing late into the night to make sure grant applications are polished and poised for
submission.

Thank you to many in the fields of biofilm research. One of my first encounters
with a biofilm researcher was with Al Parker, PhD, in Cancun, Mexico. He indulged
me in conversation as I sipped on a can of soda at the Hilton Cancun Beach and Golf
Resort during a triannual ASM Conference on Biofilms. He and Darla Goeres, PhD,
offered insights into the development of a modified biofilm reactor that would allow

XV



XVi Acknowledgments

me to use biofilms as initial inocula in a unique animal model. Bill Costerton, PhD,
was likewise gracious and willing to support my ideas and even visited our lab to
help guide me through several aspects of my dissertation. I'll never forget his part-
ing words, which can’t be printed in a professional book such as this but are unfor-
gettable. I thank Garth James, PhD, for years of published and verbal insights into
methods that underlie medically relevant biofilm experiments. I, and several of my
lab members, also thank Phil Stewart, PhD, for making an effort to bring the world
of biofilms to life with videos that capture an audience and broaden our imagination
of what can be accomplished in biofilm research.

Thank you to Javad Parvizi, MD, for engaging me and my department members
in multiple biofilm-relevant conversations and for offering me my first opportunity
to contribute a chapter in a book. Thank you to Peter Beck, MD, and John Hibbs,
MD, who spent hours listening to my experimental design considerations, data
dumps, and presentations. Thank you to Richard Tyler Epperson and Brooke
Kawaguchi for being the backbone of our lab. Thank you to Ryan Davies; Todd
Kinard, JD; Ryan Looper, PhD; Paul Sebahar, PhD; Travis Haussener, PhD; and
Chad Testa, PhD, for synergizing efforts to tackle the biofilm problem with new
antibiofilm compound development. Similarly, thank you to Jeff Sivertsen, JD;
Nicholas Ashton, PhD; Jason Rivkowich; Christophe Courcimault, PhD; Shannon
Kegel; and Michaela Rivkowich for their willingness and time to develop a unique
device that targets biofilms. There are too many others to list by name, but a heart-
felt thank you to the many researchers, collaborators, and colleagues who take the
time to communicate by email or visit at conferences, meetings, and other gatherings.

Thank you also to Merry Stuber and the team at Springer Nature for reaching out
to me for a book proposal. Finally, thank you very much to the fantastic coauthors
of this book who worked nights, weekends, holidays, and more to pull the chapters
together. The insights provided by this collective group of authors shed light on the
biofilm problem from multiple vantage points including private and public research,
medical practice, military medicine and healthcare, industry, and academia. You
have achieved my vision for this project. Your efforts are appreciated, noticed, and
will make this text an important contribution to the field.



Contents

We Begin to Target the Biofilm . .................................. 1
Dustin L. Williams

Biofilm Infections in Orthopedic Surgery and Their Impact
on Commercial Product Development ............................. 11
David A. Armbruster

Catheter-Associated Urinary Tract Infections: Development

of a Test Method for Assessing the Efficacy

of Antimicrobial Technologies/Products . . .......................... 29
Jennifer Summers and Darla M. Goeres

Biofilms and Wound Infection Research in the US Military............ 55
Kevin S. Akers, Joseph C. Wenke, and Clinton K. Murray

Targeting Biofilms in Orthopedic Infection . . ....................... 71
Karan Goswami and Javad Parvizi

Translation of Antibiofilm Technologies to Wounds

and Other Clinical Care. . .......... ... ... . ... ... ... . ... .. ..... 85
Matthew Myntti
Central Venous Catheters and Biofilm Infections . . ... ............... 97
Bryan Haymond

A Biofilm-Based Approach to the Diagnosis and Management of
Postoperative Spine Infection .................................... 107
Jeremy D. Shaw

Targeting Biofilms in Translational Research ....................... 131
Nicholas N. Ashton and Dustin L. Williams

Xvii



®

Check for
updates

We Begin to Target the Biofilm

Dustin L. Williams

Abstract Biofilms were unknowingly observed centuries ago. Within the last
70 years, our understanding of biofilms, their morphology, and characteristics has
grown. Yet despite an increased understanding, the presence of biofilms and their
impact on healthcare are still often overlooked, or misunderstood. Antimicrobial
technologies and applications are primarily focused on planktonic bacteria. A tar-
geted approach against the biofilm phenotype is likely to improve infection out-
comes wherein biofilms are the source of difficult-to-treat infections.

Keywords Biofilm history - Unexploited opportunity - Target - Biofilm phenotype
- Initial inocula - Antibiofilm

A Brief Timeline of Biofilm Discovery and Characteristics

Our knowledge of biofilms has grown exponentially over the past several decades.
Of course, almost obligatorily any biofilm conversation has to involve mention of
the initial observations made by Antonie van Leeuwenhoek nearly 400 years ago as
he viewed scrapings of his teeth through hand-made microscopes. His drawings of
circular and rod-shaped microorganisms are now commonplace in textbooks, but
his findings at the time were an unrecognized hinge upon which the gates of
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microbiological discovery would swing. Van Leeuwenhoek’s unearthing of micro-
scopic life—which had been proposed for nearly a century prior by others including
Girolamo Fracastoro—didn’t appeal to the masses of his time or receive general
credence given the ensuing debate of Aristotelean abiogenesis (i.e., spontaneous
generation). Yet with hindsight as our luxury, we now link his observations with
those made more recently and consider his visual findings to be the first indicator of
a complex microscopic life system—now known as biofilms.

More recent milestones in biofilm discovery include Claude ZoBell’s sea water
work, which indicated that bacteria preferentially adhere to solid surfaces [1].
Thirty-five years after ZoBell’s publication, J. William (Bill) Costerton and col-
leagues published a seminal paper describing how bacteria stick tenaciously to said
solid surfaces and produce microcolonies of sister cells via glycocalyx components
that facilitate intercellular and extracellular adhesion [2]. Throughout the 1970s,
physicians noted bacterial aggregates in the sputum of patients who suffered from
cystic fibrosis [3]. The link between infection etiology and the communal nature of
bacteria in natural ecosystems began to find correlation. The term “biofilm” was
formalized between 1978 and 1981 and is used to define a dynamic community of
bacteria—more accurately “a microbially derived sessile community characterized
by cells that are irreversibly attached to a substratum or interface or to each other,
embedded in a matrix of extracellular polymeric substances that they have pro-
duced, and exhibit an altered phenotype with respect to growth rate and gene tran-
scription [4].” This phenotype contrasts the planktonic, or individually free-floating
bacterial phenotype, such as may be found in a laboratory test tube.

In the early to mid-1980s, biofilms were found to be complicating agents in
medical device-related infections. More specifically, biofilms seemed to serve as
reservoirs of infection: although systemic antibiotic therapies quelled acute symp-
toms, infection would recur once antibiotics were discontinued [5, 6]. This sug-
gested that antibiotic regimens eradicated planktonic bacteria that dispersed away
from the biofilm reservoir, but they failed to eradicate the source. The chronic and
difficult-to-treat nature of these pathologies resolved once the nidus of infection
was removed (in these cases the nidus was an implanted device on which biofilms
had formed). The recalcitrant nature of biofilm-related infection began to be clari-
fied in 1985 as bacteria in biofilms were found to have inordinate antibiotic toler-
ance profiles compared to planktonic counterparts [7]. Many considered that
biofilms were more tolerant to antibiotics because of extracellular matrix compo-
nents “gumming up” the diffusive capacity of antibiotics, preventing them from
reaching the tortuous interstices of the biofilm core. This presumption was short-
lived as by 1988, small molecules were shown to penetrate to the core of a biofilm
in a matter of seconds [8].

Elucidations of the eclectic nature of biofilms didn’t stop there. By 1991 water
channels were observed in biofilms—facilitating diffusion of nutrients, waste prod-
ucts, and signaling factors—further revealing the intricacies of their dynamic three-
dimensional structures [9]. And in the early 2000s, oxygen gradients were found to
develop in biofilms, resulting in a profile of aerobic cells toward the outer regions
and anaerobic cells in the core [10]. Perhaps conspicuously the most common
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biofilm-forming pathogens are facultative anaerobes. If all of the other characteristics
of biofilms weren’t enough, the facultative anaerobic characteristic of biofilms
makes them particularly menacing. As aerobically dividing cells predominate in the
outer regions of the community, they can “gobble up” infiltrating attacks (such as
antibiotics) as well as utilize free oxygen. This results in anaerobically dividing
cells predominating in the biofilm core. In an anaerobic state, cells in the core are
less susceptible to antibiotics, as antibiotics typically function against metabolically
active and dividing cells. The core-dwellers also require less nutrients as they func-
tion in a more sessile state. This dual aerobic-anaerobic nature of living allows the
biofilm to switch back and forth between growth states, adjusting to the environ-
ment “on the fly.” It also seems to suggest that the aerobically dividing cells in the
exterior are always ready (at least from my perspective) to protect recalcitrant vari-
ant cells in the inner core from external perturbations, much like a bee swarm pro-
tects its queen.

Unexploited Opportunity to Target Biofilms in Healthcare

The tenacity of biofilms to survive and thrive in every domain on Earth reflects the
evolutionary advantage that bacteria have by clustering and congregating together.
Most of what we see published about biofilms today builds upon the early discover-
ies discussed. Yet despite the discoveries of the past 70 years, and the increasing
acceptance of the biofilm theory, a recognition of biofilms in clinical care is still not
commonplace. As detailed in the final chapter of this book, all antibiotics that are
developed, tested, and optimized, all antibiotic dosing regimens that are established,
all clinical reference laboratory standards, and all medically relevant regulatory
guidelines are based solely on outcomes related to planktonic bacteria. Further,
there is not yet a type of indwelling medical device that is not affected by biofilm
formation and accompanying infection in at least a subset of instances, yet biomedi-
cal engineers and companies rarely take infection into account during device devel-
opment. Granted, the current regulatory environment is not conducive to combination
products or antibiofilm technologies (discussed by Armbruster in chapter “Biofilm
Infections in Orthopedic Surgery and Their Impact on Commercial Product
Development”). Nevertheless, with the exception of a few companies (such as Next
Science in chapter “Targeting Biofilms in Orthopedic Infection) and a growing
number of academic and clinical pursuits (see chapters “Catheter Associated
Urinary Tract Infections: Development of a Test Method for Assessing the Efficacy
of Antimicrobial Technologies/Products” and “Biofilms and Wound Infection
Research in the U.S. Military”), as a society we have not yet begun to target the
biofilm as part of our antimicrobial strategy regimens. Is the failure to target bio-
films affecting clinical outcomes? In light of the growing body of evidence over the
last 70 years, we can answer with a resounding, “Yes!”

The chapters in this book collectively provide multiple examples wherein target-
ing biofilms could potentially improve biofilm-related infection outcomes. As a
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primer, let’s consider a specific example: the paradigm of human skin and surgical
prep solutions. Human skin harbors polymicrobial biofilms that dwell deep, even
beneath the subepidermal compartments [11, 12]. A common example includes
Cutibacterium acnes (formerly Propionibacterium acnes), which forms mature bio-
films in sebaceous glands and hair follicles [11]. This particular organism has been
increasingly problematic in particular with shoulder surgeries [13—15], shoulder
arthroplasty [16, 17], and spine surgeries [18—20]. We’ll revisit this information
about biofilms dwelling deep in human skin after a discussion on surgical skin prep
solutions.

Across the globe there are hundreds of thousands of surgeries performed each
day that require a preoperative skin prep. Joseph Lister used carbolic acid in the first
skin prep solution circa 1867 [21, 22]. Today, prep solutions primarily contain
povidone-iodine (PI) or chlorhexidine gluconate (CHG) in combination with iso-
propyl alcohol. Pl is a relatively poor disinfectant with minimum inhibitory concen-
tration (MIC) values over 512 pg/mL against staphylococci and many other species
but is relatively nontoxic when used topically and is used at high concentrations
(7.5% (75,000 pg/mL)-10% w/v (100,000 pg/mL)) that allow it to achieve accept-
able disinfectant outcomes. CHG is more potent, with MIC values in the single-digit
range (e.g., 1-2 pg/mL) against a broad spectrum of organisms, but is more toxic
and thus is typically less concentrated at 4% w/v (40,000 pg/mL). These disinfec-
tants are typically used in combination with isopropyl alcohol ranging from
4% to 74%.

When used as preoperative surgical preps, solutions are slathered on the skin in
a distinct inward-outward pattern to sterilize the surgical site of interest. The appli-
cation procedure and dwell time of each solution is highly variable, depending on
logistics, environment, and training regimen of personnel in each operating room/
organization. Yet general directions for use are provided. For example, directions
for using HIBICLENS® (4% CHG + 4% isopropyl alcohol) in preoperative skin
preparation are:

Apply HIBICLENS liberally to surgical site and swab for at least 2 minutes. Dry with a
sterile towel. Repeat. Dry with a sterile towel.

In the case of Betadine® Surgical Scrub (7.5% povidone-iodine), directions are:

Wet skin with water. Apply Scrub (1 cc is sufficient to cover an area of 20-30 square
inches); develop lather and scrub thoroughly for about 5 minutes. Rinse off using sterile
gauze saturated with water. The area may then be painted with Betadine solution and
allowed to dry.

The protocol for HIBICLENS provides a dwell time of approximately 4 minutes,
if the directions are followed. Betadine provides a dwell time (including dry time)
of approximately 10 minutes. There is evidence that Betadine and CHG can bind
proteins and remain on skin for 4-24 hours, respectively, but we should consider
that the disinfectant would be in a diluted and nonaqueous state if the solution is
rinsed or dried off. Product applications are also limited to the top layers of skin.

There are no data showing that CHG is effective against skin-dwelling biofilms
within 4 minutes. Time kill studies have been performed but against planktonic
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cells [23]. As mentioned, all antimicrobial susceptibility profiles that are estab-
lished and regulated are based on planktonic bacterial measures (e.g., the MIC).
Furthermore, data that are collected are typically done so in static broth conditions,
not in complex skin environments, with multihour endpoints, not minutes. There
are some data showing extended dwell times (up to 24 hours) with PI (again in
static broth conditions) [24] but focus on the inhibitory effect of PI on biofilm for-
mation, not eradication of well-established biofilms—the phenotype in which bac-
teria dwell in skin.

With this information we can begin to make a connection between a common
clinical procedure—preoperative surgical prep—and the potential impact that the
lack of a targeted approach against the biofilm phenotype might have. Surgical prep
solutions may be effective at eradicating planktonic bacteria that dwell in the upper
regions of skin, but data is lacking on their effect on well-established biofilms in
these same regions. Furthermore, preoperative skin prep solutions are specific to the
top layers of the skin, such as the stratum corneum, and may not penetrate rapidly
into the deeper layers where established biofilms dwell, such as those formed by
C. acnes [11, 25]. Thus, as a surgeon makes a cut with a scalpel during surgery,
subepidermal or deep-layer biofilms that are unaffected by preoperative skin prep
could be mechanically driven from the host’s deep skin layers to the tissues of the
surgical site.

As we observe an increase in the number of C. acnes-related infections in shoul-
der surgeries (cited above), pacemaker implantation [26], and spine surgeries (cited
above), and as we continue to see staphylococcal species predominate in implant-
related infections [27-29], we should consider designing experiments that assess
the influence of biofilms in the patient’s own skin that could contaminate a surgical
site during a procedure. To further the argument, normal flora organisms have been
shown to colonize wound borders within 30—-180 minutes following surgical prep
[30, 31]. This supports what is well-known among surgeons: the longer a surgical
procedure takes, the higher the risk of bacterial contamination and potential
infection.

My lab team recently wanted to collect in-house data to test the hypothesis that
deep-dwelling, potentially subepidermal bacteria in skin regions can survive a pre-
operative surgical prep. We prepped the skin on two pigs during an excision wound
surgery (IACUC approved) using alternating treatments of Betadine (10%) and iso-
propyl alcohol (70%). We sterilely draped the pig and prepped the skin one last time
with Chloraprep™. After ~10 minutes of dry time we biopsied sixteen skin samples
(eight from each pig) that reached the pig fascia, placed them sterilely into broth,
ground the tissues and cultured samples under aerobic and anaerobic conditions.
Data in this limited pilot set showed that our hypothesis was supported; more than
five isolates were identified with ~10°-10° CFU/g tissue, suggesting that a thorough
skin prep procedure may not affect bacteria that dwell deep in host skin (publication
pending).

Strategies are being employed to account for the limitations of preoperative sur-
gical preps. Surgeons are having patients wash their surgical site with either CHG
or benzoyl peroxide-based products the night before surgery. This is consistent with
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recommendations from the Centers for Disease Control (CDC), which suggests
patients can shower or bathe in chlorhexidine the night before surgery. The idea
behind these practices is to increase dwell time and surface area coverage of an
antimicrobial on the skin to reduce the risk of normal flora organisms—primarily
dwelling in biofilms—from causing opportunistic infection. Another strategy (from
personal communications with surgeons) is the practice of using a “dirty” and
“clean” scalpel during a procedure. Surgeons make an initial cut in the skin, and
recognizing that the first scalpel may be contaminated with deep-dwelling bacteria,
they toss it aside and use one or multiple clean scalpels to complete the procedure.

A needle-in-a-needle device has been patented to achieve a similar goal in eye
surgeries [32]. This device has an outer, hollow bore needle in which a secondary
needle is slightly retracted. As the first needle punctures the site of interest it inter-
acts with bacteria (including those in biofilms) that may be present in the outer
regions of host tissue. The second needle is progressed through the hollow bore of
the first needle and can extend into deeper tissue regions with reduced risk of intro-
ducing bacterial contaminants that are “stuck” on the outer cylinder of the first
needle. This dual-needle device concept is interesting as it could be applied to other
biofilm-relevant paradigms.

Skin is only one of many anatomical sites colonized with established biofilms.
The nares, colon, sinus tract, and oral cavity are all colonized by a complex micro-
biome that primarily consists of biofilm-dwelling organisms. Exogenous materials
including soil, particulates, animals, and foreign bodies can also harbor biofilms
that can interact with us in a variety of circumstances (see final chapter of this
book). As we develop medical devices, antimicrobial technologies, or therapeutics,
each domain can be considered in the context of biofilms to determine how we can
exploit and target this phenotype of bacteria and improve patient outcomes [33].

Not to Forget Biofilm Inhibition

This chapter and book as a whole focus primarily on the effects of biofilms on infec-
tion outcomes. This isn’t to suggest that we shouldn’t consider the importance of
inhibiting biofilm formation, which is an additional approach toward preventing
biofilm-related infection. However, I've chosen to focus on well-established bio-
films primarily based on conversations with surgeons, healthcare workers, and
researchers. The sequential, staged model of biofilm formation (stages of biofilm
formation are presented by Haymond in chapter “Translation of Antibiofilm
Technologies to Wounds and Other Clinical Care”) is often strongly adhered to;
many have been taught and purport that in order for a biofilm to be present, plank-
tonic bacteria must first adhere to a surface, then form a biofilm, and thus planktonic
bacteria are really the only phenotype to consider when developing an infection
treatment strategy. As a specific example, I was presenting data at a meeting from
one of our sheep models wherein we first grow biofilms then inoculate them in the
animal at the time of surgery [34, 35]. An audience member asked at what point we
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introduce the planktonic bacteria that will form a biofilm and cause infection? In our
model, the biofilm is already there, just as biofilms are already present in natural
ecosystems [36], and established biofilms can cause infection [34, 35]. We may
need an expansion in our thinking to consider there are times when a sequential
process of biofilm formation isn’t relevant if bacteria in an environment are already
in an established biofilm (see discussion on open fractures and contamination with
biofilm-containing soil in the final chapter). Such is the case presented above of
preoperative skin preps and established biofilms in the epidermal and dermal layers.

When Is a Biofilm

I was attending the 8th ASM Conference on Biofilms in Washington, DC, in the fall
of 2018, and watched videos of neutrophils attempting to gobble up small clusters
of bacterial cells. The purpose of the videos was to show that within 4 hours of
growth, bacterial aggregates had developed to a point that neutrophils could not
phagocytose them (whether it was the mass of the aggregates or slime production is
not yet known). As I watched the videos, I had this thought, “We focus heavily on
the characteristics that define a biofilm. Yet it may be important to consider not just
what a biofilm is, but when a biofilm is.” The scientific and clinical community
considers, as a rule of thumb, that a biofilm is mature by 24 hours. This has tradi-
tionally been based on a time point when bacteria in a biofilm begin to display
increased tolerance to antibiotics and display signs of maturity such as matrix pro-
duction and/or three-dimensional structure formation. Yet if small bacterial aggre-
gates can evade the swallows of neutrophils so early (granted, this work was on
solid slides and not in the body), perhaps we consider that the maturity of a biofilm
is based on more than its tolerance factors to antibiotics, but also its ability to evade
host immunity. For years, Dave Armbruster (see chapter “Biofilm Infections in
Orthopedic Surgery and Their Impact on Commercial Product Development”) and
I have tossed around the question of what impact low-number biofilms might have
on infection outcomes. In-house data from my lab has shown that low-number bio-
films with a mere 10° CFU can be 1000x more tolerant to antibiotic treatment com-
pared to planktonic counterparts (unpublished data). Could low-number biofilms
show similar recalcitrance to host immunity? And are low-number biofilms more
relevant in clinical paradigms than the gregarious amounts of bacteria we typically
inoculate in animal models? We hope to find out.

On the other side of the bookend, data being collected in our lab indicate that
some isolates of methicillin-resistant S. aureus (MRSA) may not begin to form
measurable biofilms until ~192 hours of growth in a reactor system that has been
optimized for biofilm growth, whereas others flourish (develop plume heights of
>50 pm) in ~96 hours [37]. Thus, the “when’ a biofilm forms won’t be the same for
every organism. It is likely genus, species, or even strain-dependent, and the growth
environment and substrate also play pivotal roles. Overall, as we continue to uncover
additional characteristics of biofilms (or bacterial aggregates)—such as optimizing
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timing of antimicrobial strategies—we’ll open the door to new opportunities for
chemical, physical, electromagnetic, or other methods that could improve infection
control measures.

Teach an Old Antibiotic New Tricks

Although doors may lead to new opportunities, we may also need to reopen old
doors that contain uncovered information. Specifically, another consideration for
targeting the biofilm phenotype is to assess old antibiotics or other compounds in
new ways [38]. All clinical reference laboratories and Clinical and Laboratory
Standards Institute (CLSI) protocols define antibiotic efficacy based on screening
against planktonic bacteria, primarily using the minimum inhibitory concentration
(MIC) value. The limitations of basing antibiotic efficacy solely on MIC values will
be discussed in detail in the final chapter, but we’ll strike the reader’s curiosity here
by postulating that perhaps there are antibiotics, or other compounds for that matter,
that have been screened with miserably poor MIC values, and have thus been tossed
aside as ineffective agents, but that might be more effective against bacteria in bio-
films than those in the planktonic state. Our lab has made a recent discovery to sug-
gest just that; specific types of presumably ineffective antibiotics (by MIC standards)
are more effective against bacteria in the biofilm phenotype than those in the plank-
tonic state. This reopens a door to consider what improvements could be made with
available antibiotics in biofilm-related infection treatment if screening assays were
expanded to include efficacy profiles against biofilm-dwelling organisms, in addi-
tion to planktonic bacteria.

We Are Gaining Ground but There Is Work to Do

Clinicians, researchers, companies (industrial and healthcare), and technicians have
never understood the biofilm problem better than they do today. We understand the
mechanics, impact, and weaknesses of biofilms with more detail than ever before.
But there is still work to do. We’re only at the precipice of understanding the com-
plexities of biofilms, and we face an even greater challenge: there is still a paucity
of antimicrobial technologies and protocols that target the biofilm phenotype. As we
continue to make advancements in areas of discovery and innovation, we need to
pave a parallel path of informing those on the front lines (e.g., nurses, surgeons,
podiatrists) about the biofilm theory and incorporate antibiofilm strategies into daily
healthcare regimens, with an overall goal of reducing morbidity and mortality that
far too often are the result of biofilm-related infection. My hope is that this book
adds to the many efforts that are under way to make that happen.
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Disclaimer The opinions and information presented in this chapter are those of the author and do
not necessarily reflect the position or policy of the Department of Veterans Affairs or the US
Government.

References

I.

2.

3.

10.

11.

13.

14.

15.

16.

17.

18.

ZoBell, C. E. (1943). The effect of solid surfaces upon bacterial activity. Journal of
Bacteriology, 46, 39-56.

Costerton, J. W., Geesey, G. G., & Cheng, K. J. (1978). How bacteria stick. Scientific American,
238, 86-95.

Hoiby, N. (2017). A short history of microbial biofilms and biofilm infections. APMIS: acta
pathologica, microbiologica, et immunologica Scandinavica, 125, 272-275. https://doi.
org/10.1111/apm.12686.

. Donlan, R. M., & Costerton, J. W. (2002). Biofilms: Survival mechanisms of clinically relevant

microorganisms. Clinical Microbiology Reviews, 15, 167-193.

. Marrie, T., Nelligan, J., & Costerton, J. (1982). A scanning and transmission electron micro-

scopic study of an infected endocardial pacemaker lead. Circulation, 66, 1339-1341.

. Gristina, A. G., & Costerton, J. W. (1984). Bacteria-laden biofilms: A hazard to orthopedic

prostheses. Infections in Surgery, 3, 655-662.

. Nickel, J. C., Ruseska, 1., Wright, J. B., & Costerton, J. W. (1985). Tobramycin resistance of

Pseudomonas aeruginosa cells growing as a biofilm on urinary catheter material. Antimicrobial
Agents and Chemotherapy, 27, 619-624.

. Nichols, W. W., Dorrington, S. M., Slack, M. P. E., & Walmsley, H. L. (1988). Inhibition

of tobramycin diffusion by binding to alginate. Antimicrobial Agents and Chemotherapy, 32,
518-523.

. Lawrence, J. R., Korber, D. R., Hoyle, B. D., Costerton, J. W., & Caldwell, D. E. (1991).

Optical sectioning of microbial biofilms. Journal of Bacteriology, 173, 6558-6567.

Borriello, G., etal. (2004). Oxygen limitation contributes to antibiotic tolerance of Pseudomonas
aeruginosa in biofilms. Antimicrobial Agents and Chemotherapy, 48, 2659-2664.
Brandwein, M., Steinberg, D., & Meshner, S. (2016). Microbial biofilms and the human skin
microbiome. NPJ Biofilms and Microbiomes, 2, 3. https://doi.org/10.1038/541522-016-0004-z.

. Grice, E. A., etal. (2008). A diversity profile of the human skin microbiota. Genome Research,

18, 1043-1050. https://doi.org/10.1101/gr.075549.107.

Clark, J. J. C., Abildgaard, J. T., Backes, J., & Hawkins, R. J. (2018). Preventing infection
in shoulder surgery. Journal of Shoulder and Elbow Surgery, 27, 1333—-1341. https://doi.
org/10.1016/j.jse.2017.12.028.

Atesok, K., et al. (2017). Postoperative deep shoulder infections following rotator cuff repair.
World Journal of Orthopedics, 8, 612—618. https://doi.org/10.5312/wjo.v8.i8.612.

Kadler, B. K., Mehta, S. S., & Funk, L. (2015). Propionibacterium acnes infection after
shoulder surgery. International Journal of Shoulder Surgery, 9, 139-144. https://doi.
0rg/10.4103/0973-6042.167957.

Fink, B., & Sevelda, F. (2017). Periprosthetic joint infection of shoulder arthroplasties:
Diagnostic and treatment options. BioMed Research International, 2017, 4582756. https://doi.
org/10.1155/2017/4582756.

Nelson, G. N., Davis, D. E., & Namdari, S. (2016). Outcomes in the treatment of periprosthetic
joint infection after shoulder arthroplasty: A systematic review. Journal of Shoulder and Elbow
Surgery, 25, 1337-1345. https://doi.org/10.1016/j.jse.2015.11.064.

Georgy, M., Stern, M., & Murphy, K. (2017). What is the role of the bacterium
Propionibacterium acnes in type 1 Modic changes? A review of the literature. Canadian
Association of Radiologists journal = Journal I’Association canadienne des radiologistes, 68,
419-424. https://doi.org/10.1016/j.carj.2017.07.004.


https://doi.org/10.1111/apm.12686
https://doi.org/10.1111/apm.12686
https://doi.org/10.1038/s41522-016-0004-z
https://doi.org/10.1101/gr.075549.107
https://doi.org/10.1016/j.jse.2017.12.028
https://doi.org/10.1016/j.jse.2017.12.028
https://doi.org/10.5312/wjo.v8.i8.612
https://doi.org/10.4103/0973-6042.167957
https://doi.org/10.4103/0973-6042.167957
https://doi.org/10.1155/2017/4582756
https://doi.org/10.1155/2017/4582756
https://doi.org/10.1016/j.jse.2015.11.064
https://doi.org/10.1016/j.carj.2017.07.004

10

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

D. L. Williams

Ganko, R., Rao, P. J., Phan, K., & Mobbs, R. J. (2015). Can bacterial infection by low viru-
lent organisms be a plausible cause for symptomatic disc degeneration? A systematic review.
Spine, 40, ES87-E592. https://doi.org/10.1097/BRS.0000000000000832.

Uckay, L., et al. (2010). Spondylodiscitis due to Propionibacterium acnes: Report of twenty-
nine cases and a review of the literature. Clinical Microbiology and Infection, 16, 353-358.
https://doi.org/10.1111/j.1469-0691.2009.02801 .x.

Lister, J. (1867). On a new method of treating compound fracture, Abscess, &c., with observa-
tions on the conditions of suppuration. Lancet, 336-339.

Worboys, M. J. (2013). Lister and the performance of antiseptic surgery. Notes and Records of
the Royal Society of London, 67, 199-209. https://doi.org/10.1098/rsnr.2013.0028.

Edmiston, C. E., Jr,, et al. (2013). Reducing the risk of surgical site infections: Does chlorhexi-
dine gluconate provide a risk reduction benefit? American Journal of Infection Control, 41,
S49-S55. https://doi.org/10.1016/j.ajic.2012.10.030.

Oduwole, K. O., et al. (2010). Anti-biofilm activity of sub-inhibitory povidone-iodine con-
centrations against Staphylococcus epidermidis and Staphylococcus aureus. Journal of
Orthopaedic Research, 28, 1252-1256. https://doi.org/10.1002/jor.21110.

Karpanen, T. J., et al. (2008). Penetration of chlorhexidine into human skin. Antimicrobial
Agents and Chemotherapy, 52, 3633-3636. https://doi.org/10.1128/AAC.00637-08.

Okuda, K. I, et al. (2018). The composition and structure of biofilms developed by
Propionibacterium acnes isolated from cardiac pacemaker devices. Frontiers in Microbiology,
9, 182. https://doi.org/10.3389/fmicb.2018.00182.

Oliveira, W. F,, et al. (2018). Staphylococcus aureus and Staphylococcus epidermidis infec-
tions on implants. The Journal of Hospital Infection, 98, 111-117. https://doi.org/10.1016/].
jhin.2017.11.008.

Montanaro, L., et al. (2011). Scenery of Staphylococcus implant infections in orthopedics.
Future Microbiology, 6, 1329—1349. https://doi.org/10.2217/fmb.11.117.

Tong, S. Y., Davis, J. S., Eichenberger, E., Holland, T. L., & Fowler, V. G., Jr. (2015).
Staphylococcus aureus infections: Epidemiology, pathophysiology, clinical manifestations,
and management. Clinical Microbiology Reviews, 28, 603-661. https://doi.org/10.1128/
CMR.00134-14.

Achermann, Y., Goldstein, E. J., Coenye, T., & Shirtliff, M. E. (2014). Propionibacterium
acnes: From commensal to opportunistic biofilm-associated implant pathogen. Clinical
Microbiology Reviews, 27, 419-440. https://doi.org/10.1128/CMR.00092-13.

Johnston, D. H., Fairclough, J. A., Brown, E. M., & Morris, R. (1987). Rate of bacterial recolo-
nization of the skin after preparation: Four methods compared. The British Journal of Surgery,
74, 64.

Olson, R. J. (2012). Hypodermic needle system and method of use to reduce infection. USA
patent.

Williams, D. L., & Costerton, J. W. (2011). Using biofilms as initial inocula in animal models
of biofilm-related infections. Journal of Biomedical Materials Research, 100, 1163—1169.
Williams, D. L., et al. (2012). In vivo efficacy of a silicone — cationic steroid antimicrobial
coating to prevent implant-related infection. Biomaterials, 33, 8641-8656.

Williams, D. L., et al. (2012). Experimental model of biofilm implant-related osteomyeli-
tis to test combination biomaterials using biofilms as initial inocula. Journal of Biomedical
Materials Research Part A, 100, 1888—1900.

Costerton, J. W. (2007). In J. W. Costerton (Ed.), The Biofilm Primer (pp. 5-13). Springer-
Verlage Berlin Heidelberg.

Rasmussen, R. M., Epperson, R. T., Taylor, N. B., & Williams, D. L. (2019). Plume height and
surface coverage analysis of methicillin-resistant Staphylococcus aureus isolates grown in a
CDC biofilm reactor. Biofouling, 35(4), 463-471.

Farha, M. A., & Brown, E. D. (2019). Drug repurposing for antimicrobial discovery. Nature
Microbiology, 4, 565-577. https://doi.org/10.1038/s41564-019-0357-1.


https://doi.org/10.1097/BRS.0000000000000832
https://doi.org/10.1111/j.1469-0691.2009.02801.x
https://doi.org/10.1098/rsnr.2013.0028
https://doi.org/10.1016/j.ajic.2012.10.030
https://doi.org/10.1002/jor.21110
https://doi.org/10.1128/AAC.00637-08
https://doi.org/10.3389/fmicb.2018.00182
https://doi.org/10.1016/j.jhin.2017.11.008
https://doi.org/10.1016/j.jhin.2017.11.008
https://doi.org/10.2217/fmb.11.117
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1128/CMR.00134-14
https://doi.org/10.1128/CMR.00092-13
https://doi.org/10.1038/s41564-019-0357-1

®

Check for
updates

Biofilm Infections in Orthopedic Surgery
and Their Impact on Commercial Product
Development

David A. Armbruster

Abstract The biofilm nature of bacterial infections on orthopedic implants imparts
antibiotic tolerance, which means that these infections often cannot be successfully
treated with systemic antibiotics alone. These infections must instead be treated
surgically, which comes with high financial costs and patient morbidity. Because of
this, much industrial research and new product development effort has focused on
technologies to prevent infection by preventing biofilm formation on implants.
Implant surface modification and local antibiotic delivery are primary areas of
technology development. Antimicrobial-eluting orthopedic trauma implants have
been commercialized and appear to be clinically effective but have not yet enjoyed
widespread commercial success. The primary barriers to clinical development of
infection-resistant implants in orthopedics are not technical, but commercial and
regulatory. The large size and high cost of clinical trials in orthopedics, combined
with the fragmented nature of the orthopedic implant market and indication-specific
regulatory approvals, make it unlikely that the market for any single implant design
can support the cost of clinical data required for approval. The regulatory pathway
for any individual product design, typically a function of product risk profile, is a
key factor determining clinical data requirements and therefore development costs.
By accounting for these non-clinical challenges early in the technology development
cycle it may be possible for industry, in partnership with clinicians and regulatory
bodies, to bring forward anti-biofilm technologies for orthopedic surgery implants.
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Introduction

The successful clinical development of antibiotics to treat bacterial infections dates
to the mid-twentieth century. With the development of Prontosil by Gerhard Domagk
in Germany in 1935 and the demonstration of in vivo activity of penicillin by Chain
and Florey in 1940, the modern antibiotic era began [1, 2]. Bacterial diseases which
had previously claimed the lives of otherwise healthy individuals at a tragic rate
were now successfully treated with a 7-day dose of oral or IV antibiotics [3, 4].
Today, uncomplicated staphylococcal or streptococcal skin infections or bloodstream
infections are routinely treated with oral antibiotics; however, treatment is
significantly complicated in the case of antibiotic-resistant organisms. Resistance to
penicillin was documented as early as 1947 [5], and an antibiotic arms race has
ensued, with the development of novel antibacterial drugs only barely outpacing the
development of resistant organisms.

Much research has led to an understanding of the genetic basis of antibiotic resis-
tance, and the mechanisms of resistance development by single point mutations or
plasmid transfer [6]. Bacterial biofilms formed on medical implants are responsible
for a completely different mechanism of antibiotic resistance, however, which is
now commonly referred to in the context of biofilms as antibiotic tolerance. Rather
than a change in the bacterial genotype, antibiotic tolerance in bacterial biofilms is
due to a phenotypic shift, where gene expression is altered, extracellular matrix is
produced, and cellular metabolism is slowed. Antibiotic tolerance is therefore
already built into the genetic code of every biofilm-producing bacterial strain. This
biofilm-mediated tolerance creates significant challenges for clinical treatment of
implant-related infections. Systemic chemotherapy is often not effective against
biofilm-mediated infection of orthopedic implants, and treatment resembles surgi-
cal oncology more than pharmacology.

The Clinical Problem

A majority of orthopedic implant-related infections are biofilm-mediated [7, 8].
The presence of a nonviable foreign body in the surgical wound provides a site for
bacterial adhesion and implant colonization. Infection rates in clean, elective
orthopedic surgery such as knee arthroplasty range from 0.39% to 2.5% [9, 10],
while infection rates following internal fixation of high-risk fractures such as open
tibial fractures can be 16% or more [11, 12]. Surgical site infections are grouped
into the categories of superficial infections, which can be treated by an appropriate
course of systemic antibiotics, and deep infections which require surgical
intervention for complete eradication of the biofilm. Options for surgical treatment
depend on the maturity of the infection, the extent of tissue damage already
evident, and antibiotic sensitivity of the cultured pathogen. The least invasive
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surgical intervention is irrigation and debridement with implant retention;
however, this technique is only effective in patients with suspected early infection
[13, 14]. For a select subset of relatively healthy patients where the infection is
less advanced and the infecting organism is known, a one-stage revision may be
appropriate [15]. The infected implant and tissues are removed, and a new implant
is put in place at the same time. However in the USA the “gold standard” treatment
for infected hip or knee prostheses is a two-stage revision with antibiotic-eluting
spacer [16]. Clearly one of the challenges in treating orthopedic implant-related
infection is diagnosis, since earlier diagnosis of an infection allows for more
conservative treatment.

Implant-related infection can double the overall cost of treatment of orthopedic
trauma [17], and treatment cost of an infected knee or hip implant can be five times
the cost of a non-infected implant [18]. The more extensive the treatment, the more
expensive, so there is pressure to shift toward less extensive treatment options.
Certainly there are pathogenic mechanisms other than biofilm formation that allow
bacteria to survive surgical debridement and antibiotic treatment, including
intracellularization in osteoblasts or fibroblasts [19], and sequestration in the small
canaliculi in bone [20]. Together these lead to a high risk of failure of even the most
careful and aggressive revision surgery.

The failure of systemic antibiotics to prevent all infections in elective surgery
may also be related to the biofilm nature of the bacteria originally contaminating the
wound site. The majority of bacteria found in nature, including on human skin, exist
as slow-growing mature biofilms. It is likely that even in a “clean” elective surgery,
a small number of biofilm-embedded bacteria will contaminate the wound,
originating potentially from the wound edge, or as airborne particulates. This
biofilm inoculum will already be in an antibiotic-tolerant state due to its low
metabolism and extracellular matrix, and even in low numbers of 10% or 10° colony
forming units (CFU) may tolerate systemic antibiotics long enough to form a new
nidus of infection [21].

One strategy to kill bacteria in biofilms that have become antibiotic tolerant is to
deliver antibiotics directly to the surgical site to create very high local levels.
Multiple publications have described the use of local antibiotics placed directly in
the surgical wound site to supplement systemic antibiotics. Originally described in
spine surgery [22, 23] and more recently for orthopedic trauma, powdered antibiotics
such as vancomycin can be sprinkled directly into a wound site [24, 25], mixed with
sterile saline into a putty that can be placed onto the orthopedic implant prior to
wound closure [26], or injected as a solution into the deep tissue layers following
wound closure [27]. Although these studies include small numbers of patients, they
have shown trends toward effectiveness in reducing infection rates. To give a more
controlled release rate for antibiotic local delivery, antibiotics can be mixed into
calcium sulfate bone void fillers. These implant materials have been adapted for use
by clinicians in need of more sustained local antibiotic coverage, but the clinical
safety and effectiveness is not clear [28].
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Impact on Clinical Care and Innovation in Implant Design

General Strategies for Infection Prevention

Given the high cost of treatment for orthopedic implant-related infection, strategies
for infection prevention rather than treatment seem to make economic sense. It is
hoped that the cost of infection prevention for all patients receiving implants can be
more than offset by the savings of treatment costs avoided. The most important tool
for infection prevention during any surgery is perioperative systemic antibiotic
prophylaxis, and clinical research has demonstrated reduced infection rates [29,
30]. General improvements to the cleanliness of the operating room environment,
and “patient optimization” strategies such as chlorhexidine wash for skin
decontamination or nasal decontamination, have resulted in lower infection rates for
elective surgery [31]. These strategies have brought infection rates down to relatively
low levels for elective joint replacement surgeries; however, the high volume of
these procedures means that even a low infection rate will impact tens of thousands
of joint replacement patients annually and remains a clinical problem [32].

The Importance of Diagnosis

Early diagnosis of orthopedic implant-related infection is important for providing
appropriate and timely treatment. Diagnosis is difficult and there is no single test
which gives definitive determination of the presence of an infection, due in part to
the biofilm nature of implant-related infection [33]. Diagnostic criteria have been
developed for prosthetic joint infections which rely on a combination of clinical
examination, microbiological cultures and biomarkers of infection [34]. Zimmer
Biomet markets the Synovasure® Alpha Defensin Test, originally developed by CD
Diagnostics, to aid in the diagnosis of prosthetic joint infection. This is the first
diagnostic assay developed primarily for use in diagnosing orthopedic infections
due to a broad spectrum of organisms [35, 36]. The original test system was limited
in usefulness, since the samples had to be sent off-site for analysis requiring a
24-hour turnaround. A new lateral flow device which provides results within
15 minutes of obtaining a joint aspiration sample has improved time to infection
diagnosis, but still does not provide identification of pathogen or antibiotic
sensitivity [37].

The use of advanced molecular diagnostics such as polymerase chain reaction
electrospray ionization-mass spectrometry (PCR/ESI-MS) or the IBIS 5000 from
Abbott Diagnostics have shown promising results in clinical trials for rapid infection
diagnosis with pathogen identification [38]. A group at the Mayo Clinic evaluated
PCR-ESI/MS for diagnosis of bacterial infection in sonicate fluid from explanted
knee or hip prostheses and found that it is more sensitive but less specific than
culture for PJI diagnosis [39]. The technique may be useful as an adjunctive method
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for select cases of arthroplasty failure, but has not proven reliable enough to become
a standard method [40]. The clinical need remains for a rapid, low-cost, real-time
assay for infection diagnosis and pathogen identification as a tool for guiding
treatment of suspected orthopedic implant-related infection.

Infection-Resistant Implants

The first anti-infection technologies brought to the market in orthopedics were
drug-eluting bone cement formulations intended for use in revision of infected
implants. Surgeons began experimenting with mixing antibiotics into polymethyl-
methacrylate (PMMA) bone cement used for arthroplasty procedures in the early
1970s, and cement formulations containing gentamicin were introduced
commercially in the USA by 2002 [41]. Molded PMMA spacers are used to maintain
the joint space between the two stages of a two-stage hip or knee revision, and
spacers containing antibiotics were introduced commercially in the USA by 2003.
The designs of these products were based on years of clinical practice of surgeons
fashioning their own antibiotic-eluting implants from PMMA intraoperatively and
were developed to provide surgeons a more standardized and simplified option.
These products helped improve the success rate of two-stage septic revisions of hip
and knee prostheses, but PMMA cement used primarily for local drug delivery must
eventually be removed in a second surgical procedure. To avoid the need for removal,
absorbable calcium-based materials containing antibiotic have been commercialized.
Bonesupport, in Lund Sweden, has commercialized antibiotic-containing versions
of their Cerament® calcium sulfate/hydroxyapatite synthetic bone substitute.
Cerament® V containing 66 mg/mL vancomycin and Cerament® G containing
17.5 mg/mL gentamicin have been used clinically in revision hip arthroplasty
procedures [42].

The ultimate solution to the problem of implant-related infection in orthopedic
surgery would be to design an implant inherently resistant to bacterial colonization.
Preventing bacterial growth and biofilm formation would eliminate this protected
niche which provides bacteria with antibiotic tolerance and protection from the
immune system. There are two general strategies for making an antibacterial
implant: modification of the implant surface to inhibit bacterial growth and local
release of an antibacterial agent from the implant surface to kill bacteria before they
can attach and colonize the implant. One strategy for implant surface modification
relies on chemical interaction of the implant surface to inhibit colonization with
bacterial cells, such as in the case of covalently bound antimicrobials. Hickock et al.
from Thomas Jefferson University have demonstrated the effectiveness of covalently
bound vancomycin to prevent bacterial colonization of metal implants in vivo [43].
Surface modification can also rely on mechanical interaction between bacteria and
implant surface features on the micro- or nanoscale. For example, Webster and
others have shown an effect of nanoscale surface topography to reduce adhesion and
growth of bacteria to TiO, surfaces [44, 45].
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Antimicrobial-Eluting Implants

Technologies based on local release of antimicrobials from implant surfaces have
had some clinical and commercial success. Orthopedic implants designed to elute
iodine, silver, or antibiotics such as gentamicin sulfate have demonstrated some
clinical efficacy to reduce infection rates [46]. The first antibiotic-eluting orthopedic
implants commercialized were poly(methyl methacrylate) (PMMA) bone cements
containing antibiotics such as tobramycin or gentamicin. These were developed for
use in revision arthroplasty procedures where the risk of infection is significantly
higher than primary arthroplasty. PMMA cement with intraoperatively mixed
antibiotics has been used for many years for treatment of orthopedic infection, to
provide high local antibiotic levels with low risk of systemic toxicity [47].

External fixation pins coated with silver were approved by the FDA in 1996;
however, the first commercially successful orthopedic implants with antimicrobial-
eluting surface coatings were silver-coated megaprostheses, first sold commercially
in Europe in 2002. Megaprostheses (or tumor endoprostheses) are large orthopedic
implants used for reconstruction of large bone defects, often following tumor
resection or prior implant failure. Due to the size of these implants, the large soft
tissue incisions required for their implantation, and the compromised health of the
patients in which they are often used, megaprostheses are prone to high rates of
infection [48]. Several implant manufacturers have commercialized silver-coated
megaprostheses, and multiple clinical case series have been published showing
significantly lower rates of implant-related infection as compared to uncoated
prostheses [49]. Implantcast in Buxtehude Germany provides an extensive line of
their MUTARS® endoprosthesis implants and components with a silver-coated
option, and Stanmore Implants, now part of Stryker, has commercialized the Agluna
coating on its METS modular tumor system.

The first commercial orthopedic implant coated with an antibiotic drug was the
UTN PROtect® tibial nail, first marketed by Synthes in Europe in 2005. This
titanium trauma nail used for intramedullary fixation of tibial shaft fractures was
coated with a matrix of absorbable poly(D,L-lactide) polymer containing particles
of gentamicin sulfate. The gentamicin content of each nail was up to 50 mg,
depending on nail diameter and length [50]. This product was followed by the
launch of an improved nail design with the same antibiotic coating, the Expert
Tibial Nail PROtect®. A clinical case series on the ETN PROtect® nail showed an
encouraging safety and efficacy profile in 100 patients [51]. Additional antibiotic-
eluting orthopedic implants have been commercialized since 2005 in the EU, such
as the CiproScrew™ from Bioretec in Tampere, Finland. This is an absorbable bone
screw made from absorbable poly(L-lactide-co-glycolide) containing ciprofloxacin,
which is released over approximately 12 weeks as the screw is absorbed.

To date however, antibiotic-coated orthopedic implants have only had limited
commercial success, and the technologies have not been widely applied to a broad
selection of products. New technologies could be developed to target the biofilm
phenotype, and likely improve clinical outcomes even further, but the reason for
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limited commercial success is not due solely to clinical efficacy. Rather, the
complicated and expensive regulatory pathway for bringing these technologies to
market is an important limitation.

Regulatory and Commercial Impact of Infection Prevention
vs. Treatment Strategies

Years of preclinical research have provided evidence that combining a proven anti-
biotic drug with an orthopedic implant can be very effective in the majority of cases
at reducing implant-related infections. Clinical research has confirmed that local
delivery of antibiotics to an orthopedic surgical site can result in a significant reduc-
tion in implant-related infection compared to the use of systemic antibiotics alone
in high-risk surgeries such as septic revision for total knee implants. However, com-
bining a drug with a medical device into one product for the purpose of preventing
implant-related infection comes with many non-technical challenges.

FDA Requirements

In the USA, regulatory approval of new medical devices can be done either via the
510(k) process, based on demonstration of substantial equivalence to a predicate
device, or via a Premarket Approval Application (PMA) which requires clinical
evidence of device safety and efficacy. The 510(k) process is significantly less costly
than the PMA process in terms of both time and money. In 2007 a draft guidance
was issued by the FDA outlining its policy on “Premarket Notification (510(k))
Submissions for Medical Devices that Include Antimicrobial Agents.” This guidance
stated that the 510(k) route is appropriate for a device including an antimicrobial if
it incorporates the “same device design and the same antimicrobial agent for the
same indication for use” as a predicate device and that “FDA believes the indication
for use, ‘reduce or prevent device-related infections’ should be supported by clinical
data.” This guidance was subsequently withdrawn by FDA in 2018; however, what
this meant was that since 2007, novel antibiotic-coated implants in the USA for
which there was no predicate device were required to go through the PMA pathway
and human clinical data was required to support any claim of infection reduction.
No new antimicrobial-coated products were developed for the orthopedic market
during this time, since no predicates exist. Since the 2007 draft guidance was
withdrawn, there is no specific guidance from FDA on the regulatory pathway for
medical devices modified to prevent biofilm formation.

One additional challenge in commercializing anti-biofilm technologies is that the
presence of a biofilm is not a clinical diagnosis. The biofilm theory of implant-
related infection assumes that bacterial colonization of an implant surface leads to
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an implant-related infection. However, direct identification of a bacterial biofilm on
an implant in situ is currently not possible in the clinic. Implant-related infection is
diagnosed by a combination of clinical signs, such as redness and swelling, serum
markers such as CRP, and most importantly positive cultures of wound or synovial
fluid [52]. The presence of a bacterial biofilm cannot be confirmed until an implant
is removed and examined microbiologically [53]. During diagnosis, the biofilm
remains invisible. From a regulatory perspective, this means that a manufacturer has
two options with regards to regulatory claims for a new anti-biofilm technology.
They may seek to claim a reduction in clinical infection risk, but this must be based
on human clinical data. Alternately they may seek to claim prevention of implant
colonization or biofilm formation, but this data must necessarily come from a
preclinical animal model of infection.

The Economics of Clinical Trials

It is the requirement for human clinical data that creates the most significant hurdle
for the infection prevention strategy and specifically for orthopedic drug-device
combination products. A clinical trial to show statistically significant infection
prevention in orthopedic surgery will require many more patients than a similar trial
to show eradication of existing infection. This is due to the relatively low underlying
infection rates in elective orthopedic surgery. As an example of a new drug trial for
infection treatment, a Phase 3 clinical trial supporting FDA approval of the new
antibiotic dalbavancin in 2014 showed noninferiority to vancomycin and linezolid
in treatment of skin and skin structure infections. This trial required 568 patients,
284 in each of the treatment and control groups, and was powered at 90% to show a
positive response of 85% of patients [54]. In contrast, imagine a novel antibiotic-
coated hip prosthesis which is designed to release the drug locally after implantation,
reducing infections in primary hip arthroplasty by 50%. A prospective, randomized,
controlled clinical trial of this product designed to show a reduction in the baseline
1% infection rate to 0.5% would require over 10,000 patients [55].

The outlook is somewhat better for orthopedic indications with higher underly-
ing infection rates, such as high-energy trauma. Imagine the same antibiotic coating
applied to a titanium intramedullary nail used for fixation of tibial fractures and a
clinical trial designed to include only patients with severe trauma who are at high
risk for infection. In this patient population a prospective, randomized, controlled
clinical trial designed to reduce a 12% infection rate to 6% would require close to
1000 patients. The logistics of performing this clinical trial would certainly be more
manageable, but the cost may still be prohibitive. A clinical trial of this type can cost
in the range of $18,000 per patient, including 1 year of follow-up with all required
testing. This proposed trial would take 4-5 years and cost over $18 million, and
total product development costs during this time could easily reach $25 million. For
amajor global medical device company, this cost may not seem out of line; however,
an important complicating factor to consider is the indication-specific nature of
device approvals in the USA.
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The Commercial Challenge

For medical devices in the USA, FDA 510(k) clearance or PMA approval is indica-
tion-specific. This means that each product type will require a separate approval and
likely separate clinical trials. For example, if a novel anti-infection technology is
developed and used to coat an intramedullary nail, a clinical trial would be required
to approve this product with a claim of reduced infection rate relative to uncoated
nails. If the same coating technology is subsequently applied to a plate and screw
system used for fixation of mid-foot fractures, a new clinical trial would be required
for approval in this indication.

The fragmentation of the orthopedic market into many different implant types
means that the total market for any one type of implant type is limited. As an
example, intramedullary tibial nails are one of the highest sales volume implants
used in orthopedic trauma surgery, with over 70,000 tibia fractures fixed using tibial
nails each year in the USA. Approximately 25% of these are open or high-energy
fractures at increased risk for infection, meaning the total US market for an
antibiotic-coated tibial nail would be about 17,500 units per year. Since the cost of
a clinical trial required for device approval must be spread out over the cost of the
product, to make this product worth the investment a manufacturer would need to
charge over $10,000 per coated tibial nail. To put this in perspective, Medicare
reimbursement for this surgery in the USA is approximately $4500. Clearly, the
market forces that drive the business case around an anti-infective implant present a
significant barrier to commercialization, even for technologies with strong
preclinical evidence for safety and efficacy. The high cost of medical device clinical
trials combined with a fragmented market can make commercial development
impractical, despite a clear unmet clinical need.

The clinical value of a product based on an anti-biofilm strategy is based on its
ability to reduce the overall rate of infection. Only if preclinical data translates into
clinical infection reduction is there value in the technology. However, demonstrating
this is complicated by the fact that bacteria have various other strategies for survival
in bone. For example, bacteria can form small colony variants (SCVs) as a result of
genetic mutations in energy metabolic pathways. The slower-growing SCV variants
become significantly less susceptible to aminoglycoside antibiotics and can persist
in the body for a long period of time until a reverse mutation restores the rapidly
growing virulent form [56]. S. aureus can sequester themselves into tiny canaliculi
in the bone, less than one micron in diameter, where they are out of reach of the
immune system [20]. S. aureus can even hide inside osteoblasts to evade the immune
system and establish a chronic infection [19]. These alternate mechanisms of
persistence mean that even though a technology may prevent biofilm formation on
an implant, it may not prevent all persistent bone infections at surgical sites. This
complicates the task of generating data showing efficacy based on a clinical
infection endpoint.
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Technical Solutions to a Non-technical Problem

Is it possible to find technical solutions to the commercial and regulatory hurdles for
orthopedic implant development with anti-infection properties if these challenges
are known from the start? Certainly, the choice of implant and indication will
significantly affect clinical trial size and cost. By targeting indications with high
infection risk and high procedure volume, the required clinical trial can be smaller
in size and can be conducted in a shorter time. Both of these factor into reduced
trial costs.

It may also be possible to develop “platform” technologies which can be used
with various implants in multiple indications. A single clinical trial may potentially
include multiple different implant types and indications, spreading the trial costs
over a larger market. The costs of product development would be spread over
multiple indications and markets as well. One example of an anti-infection platform
technology for orthopedics is the DAC® antibacterial bioabsorbable hydrogel,
marketed in Europe by Novagenit. This hyaluronate-polylactide gel is reconstituted
intraoperatively from powder using an antibiotic solution of the surgeon’s choice
and can be used to coat many different types of orthopedic implants. Clinical trials
have shown that DAC® gel is effective at reducing infection rates with both trauma
implants and joint prostheses [57, 58]. However, a platform technology that
functions as a local drug delivery matrix independent of an implantable device
would likely be regulated as a pharmaceutical product.

The regulatory pathway for pharmaceuticals is typically more costly in terms of
both time and financial investment than that for medical devices, which may negate
any advantage due to broader indication for the platform technology. The primary
hurdle to drug product development is the cost of two phase 3 clinical trials required
for approval in the USA. There may be strategies to lower this barrier, such as
negotiating with the FDA for a single clinical trial for products using established
generic antibiotics. The commercial market for a local delivery antibiotic formulation
intended for use in orthopedics is relatively small, and it may be that no single
private company would take on the required risk for this small reward. Successful
commercialization of such a product may require public-private partnerships
leveraging government funding sources to reduce commercial risk in this space.

Another strategy that may avoid high clinical development costs would be to
develop an anti-infection technology based on passive surface modification that
does not rely on an antimicrobial agent. The FDA has historically required clinical
safety data for implants that include antimicrobial agents, specifically substances
that act inside the body to kill or inhibit the growth of microorganisms, and that may
result in the emergence of resistance to the antimicrobial agent [59]. As discussed
previously, alternate technologies have been explored which rely on surface
topography, surface chemistry, or other non-pharmaceutical methods to reduce the
tendency for bacteria to attach to an implant surface and form a biofilm. These
represent a lower risk to the patient for both systemic toxicity and antibiotic
resistance development. As an example, research has shown that introduction of
nanoscale roughness to a metal surface by shot peening or by the growth of titanium
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oxide (TiO,) nanotubes on anodized titanium surfaces can reduce bacterial adhesion
to a surface, as a function of microroughness scale [60, 61]. Nanoscale surface
modification can also affect surface energy in a way that alters protein adsorption,
allowing further control of the bacteria-biomaterial interaction [62]. Technologies
of this type are also attractive commercially because the durable surfaces they
produce may be produced with relatively minor modifications of standard
manufacturing process. However, technologies based on surface topography have
not shown the same degree of effectiveness as antimicrobial-based technologies,
and it remains to be shown whether these could be clinically successful.

Risk-Benefit Determination and Regulatory Pathway

It is useful to briefly discuss the importance of risk-benefit determination in the
regulatory pathway for anti-infection technologies, especially regarding those that
are drug-device combination products. The complexity and cost of regulatory
approval for a medical device depends on the regulatory pathway, which is in turn
determined primarily by the risk-benefit profile of the device. In the USA, devices
are classified by FDA as class I, II, or III, primarily on the basis of their associated
risk and the regulatory controls necessary to ensure their safety and effectiveness.
Class I devices fall under general controls, and pose the lowest risk, class II require
general and specific controls. Class I and II devices are typically approved by the
510(k) process in the USA. Class III devices pose the highest risk and require a
PMA for approval in the USA.

Historically, new types of devices which have not been previously classified by
FDA have been classified into class III automatically, regardless of the level of risk
they pose. This is relevant because many anti-infection technologies for medical
devices are novel and have not been previously classified and therefore fall into this
category. It is up to the device manufacturer to sufficiently understand all of the
probable risks and benefits of the device and how device safety and effectiveness
can be assured through the application of general controls or general and special
controls [63]. In many cases the PMA path required for approval of a class III
product and the attendant requirement for clinical data make the business case
impractical for these novel products.

The De Novo 510(k) Process

FDA’s de novo 510(k) process provides a pathway to Class I or Class II classifica-
tion for moderate-risk medical devices for which general controls or general and
special controls would provide a reasonable assurance of safety and effectiveness,
but for which there is no legally marketed predicate device. A de novo submission
can be made if a 510(k) submission receives a determination of “not substantially
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equivalent,” or as a “direct de novo” submission without a prior 510(k) submission
if the manufacturer believes the device is appropriate for classification into Class I
or Class II and there is no legally marketed predicate device. For manufacturers
seeking FDA approval for drug-device combination products, the choice of active
agent may play a significant role in allowing a de novo submission. Many active
agents used in drug-device combination products are not novel drug products, but
well-characterized generic drugs or antimicrobials. If the sponsor believes that the
combination of a well-established Class II medical device with an active agent that
has a proven safety profile is low risk and can be regulated by general and special
controls, a de novo 510(k) application may be valid.

In its guidance document on making risk-benefit determinations for medical
device submissions, FDA outlines multiple factors that should be addressed. A
number of those are especially relevant to anti-infection technologies. The type,
magnitude, and duration of the benefit and the patient’s perception of the severity of
the disease must be taken into account. On the risk side, the severity, types, number,
and rates of harmful events as well as their probability and duration are factors.
Importantly, the availability of alternate treatments and the novelty of the technology
for addressing an unmet medical need are important factors to understand. In
assessing benefit and risk, FDA considers whether a device is a breakthrough
technology that addresses an unmet medical need, such as providing a treatment
where no alternative is available [63]. This may be relevant for some anti-infection
technologies, especially those intended for high-risk indications where infection is
a significant threat.

Regulatory Engagement: FDA

The US Food and Drug Administration recognizes that the lack of regulatory guid-
ance and lack of standardized testing for anti-biofilm technologies make regulatory
review more complicated and are open to engagement with industry to help create
more consistency. For medical devices containing antimicrobial drugs, the recom-
mended first point of contact is FDA’s Office of Combination Products (OCP). A
Request for Designation (RFD) can be submitted to OCP to determine the primary
mode of action for a drug-device combination product, and OCP coordinates
reviews with multiple agencies to ensure timeliness and consistency.

FDA has also taken steps to encourage biofilm research and industry engage-
ment. FDA scientists and regulators present regularly at biomaterials and biofilm
conferences, such as those sponsored by the Center for Biofilm Engineering at
Montana State University [64]. FDA’s Center for Devices and Radiological Health
(CDRH) conducts its own research to advance regulatory science via the Office of
Science and Engineering Laboratories (OSEL). Within OSEL, The Division of
Biology, Chemistry, and Materials Science (DBCMS) has a group focused on
Microbiology and Infection Control, which studies biofilm diagnostics and detection
as well as bacterial interaction with medical device materials [65]. FDA’s National



Biofilm Infections in Orthopedic Surgery and Their Impact on Commercial Product... 23

Center for Toxicological Research also has a Division of Microbiology, which
studies S. aureus biofilms grown in bioreactors on medical device materials [66].
With continued industry-FDA engagement, hopefully more expedited pathways
will emerge for the commercialization of anti-biofilm technologies.

Summary

Bacterial biofilm formation on orthopedic implants and the resulting antibiotic tol-
erance cause significant problems for the treatment of orthopedic implant-related
infections. Instead of a short course of oral or intravenous antibiotics, implant-
related infections often must be treated by surgical removal, debridement of infected
tissue, and extended local and systemic antibiotic treatment, followed by additional
surgery for replacement of the implant. The cost and morbidity associated with
surgical treatment of infections have therefore caused researchers and implant
manufacturers to focus on technologies for infection prevention.

Many viable anti-infection technologies have been demonstrated preclinically,
and several of these have obtained regulatory approval; however, despite some
clinical success, these products have not seen widespread commercial success.
Significant non-technical barriers exist to commercial development of infection
prevention strategies in orthopedics. The requirement for clinical data to demonstrate
safety and efficacy for a novel technology in the USA adds significant cost and time
to product development. The fragmentation of the orthopedic device market into
many specialized implants, combined with indication-specific regulatory approvals,
means that the market for any one product may not be large enough to bear the high
development costs required.

By factoring the non-technical challenges into the development of anti-infection
technologies from the beginning, it may be possible to identify technical solutions
to these non-technical problems. Regulatory bodies should also consider
requirements and guidelines being put in place, and whether they will allow
technology innovation to match healthcare needs. There is additional room for
industry and regulatory bodies to meet in the middle and to provide clearer pathways
and even incentives for development of novel anti-infection products. A thorough
understanding of regulatory requirements and commercial considerations is
essential, and close collaboration with regulatory bodies from the start of a
development program can help navigate a viable route.
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Catheter-Associated Urinary Tract
Infections: Development of a Test Method
for Assessing the Efficacy of Antimicrobial
Technologies/Products

Jennifer Summers and Darla M. Goeres

Abstract Urinary catheters are one of the most commonly utilized medical devices
worldwide. They are used in virtually every healthcare setting and contribute to
improvements in patient care. While urinary catheters provide invaluable aid to
patients, they are not without complications, the most notable being catheter-
associated urinary tract infections (CAUTI). Once a urinary catheter is in place,
pathogens may migrate to the bladder one of two ways, through the catheter lumen
or extraluminally in the periurethral space. In vitro methods are useful tools for
predicting clinical efficacy only if they accurately model the most important factors
contributing to a clinical infection. Although in vitro methods can’t replace in vivo
scenarios, outcomes may be improved as experiments approximate relevant criteria
including the biofilm phenotype, time, media type, materials similarities and
environment.

Keywords Urinary catheter - Biofilm - Infection - In vitro - Model - Relevant -
Repeatable

Introduction

Urinary catheters are one of the most commonly utilized medical devices world-
wide. They are used in virtually every healthcare setting and contribute to improve-
ments in patient care by relieving urinary retention, reducing risk for injury
following traumatic surgery, and allowing for accurate urine output readings (e.g.,
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Fig. 1 Diagram of
two-way Foley catheter
inserted through urethra
into the bladder. The blue
arrow represents the flow
of urine through the
catheter into the external
collection bag. (Reprinted
from reference [4] with
permission from publisher)
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hemodynamics, electrolyte balance). The global market for urinary catheters is
expected to grow to $5.51 billion by 2024,' largely due to the increasing elderly,
obese, and diabetic populations. The most common urinary catheter is the Foley
catheter, which consists of a tube that is inserted through the urethra and is held in
the bladder by an inflatable balloon (Fig. 1). While urinary catheters provide invalu-
able aid to patients, they are not without complications, the most notable being
catheter-associated urinary tract infections (CAUTI). The CDC defines CAUTI as a
positive urine culture (>10° colony forming unit (CFU) per milliliter (mL)) in con-
cordance with at least one common symptom (e.g., fever, urinary urgency, and fre-
quency) in a patient who has had a catheter in place for longer than 2 days [1].
Catheter-associated infections account for 37% of all hospital-acquired infections
(HAI) and 70% of all nosocomial urinary tract infections (UTI) in the USA [2, 3].
The last major advancement in reducing CAUTI rates was with the introduction
of the closed drainage system in the late 1950s (Fig. 2). This improvement resulted
in a 50% reduction of incidence of infection [8, 9]. Continued advancements were
made in aseptic catheterization techniques in the decades following, but infection
rates didn’t fall below 30% [10]. Garibaldi et al. hypothesized that with the use of

"https://www.grandviewresearch.com/industry-analysis/urinary-catheters-market. Accessed June
19, 2018.
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Fig. 2 Timeline showing the evolution of urinary catheters. The modern Foley catheter was
invented by Dr. Frederic Foley in 1937 [5]. However, the use of tubes, reeds, straws, etc. to relieve
urinary retention has been recorded since the time of the early Egyptians, approximately 1500 BC
[6,7]

aseptic closed drainage systems, the point of entry for bacteria into the bladder
became the periurethral mucous sheath outside the catheter [11]. While this hypoth-
esis was eventually proved correct, researchers were still missing a piece of the
puzzle. In the late 1970s Dr. William (Bill) Costerton introduced the missing piece
with his hypothesis of how bacteria stick to surfaces. He suggested bacteria colonize
a surface by producing a glycocalyx of fibers which adhere to a surface and aggre-
gates of cells form complex colonies, or biofilm [12]. This discovery led to many
investigative studies throughout the 1980s all inquiring what role biofilm plays in
medical infections [13, 14]. By the end of the decade, researchers had found that
bacteria form biofilms on almost any surface, from rocks in streams to intrauterine
devices (IUDs) [15]. Since, it has been shown that virtually all implantable medical
devices are susceptible to biofilm colonization and infection [16-20].

Following this advancement, the FDA published Premarket Notifications for
Antimicrobial Foley catheters in 1995 to help industry develop new technologies
[21]. 510(k) approvals were given to 15 surface-modified catheters between 1987
and 2008.2 However, even with the introduction of these new technologies, CAUTI
still accounted for approximately 30% of all nosocomial infections [22]. Due to the
significant economic and labor-intensive burden of these infections, the Center for
Medicaid and Medicare (CMM) identified CAUTT as the first hospital-associated
infection that was the basis for denial of government aid to hospitals in 2008 [23,
24]. In response, the CDC published the “National Action Plan to Prevent Health
Care-Associated Infections: Road Map to Elimination (HAI Action Plan)” the fol-
lowing year [25]. The plan identified the top seven HAIs reported in the USA,
including CAUTI, and set incidence rate reduction goals for each. Despite

2https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm. Accessed June 19, 2018.


https://www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfpmn/pmn.cfm

32 J. Summers and D. M. Goeres

advancements in understanding the infection pathogenesis and surface modification
technology, CAUTI was the only HAI to lack a significant decrease in incidence rate
between 2009 and 2014 [22].

This chapter will explore why CAUTI is challenging to resolve through an exam-
ination of the current understanding of the pathogenesis and the necessary attributes
and limitations of in vitro models used to evaluate the surface-modified catheters
developed to prevent it.

Mechanisms of Infection

To properly assess whether a surface-modified catheter will perform as designed a
robust understanding of the pathogenesis of CAUTT is necessary. Clinically, UTT are
classified as either uncomplicated or complicated. Uncomplicated UTIs occur in
otherwise healthy individuals with no urinary tract abnormalities [26]. Typically,
the body’s innate defense mechanisms, such as micturition, mucosal secretions, and
urine itself, make it more challenging for an infection to start [27-30]. However,
there are several risk factors associated with uncomplicated UTIs, including sexual
activity, the female gender, and diabetes [31-33]. Complicated UTIs are a result of
factors which compromise the body’s natural defenses, such as urinary retention
from neurological diseases or the presence of a foreign object [34, 35]. Upon inser-
tion of a foreign object, such as a urinary catheter, most of the host defenses are
disrupted, and a patient is significantly more susceptible to infection [36, 37]. The
CDC advises that each day an indwelling urinary catheter remains in situ, a patient
has a 3-7% increased risk for infection [1, 38]. Many hospital patients are inher-
ently immunodeficient. Further compromising a patient’s natural defenses with a
catheter allows them to be easily colonized by cross-transmission through the hands
of healthcare professionals or even by their own perineal flora [13, 39, 40]. Once a
urinary catheter is in place, pathogens may migrate to the bladder one of two ways,
through the catheter lumen or extraluminally in the periurethral space [41, 42].
Intraluminal contamination accounts for approximately 33% of CAUTIs and is
most commonly associated with a break in the closed sterile system or contamina-
tion of the collection bag urine [42, 43]. In this case, bacteriuria has been shown to
occur within 48 hours [44]. If a strict sterile collection system is kept, the extralumi-
nal route becomes more important, accounting for 66% of CAUTIs [42, 45].
Extraluminal contamination may occur early if the tip of the catheter is contami-
nated upon insertion, which then smears the bacteria evenly up the urethra into the
bladder, or later by bacteria ascending the periurethral space outside the catheter
[39, 46]. If late contamination occurs, bacteriuria may take as long as 168 hours to
become apparent [44]. CAUTIs may be caused by a broad spectrum of bacteria,
both gram negative and gram positive, and certain fungi. The most common caus-
ative agents include uropathogenic Escherichia coli (UPEC), Candida albicans,
Enterococcus sp., and Pseudomonas aeruginosa (Table 1) [3].
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Table 1 Distribution and rank order of pathogens frequently reported with CAUTIs across the
USA for two reporting periods

January 2006—October 2007 January 201 1-December 2014
Percent of pathogenic Percent of pathogenic
Pathogen isolates Rank® | isolates Rank®
Coagulase-negative 2.5 7 2.4 13
staphylococci
Staphylococcus aureus 2.2 8 1.6 14
Enterococcus species
E. faecalis 3.6 7.0 5
E. faecium 6.0 2.7 11
Other Enterococcus or NOS | 5.3 4.1 7
Candida species 2
C. albicans 14.5 11.7 2
Candida glabrata 2.7 12
Other Candida spp. or 6.5 3.4 10
NOS
Escherichia coli 21.4 1 23.9
Pseudomonas aeruginosa 10.0 4 10.3 3
Klebsiella spp. 10.1
K. pneumoniae 7.7 5
K. oxytoca 0.9 10
Enterobacter spp. 4.1 6 3.7 9
Acinetobacter baumannii 1.2 9
Yeast NOS 6.1 6
Proteus spp. 4.0 8
Other 14.1 6.4
Total 100 100

Reporting criteria changed between the two periods

“The 10 (2006-2007) and 14 (2011-2014) most common pathogens are listed and ranked accord-
ing to how frequently they were reported to the CDC’s National Health Safety Network (NHSN)
[3, 47]. The rankings were established based on all pathogens reported

For a uropathogen to initiate infection, it must first attach to either the uroepithe-
lial tissue or the catheter surface [48, 49]. There is limited knowledge on the specific
adhesions pathogens use to adhere to catheter surfaces; however, researchers have
made inferences based on the knowledge of pathogenesis during uncomplicated
UTIs. For example, it is hypothesized that UPEC employs type 1 fimbriae to adhere
to catheter surfaces as it has been observed using fimbriae to attach to and colonize
host tissue in uncompromised urinary tracts [37, 40]. In addition to initiating infec-
tion, preliminary in vitro studies have shown the expression of type 1 and type 3
fimbriae by Klebsiella pneumoniae promotes biofilm formation on the surface of
urinary catheters [50]. The formation of biofilm is a common survival tactic
employed by uropathogens, allowing them to persist and cause recurrent infections
[51, 52]. The biofilm structure shields organisms from the stresses of the harsh
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environment such as antimicrobial treatment, host immune responses, and urine
itself, described in detail elsewhere [52-57]. A classic example of these protective
communities formed during CAUTIs is the crystalline biofilms produced by Proteus
species. Proteus mirabilis, along with other uropathogens, produces urease, which
hydrolyses urea to produce carbon dioxide and ammonia [52, 58]. This increases the
pH of the local environment, subsequently generating calcium crystals and magne-
sium ammonium phosphate (struvite) precipitates [40, 51]. These stones become
entangled with the bacteria (Fig. 3a) and continue to build on one another ultimately
resulting in complete blockage of the catheter lumen (Fig. 3b) [59].

The longer a catheter remains in place, the greater the possibility these organ-
isms will form biofilms and the greater the risk for adverse events (i.e., catheter
obstruction, kidney infection, etc.). The possibility of CAUTI is so likely that pre-
vention guidelines go as far as to advise healthcare professions to avoid the use of
indwelling urinary catheter when possible [24], although this is not a feasible
option for many patients. Clinicians are also limited to which antibiotics they may
prescribe due to the increasing frequency of antibiotic resistance among patho-
gens [3, 60], leaving the healthcare industry desperate for realistic treatment
options. It would be a considerable benefit for patients to have a technology avail-
able which significantly delayed or completely inhibited the bacterial colonization
of urinary catheters.

A literature review found there is a critical lack of data that correlates infection
rates to the number of biofilm bacteria on a catheter surface. This information is
necessary to translate in vitro data, often reported as a log reduction, to the ability
of a surface-modified catheter to prevent infection. This chapter will focus on
in vitro methods that may be used to assess surface-modified (including antimicro-
bial) urinary catheters to prevent or reduce biofilm accumulation. A robust under-
standing of the pathogenesis of CAUTI enables for a better test that accurately
depicts the conditions under which the device will be employed.

Fig. 3 Freeze-dried preparations of ex vivo catheters colonized by pure cultures of Proteus mira-
bilis showing large crystals (a) and a cross section of the blockage in lumen (b). (Reprinted from
reference [59] with permission from publisher)
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Determining How Best to Assess the Safety, Efficacy, Quality,
and Performance of Antimicrobial Products with In Vitro
Testing

Over the last three decades, researchers have modified the surface of urinary cath-
eters to reduce bacterial attachment, trying everything from impregnating the cath-
eters with antibiotics to printing micropatterns on the surface [61-63]. One of the
few modified catheters to make it to market and remain there was a hydrogel-silver-
coated catheter. Initial in vitro testing demonstrated hydrogel-silver-coated latex
catheters significantly reduced the adhesion of E.coli and P. aeruginosa when com-
pared to uncoated catheters [64]. This study ultimately led to the product’s approval
for clinical use in the late 1990s. Since the approval, there have been multiple clini-
cal trials involving hydrogel-silver-coated catheters which have contradicting con-
clusions. A few of the studies reported favorable results for the antimicrobial
catheters, others reported no difference at all, and some found a difference but con-
cluded the difference was not enough for there to be an economic benefit in using
the coated catheters [65-68]. So, what happened, why don’t the clinical results cor-
relate with in vitro results? A more critical review of in vitro methods used by
Gabriel et al. demonstrates the methods do not reflect the conditions existing during
an infection, and the data was over extrapolated, resulting in an inaccurate predic-
tion of clinical performance.

The goal is for an in vitro test to predict a device’s performance in a clinical set-
ting. To achieve this goal, the in vitro method should model the most important
factors contributing to a clinical infection as closely as possible, keeping in mind it
is not possible to model host interaction in vitro (i.e., immune response). To further
demonstrate the importance of model design, the efficacy of a chlorhexidine-coated
urinary catheter against a UPEC was evaluated using three different in vitro meth-
ods: zone of inhibition (ZOI), liquid broth test, and a flow-through method. The ZOI
and liquid broth test, both classic microbiological assays, were run as described in
Table 2. The flow-through method, shown in Fig. 4, incorporates three critical envi-
ronmental factors seen in vivo: the flow of nutrients through the lumen, use of a
relevant growth media (artificial urine media (AUM)), and a time frame relevant to
the device.

Results from the ZOI and liquid broth test are shown in Fig. 5. The ZOI for the
coated catheters was 11.4 mm =+ 2.89. This ZOI is comparable to an antimicrobial
catheter currently on the market [69]. The liquid broth test resulted in a 99.9%
reduction in bacterial adherence. These results are equivalent to those seen in the
C.R. Bard, Inc. sponsored test discussed above, which suggested hydrogel-silver-
coated catheters decrease the bacterial adherence of E.coli by 99% [64]. However,
when the chlorhexidine-coated catheter was evaluated in the flow-through model
(Fig. 6) by 24 hours, the surface of the chlorhexidine-coated catheters already had a
6 log,o(CFU/cm?) biofilm, and by the end of 96 hours, there was no practical differ-
ence between biofilm growth on the coated catheters and control catheters.
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Fig. 4 Experimental set-up used to monitor biofilm formation on the intraluminal surface of uri-
nary catheter. AUM (A) is pumped through tubing at 0.75 mL/min (B) through a 16 French (Fr)
urinary catheter to sampling port (C)

Zone of Inhibition Liquid Broth Test

Diameter(mm) Log (CFU/cm?)
CHX1 147 Control 5.9
CHX2 9.7 Average CHX 23
CHX3 9.7 Log reduction 3.6
Average 20l 11.3 % Reduction 99.9

Fig. 5 Left panel: ZOI pictured; ZOI was determined for 5 mm chlorhexidine-coated catheter
segments. Right panel: Liquid broth test pictured; biofilm density was measured for control and
chlorhexidine-coated catheters
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Fig. 6 Log densities of 9
catheter samples from flow

model. Error bars show the

standard deviation of three 8
coated catheters, and no
error bars are reported on
the control because of only
one replicate tested

Log Density(CFU/cm?)
[=2]

24 48 72 96

Hours

M Control W CHX

Based on the ZOI and liquid broth test results, the biofilm test results would not
have necessarily been expected. The ZOI test demonstrated that chlorhexidine was
able to diffuse into the surrounding environment and kill the viable microbes. The
liquid broth test measured the bacterial adherence to the catheter surface. The test
showed that chlorhexidine was able to inhibit adherence in static conditions for a
short period of time, perhaps because the chlorhexidine killed the planktonic bacte-
ria before they were able to attach. In the test where flow was included, chlorhexi-
dine slowed down the biofilm growth at 24 hours by approximately 0.8 log;,(CFU/
cm?). However, by 96 hours the concentration of chlorhexidine left on the catheter
was insufficient to affect the thick biofilm that had developed on the intraluminal
surface of the catheter. The results of this in vitro test comparison suggest that the
size of zones produced, and log density of planktonic cells killed, may not accu-
rately predict the effectiveness of antimicrobial urinary catheters against biofilm
growth. The results also demonstrate the importance of including flow when consid-
ering performance claims for antimicrobial or anti-biofilm catheter strategies.

When thoughtfully engineered, an in vitro method can be used to better predict
the clinical efficacy of a product. This section aims to examine the most frequently
used laboratory methods in anti-biofilm urinary catheter testing and evaluate their
usefulness based on [70]:

* Relevance: A method is said to be relevant to a real-world scenario if given the
same inputs the laboratory outcome is predictive of the real-world outcome.

* Repeatability: Independent repeats of the same experiment in the same lab pro-
duce nearly the same response.
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* Responsiveness: A method should be sensitive enough that it can detect impor-
tant changes in parameters of interest.

In clinical terms, to reduce infection, a surface-modified catheter must delay the
time it takes for bacteria to reach a concentration of 10° CFU/mL in the urine. When
choosing a method to evaluate the efficacy of a new catheter, the outputs provided
must be able to provide insight to how well it might be able to meet this criterion.
Comprehensive lists of in vitro methods most commonly reported in the literature
to model intraluminal and extraluminal infections are compared and contrasted in
Tables 3 and 4, respectively. The intraluminal route of infection differs significantly
from the extraluminal route. During intraluminal infection, the catheter is exposed
to the flow of urine of the surface for extended periods, compared to extraluminal
infections where there is a lack of flow but there is a complex relationship between
the dynamic uroepithelium and catheter. Therefore, one model cannot accurately
capture the complexity of both infections. Ideally, two models will be employed to
evaluate the in vitro efficacy of the catheter to best predict in vivo performance.

Inherently in vitro methods are unable to completely replace in vivo methods
because it is impossible to model the complex host-pathogen relationship. However,
there are several factors which are typically neglected in an effort to simplify test-
ing that may easily be included in laboratory tests to improve clinical correlation.
Running tests for a relevant time frame is one critical parameter which is often
dismissed in laboratory testing. Some methods, such as the liquid broth test, are
typically only run for a period of hours when clinically an antimicrobial would be
expected to delay infection over the course of several days. It is not reasonable to
claim a surface modification will be effective when it was only exposed to a chal-
lenge for a few hours, especially in reference to intraluminal infections, where urine
will flow over the surface for much longer. Simply increasing the experimental time
or testing the device until failure will help make the data collected from an in vitro
model more relevant.

Growth media is another notable factor that is often assumed to have little influ-
ence on the results. In vitro models are frequently conducted using a minimal, well-
defined growth media (e.g., tryptic soy broth, lysogeny broth). It has been shown
repeatably, though, that bacteria respond differently to varying growth medias,
especially urine [54, 71, 72]. Due to its low pH and high osmolality, urine is natu-
rally antimicrobial and creates an especially stressful environment for bacteria, ulti-
mately resulting in altered metabolic pathways, virulence, and motility [29, 73, 74].
Not only does urine influence how bacteria grow and survive, it has also been shown
to increase the MICs of several common antibiotics and decrease their overall effi-
cacy [75]. It is therefore reasonable to assume that if urine is not used, results do not
accurately predict how a catheter will perform in clinical settings.

Since urine has been identified as a necessary parameter for an in vitro model to
be considered relevant, the decision becomes whether to use human urine or
AUM. When considering how to make a method, the most repeatable AUM repre-
sents a good balance between reasonableness and relevance. The use of human
urine does have some benefits; for example, it would contain natural constituents
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that are difficult to include in synthetic urine (i.e., hormones, iron chelators, and
pyrophosphates). However, human urine is dynamic in composition, changing dra-
matically depending on age, gender, and health status [76-78]. A single commercial
supplier offers over 15 different populations to choose from: normal, caffeine-free,
nicotine-free, pregnancy first, second or third trimester, pre-menopausal women (on
or off hormone modalities, including birth control), post-menopausal women (on or
off hormone replacement therapies), drug-free (please specify drug), lipemic,
fasted, or racelethnicity (Black, Caucasian, Asian, Hispanic). In addition to wide
chemical variation, volume limits are also a concern, with commercially available
human urine costing up to $260/L.% Table 5 summarizes options for growth media
available to researchers and benefits and drawbacks associated with each. More
options do exist, as many have been developed depending on researchers’ goals and
specific applications. For example, Nowatzki et al. created their own AUM to better
simulate the effects of salicylic acid release [79]. These recipes were developed with
no intention for universal use, and most have chemical components well out of
physiological range. A significant improvement would be the development of a vali-
dated AUM recipe which closely resembles “normal human urine” and supports a
broad range of uropathogens. This would enable researchers in federal agencies,
academia, and industry to compare the efficacy of surface-modified catheters across
laboratories by eliminating the variability associated with the use of different growth
media (Table 5).

The goal is to develop robust in vitro testing methods not to replace in vivo test-
ing but to better predict how a new technology will perform in vivo. To accomplish
this goal requires approaches in vitro methods that increase clinical relevance while
maintaining the attributes of repeatability and responsiveness.

Conclusions and Path Forward

Urinary catheters are the leading cause of nosocomial infections not only nation-
wide but worldwide [80, 81]. Each infection costs patients anywhere from $1,000 to
upwards of $10,000 depending on the severity of infection and patient population
[82]. A large variety of biofilm methods are available to evaluate the efficacy of
surface-modified urinary catheters. When employed thoughtfully, in vitro methods
are a powerful tool, but one of the main issues for researchers is choosing a model
which best represents the conditions seen in situ in a reasonable and repeatable way.
As our knowledge of CAUTI pathogenesis continues to grow, the relevance of
in vitro models will follow. The development of robust and relevant in vitro models
will provide a pathway for new technology to reach patients.

https://www.innov-research.com/product/normal-human-urine?c=1 Accessed June 29, 2018.
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Table 5 Comparison of varying growth mediums used for in vitro models simulating CAUTIs

Growth Ability to
medium Description Pro Con reflect References
Human urine | Pooled urine, Shown to Expensive Human urine | [78, 88, 99]
typically from 1 | support more Variation containing
to 3 donors abundant between natural
Normalized by | biofilm growth |individualsis | constitutes
adjusting than artificial challenging for
dilution, recipes [99] standardizing
concentration, | Support growth | studies
and pH of broad range | Large amounts
according to of uropathogens | of urine for
specific gravity | Contains models make
and osmolality | natural use impractical
components.
Synthetic
recipes cannot
be incorporated
Artificial Synthetic Able to Compositions | Provides (88,92, 99,
urine media | human urine standardize depend on conditions 114-116]
(AUM) with osmolality, | across studies | clinical urine | similar to
within pH and Concentrations | composition | that of
physiological | composition as | of components | reports “normal
ranges close to within researchers’ human urine”
physiological | physiological | reference
ranges as range Excludes some
possible Support growth | natural
of broad range | constituents of
of uropathogens | human urine
(hormones,
iron chelators)
Artificial Elevated Able to Certain Accurately [54,
urine media | concentrations | simulate chemical represents 116-118]
(AUM) for of specific infection for components environment
crystal solutes to specific out of in patients
aggregation | encourage stone | population/ physiological | prone to
formation disease range developing
Designed for | kidney stones
specific Not relevant

infection, not
planned for
universal use
Does not
support growth
of all
uropathogens
Potentially
cytotoxic

for studies of
general
population

(continued)
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Table 5 (continued)

Growth Ability to
medium Description Pro Con reflect References
Nutrient broth | Minimal, Simple Lacks all Does not [54, 64,75,
well-defined Reproducible natural reflect 88, 90]
growth media | Supports constitutes of | environment
Broths growth of broad | human urine | seen during
commonly used | range of Metabolic infection
include tryptic | uropathogens activities of When used
soy broth pathogens may | to determine
(TSB), be altered bacterial
lysogeny broth from those susceptibility
(LB) or typically seen | may not
Mueller-Hinton in infection reflect the
broth MICs of ability of
antibiotics in | bacteria in
nutrient broth | urine to resist
are the
significantly | antibacterial
lower than action
those observed
in urine
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updates

Kevin S. Akers, Joseph C. Wenke, and Clinton K. Murray

Abstract Recent US military conflicts have involved severe extremity injuries
frequently requiring implantation of orthopedic stabilizing devices. Simultaneously,
bacterial wound contamination, including by multidrug-resistant organisms, has
presented a significant clinical challenge due to reduced antimicrobial treatment
options, with an unclear but likely contribution from biofilm formation on
implanted devices. In this chapter, we detail investigations conducted by the US
military medical research community into wound infections occurring in casualties
from conflicts in Iraq and Afghanistan.
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Introduction

US military combat operations in Iraq (Operation Iraqi Freedom, OIF) and
Afghanistan (Operation Enduring Freedom, OEF) frequently involved a high num-
ber of extremity injuries. This is likely multifactorial, influenced by the use of body
armor protecting the trunk but not the extremities, tourniquets permitting survival to
surgical care by controlling potentially lethal extremity hemorrhage, and enemy
tactics involving the use of improvised explosive devices (IEDs). In Afghanistan,
IEDs were frequently buried underground and detonated when military personnel
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on foot (known as a dismounted patrol) were in the vicinity or overtop of the ord-
nance, resulting in an injury pattern which came to be known as a “dismounted
complex blast injury.” Such injuries generally involved the lower extremities and
possibly the groin and were frequently characterized by extensive soft tissue dam-
age, vascular injury, and complex fractures requiring hardware stabilization and
definitive fixation to achieve fracture healing. A further complication is that both
trauma and transfusion are significantly immunomodulatory, with little known
about the impact on clinical outcome or susceptibility to infection [1].

Contemporaneously, bacterial pathogens with broad antimicrobial resistance
became established in US military facilities due to a convergence of factors: (1) a
growing global pandemic of bacteria harboring various mechanisms of resistance to
antimicrobials, known as multidrug-resistant organisms (MDROSs); (2) care pro-
vided to local civilians, representing a source of MDROs entering deployed military
medical facilities [2]; and (3) challenges with adherence to infection control mea-
sures in these facilities, particularly during mass casualty events and intercontinen-
tal air transport of combat casualties [3]. The resulting clinical circumstance of
severe complex traumatic extremity wounds requiring indwelling hardware with
possible contamination by MDRO organisms sets the stage for a multiyear outbreak
of combat-related extremity wound infection in the US military healthcare system
[4]. Although clinical confirmation was, and remains, limited by a lack of available
diagnostic tests, bacterial biofilms colonizing implanted orthopedic fixation devices
may further complicate the care of these patients by leading to persistent or relaps-
ing infections [5].

Clinical Impact of Extremity Injury in US Military Combat
Casualties

The impact of combat-related extremity injuries on US military personnel from
OIF/OEF was documented in a series of studies performed at the US Army Institute
of Surgical Research and several military treatment facilities in the United States.
Extremity injuries were highly prevalent, with approximately 82% of combat casu-
alties having at least one extremity injury [6]. Overall, 24-27% of extremity injuries
developed infection, with 17% of those experiencing recurrence [7, 8]. The treat-
ment of extremity wound infection typically involves multiple debridement surger-
ies followed by antibiotic therapy for weeks to months. Wound dehiscence was a
major problem in the treatment of combat wounds, with wound debridement for
infection being the most common procedure in battlefield injured service members.
Approximately 12% of casualties required hospital readmission for wound infec-
tion debridement [9]. This in turn was a leading cost driver of medical care for US
military combat casualties.

Not unexpectedly, the wound infection problem has been a major detriment to
combat casualties with lower extremity orthopedic injuries, leading to increased
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amputation rates and decreased return-to-duty rates. Among 115 military casualties
with type III open tibial fractures sustained between 2003 and 2007, the return-to-
duty rate was just 18% if tibial fracture was the only injury, decreasing to 12.5% if
an amputation was performed [10]. Illustrating the impact of infection, 92% of
those with osteomyelitis were medically retired from military service. Sixty-nine
percent were unfit for service due to a tibial fracture, and those with amputations
received a higher Veteran’s Affairs (VA) disability rating. A second study of military
casualties receiving amputations between 2001 and 2006 found return-to-duty rates
of 18-22% for tibial or femoral amputations, and 17% for humeral or radial ampu-
tations [11]. In a cohort of 115 soldiers with a type III open tibial fracture, 40%
suffered an infectious complication and 94/115 (81.7%) were unable to return to
duty and were medically retired [12]. In a study of late amputations after combat-
related type III open tibial fractures, patients receiving late amputations had the
highest rates of deep soft tissue infection (72.7%) and osteomyelitis (54.5%). Those
who had late amputations had higher rates of grafting with autologous bone or bone
morphogenic protein (BMP) combined than those with successful limb salvage
(27.3% vs 4.8%, p < 0.01) [13].

Clinical Impact of Trauma-Related Infection in US Military
Combat Casualties

The Trauma Infectious Disease Outcomes Study (TIDOS) [14] prospectively col-
lected injury and infection data from combat casualties from Iraq and Afghanistan
between 2009 and 2015. While analysis of these data is ongoing, a preliminary
report has summarized the first 3 years of data (2009-2012) [15]. Over this period,
1807 combat casualties were included in the study, with 34% having an infection.
Of those with infections, 57% had more than one infection. Independent risk factors
for infection included amputation, blood transfusion within 24 hours of injury, ICU
admission at Landstuhl Regional Medical Center (LRMC), severe or life-threatening
Injury Severity Score, and mechanical ventilation.

Johnson and colleagues at the Brooke Army Medical Center Infectious Disease
Service reported on infectious outcomes of patients with Gustilo-Anderson type III
open tibial fractures (11 type IIla and 24 type IIIb) in US military personnel occur-
ring in Iraq and Afghanistan between 2003 and 2006 [16]. Seventy-seven percent
were associated with an explosive device as the mechanism of injury. Casualties
were managed initially with perioperative debridement including use of Gram-
positive coverage with vancomycin or cefazolin. They were transported to LRMC
in Germany, where a single debridement surgery was typically performed prior to
transport back to the United States for definitive medical care, on average 7.4 days
after injury. Twenty-seven (77%) had positive initial cultures at the time of admis-
sion to a US hospital. The most commonly recovered organisms in culture were
A. baumannii-calcoaceticus complex, Enterobacter spp., and P. aeruginosa.
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Polymicrobial infection was documented in 10 cases (37%). Most patients (89%)
were treated for osteomyelitis, with only three treated for deep wound infection.
Thirteen cases (37%) were complicated by a recurrence of deep wound infection
involving the fracture site, of which 11 had previous infections. Most notably,
almost all the initial infections involved Gram-negative organisms, whereas all of
the recurrent infections involved S. aureus. Additionally, culture-positive infection
was a contributing factor to four of five amputations. The fifth amputation was asso-
ciated with tibial non-union without culture-proven evidence of infection [16].

Following this report, Yun and colleagues from the same institution examined
cases of osteomyelitis (not restricted to tibial fractures) in military personnel injured
in Iraq and Afghanistan over approximately the same time period [17]. They ana-
lyzed 101 patients who experienced 103 initial and 36 subsequent hospitalizations,
with 94 involving lower extremities, 43 involving upper extremities, and 2 involving
the axial skeleton. Recurrent infection occurred in 19 patients (18%). While Injury
Severity Score was not found to be different between patients with non-recurrent
and recurrent infections, Gram-negative organisms were more likely to occur in the
initial infection, particularly involving A. baumannii-calcoaceticus complex,
Klebsiella pneumoniae, and P. aeruginosa. Similar to Johnson’s report [16], recur-
rences were associated with recovery of Gram-positive organisms, particularly
S. aureus and coagulase-negative staphylococci, and less likely to be polymicrobial.
Suggesting a contribution from biofilms in recurrent infections, the presence of an
internal fixation device was the only factor found to be associated with recurrence
of infection in a univariate analysis. Ninety percent of these patients received anti-
microbial therapy for greater than 4 weeks, and 78% were treated longer than
6 weeks. An important finding from this analysis was that among patients with
recurrence involving methicillin-resistant S. aureus (MRSA) in whom it was not
present in the initial infection, 67% had received vancomycin for greater than
2 weeks. This finding highlights the important role of antimicrobial stewardship in
the treatment of such patients and argues against the presumptive or prophylactic
use of vancomycin without an appropriate microbiological indication [17].

Data from the Department of Defense Trauma Registry (previously called the
Joint Theater Trauma Registry) [18] enabled a case-control study to determine risk
factors for osteomyelitis among combat casualties with open tibial fractures occur-
ring between 2003 and 2009 [19]. One-hundred thirty cases (patients with infected
open tibial fractures) were compared to 85 controls (patients with open tibial frac-
tures without infection at that site). The Gustilo-Anderson fracture classification
was modified to include trans-tibial amputation (TTA) as the most severe grade.
Excluding TTA, cases required longer time to achieve radiographic union (median,
210 versus 165 days). Risk factors for osteomyelitis included blast mechanism of
injury, utilization of antibiotic beads, Gustilo-Anderson grade greater than IIIb, and
presence of foreign bodies at the fracture site. Notably, TTA carried the highest risk
of infection. A separate analysis utilizing the Orthopedic Trauma Association Open
Fracture Classification system demonstrated a spectrum of increasing infection risk
associated from muscle loss to muscle death [19].

The TIDOS data support a very important and unique longitudinal collaborative
effort with the Department of Veterans’ Affairs (VA) hospital system [20]. The
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purpose is to document long-term infection risk and outcomes among combat casual-
ties after being discharged from the military after which time their medical care often
transitions to the VA system. Although work is still ongoing to fully characterize the
cohort, an initial publication documents the findings from the initial 337 for whom
complete data have been abstracted and analyzed. One-hundred eleven (33%) had at
least one infection related to their traumatic injury during hospitalization in the US
Department of Defense medical system (totaling 244 unique infections). The most
common were skin/soft tissue infection (SSTI, 43%) and osteomyelitis (14%). After
the initial hospitalization, 127 patients (38%) developed 239 new infections related
to their traumatic injury. Twenty-nine percent of these infections occurred after leav-
ing military service. Independent risk factors for reduced time to infection following
initial hospitalization were more severe injuries (Injury Severity Score > 10) and hav-
ing an infection during the initial hospitalization. Notable findings within the VA
phase of care were a “second peak” of SSTI and osteomyelitis 6—12 months after the
initial infection and more frequent diagnosis of urinary tract infections, potentially
reflecting perineal trauma from dismounted complex blast injury [20].

The Role of Biofilms in Extremity Wound Infection

Many combat-related extremity injuries are complex, involving extensive bone and
soft tissue damage and requiring the presence of artificial materials to maintain the
spatial orientation and anatomic alignment of bone fragments necessary to achieve
an acceptable result of healing [21]. An unintended consequence of hardware
required to stabilize mangled extremities is that they may serve as a substrate for
bacterial attachment and the development of biofilms. Biofilms can develop when
bacteria expand horizontally and vertically on a solid surface, forming a sessile,
multicellular colony which secretes a matrix of protein, polysaccharide, and extra-
cellular DNA that impedes the penetration of antimicrobials [22]. Bacteria in the
lower strata of the colony cease replication and thus become tolerant to currently
approved antimicrobials and create persister cells. In addition, the degree of soft
tissue damage and vascular disruption in these extensive wounds likely limits anti-
microbial penetration to site of infection. As a result, systemic treatment regimens
with currently approved antimicrobial agents cannot predictably eradicate biofilms
[23], which therefore pose a risk for infectious relapse in the setting of devices that
must be retained for healing. Thus, adequate surgical debridement is required to
mitigate these infections. A limitation to this approach is that there is no objective
way for surgeons to judge when debridement has been sufficient and final wound
closure can be performed with a minimal risk of infectious relapse. Complicating
and adding to this, the soft tissue injuries are so severe that the wounds cannot be
closed immediately, often being debrided in different operating rooms while the
patient is being evacuated from the Middle East to Germany, and eventually arriving
at military hospitals in the United States. Unfortunately, the patient records are often
incomplete and may not accompany the Wounded Warrior, leading to a common
practice of writing last time of debridement and treatment of wound on the exterior
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of dressings with a marker. Thus, a biomarker that could be used to accurately and
objectively predict successful wound closure would be highly advantageous.

Studies by US military-affiliated investigators have included both natural history
and basic science approaches. Investigators at the Walter Reed National Naval
Medical Center and nearby Uniformed Services University of the Health Sciences
in Bethesda, Maryland, evaluated the wound effluent captured from negative-
pressure wound therapy for biomarkers useful to predict wound dehiscence.
Forsberg and colleagues found an association between non-healing wounds and
decreased effluent levels of RANTES and IL-13 [24]. Hawksworth and colleagues
then examined other inflammatory biomarkers in serum and effluent, finding that
increased serum IL-6, IL-8, and MIP-1a predicted wound healing. In the effluent,
increased IL-6 and decreased IL-2 and IP-10 predicted healing [25]. Utz and col-
leagues examined metalloproteinases (MMP), finding that increased serum MMP-2
and MMP-7, and decreased effluent MMP-3, predicted impaired healing [26].
Brown and colleagues examined the microbial burden in combat wounds, defining
a threshold of critical bacterial colonization of the wound as >10° CFU/g above
which wound dehiscence is more likely to occur. Dehiscence was predicted by
increased serum IL-6, -8, -10, MIP-1a, MMP-7, and MMP-13, as well as increased
IL-6, IL-8, and MIP-1a in wound effluent [27]. Evans and colleagues examined the
relationship of critical bacterial colonization (here defined as >10° CFU/cm?) to
heterotopic ossification (HO), finding that increased IL-6, IL-10, and MCP-1 in
serum, and increased MIP-1a and decreased IP-10 in effluent, predicted develop-
ment of HO [28].

Assessments of the clinical impact of biofilm are limited. At the US Army
Institute of Surgical Research, Sanchez et al. investigated the biofilm production by
205 clinical strains of bacteria obtained from various solid and liquid source tissues
of 150 patients with relapsing infections [29]. Among these isolates from wound,
bone, respiratory, urinary tract, and blood isolates, later-recovered isolates were
identical clones (by pulsed-field gel electrophoresis) of initially recovered strains.
Biofilm formation, characterized by crystal violet staining of 48-hour growth
in vitro, was heterogeneous, with increased biofilm production among isolates
recovered from non-liquid sources.

Using prospectively collected data from the Trauma Infectious Disease Outcomes
Study (TIDOS) [14], we examined risk factors including for the persistence of clini-
cal wound infections meeting CDC/NHSN criteria for skin and soft tissue infection
[5]. This study defined “persistence” as recovery of clonally identical isolates at
least 14 days apart. Thirty-five persistently infected wounds from 25 patients were
compared to 69 wounds from 60 patients with a single episode of wound infection.
We identified biofilm formation to be a univariate risk factor (OR 29.49, 95% CI
6.24—0) but lacked sufficient clinical data to associate this finding with implanted
medical devices. Further, univariate risk factors also included MDRO phenotype,
packed red blood cell transfusion within the first 24 hours after injury, number of
operating room visits prior to and on the date of infection diagnosis, anatomic loca-
tion of infection, and polymicrobial infection. Independence of these risk factors for
prediction of infection persistence unfortunately could not be established, as the
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small sample size prevented convergence of a multivariate logistic regression model.
Acinetobacter baumannii was the only species for which higher biofilm formation
was statistically associated with wound infection persistence. This study suggests a
possible linkage between biofilm formation as a phenotypic trait and persistent
wound infection.

Heitcamp and colleagues utilized the TIDOS database to explore the role of
Enterococcus spp. in clinical infection, as it was among the most frequent clinically
isolated organisms in this data set [30]. Using a case-comparator study design,
Heitcamp and colleagues compared 155 cases having Enterococcus spp. recovered
within 3 days of wound infection diagnosis to 237 comparators for whom other
organisms (but not Enterococcus spp.) were recovered in this time frame. E. fae-
cium was the most common species (65.7%) followed by E. faecalis (12.5%), with
most isolates arising in the setting of multiple and polymicrobial infections. Case
patients were more likely to have a higher injury severity score and an increased rate
of ICU admission and have received more transfused units of packed red blood cells
and/or whole blood within 24 hours of injury, more operating room visits, and a
longer length of hospitalization. Although biofilms were not specifically addressed
in this manuscript, biofilm characterization of TIDOS Enterococcus isolates per-
formed at the US Army Institute of Surgical Research showed almost universally
low biofilm formation (unpublished data). An ensuing collegial debate about this
finding among members of the TIDOS investigative team highlighted the question
of what is the most appropriate manner for growth and characterization of biofilm-
forming potential of clinical isolates. We previously explored this issue in the labo-
ratory using clinical and reference strains of S. aureus, characterizing biofilm
growth without human plasma, or with various concentrations of plasma either
coating the growth plate, or added to the liquid growth medium. We found S. aureus
to be optimally stimulated by addition of 10% human plasma to growth medium,
increasing the crystal violet uptake signal by between 2.5- and nearly ten-fold
depending on the strain. This was accompanied by dramatic fold changes in the
expression of genes regulating matrix adhesion molecules (MSCRAMMs) between
30 and 120 minutes, with some increasing and others decreasing [31]. As growth
conditions reported in biofilm literature vary widely (which we have previously
reviewed [32]), and the biofilm production of some organisms is known to be sig-
nificantly impacted by host factors likely to be present in wounds [31], a consensus
method is currently lacking. Harmonization of biofilm testing conditions for clinical
strains which accurately recapitulates in vivo biofilm-productive behavior in clini-
cal infections would be a significant advance for the field.

Strategies for Biofilm Mitigation

Research efforts within the US military medical research enterprise have targeted
potential approaches by which to mitigate biofilm formation in wounds. At the US
Army Institute of Surgical Research, Wenke and colleagues established the rat
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femur segmental bone defect model to conduct research on various aspects of ortho-
pedic trauma [33]. This model attempts to recapitulate the time course of care pro-
vided for human long-bone fractures, with delayed presentation to treatment,
followed by irrigation, debridement, and long-bone stabilization by fixation with
implanted materials. The carefully controlled addition of a bacterial inoculum to
establish what is likely a biofilm-mediated orthopedic device infection makes this
model a useful platform by which to explore and evaluate optimal approaches to
mitigate biofilm formation. Favorable results can then be “scaled up” into larger
animal models. Studies to date (some using goats) have characterized optimal
approaches to fluid lavage of contaminated wounds [34], various antiseptic addi-
tives [35] and chlorhexidine [33], and Dakin’s solution (buffered hypochlorite) as
well as proprietary substances. A unifying theme which has emerged from this work
is that local tissue damage within the wound, whether chemical or mechanical/phys-
ical, promotes bacterial growth in spite of initial reductions in bacterial burden.
Therefore, an ideal substance for topically applied prophylaxis or treatment of
wound infections would be one that is rapidly lethal to pathogens but innocuous to
host mammalian tissues. Whereas conventional toxicity testing, driven by regula-
tory requirements for the cosmetic and topical medication industries, relies on skin
cells such as keratinocytes and fibroblasts, we have noted that cell types relevant to
deeper wound and bone tissues (such as myocytes, osteoblasts, etc.) seem to be
more vulnerable to toxic insult [36-38]. Importantly, the regulatory approach for
topical antiseptics has relied on toxicity testing using intact skin as opposed to
deeper tissues which become exposed and contaminated in severe blast injuries or
high-velocity penetrating trauma.

In addition to topical antiseptics, we have examined several conventional sys-
temic antibiotics for potential repurposing as topical antimicrobials applied to con-
taminated wounds. This concept evolved from clinical reports indicating a decrease
in infection rates associated with human spine surgery when vancomycin powder
was topically applied as a prophylactic within clean surgical wounds [39—41].
Vancomycin powder and polymethyl methacrylate (PMMA) beads impregnated with
10% vancomycin (wt/wt) were examined in the rat femoral segmental defect model
inoculated with Staphylococcus aureus UAMS-1. Animals received debridement and
vancomycin powder or vancomycin-impregnated PMMA bead placement either 6 or
24 hours after contamination [42]. Significant reductions in bacterial burden were
observed when either treatment was applied 6 hours after inoculation but failed to
prevent wound infection when applied 24 hours after inoculation. This is postulated
to represent the effect of biofilm maturation on the implanted orthopedic stabilizing
device over this time period. Thus, the time elapsed from a contaminating event until
debridement may constitute an important factor influencing the outcome of wound
infection. Early irrigation was found beneficial in a goat contaminated wound model,
perhaps denying an opportunity for biofilms to become established [43]. In humans,
longer times to debridement of open tibial/fibular fractures (a condition known to be
high risk for infection) were correlated with increased rates of clinical infection [44].
Another unifying theme has been that if there is a substantial time delay from time of
contamination to treatment, an approach that addresses biofilms is needed.
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Rifampin has a unique role among antimicrobial agents currently approved for
use in humans, as it is considered the most suitable agent for the treatment of bacte-
rial biofilms. Rifampin is less soluble in water than most other human-use antibiot-
ics and has been demonstrated in the laboratory to have an increased capacity for
physical penetration into biofilms [45]. Despite relatively limited human clinical
data, the use of systemic rifampin in combination with other antimicrobials is rec-
ommended for prosthetic valve endocarditis and osteoarticular infections involving
prosthetic devices (thought to involve biofilms) in guidelines for the treatment of
methicillin-resistant S. aureus (MRSA) infections by the Infectious Disease Society
of America [46].

We explored in our laboratory the potential utility of topically applied rifampin
delivered in PMMA beads [47]. A common practice in orthopedic surgery, PMMA
is polymerized from two components in an exothermic chemical reaction and mixed
at the time of use, curing to a hard, rigid material within 15 minutes. Heat-stable
antibiotic powders such as vancomycin, gentamicin, or tobramycin can be added at
the surgeon’s discretion. Using the rat contaminated femoral segmental defect
model with 6- or 24-hour post-contamination debridement, Shiels et al. demon-
strated that 10% wt/wt rifampin in PMMA significantly reduced colony-forming
units of S. aureus UAMS-1. This was in contrast to lower rifampin loading masses
of 1% (wt/wt), rifampin 1% with vancomycin 1.7%, or rifampin 1% with vancomy-
cin 5%. The 10% rifampin-loaded PMMA beads demonstrated burst-release elution
kinetics with continued elution over 13 days. Notably, however, this amount of
rifampin resulted in incomplete curing of the PMMA, resulting in beads which took
between 1 and 2 hours to cure to a final elastic state. In vivo, only 10% rifampin
beads prevented bacterial growth on the implants and the PMMA beads themselves,
in contrast to the other formulations tested. Recovery of bacterial growth from some
of the PMMA beads suggests that this approach can perpetuate infection by provid-
ing a surface for bacterial growth. In contrast to the other treatment groups, animals
treated with 10% rifampin-loaded PMMA had no signs of clinical infection and
significantly lower 14-day bacterial counts from bone, hardware, and tissue when
debrided after 6 hours. Delaying debridement for 24 hours worsened these results
overall, but nevertheless bone, orthopedic hardware, and tissue appeared to become
sterilized in some animals at the 14-day end point. This again suggests an important
role for early intervention in contaminated orthopedic trauma to prevent infections,
possibly reflecting the role of bacterial biofilms in creating tolerance to antimicrobi-
als. Importantly, a screen for phenotypic rifampin resistance greater than 4 pg/mL
found none among recovered isolates. Other delivery methods, to include direct
application of antibiotic powder, are being explored. For example, topical placement
of vancomycin powder is being used to prevent surgical site infections in many
orthopedic surgeries; initial reports demonstrate that deep surgical site infection rate
of posterior lateral fusions decreases from 2.6% to 0.2% [41].

Prevention of surgical site infections is very different from treating a biofilm
infection. Using a rat open fracture model, the time from bacterial contamination to
treatment with topical vancomycin powder had a profound effect on the infection.
When antibiotic powder is placed 6 hours after contaminating wounds with
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S. aureus, none of the wounds had bacteria over the threshold for infection; how-
ever, all of the wounds had high levels of bacteria when treatment was delayed to
24 hours. This was expected given the poor performance of vancomycin against
biofilms. Unlike vancomycin, topical placement of rifampin powder was successful
with both early and delayed treatment in this model [48]. This approach overcomes
the issues of poor release kinetics and incomplete curing using bone cements.
Although effective against biofilm-based infections, there were concerns that place-
ment of rifampin powder would delay fracture healing because it is one of the most
cytotoxic antibiotics to osteoblasts [49]. Follow-up studies demonstrated that
rifampin powder placed in wounds does not negatively affect normal bone healing
in a rat segmental defect model [50].

A novel approach to biofilm defeat involves utilizing endogenous chemical sig-
nals of biofilms to disperse the colony. Various substances have been reported to
disperse mature biofilms [51-53]. We examined the biofilm dispersal and preven-
tion properties of norspermidine, a polyamine compound, on MDRO strains of bac-
teria (A. baumannii, Klebsiella pneumoniae, Pseudomonas aeruginosa, S. aureus)
from human clinical infections [54]. We found this substance to have a variable
strain- and species-dependent effect on biofilm reduction, with the most pronounced
effect on A. baumannii by inhibiting motility and reducing the expression of genes
encoding quorum-sensing inhibitors. We also observed evidence of significant tox-
icity in cell cultures and whole tissue explants on histopathology, which may limit
consideration of this compound for clinical development. Sanchez et al. utilized a
combination of selected D-amino acids (D-Met, D-Phe, D-Trp) as a dispersal agent
for biofilms grown from clinical wound strains of S. aureus and P. aeruginosa [55].
Application of this substance was found to enhance the antibiofilm activity of some
currently available antimicrobials, including clindamycin, rifampin, and vancomy-
cin (against S. aureus biofilms) and ciprofloxacin and colistin (against P. aeruginosa
biofilms).

To address the clinical problem of bacterial contamination of synthetic materials
necessary for healing critical bone defects (defined as defects that will not heal
spontaneously over the lifetime of the organism), Sanchez et al. impregnated
D-amino acids into a synthetic polyurethane bone graft [56]. An equimolar mixture
of D-Met, D-Pro, and D-Trp significantly reduced bacterial contamination on the
scaffold surface in vitro. When implanted in the contaminated femoral segmental
defect model, counts of the strong biofilm-former S. aureus UAMS-1 were signifi-
cantly reduced in bone. This serves as a proof-of-concept which suggests that such
novel approaches could have utility in the prevention and treatment of clinical
infections.

Leveraging its expertise in drug discovery and development, the Walter Reed
Army Institute of Research (WRAIR) has contributed to an understanding of
combat-related wound infections and explored novel approaches to therapy. Through
a collaboration with the Lawrence Livermore National Laboratory, investigators
comprehensively evaluated the wound microbiomes of combat casualties using a
culture-independent approach based on a massive gene array capable of detecting
more than 3500 organisms known to cause infection in vertebrates, as well as a
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deep-sequencing approach [57]. The most commonly observed microorganism in
the human wound samples was A. baumannii, found in 23% of samples. Additionally,
presence of the pRAY plasmid of A. baumannii was significantly associated with
the failure of wounds to heal. Pseudomonas spp. were detected more frequently in
wounds which failed to heal. Interestingly, an inverse association (favoring wound
healing) was found with the presence of organisms associated with the gastrointes-
tinal tract [57]. As part of a broader program investigating the utility of phage
(virus-like particles which can infect and kill bacteria) for treatment of antibiotic-
resistant wound infections, Regeimbal and colleagues showed favorable efficacy of
a phage cocktail against a particularly virulent clinical strain of A. baumannii
(AB5075) in an insect-based bacterial virulence screening model (Galleria mel-
lonella). This was translated into a mouse model of wound infection, showing
reductions in animal weight loss, wound bioburden, and wound size resulting from
the phage therapy. Importantly, the phage cocktail could only infect 10 of 92
screened clinical isolates of A. baumannii, illustrating the narrow spectrum of activ-
ity which poses a challenge to broad clinical use [58]. In spite of this issue, WRAIR
investigators provided a phage cocktail (under FDA approval) which was used to
successfully treat a critically ill human patient with a disseminated MDR A. bau-
mannii infection who had failed conventional therapies [59]. Phage therapeutics for
orthopedic device-related infections are currently being studied.

WRAIR investigators have also pursued a variety of novel small-molecule
approaches to address the biofilm component of wound infections.
Sambanthamoorthy and colleagues examined the antibiofilm activity of biologi-
cally produced surfactants from Lactobacillus jensenii and L. rhamnosus against
MDR strains of A. baumannii, E. coli, and S. aureus. They found significant effi-
cacy in both preventing new biofilms and dispersing established biofilms and
observed minimal toxicity against cultured human lung epithelial cells at biofilm-
effective concentrations [60]. The same investigators also performed in silico
screening of a library of 15,000 compounds for inhibition of the bacterial enzyme
diguanylate cyclase (which generates a signaling molecule), of which 250 were
tested. Four compounds were found which inhibited biofilm formation by P. aeru-
ginosa and A. baumannii, including one (LP 3134) which exhibited no cytotoxicity
against cultured human keratinocytes [61]. Nine structural derivatives of this com-
pound were subsequently explored for antibiofilm activity against A. baumannii,
with seven of them effectively reducing biofilm formation on silicone catheters
while exerting minimal toxicity to cultured human mammalian cells [62]. Finally,
WRAIR investigators examined the activity of the cathelicidin peptide LL-37, and
its metabolic fragments, against clinical isolates of MDR A. baumannii and their
biofilms. While LL-37 and its KS-30 fragment were the most potent at reducing the
biofilm, they also appeared to have limiting cytotoxicity. In contrast, the KR-20
fragment showed less efficient killing but was felt to be the most promising thera-
peutic candidate on the basis of its reduced cytotoxicity [63]. Perhaps these or other
novel approaches provided by US military research laboratories can be successfully
advanced to clinical development.
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Conclusion

Recent military conflicts have included substantial challenges with wound infec-
tions, owing to MDRO phenotypes limiting antimicrobial treatment options, and
likely involvement from bacterial biofilms contaminating devices implanted to sta-
bilize severe extremity injuries. The US military medical research community
responded to these challenges with a variety of in vitro and in vivo studies exploring
the biology of these infections as well as potential novel mitigation strategies. The
use of animal models of musculoskeletal infection, some of which include implanted
devices contaminated with bacteria, has proven to be useful platforms for under-
standing optimal wound management strategies and screening compounds with
promising in vitro antibiofilm activity. As an ideal antibiofilm agent has yet to be
identified for clinical development, research in this field should continue in antici-
pation of wound infections being a significant clinical problem for casualties of
future military conflicts.

Disclaimer The opinions or assertions contained herein are the private views of the author and
not to be construed as official or as reflecting the views of the Department of the Army or the
Department of Defense.
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Abstract While the use of orthopedic implants has transformed the treatment of
chronic musculoskeletal diseases such as osteoarthritis, the introduction of foreign
materials increases the ability of microbes to cause infection more than 100,000-
fold (Elek, Annals of the New York Academy of Sciences. 65:85-90, 1956; Parvizi
et al. J Am Acad Orthop Surg. 23:S32-43, 2015). Even when implants are success-
fully placed without infection, their continued presence predisposes patients to
infection years after implantation. The annual cost of infected revision total joint
arthroplasty to US hospitals, an example of one of the most common device-
associated infections, is projected to exceed $1.62 billion by the year 2020 (Kurtz
et al. J Arthroplasty. 27:61-65.e1, 2012). Treatment of prosthesis-associated infec-
tions is complex as implants serve as a surface for microbial growth into a resistant
biofilm layer. This biofilm layer makes bacteria more difficult to eradicate, facili-
tates host immune evasion, propagates antimicrobial resistance, and reduces the
efficacy of standard antibiotic therapy. Over recent years, numerous strategies have
been investigated to prevent, target, and disrupt biofilm on orthopedic implants. We
describe the main modes of biofilm-disrupting technology pertinent to orthopedics
that have been examined over the last decade — including biofilm localization tech-
niques, implant material modification, bioactive antibacterial coatings, vaccines,
bacteriophages, electrical stimulation, and inhibition of quorum sensing. Of note,
the success of these novel antibiofilm approaches is currently largely limited to the
preclinical setting or early clinical stages. Collaborative efforts between industry,
academia, and regulatory authorities are required to fuel translation of this innova-
tion into the clinical arena and ultimately lead to improved patient outcomes.
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Introduction

The Problem of Biofilms in Orthopedics

The surfaces of orthopedic implants are all susceptible to colonization by
biofilm-forming microorganisms, whose presence has been reported to play a key
role in the pathogenesis of implant-associated infections, such as periprosthetic
joint infection (PJI) [4-7]. In terms of pathogenesis, PJI can be initiated through
hematogenous spread or by direct seeding via an overlying infection, penetrating
trauma, or contamination during surgical implantation of the prosthesis. Regardless
of the seeding source or microbial species, the stepwise progression of the infection
is dependent upon biofilm formation and maturation [8]. Numerous therapeutic
challenges arise as a result of formation of biofilm, particularly as it leads to protec-
tion against host immune defense and standard antimicrobial regimens [9].

Biofilm-associated prosthetic infection represents a tremendous burden for
patients globally, with massive healthcare cost implications. PJI alone affects
between 1% and 2% of all primary total joint arthroplasties and often results in
prolonged intravenous antibiotics, additional surgical procedures, longer inpatient
stays, significant patient morbidity, and even mortality [10]. Current treatment strat-
egies involve a one- or two-stage approach to revision surgery, with removal of
infected components and insertion of local antibiotic-impregnated cement, as well
as a course of systematic antimicrobial therapy. However, despite best efforts and
considerable ongoing research, treatment success rates are varied and subopti-
mal [11].

To overcome these problems, novel treatment strategies focusing on disrupting
biofilms are being developed [12]. Such antibiofilm strategies hold promise for pre-
vention and improved outcomes of implant-associated orthopedic infections beyond
the limitations of current invasive management strategies. This chapter will discuss
promising technologies with translational potential for future orthopedic applica-
tion — including biofilm mapping methods, material modifications, bioactive surface
coatings, vaccines, bacteriophages, and inhibition of quorum sensing.

Translational Research

Biofilm Mapping: Detection and Localization

The ability to identify biofilms intraoperatively would be useful in the management
of prosthesis-associated infection, particularly in the setting of acute PJI [13]. While
it seems intuitive that knowledge of biofilm location would aid in guiding surgical
therapy, existing research regarding biofilm mapping is limited and cannot defi-
nitely define the clinical importance of this practice for orthopedic infection.
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Parry et al. investigated the utility of methylene blue, a disclosing agent
traditionally used in dentistry to identify plaque biofilms, for intraoperative detec-
tion of biofilms on orthopedic implants. Methylene blue was found to stain S. epi-
dermidis biofilm on polyethylene liners, polymethylmethacrylate (PMMA), and
Teflon discs in vitro without compromising bacterial viability [14]. However,
these experiments were limited to the use of only a single organism’s biofilm,
S. epidermidis, at a much higher density of bacteria than would be expected clini-
cally. Future work is therefore needed to assess the ability of methylene blue to
stain physiological levels of biofilm and non-S. epidermidis biofilm before it can
be translated for clinical application.

Stoodley et al. showed that colored fluorescent proteins can be expressed to
directly observe Pseudomonas aeruginosa biofilms on 316 L stainless steel screws
[15]. Patches of biofilm development were noted on screw shafts and between
threads of multiple screws, with no significant pattern of development seen.
Confocal laser scanning microscopy has also been shown to aid in biofilm visualiza-
tion on implant materials and surrounding tissue [16]. However, no focused or sys-
tematic analysis exists regarding mapping or formation of the biofilm on specific
components or anatomic sites.

The utility of ultrasonication for the detection of biofilms in PJI cases has been
explored by Kobayashi et al. and Nguyen et al., who demonstrated that brief expo-
sure of 1-5 minutes of infected components to ultrasonication is effective in detect-
ing bacterial adherence [17, 18]. However, few components were shown to harbor
bacteria, and the investigators did not specifically examine for anatomic or
component-specific variation.

Material Composition of Orthopedic Components

Another translational avenue is the material composition of orthopedic components,
given the possible varying ability of different materials to harbor biofilm formation.
The type of alloy used in implants has thus been the focus of many research studies.
When testing the ability of some of the more common bacteria in implant infections
such as Staphylococcus aureus, it was found that bacteria had decreased ability to
adhere and create a biofilm layer on titanium versus stainless steel or PMMA [19].
This has been attributed to the ability of titanium to keep bacteria dispersed on the
implant surface and therefore leaving bacteria more susceptible to antibiotics [20].
Sheehan et al. compared stainless steel and titanium components using isolated
strains of S. aureus and S. epidermidis in a femoral intramedullary implantation
model in rabbits [21]. They noted significantly higher levels of biofilm adherence to
stainless steel components within the first 48 hours. Both species showed this pref-
erential growth, with higher levels of adherence reaching nearly 150% on stainless
steel compared to titanium. This antimicrobial trend is one reason why titanium
alloy has become one of the more popular alloys used in orthopedic implants.
Innovations in titanium, including vanadium-free titanium alloys, have been recently
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investigated by Walkowiak-Przybyto et al. They noted that this specialized alloy
exhibited decreased bacterial adherence and biofilm formation than titanium that
contains vanadium [22]. Additional avenues of antibiofilm implant modification are
discussed and subclassified below.

Intrinsically Bioactive Materials

Bioactive materials that are non-antibiotic compounds with innate antibacterial
properties in their structure, such as silver and copper metals, have also been inves-
tigated. The antibacterial properties of the metals come from their corrosive proper-
ties that result in ion release that can disrupt essential processes of the bacteria such
as those in the respiratory chain [23]. These metals can be integrated onto the sur-
face of an orthopedic implant to prevent adhesion of the bacteria.

Silver has been known throughout history for its powerful antimicrobial effects
[24, 25]. The mechanism of action is thought to be the formation of reactive oxygen
species and active ions that damage bacterial walls and bind to nucleic acids to
interrupt bacterial replication [26]. Harrasser et al. [27] studied the antimicrobial
effects of silver and have observed significant antimicrobial activity that was posi-
tively correlated with its concentration. Silver has shown antibacterial efficacy and
biocompatibility when used in combination with coatings of calcium phosphate-
hydroxyapatite and ceramics [28]. However, there is concern that the silver layer
may influence the metabolic status of adherent cells as well as the properties of the
implant in vivo. There is further concern that when the silver release is complete,
the implant surface will no longer function as a microbicidal agent. Although rare,
there is also the problem of microbial silver resistance and host hypersensitivity to
silver ions [29].

Bioactive Antibacterial Coatings and Surface Modification

Development in bioactive antibacterial coatings placed on top of an implant surface
has also been a focus of research in recent years. For example, cross-linking the
implant surface with a bioactive peptide such as human beta-defensin-3 has been
found to reduce the number of bacterial colonies that accumulate on titanium sur-
faces and is effective against resistant organisms such as methicillin-resistant
Staphylococcus epidermidis (MRSE) and methicillin-resistant S. aureus (MRSA)
[30, 31].

Another recently developed antibacterial coating releases nitric oxide that can
combine with superoxide to produce peroxynitrite, which has cytotoxic activity
against microorganisms [23]. Polymer coating-containing diazeniumdiolates are an
example of such a nitric oxide-releasing coating [23, 32]. There are also photoacti-
vated biomaterials that can be activated at certain UV wavelengths to exhibit
bactericidal effects such as the anatase TiO,, which is triggered at UV wavelengths
around 385 nm [23].
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Hickok et al. examined the role of antibiotic-bonded prostheses in preventing
bacterial adhesion to implants, thus reducing the biofilm formation and preventing
its ability to harbor bacteria [33]. Vancomycin has typically been used due to its
action against gram-positive bacteria, through inhibition of structural bacteria cell
wall protein synthesis [34—37]. Multiple other antibiotics have also been explored,
such as gentamicin, doxycycline, ceftriaxone, levofloxacin, tetracycline, and other
novel agents [33, 38—40]. One method of emitting the antibiotics is through a
“controlled-release system” that enables release over a period of multiple days to
weeks [33]. These systems are based on biodegradable or non-biodegradable poly-
mers in the form of a prosthetic coating or a sleeve [41, 42]. The alternative method
to a controlled-release system is the use of antibiotics that are covalently bound to
the prosthesis enabling longer-term action [33]. In animal models, vancomycin that
was covalently tethered to a modified titanium plate surface showed no evidence of
biofilm formation compared to controls when exposed to S. aureus [42]. Furthermore,
on immunofluorescence staining, it was found that after 3 months of implantation,
vancomycin homogenously covered the surface of the prosthesis and remained sta-
ble and active with minimal disturbance of the titanium surface [42].

Nanostructured biomaterials containing compounds such as silver or chitosan
also have antibiofilm properties [23]. These nanostructures can also be used to mod-
ify the surface properties (e.g., solubility and surface charge) of the implant making
it more difficult for bacteria to attach [23, 43]. Numerous reports highlight the anti-
biofilm and antimicrobial properties of silver nanoparticles with limited host cyto-
toxicity [24, 44-49]. Aurore et al. found that silver nanoparticles enhanced the
bactericidal activity in osteoclasts [50], and antibiofilm effects have been demon-
strated in vivo [44, 51]. Kalishwaralal et al. demonstrated that silver nanoparticles
at a concentration of 100 nM inhibited >95% of biofilm formation from S. epider-
midis and P. aeruginosa [52]. Bone cement impregnated with silver nanoparticles
also significantly reduced biofilm formation compared to standard non-impregnated
cement [49], with additional reports suggesting a synergistic effect of silver nanopar-
ticles with antibiotics [53-55]. A key advantage of silver nanoparticle-coated sur-
faces is the ability to exhibit a continuously controlled release of active agents to the
periprosthetic region for a substantial period of time, thus working at both the sur-
face layer and also in the immediate peri-implant environment.

Recently, iodine-supported titanium implants have been shown to reduce bacte-
rial attachment and inhibit biofilm formation [56]. Tsuchiya et al. reported on a
cohort of 222 patients with postoperative infection who were treated with iodine-
supported implants [57]. At mean 18-month follow-up, all cases of infection were
effectively treated, and no host cytotoxicity or adverse thyroid function effects were
observed. Similarly, Shirai et al. demonstrated a significant reduction in pin site
infection rates by using iodine surface-treated insertion pins and external fixators
[58]. In a cohort of 14 revision hip arthroplasties and 16 immunosuppressed pri-
mary hip arthroplasties, Kabata et al. showed that iodine-treated hip prostheses
remained infection-free at follow-up [59]. No local and systemic toxicity, impaired
osteoconductivity, or problems with bony osseointegration were reported in any of
these studies.
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Vaccines

Vaccination against organisms that commonly infect implants is another area of
active research interest. While no vaccine or passive immunization has been
approved by the FDA for an orthopedic indication, recently promising studies have
explored active and passive strategies for S. aureus [60, 61]. The StaphVAX vaccine
targeted against S. aureus capsular polysaccharides successfully reached phase III
clinical trials but was withdrawn when the vaccine’s effectiveness in producing
immunoglobins against the bacteria decreased to below 30% at 1 year [62]. A sepa-
rate quadrivalent vaccine against S. aureus antigens (targeting glucosaminidase, an
ABC transporter lipoprotein, a conserved hypothetical protein, and a conserved
lipoprotein) was able to clear 87.5% of biofilm infections in combination with anti-
biotics versus 22% in those just given the vaccine [63]. Another vaccine against four
S. aureus antigens has also been shown to be safe and immunogenic in humans in
phase I trials [64]. Most recently, the SA4Ag four-antigen vaccine has demonstrated
efficacy and safety at beyond 1 year post-immunization in healthy volunteers [65].
This vaccine is currently being further tested in a phase II clinical trial involving
spinal fusion patients. There is also the potential for the future development of a
vaccine against Pseudomonas [66, 67]. However, there are no high-level studies
supporting clinical use of the aforementioned vaccines, and further research
is needed.

Bacteriophages

The use of lytic bacteriophages, which are natural viruses that infect and destroy
bacteria, has recently been explored for eradication of biofilms from orthopedic
implants [6, 68]. Lytic phages inject their genetic material into the host bacterial cell,
causing bacterial cell lysis, which liberates subsequent new phage particles, and these
new particles cause successive infection of additional bacteria in a self-amplifying,
exponential pattern. Furthermore, phage therapy appears free of local tissue toxicity
or adverse effects, since bacteriophages do not affect eukaryotic cells [69].

Yilmaz et al. found that bacteriophages enhanced the effects of antibiotics in
eliminating orthopedic implant infections of MRSA and P. aeruginosa in rat models
[70]. Ferry et al. injected a local bacteriophage mix during a debridement, antibiot-
ics and implant retention (DAIR) procedure for treatment of an 80-year old patient
with relapsing S. aureus chronic PJI. This salvage treatment was found to be safe
and clinically successful [71].

Although some preclinical and clinical data have demonstrated a good safety
profile, as well as promising therapeutic efficacy using bacteriophages for treating
orthopedic infections, further clinical research using bacteriophage therapy in
patients is required. Current obstacles to bacteriophage translation include the fact
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that phages are neutralized in the serum and relevant pathogens contain CRISPR-C
as immunity against bacteriophage [72]. Phages are also usually bacterial
strain-specific; thus, a cocktail of different types of bacteriophages may be neces-
sary to effectively treat a biofilm-mediated infection with this approach.

Bioactive Enzymes

Targeting enzymes that lyse key elements of the biofilm aggregating on orthope-
dic implants can result in the destruction of the physical integrity of the biofilm
matrix. For instance, recombinant human deoxyribonuclease I (rhDNase I)
degrades the extracellular DNA component of bacterial biofilms, which is impor-
tant for cohesion, antimicrobial resistance, and genetic exchange [73]. Similarly,
coating of surfaces with dispersin B (DspB) has been found to inhibit >98% of
biofilm formation by two clinical strains of Staphylococcus epidermidis [74] via
exploitation of this natural enzyme’s activity against exopolysaccharide biofilm
components [23]. In vivo studies have found DspB to have antibiofilm and anti-
bacterial activity against S. aureus and E. coli when combined with antimicrobial
triclosan [75].

Multiple chemotherapeutic agents have also been found to be successful in
removing biofilms from implant surfaces. In a recent systematic review, the most
successful cytotoxic agent at removing biofilm from contaminated titanium surfaces
was citric acid [76]. While there is limited literature regarding these agents, they
show promise, and further work is needed to determine their efficacy.

Shockwave Treatment, Electromagnetic Fields, and Electrical
Stimulation

Laser and ultrasound-generated shockwave treatment can use mechanical energy to
breakup biofilms via disruption of bacterial adhesion. The disrupted biofilm then
enables greater exposure of microbes to antibiotic treatments. Kizhner et al. found
that around 98% of P. aeruginosa biofilms on metallic and plastic medical device
surfaces could be removed with between 4 and 10seconds of laser application.
Laser-generated shockwaves were able to break up the biofilm layer into planktonic
bacteria amenable to conventional treatment with antibiotics [77]. Similarly, in vivo
studies examining 24 hours of continuous ultrasound treatment combined with
administration of gentamicin acting on established E. coli biofilms demonstrated a
significant reduction in viable bacteria [78].

Pulsed electromagnetic field (PEMF) application to bacterial biofilms has also
demonstrated antibiofilm effects in vitro and has been found to augment antibiotic
treatment efficacy. Pickering et al. applied PEMF to stainless steel pegs infected
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with biofilms of S. epidermis in combination with gentamicin. They reported a 50%
reduction in the minimum biofilm inhibitory concentration needed for gentamicin
and significant efficacy augmentation after PEMF application [79].

Electrical stimulation of orthopedic implant surfaces also holds promise as a
method of biofilm disruption. Ercan et al. anodized and charged nanotubular tita-
nium using15-30 volts of electrical stimulation. They found that S. aureus biofilm
formation significantly decreased secondary to the formation of fluorine on the sur-
faces of the anodized titanium [80]. Likewise, electrical polarization of bioceramic
hydroxyapatite resulted in a marked reduction in adhesion and proliferation of
S. aureus and E. coli on the positively charged surface [81].

Quorum Sensing Inhibitors

Quorum sensing inhibitors impede the ability of bacteria to communicate with each
other, thereby interrupting biofilm development. While there is extensive in vitro
and in silica research being conducted to explore this mechanism and anti-quorum
sensing molecules, otherwise known as quorum quenching, there are limited in vivo
data, and no anti-quorum sensing strategy is currently ready for widespread clinical
application. Seven in vivo investigations have been reported during the last 5 years
[82—88] with variable experimental strategies. Recent seminal work by Piewngam
et al. provides evidence for the elimination of S. aureus by probiotic Bacillus via
inhibition of quorum sensing [89]. They present a detailed molecular mechanism
mediated by a class of Bacillus lipoproteins, the fengycins, which form the basis for
promising future probiotic-based methods of S. aureus decolonization and elimina-
tion of S. aureus infection.

Conclusion

Biofilm-associated periprosthetic infection remains a significant cause of morbidity
and mortality for orthopedic patients, with current treatments being limited by their
invasive nature and inability to consistently eradicate bacterial biofilm. Several
promising treatment modalities have been discussed in this chapter that require fur-
ther clinical research and trials to bring them into orthopedic practice. Ultimately, a
concerted effort from scientists, clinicians, and regulatory authorities is required to
work safely and swiftly translate these innovations in order to improve outcomes in
patients afflicted with biofilm-associated prosthetic infections.
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Translation of Antibiofilm Technologies
to Wounds and Other Clinical Care

Matthew Myntti

Abstract Nearly 80% of global bacterial infections are associated with biofilm
bacteria (Joo, Otto, Chem Biol 19:1503-1513, 2012). In contrast to planktonic bac-
teria, biofilms are a complex, organized bacterial community possessing a sophisti-
cated protective armor, in the form of the extracellular polymeric substance (EPS),
which acts as a robust defense mechanism against eradication. Chronic biofilm
infections affect 17 million people annually, and approximately 550,000 people die
as a result of their chronic infections (Wolcott et al J] Wound Care 19:45-50, 2010).
The challenge with biofilm-related infections is that they cannot be adequately con-
firmed via diagnostic tests in the clinical setting, and, more importantly, they are
intrinsically resistant to host immunity, antibiotics, and biocides. This renders cur-
rent therapeutic options inadequate to successfully eradicate the infection. Next
Science™ has applied novel material science methods to combat biofilm through its
innovative Xbio™ technology. Xbio technology, which includes the proprietary
product, BlastX™, works by disrupting the biofilm matrix and creating an environ-
ment that compromises the biofilm’s structural integrity. In doing so, the EPS can be
broken down and removed, thereby allowing the pathogens within the environment
to be targeted and preventing the biofilm’s reformation.

Keywords Wound - Biofilm - Infection - BlastX - Topical - Healing

Since BlastX is considered a combination product, a medical device with a drug
component, there were some regulatory challenges in navigating the FDA clearance
pathway. BlastX was first submitted to the FDA as an OTC device with limited and
standard OTC claims. Once further data was obtained, Next Science submitted a
second submission and received clearance for the use of BlastX on more chronic
wounds by prescription only.
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Normal wound physiology goes through four different steps [3]: hemostasis,
inflammation, proliferation, and remodeling. Hemostasis takes place seconds to
hours after the initial injury. Inflammation can include increased vasodilation and
vasopermeability. This can lead to increased exudate, a release of cytokines and
growth factors, immune cell recruitment, and, finally, bacterial clearance. The
inflammation process typically occurs over a period of hours to days. Proliferation
of the wound begins in days to weeks, provided the inflammation is controlled and
no infection is present. However, if bacteria infiltrate the wound, a microbial infec-
tion can result and interrupt the healing process.

According to the US National Institutes of Health, biofilms account for over 80
percent of microbial infections in the human body [4]. Research has demonstrated that
80-90% of all chronic wounds contain microorganisms protected by biofilms (Fig. 1)
[5]. Chronic infections are defined as wounds that take more than 12 weeks to heal,
and research states that 70% of wounds worldwide fall under this definition [6].
Chronic biofilm infections can affect every organ system in the human body, including
the skin [7]. Approximately 17 million people annually are affected by chronic bio-
film infections, and approximately 550,000 people will die each year as a result [2].

The rising prevalence of antibiotic-resistant organisms, particularly within hos-
pitals, is a contributing factor to the prevalence of chronic infections. Antibiotic-
resistant organisms and their complications are responsible for more than two
million hospital-acquired infections at a cost of $30.5 billion [8]. As discussed,
healing for these infections can be routinely delayed by the introduction of micro-
organisms while the wound remains inflamed. Particularly at risk are those affected
by diabetes and vascular disease, where explosive infected numbers have led to a
rise in untreatable chronic wounds. This results in an increased burden that nega-
tively impacts the patients’ quality of life [9].

Collectively, these chronic wounds significantly contribute to morbidity, mortal-
ity, and increased healthcare expenditures [10].

The Risk of Biofilm to Chronic Wounds
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Fig. 1 Biofilm Risk to Chronic Wounds. (Image courtesy of Next Science®)
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Bacteria exist in two essential forms: free floating (planktonic) and anchored/
sessile (biofilms, spores). While planktonic bacteria are well understood and rela-
tively easy to kill, biofilms pose a unique challenge. Biofilms are surface-adhering
bacteria that are encased and defended by a glycocalyx, also known as an extracel-
lular polymeric surface (EPS). This EPS begins to form after the bacteria secrete a
sticky gel that protects them from initial eradication. Polymers inside the gel then
become cross-linked by metallic bonds to strengthen the structure’s integrity and
form the backbone of the extracellular polymeric surface. Once metallic bonds
become established, the biofilm converts to an insoluble capsular environment that
interacts with the host for bacterial growth, mutation, and proliferation. Ninety per-
cent of the bacteria are enveloped within the structure, leaving less than 10% of
free-floating bacteria in a wound. The resulting structure is mechanically resistant
because metallically bonded polymers anchor the extracellular polymeric structure
(EPS), preventing it from being washed off or eradicated by current treatment pro-
tocols (Fig. 2).

The EPS acts as a key mechanism in protecting the underlying pathogens by
blocking large molecules such as antimicrobials, antibodies, and inflammatory cells
from invading. Similarly, its biofilm matrixes act as diffusion barrier to small mol-
ecules like antibiotics, safeguarding it from extermination by conventional means
[11]. Biofilm matrixes have also developed a mechanism for a subpopulation to
become metabolically quiescent, i.e., to hibernate [12, 13]. Furthermore, the EPS
exhibits cooperative protective effects. Some species of bacteria can assist others to
attach and incorporate into the biofilm (quorum sensing) [14]. The overall effect of
these mechanisms is to create a robust, well-defended bacterial community that
thrives in spite of elimination efforts.

The Structure is Designed by Nature to be
Mechanically Resistant

Metallically bonded polymers anchor the structure (EPS) giving it strength and
prevent it from being washed off or eradicated by current treatment protocols

Fig. 2 Extracellular Polymeric Structure of Biofilms. (Image Courtesy of Next Science®)
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Antimicrobial drugs are the current mainstay treatment for the management of
an acute bacterial infection. Antimicrobials target essential components of bacterial
metabolism through the inhibition of cell wall synthesis, cell membrane function,
protein synthesis, RNA synthesis, and DNA synthesis. Their primary action mecha-
nism affects bacteria which are metabolically active during a synthesis process of
active replication. If at any time bacterial cells become quiescent, or metabolically
inactive, they become resistant to most antimicrobials [15]. Therefore, biofilms,
with their ability to become metabolically quiescent, are intrinsically resistant to
antimicrobials. The biofilms’ genetic mechanisms facilitate modification to the anti-
microbial target in the form of decreased uptake, efflux pumps, modulation of meta-
bolic pathways, and conferred resistance. Additional functional mechanisms involve
modifications to the antimicrobial molecule, prevention of target access, bypass of
target sites, or global cell adaption and resistance.

Biofilm bacteria exhibit up to 1000-fold more antimicrobial resistance when
compared to planktonic bacteria. Various protective mechanisms render current
therapeutic options inadequate to successfully eradicate the infection. Furthermore,
the treating clinician often lacks definitive diagnostic data to confirm the presence
of biofilm, making the decision to remove infected hardware and tissues, and to
treat with antimicrobial agents even more difficult. The decision involves balancing
the relative risks of treating or not treating the infection versus exposing a patient to
the potential adverse effects of the available treatment strategies.

Current treatment strategies for chronic wound infections generally involve the
use of topical antimicrobial dressings as well as local debridement. Debridement
breaks biofilm into smaller colonies but does not entirely remove it and may spread
the biofilm to other wound regions. Therefore, debridement can amplify the infec-
tion, spreading it more aggressively and causing it to undergo reformation faster
than on its own. To mitigate these side effects, debridement is generally followed by
a topical antimicrobial for highest effectiveness [16]. However, in the context of
biofilm-based infections, dosages of antimicrobial drugs up to 500-1000 times the
minimum inhibitory concentration are often required. Even if such concentrated
dosages were to be administered, they would still be unsuccessful at completely
eradicating the infection [22]. An optimal treatment for a biofilm infection should
include the use of an antibiofilm agent in addition to the current strategies [17]. A
targeted antibiofilm approach is necessary to disrupt and degrade the EPS matrix of
the biofilm, target the bacteria for destruction, and prevent biofilm reformation in
the wound [18, 19].

Next Science is leading a paradigm shift with a unique, unprecedented approach
to eliminating both biofilm bacteria and planktonic bacteria with a proprietary, non-
toxic technology that disrupts the biofilm’s extracellular polymeric substance (EPS)
matrix and makes the bacteria within the biofilm more vulnerable to attack by anti-
microbials, antibiotics, and the body’s natural immune defenses. This patented
Xbio™ technology reduces the bacterial load which, in turn, helps to reduce the
overall use of antibiotics (Fig. 3). More importantly, it has shown no known evi-
dence of bacterial resistance [20].
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New Therapy Directly Targets the Biofilm

Structure
TREAT
EAB0SE PREVENT

Deconstruct EPS Present Treatment Guidelines

Sustained

Description Broad o No i
Dissolves Biofilm Structure ~antimicrobial High tls.s.u.e microbial b'°f"m.
spectrum compatibility resistance reformation
barrier effects
Dry dressing NA NA v NA X
Targeted antibiotics No v v Variable X
Topical antimicrobials No v Variable Variable Variable
Outpatient sharp debridement No v Non-selective v X
Biofilm disruption and microbial Yes v v v .

lysis

Wolcott R. J Wound Care. 2015;24(8):366-371. Kim P, et al. Wounds. 2018;30(5):114-119.
Snyder R, et al. Wounds. 2017;Supplement 29(6 suppl);S1-S17.

Fig. 3 Efficacy of BlastX™ compared to traditional standards of care. (Image courtesy of Next
Science®)

Next Science’s Xbio uses proprietary composition-of-matter patents that contain
technology to physically break down the biofilm’s protective structures (Fig. 4). The
exposure and eradication of the formerly enveloped bacteria are achieved by the
technology’s induced cell lysis.

Next Science has created BlastX™, an antimicrobial wound gel designed to
facilitate natural wound healing. The use of the hydrogel on a wound creates a moist
environment that reduces the buildup of necrotic tissue caused by apoptosis and
enables the body’s natural wound healing process to take place. The moist environ-
ment created by the gel promotes granulation, epithelization, and autolytic debride-
ment. The moist environment also prevents tissue dehydration and cell death,
increases angiogenesis, and increases the breakdown of dead tissue and fibrin [21].

The gel additionally prevents bacterial growth and the formation of biofilms
when applied to fresh wounds by preventing the bacteria from passing through the
gel into the wound. BlastX is a topical polyethylene glycol-based hydrogel that
disrupts and eliminates biofilms that become enveloped in the gel. This occurs
largely by degrading the biofilm’s EPS matrix through removal of the metallic
bonds in the EPS via chelation and hydrolysis. The hyperosmolar wound gel, and its
contained surfactant, enables cell wall lysis, resulting in destruction of the microor-
ganisms that were formerly protected by the biofilm’s EPS.

The citric acid in the gel binds to the biofilms’ metallic bonds, while the sodium
citrate buffers the solution to a pH of 4. This allows the citric acid to attach and
remove the metallic bonds that hold the EPS structure together and releases the
polymers. Sodium molecules split off and cap the free polymer ends. The remaining
sodium citrate molecules are then converted to citric acid. This conversion prevents
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Power of Xbio™ Technology from the
Simultaneous Action of Four Ingredients

Citric Acid
1
Chelating Super
Agent and hydrophilic
Buffer Agent

Fig. 4 Four ingredients in Xbio™ technology. (Image courtesy of NextScience®)

the polymer from reattaching and replenishes the original citric acid that was
depleted in breaking the metallic bonds, thereby sustaining the chelation process
through buffering. The pathogens are destroyed when sodium citrate and citric acid
in the gel mixture produce an osmotic pressure distending the bacterial cell wall.
Aiding in cell lysis, the benzalkonium chloride surfactant then attaches to a protein
in the cell wall and removes it. BlastX prevents the recolonization of the biofilms’
EPS structure by preventing the bacteria from passing through the gel for biofilm
regrowth.

Specifically, once the biofilm enters the gel environment, the Next Science tech-
nology dissolves the slime layer permitting direct contact with individual bacteria.
Typically, the RNA/proteins in the biofilm’s EPS deactivate treatment chemicals
before they reach the bacteria. Next Science technology overwhelms these entities,
ensuring that critical conditions for lysis are maintained throughout treatment
(Fig. 5). Lysis is nondiscriminatory, effective against both gram-positive and gram-
negative strains of bacteria, and active, downregulated, and persister cells. The bac-
teria have no resistance mechanism to cell lysis.

BlastX has been studied extensively to quantify its effectiveness on creating an
ideal healing environment for chronic wounds and eliminating robust biofilms.
Tests of Suspension Time Killing show that BlastX is effective against a broad range
of bacteria and selective fungi, including C. albicans and A. brasiliensis. A study led
by Montana State University demonstrated that BlastX has a nearly six times higher
log reduction from control than leading wound gels SilvaSorb and Microcyn, based
on a 24 -hour contact time and an 8-log control.

In addition, the applications of BlastX have also been evaluated in vivo. Research
conducted at Texas Tech studied the infection reduction in 24-hour biofilm growth
with LUX-modified S. aureus and P. aeruginosa bacteria. Twenty-four hours after
the first BlastX application, rats were shown to have significant reduction in infec-
tion rates compared to the control. Similarly, WuXi modeled infected rats wound
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size over time (rats infected with S. aureus), modeling BlastX’s ability to provide a
wound healing environment, which resulted in a decrease in wound size at faster
rates than the control in the first 7 days of healing. At day 7, wounds covered with
BlastX had reduced in size to below 20% of the original area compared to the con-
trol’s reduction to approximately 55% the original area. This coincided with a
reduction in the CFU of bacteria recovered from the wounds, with the bacterial
counts reduced from 4.3 log for the control animals to 0.7 log for the BlastX
treated rats.

A clinical trial by the Mayo Clinic reviewed the efficacy of BlastX at creating a
wound environment which enabled the natural reduction in the size of wounds in
human patients. In a 12-week random trial with 43 participants, BlastX was shown
to provide a wound environment that resulted in three times the area reduction of
chronic wounds over a broad-spectrum antimicrobial ointment. In addition, patients
saw a 205% relative increase in wound closure when the wound was covered with
BlastX instead of a broad-spectrum antimicrobial ointment. Similarly, a study by
Wolcott found that, over a period of 4 weeks, 45 subjects with chronic wounds saw
1.5 times more effective wound closure and 2 times more effective wound area
reduction than the standard practice of care.

Next Science currently has four active generations of solution/gel technologies
developed: BlastX, Bactisure™ for surgical lavage, Next Science Acne Gel (NAG),
and TorrentX [22]. Within these generations, our Intellectual Property covers broad
ranges of chemicals and solution properties. This allows Next Science to tailor for-
mulations for specific use conditions, anatomical area, application time frame, and
toxicity.

Because the Next Science technology is targeted to attack prokaryotic structures
(bacteria and biofilms), they are nontoxic for use on eukaryotic tissues. The pH of
Next Science solutions and gels are not hazardous to mammalian tissue. Cells are
quite resistant to negative effects of osmolarity due to decreased permeability and
the body’s ability to normalize the osmolarity from the non-exposed surfaces. There
is broad evidence showing that cationic surfactants at low to moderate concentra-
tions are safe for human use. Proteins on the surface of the bacteria are susceptible
to binding with cationic surfactants. The solvents used in Next Science products are
already used within patients and are used at low concentrations in these products.
The enzymes used in Next Science products are commonly present in the human
body and pose no toxicity concerns.

Since the Xbio technology is considered to be a combination product, a medical
device with a drug component, it required a different path for FDA regulation than
current drug-based treatments. For a drug to obtain FDA approval, it must undergo
clinical testing and then be submitted to the FDA’s Center for Drug Evaluation and
Research (CDER). This process can take years and be quite costly. A medical
device is approved through the FDA’s Center for Devices and Radiological Health
(CDRH). Depending on the classification, a device is either cleared or approved for
sale. The BlastX device was considered a moderate risk device which required a
submission to show substantial equivalence through the FDA’s 510(k) process. A
510(k) submission must demonstrate that the device is substantially equivalent to
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another device legally in commercial distribution in the United States: (1) before
May 28, 1976 or (2) to a device that has been determined by FDA to be substan-
tially equivalent [23].

According to the FDA, a combination product is defined as, “a product com-
prised of two or more regulated components (i.e., drug/device, biologic/device,
drug/biologic, or drug/device/biologic) that are physically, chemically, or otherwise
combined or mixed and produced as a single entity [often referred to as a “single-
entity” combination product]“ [24] The Xbio technology is a combination product
because BlastX is a wound dressing used to cover and protect the wound, giving it
the properties of a device, but it also contains benzalkonium chloride, an antimicro-
bial agent, which constitutes the drug portion. BlastX was regulated by CDRH due
to its primary mode of action being achieved by the device activities of the wound
dressing.

BlastX was originally designed with the OTC monographs in mind. OTC mono-
graphs allow the marketing of drug products without the requirement for a New
Drug Application (NDA), provided specific limitations are placed on the product.
The OTC monographs currently allow for a 1:750 (0.13%) use concentration of
benzalkonium chloride to be marketed under the category of “skin protectant.” The
PEG and buffers in the BlastX gel are all accepted as inactive ingredients for US
drug products. As such, BlastX could have been marketed as an OTC drug product.
The FDA has been moving away from the use of OTC monographs for wound dress-
ings and so Next Science took the next step to submit BlastX to the CDRH division
of FDA as a combination wound dressing with an antimicrobial agent. The initial
submission was to gain clearance for the same indications that were used with the
OTC monographs. Once further data was obtained, Next Science submitted a sec-
ond submission for the prescription only use of BlastX on more chronic wounds.

For future projects, Next Science will continue to evaluate the appropriate regu-
latory pathway for each of its new products. Some technologies will most likely be
drugs, which will go to the FDA’s CDER, while others might be designated as new
devices. These new devices would require either a premarket application (PMA) or
a de novo application for the establishment of a new device type along with the
classification, regulation, and necessary controls and product code. The de novo
process is an option for lower-risk devices, and once approved, a de novo device
can then serve as a predicate for new medical devices where appropriate to the
501(k) process [25].

Next Science has created a rapid-acting technology, providing options that have
superior efficacy against both planktonic and biofilm bacterial forms. Xbio™ is
gentle, with low toxicity and a favorable environmental impact. We are at the fore-
front of addressing the growing problem of biofilm-caused antimicrobial resistance.

Disclaimer Dr. Myntti has financial interest in Next Science and the technologies discussed.
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Abstract Central venous catheter (CVC) use has become commonplace. Infections
that have plagued mankind for centuries continue to challenge medical devices,
both those that are old and those that are integrated into healthcare systems. Bacterial
biofilms consist of microorganisms that create an environment with multiple char-
acteristics including a slimy matrix and varying cell types. As these communities
adhere to catheter surfaces, they can cause bloodstream infections. These are prob-
lems that surgeons and healthcare workers deal with on a daily basis. We need
unique and effective therapies that can be integrated with CVC devices that will
eradicate biofilms, reduce patient suffering, and improve our ability to deliver nec-
essary medications with reduced complications.

Keywords Central venous catheter - Biofilm - Characteristics - Infection -
Antimicrobial strategies

Hospital-Acquired Infections

Hospital-acquired infections (HAIs) have been plaguing us since the inception of
the hospital in the twelfth century.

During this medieval time, hospitals were among the most hazardous places,
with death rates as high as 70% [1]. When a sick person entered the hospital, his or
her property was disposed of, and in some regions a requiem mass was held, as if
the person had already died [2]. But one must remember that this was a time when
ground rabbit fur and mummy powder—that is, the ground remains of mummies—
were among the most popular wound dressings, and attempts at antisepsis were
quite crude. Medicines of the time consisted of ingredients such as snake flesh,
laurel berries, sheep dung, lye, cow kidney, antimony, alum, and earthworms that
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were mixed with various herbs and were to be taken orally or by enema [3].
Improvements to hospital infection prevention measures came very slowly over the
next several centuries.

By 1800 hospital mortality was still considerable, with rates commonly above
25%. According to a report of an American military hospital at the time, thousands
of young men who had been admitted to the hospital with slight injuries or venereal
diseases died from serious hospital-acquired infections during their stay. It was said
that “a soldier entering a great battle was in less danger than one entering the hospi-
tal.” [2, 4] It was not until the Progressive Era of the late 1800s to the early 1900s
that huge breakthroughs were made in the understanding of the invisible realm of
microbes. During the late 1800s, the new and exciting field of bacteriology was
introduced to the world, bolstered by the work of Pasteur, Koch, and Lister, and our
success in combating these invisible enemies grew exponentially as a result.

Interestingly, even today, we are still fighting that age-old battle against nosoco-
mial infections. Despite advances in medical knowledge, in pharmaceuticals, and in
hospital infection prevention as a whole, we still lose patients every year to infec-
tions that are acquired while being treated for unrelated and very curable conditions,
despite the fact that these infections are largely preventable. According to the CDC,
around 5-10 percent of hospitalized patients in the USA are affected by HAIs. This
equates to approximately 1.7 million HAIs in US hospitals every year, resulting in
99,000 deaths and an estimated $20 billion in healthcare costs [5, 6]. Of these infec-
tions, 32% are urinary tract infections (resulting from the use of urinary catheters),
22% are surgical site infections, 15% are hospital-acquired pneumonia, and 14%
are bloodstream infections, primarily associated with the insertion of a vascular
access device [7, 8].

Why is it that we are still losing the battle to microbes consistently? Why are we
sending our loved ones to the hospital to be treated for curable diseases, only to lose
them to a hospital-acquired pneumonia or bloodstream infection? For almost a cen-
tury and a half we have been working under the assumption that we know and
understand the invisible enemy that we are fighting. But perhaps the error lies in our
fundamental understanding of the microbes themselves. Perhaps we need to accept
the fact that we need to progress into the next chapter of understanding the micro-
bial world. We need the medical community, the Food and Drug Administration
(FDA), and medical device and pharmaceutical companies to get caught up with
academia and advance into the paradigm of biofilms.

Biofilms

Biofilms were first explained at length by Costerton et al. in 1978. Since then bio-
films have become more and more recognized and studied as a compelling field
impacting medical and industrial settings alike. Microbial biofilms exist as microor-
ganisms and produce extracellular polymers, which are used to adhere to a surface.
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This extracellular polymer, known as extracellular polysaccharide (EPS), functions
as a scaffolding or matrix that provides structure and security within the biofilm.

Unfortunately, in the medical community today, this is a commonly misunder-
stood and ignored subject. The word “biofilm” exists merely as a buzzword, and
though commonly used, the meaning of the word is frequently misunderstood.
Perhaps this is a branding problem. Upon hearing the word biofilm, it does conjure
an image of a slimy byproduct of microorganisms, and this is precisely the root of
the confusion. In an article recently published in the online publication Science
Daily, an author attempts to introduce the subject of biofilms by saying:

Have you ever heard of biofilms? They are slimy, glue-like membranes that are produced by
microbes, like bacteria and fungi, in order to colonize surfaces. They can grow on animal
and plant tissues, and even inside the human body on medical devices such as catheters,
heart valves, or artificial hips. Biofilms protect microbes from the body’s immune system
and increase their resistance to antibiotics. They represent one of the biggest threats to
patients in hospital settings.

This of course is a true statement but gives the reader the impression that the
word “biofilm” only refers to the slime produced by the bacteria and not the bacteria
themselves. The slime is only part of the story. Microorganisms such as bacteria
exist in two main phenotypes, namely planktonic, which are free-floating cells, and
biofilms, which are aggregations of cells that have adhered to a surface. Biofilms are
not unique to bacteria. Fungal organisms such as yeast (Candida sp.) are well-
known for forming biofilms. Biofilms can exist in which one species can dominate
the space, known as a monomicrobial biofilm. However, biofilms rarely exist in this
manner in nature; rather, they exist as polymicrobial biofilms. This is when more
than one species of microorganism is well distributed throughout, at times creating
a symbiotic relationship.

Biofilm development is a complex process that can be condensed into five
major steps.

Stage 1—surface adherence: within minutes microorganisms can begin to colonize
a surface.

Stage 2—aggregation: microcolonies form and begin to excrete EPS components,
i.e., slime.

Stage 3—biofilm is formed: the community begins to mature into multilayered
clusters.

Stage 4—three-dimensional growth: maturation advances to include physical path-
ways (water channels) that shuttle nutrients and waste products, and the biofilm
begins to be protected from host defense mechanisms and antibiotics.

Stage 5—critical mass is reached: planktonic cells can escape the community and
colonize other surfaces.

An oxygen gradient can also exist. Organisms such as Staphylococcus aureus
and Pseudomonas aeruginosa are well-known biofilm-forming organisms and are
also known collectively as facultative anaerobes. The ability to shift their physiol-
ogy from that of an aerobic state where oxygen is available to an anaerobic state
where oxygen is less available is advantageous. It is in these regions of limited
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oxygen that you will find cells that have a much lower metabolic rate and live in a
state of dormancy. These cells have been referred to as persisters [9]. This ability is
problematic for antibiotics whose mechanism of action is at the ribosome, for exam-
ple, as the persister cells are not metabolically active; therefore, the drug will have
difficulty gaining access into the bacterial cell through its usual metabolic channel
and is rendered ineffective. This phenomenon of persister cells has explained the
tolerance that biofilms demonstrate to multiple classes of antibiotics that require
getting inside the cell to carry out their mechanism of action. Biofilms have been
found to be 1000 times more tolerant to antibiotics than their planktonic counter-
parts, which may be contributed by persisters [10]. Cell-to-cell communication,
referred to as quorum sensing, also contributes to the pathogenicity of biofilms.
Quorum sensing involves signals known as autoinducers that respond to cell density
and other stresses experienced in the environment, which can contribute to expres-
sion of virulence factors.

Biofilms and Bloodstream Catheters

Of all the medical procedures in the hospital setting, few are more common and
ubiquitous than the insertion of a vascular access device. The establishment of reli-
able venous access is required for nearly every patient in the hospital regardless of
their healthcare needs, and often a device is placed in a patient upon entering the
emergency department whether they need it or not. Consequently, the insertion of
an intravenous (IV) catheter is often the first procedure performed upon entering the
hospital, and removal of an IV catheter is commonly the last.

The peripheral IV is by far the most common vascular access device utilized in
hospitals around the world and is considered indispensable in modern-day medical
practice [8]. These devices consist of a small flexible tube that is inserted into a
peripheral vein for intravenous therapies, such as the administration of medications
and fluids, and are also often used for blood draws. Today, up to 90% of patients
admitted to the hospital receive a peripheral IV, and over 1 billion peripheral IVs are
placed globally each year [11].

For emergent and critically ill patients, obtaining vascular access is a critical and
time-sensitive management step [12]. Prompt vascular access for these patients
allows for rapid laboratory testing and the administration of life-saving therapies.
Often the vascular access needs for these patients exceeds the capability of a small
peripheral IV catheter. For this reason, there are a variety of vascular access devices
that vary in size, utility, and invasiveness to the patient. All of them, however, pose a
risk of infection, due to the fact that they are percutaneous devices. As such, a risk for
contamination exists from the time they are inserted to the moment they are removed.

Although catheter-related blood stream infection (CRBSI) is the subject of
extensive surveillance and research, most of these efforts have been limited to the
study of central venous CRBSI, while CRBSI related to peripheral IVs (PIVs) has
received much less focus. Catheter-related infection is a problem that deserves
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attention no matter the placement or location. Reported rate of infection related to
PIVs is lower than that of central venous catheters (CVCs); however, with more
than 200 million PIVs being placed in the USA each year, the number of infections
related to PIVs is actually greater than that of central lines [8].

CVC insertion has become an indispensable procedure in a variety of situations
throughout the hospital and in home health settings. During the past half century,
the multiple technical and technological achievements leading to the development
of safe, short-term, long-term, or chronic vascular access have had significant
effects in saving or prolonging the lives of countless patients. The many applica-
tions for CVCs include fluid resuscitation, hemodynamic monitoring, parenteral
nutritional support, dialysis, and the administration of chemotherapy or other caus-
tic or harmful medications that can’t be administered peripherally.

Generally, central lines are of two main types. The first is tunneled catheters,
which are implanted surgically by creating a subcutaneous track prior to entering a
central vein, such as the internal jugular, subclavian, or femoral vein for long-term
(weeks to months) access. These types of catheters are designed for chronic use and
the indications of use including therapies such as chemotherapy and hemodialysis.
The second type of central line is a “nontunneled” or acute central line. These cath-
eters are inserted percutaneously, are the most common type of central line, and
account for the majority of central-line-associated bloodstream infections
(CLABSISs) that are reported [13].

Acute central line placements have long been regarded as dangerous procedures
by practitioners, catheter manufacturers, and the FDA [14]. More than three million
CVCs are placed annually. Of those procedures it has been reported that 3-25%
experience complications [15, 16]. Common complications include inadvertent
arterial injury, air embolism, pneumothorax, and CLABSI.

A CLABSI is defined as a laboratory-confirmed bloodstream infection not
related to an infection at another site that develops within 48 hours of central line
placement. Of all the healthcare-associated infections, CLABSIs are the most
costly, accounting for approximately $46,000 per case [13]. CLABSIs lead to pro-
longed hospital stays and increased mortality rates. Nosocomial bloodstream infec-
tions are reported to be the eighth-leading cause of death in the USA [17]. It is
estimated that more than 250,000 cases occur annually in the USA alone, with a
fatality rate of approximately 23.8% [18, 19]. These incidents are costly, deadly, and
largely preventable. The US Department of Health and Human Services’ Action
Plan to Prevent Healthcare-Associated Infections is focusing attention on the need
to dramatically reduce these infections [20, 21].

Starting in 2008, CLABSIs were classified as a “never event,” forcing hospitals
to track and document all incidents. This increased awareness of the issue and made
hospital infection rates public knowledge, increasing their incentive to address this
issue and eliminate CLABSI. This has recently been reinforced by the introduction
of the Affordable Care Act, which has brought about even greater awareness and
monitoring.

The prevention of CLABSI is an extremely challenging and complicated issue.
In 2011 the CDC took this challenge head-on when they published the “CDC
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Guidelines for the Prevention of Intravascular Catheter-Related Infections.” This
document is comprised of 83 pages of evidence-based guidelines and instructions
for the proper care and maintenance of these devices and serves as standard for
healthcare personnel who insert intravascular catheters, those who are responsible
for using and maintaining them, and those who are liable for the surveillance and
control of infections in the hospital (infection preventionists) [22].

Although it is extremely difficult to track and confirm the source of a central line
infection, there are some general perceptions about the most common causes. The
incidence of catheter-related infection is directly influenced by duration of catheter
dwell time in the patient. Longer dwell times result in an increased number of
manipulations at the catheter hub which, in turn, can lead to increased risk of intra-
luminal contamination. As previously mentioned, if an infection develops within
48 hours of catheter placement, it is commonly perceived that this infection was the
result of contamination during the insertion procedure. Central line insertions are
sterile procedures. Much like a surgical procedure, during a central line insertion
patients are draped from head to foot in a sterile barrier. The insertion site is pre-
pared with a surgical antiseptic, typically chlorhexidine gluconate (CHG). The most
common insertion sites include the internal jugular vein, the subclavian vein, a deep
vessel in the upper arm, or the femoral vein. The clinician dons a sterile gown,
mask, cap, and sterile gloves. Similar to other sterile procedures, the opportunity to
introduce contamination is only as good as the sterile technique of the clinician
performing the procedure.

It is commonly understood that within 7-10 days of CVC placement, bacteria on
the surface of the skin can migrate along the surface of the catheter from the catheter
insertion site towards the intravascular space. For nontunneled devices, the absence
of a tunnel places these catheters at higher risk for CLABSIs. Research shows that
CLABSIs that occur beyond 10 days are typically the result of contamination of the
intraluminal portion of the catheter hub, and this is commonly caused by a health-
care provider’s contaminated hands, often due to a breach of standard aseptic pro-
cedure while accessing the catheter. Less common mechanisms of contamination
include hematogenous seeding of bacteria from another source or from a contami-
nated infusate [23, 24].Host factors that increase the risk of CLABSI include chronic
illnesses (hemodialysis, malignancy, gastrointestinal tract disorders, pulmonary
hypertension), immune-compromised states (bone marrow transplant, end-stage
renal disease, diabetes mellitus), malnutrition, total parenteral nutrition (TPN),
extremes of age, loss of skin integrity (burns), prolonged hospitalization before line
insertion, catheter type, catheter location (femoral line has the highest, followed by
internal jugular, then subclavian), conditions of insertion (emergent versus elective,
use of maximal barrier precautions versus limited), catheter site care, and skill of
the catheter inserter. Pseudomonas is commonly seen in association with neutrope-
nia, severe illness, or known prior colonization. Candida is associated with other
risk factors, namely femoral catheterization, TPN, prolonged administration of
broad-spectrum antibiotics, hematologic malignancy, or solid organ or hematopoi-
etic stem cell transplantation. Certain bacteria such as staphylococci, Pseudomonas,
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and Candida produce biofilms, which favor increased virulence, adherence to cath-
eter surfaces, and diffidence to antimicrobial therapy [23].

Antimicrobial Strategies and Catheters

Antimicrobial-coated or impregnated central catheters were first introduced to clini-
cal practice circa 1990 and quickly grew in popularity and clinical use in the acute
setting. The two most common catheter coatings are comprised of either chlorhexi-
dine and silver sulfadiazine, or minocycline and rifampin. For approximately six
decades, chlorhexidine has been used in clinical practice as a skin antiseptic and
disinfectant for a number of sterile procedures [25]. These technologies have
remained unchanged in almost 30 years. Imagine how much technology has changed
since that time. Antimicrobial catheters were introduced 17 years before the first
iPhone. Currently, more than 75% of the acute central lines placed in the United
States utilize these same antiquated coatings. It is challenging to assess the efficacy
of these technologies. Since their introduction, several studies have been published
evaluating their ability to reduce the incidence of CLABSI, many touting extremely
positive results. In an effort to answer this question, McConnell and colleagues
published a paper in 2003 critically analyzing 11 of these studies. They assessed
study methodology, patient characteristics, and the presence of flaws in the studies
and found that many of the studies contained inconsistent definitions of CRBI,
failed to account for confounding variables, contained suboptimal statistical analy-
ses, and lacked clinically relevant endpoints [26]. In the end, the authors concluded
that although the use of impregnated catheters may decrease catheter colonization,
they recommended that more reliable studies should be conducted in order to defini-
tively conclude whether these technologies have the ability to decrease the inci-
dence of catheter-related infection [26]. But whether they have the ability to decrease
the incidence of infection or not, the problem of bloodstream infections is apparent.
Antimicrobial catheter coatings have been in use for almost 30 years—why are we
not doing a better job of preventing this avoidable issue?

But perhaps the question is not whether the idea of coating a catheter with anti-
microbials is a valid one, but what assumptions were made about microbes in the
creation and optimization of the coatings themselves. It has long been assumed by
biofilm academics and enthusiasts that many of the methods established to test anti-
microbial efficacy are based on a number of incorrect and outdated assumptions
about bacteria themselves. From a medical device development standpoint, how can
we do a better job of designing antimicrobial technologies that address the actual
clinical scenario with a more complete understanding of how microbes function? As
mentioned previously in this chapter, perhaps the fault lies with those that first
coined the term biofilm. It leads the reader to believe that the term refers to some-
thing that microbial life creates. In reality, knowledge of biofilm is true knowledge
of how microbes actually behave and what microbes truly are.
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Knowledge is of no value unless we use it for change. Many of us who work in
the medical device field do so because we believe we can make a difference in the
lives of patients by elevating the technologies used to treat those that need it most.
Throughout history, advancements in knowledge have led to advancements in tech-
nology and practice, which in turn have led to vast improvements in clinical care. Is
it possible that a simple conceptual hang-up is preventing us from entering a new
era of medical advancement? Is it possible that by simply viewing the microbial
world through the biofilm lens, we might finally overcome the hurdles that are hold-
ing us back? It is my hope that a more complete understanding of microbial biofilms
will allow us to overcome these hurdles, inspire the creation of new and exciting
medical technologies, and finally guide us into a world where hospital-acquired
infections are a thing of the past.

Disclosure The opinions and assertions included in this chapter are those of the author and do not
reflect BD or affiliates.
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A Biofilm-Based Approach to the Diagnosis
and Management of Postoperative Spine
Infection

Jeremy D. Shaw

Abstract Postoperative spine infections are a devastating surgical complication.
Historical literature reports postoperative infection rates as high as 20%. Improved
surgical techniques and the use of intrawound vancomycin powder have dropped
rates in recent years. Importantly, patients who experience a postoperative spine
infection have a poorer perceived outcome of their surgery even if it is ultimately
successful. In an era of patient-reported outcomes (PROs) driving practice patterns
and an aging population undergoing increasing rates of high complexity spine sur-
gery, infection, often complicated by biofilms, remains a key target for quality
improvement. This article outlines contemporary standard of care practices for the
diagnosis and treatment of postoperative spine infection with an emphasis on
emerging concepts and broadly applicable surgical techniques including methylene
blue staining as a disclosing agent to identify biofilm-burdened regions.

Keywords Spine surgery - Infection - Deep spine infection - Osteomyelitis -
Diskitis - Biofilm

Rate of Postoperative Infection

The rate of postoperative infection remains difficult to determine due to the diverse
and heterogeneous nature of spine procedures; however, the trend is clear that higher
rates occur with increasing complexity, length of surgery, and invasiveness of the
procedure [15, 16]. The use or absence of instrumentation appears to be a driver of
infection with instrumented cases having higher rates of infection. While numbers
vary per report, working numbers with which to counsel patients remain at approxi-
mately 1-2% for uninstrumented cases and approximately 5% for instrumented
fusions based on prospective data [17-19]. Recent pooled average data is approxi-
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mately 1.9% for all spine cases [20]. For thoracolumbar deformity cases, self-
reported Scoliosis Research Society data reports an overall infection rate of 2.1%
while more recent International Spine Study Group (ISSG) reports a 2.4% rate of
deep infection [5, 21]. These numbers, however, must be interpreted with caution
due to inherent bias and systemic underreporting of infection data [22].

Clearly defined modifiable and nonmodifiable risk factors for postoperative
spine infection are well documented. Spinal trauma patients represent a unique
population that have an increased risk for developing postoperative infections. The
elevated infectious risk for this population is primarily attributed to damage to the
soft tissue envelope leading to local tissue hypoxia with subsequent necrosis, edema,
acidosis and hematoma, thus creating the ideal milieu for bacterial proliferation
[23]. Trauma patients also are in a state of systemic paradoxical immunosuppres-
sion from the traumatic event, which is further thought to increase susceptibility to
infection [24]. Comorbid factors such as age, nutritional status, body habitus, and
other medical conditions cannot be controlled for in the same manner as they are in
elective surgery and further compound infectious risk. Consequently, the rate of
postoperative infection in this population is approximately two to three times higher
than nontrauma cases [25-27].

Spinal surgeries for management of tumors are also associated with significantly
higher rates of postoperative infections with those receiving local radiation at par-
ticular risk [28, 29]. It is generally recommended that patients not undergo surgery
within 6-12 weeks of preoperative radiation or receive postoperative radiation
within 3 weeks of surgery in order to allow adequate soft tissue healing [17].

Nonmodifiable risk factors must be evaluated and maximally treated prior to
surgery. These include conditions such as rheumatoid arthritis, human immunodefi-
ciency virus/acquired immunodeficiency syndrome (HIV / AIDS), psychiatric ill-
ness, substance abuse, and corticosteroid use all of which have been linked to
elevated risk of infection. While age is not an independent risk factor for postopera-
tive spine infection, age is correlated with increased medical comorbidity which is
a known risk factor for infection [17, 30].

Modifiable risk factors include smoking, obesity, procedure length, catheter use,
length of hospital stay, and malnutrition. Poorly controlled diabetics are at particu-
lar risk [30]. Anterior procedures and minimally invasive surgery (MIS) procedures
appear to have correspondingly lower rates of postoperative infection in most cases,
likely due to the preserved and robust soft tissue envelope left largely undisturbed
[17,22,31-33]. In aggregate, modifiable and nonmodifiable risk factors are perhaps
best summarized in the emerging concept of patient frailty, which appears positively
correlated with elevated rates of postoperative infection in frail patients [34].

Definition and Diagnosis of Postoperative Spine Infection

Importantly, there are no clearly stated sets of diagnostic criteria which define a
postoperative spine infection. Increased pain, fever, and wound erythema are pres-
ent in less than 30% of cases. The most reliable marker seems to be increased wound
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Fig. 1 Macerated dorsal
spine wound in the early

postoperative period with
increasing drainage

drainage at 10-14 days, which occurs in two-thirds of postoperative spine infection
cases (Fig. 1) [22]. For deep infection, often there is a pain-free period after surgery
for 1 to 2 months and subsequently increasing pain or development of new neuro-
logic symptoms over several weeks. Pain is often out of proportion to what would
otherwise be expected. These findings are often associated with constitutional
symptoms. Superficial wound infections, in contrast, typically present at 1 to
2 weeks postoperatively and are less frequently associated with constitutional
symptoms. Superficial wound infections can most commonly be treated with wound
care and oral antibiotics [17].

If there is concern for deep underlying infection, additional work-up is war-
ranted. Laboratory values are the first line of additional diagnostics in cases of sus-
pected postoperative infection. Initial blood work-up should consist of white blood
cell count (WBC), erythrocyte sedimentation rate (ESR), and C-reactive protein
(CRP). Of commonly assessed laboratory values, CRP has the highest diagnostic
sensitivity for the identification of a postoperative spine infection [35, 36]. It is par-
ticularly useful for the diagnosis of postoperative spine infection as it normalizes
quickly following spine surgery. In uninfected patients it should return to baseline
3—7 days postoperatively [37]. In contrast, ESR may not normalize for 3 to 6 weeks
following an invasive procedure, decreasing diagnostic utility in the early postop-
erative period [38]. Less commonly assessed markers such as procalcitonin, serum
amyloid-A protein, and interleukin-6 (IL-6) have also been evaluated in the litera-
ture for the diagnosis of postoperative infection and have been found to have high
sensitivity and to be superior to CRP in several studies [39-41].

The accurate identification of the infectious organism is a critical step in the treat-
ment of postoperative spine infection. While some authors advocate superficial wound
cultures, these experience high rates of contamination with local skin flora and can
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complicate the diagnostic work-up. If there is a fluid collection, early aspiration, how-
ever, may be beneficial for diagnosis [42]. Computed tomography (CT) or fluoro-
scopic guidance may be used to obtain a fine-needle aspiration or preferably a core
biopsy of the affected area [17]. The most accurate cultures, however, are those
obtained during surgery. Unfortunately, even when intraoperative cultures are obtained
at the time of surgery, they are often negative in patients with established postopera-
tive spine infections. The diagnostic sensitivity of cultures is further worsened since
many patients receive antibiotics prior to obtaining intraoperative cultures [22].

Tissue cultures remain the gold standard for infection diagnosis in spine surgery
[17]. However, other subspecialty domains, particularly arthroplasty, have embraced
novel molecular biology techniques which have proven particularly useful in iden-
tification of culture-negative infections. These techniques can often identify infec-
tion even in presumptively aseptic revision settings. Implant sonication, polymerase
chain reaction (PCR), and next-generation sequencing are available, if underuti-
lized, diagnostic techniques with broad applicability to spine surgery [43—46].

Indeed, the current state of diagnosis for postoperative spine infection is poorly
defined. This lies in contrast to the arthroplasty literature which has defined and
frequently updated consensus-based diagnostic criteria for infection of a prosthetic
joint. The initial definitions for periprosthetic joint infection (PJI) were published in
2011 and have been subsequently updated and validated in 2013 and 2018, respec-
tively [22, 47—-49].

Unfortunately, no similar consensus definition can be applied to the arena of
spinal surgery. However, recently updated guidelines for the diagnosis of peripros-
thetic joint infection provide an excellent starting point to define postoperative or
periprosthetic spine infection. Specifically, patients with a sinus tract communicat-
ing to the hardware or bone or those with two positive cultures of the same organ-
ism can likely be presumed infected. Similarly, those with an intraoperative
constellation of positive histology, purulence, and/or a single positive culture can
likely be presumed infected. These findings, however, do not necessarily help with
the decision of whether or not to return to the operating room to treat a presumed
infection. In that regard, elevated serum CRP, D-dimer, and erythrocyte sedimenta-
tion rate (ESR) may be most helpful and are commonly assessed in the setting of
infection. To the authors knowledge, analysis of local fluid white blood cell count,
leukocyte esterase, alpha-defensin, polymorphonuclear (PMN) cell percentage,
and CRP have not been evaluated in the setting of postoperative spine infection;
however, these markers may provide diagnostic value based on extrapolation of
current arthroplasty literature [48].

Imaging

Plain film radiographs are the first imaging that should be obtained as part of a diag-
nostic work-up for suspected infection. It may take up to 4 weeks for radiographs to
show evidence of infection; however, subtle bony lysis at the bone-prosthetic inter-
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face and implant loosening are early clues. Infectious disk space changes may take
longer to develop and are often challenging to differentiate from degenerative
changes. More substantial bony changes such as osteolysis, end plate destruction,
and deformity typically take 2 months or more. Paravertebral soft tissue swelling is
also a strong indicator of potential abscess, particularly in the retropharyngeal space
or paraspinal musculature [17, 50].

CT provides a more detailed view of bony anatomy and allows for earlier detec-
tion of infection-related bony changes when compared to plain radiographs. When
IV contrast is used, CT can also provide clues to soft tissue collections that are not
identifiable on plain radiographs and can be useful in patients who are not candi-
dates for magnetic resonance imaging (MRI). While nuclear imaging modalities
such as gallium, technetium, and indium bone scan have been demonstrated to have
limited utility, positron emission tomography (PET) and PET-CT have an emerging
role in the diagnosis of postoperative spine infections that may have otherwise
equivocal imaging [17, 51-53].

MRI with and without contrast remains the gold standard used for clinical deci-
sion making in the setting of postoperative spine infection. For the diagnosis of
postoperative spine infection, it is both highly sensitive and highly specific; how-
ever, as with other modalities it can be difficult to distinguish early nonpathologic
postoperative changes from infections [17, 54-56]. Of particular utility may be the
recently described pedicle screw sign which is defined as fluid collection outside the
head of the pedicle screw, which was represented by a high intensity area extending
more than 5 mm outside the lateral edge of the head of the screw in the T2-weighted
axial plane (Fig. 2) [57]. A metal artifact, particularly with stainless steel or cobalt,
can further limit the diagnostic utility of MRI [54-58].

Fig. 2 (a) Parasagittal T2-weighted MRI showing superficial and deep fluid collections. (b) The
pedicle screw sign can be seen with fluid collections extending more than 5 mm outside the lateral
edge of the head of the pedicle screw in the axial plane. This wound should be presumed infected
unless proven otherwise
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Microbiology

Generally, three mechanisms are described for postoperative infections — direct
inoculation during the procedure, contamination during the early postoperative
period, and hematogenous seeding. Of these three, direct inoculation during the
surgery is the most common [17].

Gram-positive cocci are the most common pathogens responsible for acute postop-
erative spine infections. Of these, Staphylococcus aureus causes more than 50% of
infections in some reports with S. epidermidis and p-hemolytic streptococci as the
next most common. Common gram-negative pathogens include Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Enterobacter cloacae, Bacteroides,
and Proteus species. The anatomic location of the wound impacts the likelihood of
gram- negative infection, with lumbosacral incisions having an increased risk of
gram-negative infection due to fecal and urinary contamination. Additionally, in cases
of patients who are immunosuppressed, fungal infection is also a risk [17, 59, 60].

While vancomycin powder has reduced the overall rate of infection following
spine surgery [1-4, 8—14], there is a growing body of evidence that shows the tradi-
tional microbial profile of postoperative spine infections to be changing. Due in
large part to the use of in-wound vancomycin powder and associated killing of
gram-positive organisms, there is significant selection pressure for gram-negative
organisms. Thus, while the overall number of infections is greatly decreased, the
proportion of gram-negative infections has increased [22, 61, 62].

For late spine infections which present a year or more after spine surgery, low viru-
lence organisms such as Cutibacterium acnes (formerly Propionibacterium acnes) are
the most common causative agents. These organisms are postulated to be present in
normal skin flora and contaminate the wound via intraoperative inoculation or pro-
longed drainage and inflammation. Importantly, if C. acnes is suspected as an infec-
tious agent, cultures need to be retained by the microbiology lab for 2 weeks [63-65].

With a delayed onset of presentation, hematogenous spread of infection must
also be considered. These infections are typically due to highly virulent organisms
and often present in patients with systemic illness, intravenous drug use, immuno-
suppression, and sepsis [66].

Most periprosthetic infections, including postoperative spine infections, are
caused by biofilm-forming organisms [67]. Basic science and animal literature sug-
gest that biofilms are established in vivo within hours to days [68—72]. Importantly,
for periprosthetic infections caused by biofilm-forming organisms, there is no lit-
erature to support the antithetical position that there is clinically significant peri-
prosthetic infection without biofilm.

Prevention

The easiest way to manage postoperative spine infection is prevention. Hospital and
medical system factors play a role in the rate of postoperative infection. Preoperative
nasal methicillin-resistant S. aureus (MRSA) colonization is associated with post-
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operative spinal MRSA. Preoperative screening and subsequent decolonization
using topical antibiotics have been shown to reduce the rate of surgical site infection
and are cost-effective [73, 74]. Case order and seasonality also impact the rate of
surgical site infection after spine surgery with cases occurring later in the day hav-
ing higher rates of infection, as well as those during the summer months [75, 76].
When using implants in spine surgery, keeping the instrumentation covered if
opened at the beginning of the case, or not opening until necessary, leads to lower
colonization rates which may lead to lower infection [77].

Decision-Making

Infection prevention starts with good patient selection. Obese patients are consid-
ered at high risk for developing postoperative infections. Specifically, it appears
that the distribution of body mass actually is even more predictive of surgical site
infection (SSI) than absolute body mass index (BMI), with MRI measurements of
skin-to-lamina distance and thickness of subcutaneous adipose layer being signifi-
cant risk factors [78]. Those with an excessively thick layer of subcutaneous fat are
at an elevated risk of postoperative spine infection and should be counselled
accordingly. Surgery should not necessarily be delayed or cancelled, as obese
patients have a treatment effect associated with surgery that is at least equivalent to
nonobese individuals. This is in large part due to inferior outcomes with nonopera-
tive management in obese patients [79]. Additionally, new studies suggest that bar-
iatric surgery before elective posterior lumbar fusion may mitigate risk of medical
complications and postoperative spine infection [80].

While diabetic patients have a higher risk of postoperative spine infection vs
their nondiabetic counterparts, all diabetics are not the same. Insulin-dependent dia-
betic patients have a different risk profile vs noninsulin-dependent diabetics, with
those requiring insulin experiencing both more and more severe perioperative com-
plications, including infection [81]. Similarly, elevated preoperative hemoglobin
Alc (HbAlc) has been linked to an elevated infectious risk, with patients having a
HbA1c >7.0% at an elevated risk [82].

Recent studies have shown that both cervical and lumbar spine surgery within
3-6 months following epidural steroid injection may be associated with an
increased rate of postoperative infection. Thus increasing the time interval between
injection and spine surgery to at least 3 or possibly 6 months may decrease infec-
tion rates [83, 84].

Intraoperative Measures

For preoperative surgical skin antisepsis, spine surgeons continue to use both
iodine- and chlorhexidine-based agents. While a small prospective series examined
both chlorhexidine- and iodine-based agents and found no difference in antiseptic
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properties in the lumbar spine, broader literature suggests the likely superiority of
alcohol-based agents, specifically chlorhexidine-isopropyl alcohol [85-87].

Preoperative weight-based antibiotic prophylaxis within 60 minutes prior to inci-
sion remains the standard of care for spine surgery with demonstrated benefit in
reduction of postoperative infection [88]. Cefazolin is the antibiotic of choice, with
clindamycin and vancomycin as acceptable options if cefazolin is not possible due
to contraindication [87, 89]. There is currently no role for routine use of vancomycin
alone. In patients known to be colonized with MRSA or at risk for MRSA coloniza-
tion such as patients with recent hospitalization, nursing home residents and those
on hemodialysis vancomycin may be used in addition to cefazolin. Dual coverage is
preferred as vancomycin is less effective than cefazolin for preventing surgical site
infections caused by methicillin-sensitive Staphylococcus aureus (MSSA) [89-93].

Antibiotic-containing irrigation has long been used across spine and multiple sur-
gical domains; the literature is mixed on their performance, as well as possible effects
on bone and soft tissue healing as well as if high- or low-pressure systems are pre-
ferred. Use of these agents in in vitro studies demonstrate reduced bacterial counts;
however, there are no significant trials that clearly support the use of antibiotic irriga-
tion in spinal surgery [17]. There is, however, mounting evidence that irrigation with
dilute betadine may be beneficial prior to wound closure [94, 95]. Additionally, beta-
dine appears less toxic than other antimicrobial wound cleansers [96-98].

Application of in-wound antibiotic has been popularized by the marked
reductions achieved in postoperative infection rates across a variety of procedures
in both adult and pediatric populations [6, 7, 99—104]. Antibiotics, most commonly
vancomycin, are placed in the wound prior to closure at the conclusion of the case.
They may also be mixed with the bone graft in the case of fusion type procedures.
Importantly this does not appear to inhibit bony fusion [105]. Tobramycin and gen-
tamicin are also popular options with enhanced gram-negative bacterial coverage
[106—109]. Due to morbidity and cost of postoperative spine infections, the use of
these intraoperative adjuncts has proven highly cost-effective [110]. There are few
known downsides; however, sterile seroma and circulatory collapse have been docu-
mented as case reports [111, 112]. Early concerns about increased topical antibiotic
use causing antibiotic resistance have not born out in the literature. This is postu-
lated to be a result of supratherapeutic levels of antibiotic causing early wound bed
sterilization [113].

In contrast to other purported infection-reducing techniques, use of iodine-
impregnated adhesive drapes does not appear to reduce the rate of surgical site
infection [114]. Similarly, use of closed suction drainage appears to have no effect
on infection rates [115]. Rather, drain use has been linked to increased transfusion
rates [116]. Transfusion rates have been independently associated with increased
rates of postoperative infection [117, 118]. Thus, use of surgical drains should be
judicious.

Perhaps most importantly, attention to detail and basic principles of sterile tech-
nique remains essential. General operating room behavior, which may create numer-
ous opportunities for small violations in sterile technique, has been attributed to
higher rates of surgical site infection. Indeed, current evidence suggests that posi-
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tive intraoperative cultures occur in nearly 1/3 of primary deformity cases [119].
Thus, common sense actions such as appropriate hand washing, frequent glove
changes, covering implants while not in use, and minimizing operating room traffic
all contribute to lower rates of postoperative spine infection [77, 120-122].

Management of Postoperative Spine Infections

Successful treatment of postoperative spine infection requires timely and appropri-
ate diagnosis, as well as coordinated medical and surgical management. The goal of
treatment is eradication of infection which must be accomplished while maintaining
vertebral column stability. The obligate requirement of stability differentiates treat-
ment of postoperative spine infections from other postoperative and implant-
associated infections as implant removal may not be feasible.

The role of biofilm in postoperative spine infections is underappreciated.
Bacterial biofilms pose a major challenge in treating periprosthetic spine infections
as they provide bacteria substantial protection against antimicrobial agents and the
host immune response [123]. Antibiotics are unable to effectively eradicate all phe-
notypes of cells within a biofilm. Specifically, a phenotypic “persister” subset of
biofilm cells are tolerant of antibiotic concentrations many orders of magnitude
greater than would otherwise kill planktonic phenotype. Biofilms are a nidus of
infection as their persisters outlast antibiotic treatments and subsequently reseed
infection [124]. Thus, surgical debridement is essential to the eradication of biofilm-
associated infections. However, knowing which tissue should be removed and
which should remain is highly dependent on a surgeon’s experience [125, 126].

Conventional spine wisdom suggests that all dermal margins that appear infected
should be excised as well as all subcutaneous tissues, including fascia, that are in
contact with infectious or necrotic material. If underlying deep fascial layers appear
intact, some authors advocate limited subcutaneous debridement; however, there is
usually some communication between superficial and deep surgical planes and
missing a deep infection is potentially disastrous [17]. While a viable bone graft
may be retained, any bone graft that is in contact with infection or necrotic tissue
should also be removed (Fig. 3) [17, 64].

At this time, the need for repeated surgical debridement or hardware removal and
exchange is driven by surgeon preference. Some authors recommend a “second-
look™ irrigation and debridement at 48—72 hours after the initial debridement in all
cases; however, this is not the norm in clinical spine practice [17]. To better risk
stratify patients requiring repeated debridement, Dipaola et al. developed a postop-
erative infection treatment score for the spine (PITSS). The general message is that
sick patients with highly virulent polymicrobial or MRSA infections, hardware, and
allograft are at high risk of infectious failure with a single-stage irrigation and
debridement [127]. While novel within the arena of spine surgery, critical analysis
of this article indicates that the authors fail to appreciate the underlying reason for
infectious failure is likely a residual bacterial biofilm.
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Fig. 3 Postoperative
infection with gross
purulence and deep
necrotic muscle

This concept is best explained by examination of literature relating to irrigation
and debridement for acute periprosthetic joint infection (PJI) and the debate about
single- vs two-stage exchange for chronic PJI. In both clinical scenarios, the ability
to eradicate tenacious bacterial biofilms appears essential to reliable eradication of
deep periprosthetic infections [128, 129]. Nonetheless, both in spine and arthro-
plasty, the use of irrigation and debridement to treat infection likely persists because
of the perceived radical option of two-stage exchange to achieve infection control.
While host factors and virility of the organism play a role, the inability of parenteral
antibiotics to eliminate all cell types in the biofilm layers embedded on the implant
and host tissue is thought to be the primary reason for the failure of this treatment
option [128].

Given that residual biofilm on both implant and host tissue is postulated to be
the common mode of failure for management of deep periprosthetic infections, a
technique to reliably identify biofilm in the operative settings holds promise for
reducing the failure rate and consequent morbidity, mortality, and cost. Adequate
debridement, however, is complicated by inability to visualize most biofilms with
the naked eye. To that end, methylene blue has recently shown promise as a biofilm-
disclosing agent in the orthopedic literature in both in vitro and in vivo settings and
may have utility for the treatment of deep spine infections (Fig. 4) [130-133].
Indeed, preliminary data suggests that methylene blue is able to bind and stain
components of S. aureus and P. aeruginosa biofilms on a variety of implant sur-
faces and will not stain most healthy host tissue substrates (Fig. 5).
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Fig. 4 Visual description of methylene blue technique. (a) Dilute methylene blue solution is
instilled in the wound after opening the incision. (b) Residual dye is removed, the wound is irri-
gated, and the remaining blue dye stains infected and necrotic tissue. (¢) Blue tissue is debrided
leaving a healthy appearing wound bed

Fig. 5 Example of P
aeruginosa biofilms on
polyethylene. (a) Biofilms
of P. aeruginosa grown in
a CDC biofilm reactor on a
polyethylene coupon,
stained with methylene
blue and imaged by digital
photography. (b) Scanning
electron microscope
(SEM) image of P.
aeruginosa biofilms on the
polyethylene surface.
Circumferential ridges are
machining marks (yellow
arrow). (¢) High
magnification SEM image
of P. aeruginosa biofilms
on the polyethylene surface
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During the debridement of infections with instrumentation, implants should be
inspected and replaced if there are obvious signs of loosening or failure. However,
removal of infected instrumentation that remains well fixed is highly controversial.
The literature on this topic is conflicted, with some authors reporting successful
eradication of both anterior and posterior infections with retained instrumentation.
However, a recent trend, particularly within the arena of spinal deformity surgery, is
complete removal of all instrumentation independent of fixation or fusion status
because of the difficulty of eliminating infection without removal [134-138].
Indeed, residual biofilm on spine implants is associated with infectious failure and
need for additional surgery. In this regard, there has been a significant shift towards
hardware removal if deep infection is suspected. A recent MRI-based study con-
cluded that once vertebral osteomyelitis or intervertebral abscess was evident in
MRI images, all the hardware should be removed [139]. If hardware is not able to
be removed, long-term antibiotic suppression may be required until fusion is
achieved and implants can be removed.

Adjunctive Surgical Techniques

Surgical techniques in addition to the application of in-wound antibiotic powder
include the placement of antibiotic-containing beads. This can be done either as part
of a single- or multistage surgical debridement strategy. Use of antibiotic-containing
polymethylmethacrylate (PMMA) bone cement or bioabsorbable calcium sulfate
beads is a viable option. These products have prolonged elution characteristics ver-
sus powdered antibiotics alone and may provide longer-term local antibiotic deliv-
ery. These products are most commonly used with vancomycin, tobramycin, and/or
gentamicin as they are heat stable. Other antibiotic options are available and should
be based on preoperative culture data [140-143]. For difficult-to-treat fungal infec-
tions of the spine, amphotericin B and voriconazole are both heat stable and may
also be added to bone cement [144, 145].

Achieving reliable fusion following postoperative spine infection is particularly
challenging. Rates of pseudarthrosis and subsequent hardware failure are elevated.
This may be due in part to the ability of bacteria to impair fusion, colonization of
instrumentation, and impaired vascularity in fusion beds. Consequently, even use of
iliac crest bone graft ICBG), long considered the standard of spinal fusion, cannot
ensure reliable bony fusion. While the initial FDA labeling of recombinant human
bone morphogenetic protein-2 (rhBMP-2, Infuse, Medtronic) listed active infection
as a contraindication, several series have successfully published on the use of BMP
to successfully achieve bony fusion in the setting of difficult-to-treat infection [146—
148]. While more research on this topic is needed, this may be a useful adjunct to
achieve fusion in an inhospitable host environment.

Severe postoperative spinal infections may result in significant soft tissue defects
that require complex wound management. Early involvement of plastic and recon-
structive surgeons is essential in optimizing patient outcome in these settings.
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Plastic surgeons should be involved prior to definitive spine management. Ultimately
these complex wounds may require flap coverage or healing by secondary intention.
In both regards, vacuum-assisted closure (VAC) devices have been used success-
fully. VAC technology is particularly helpful in closing complex wounds, as the
application of negative pressure assists in the development of granulation tissue,
promotes angiogenesis, increases responsiveness to growth factors, and decreases
bacterial levels. Recent literature also suggests that they may safely be placed
directly on the dura even if there is no intervening soft tissue [149—152]. Local,
rotational, and free muscle and tissue flaps may also be used to bring increased
vascularity and adequate soft tissue coverage while protecting instrumentation and
allowing bony fusion [153, 154]. Trapezius muscle flaps have historically been the
gold standard for cervical and thoracic coverage; however, paraspinous muscle flaps
have also gained in popularity [155, 156].

Medical Management

Culture-based parenteral antibiotic therapy remains a mainstay of treatment for
postoperative spine infections. Currently, these are treated with a minimum of
6 weeks and possibly 3 months of intravenous antibiotics, followed by additional
oral antibiotics. Oral regimens often include rifampin, which is thought to be benefi-
cial in the treatment of biofilm-forming organisms [157, 158]. Difficult-to-treat or
recurrent infection may also require longer-term or even lifetime antibiotic suppres-
sion [159]. Postoperative diskitis and epidural abscess are typically treated initially
with antibiotic regimens unless surgery is indicated for neurologic compromise or
recalcitrant progressive infection [17]. As knowledge of biofilm-based peripros-
thetic infections improves, more evolved approaches to antibiotic therapy will likely
become available. Anticipated advances in this arena include both novel agents and
innovative combinations of existing drugs that together have improved ability to
target different bacterial subpopulations in difficult-to-treat biofilm-based infections.

Conclusions

Spine infection rates likely range from 1% to 5% percent based on prospective data.
Recent retrospective data puts aggregate rates for postoperative spine infection at
approximately 2%. Rates vary by procedure and increase with surgical invasive-
ness. Modifiable and nonmodifiable risk factors should be maximally managed
prior to surgery, and attention should be paid to patient frailty. CRP represents the
single best laboratory value to follow in the setting of postoperative spine infection.
MRI with and without gadolinium contrast remains the imaging modality of choice
to supplement plain film radiographs in the diagnosis of infection. Accurate and
timely diagnosis of infectious organism is crucial to long-term infection eradication
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and disease-free survival. Novel molecular biological techniques such as PCR and
next-generation sequencing should be considered in the setting of culture-negative
infection and suspicious aseptic revision surgery. Appropriate antibiotic therapy
remains essential. Surgical debridement remains a mainstay in the treatment of
postoperative spine infections and is essential for eradication of biofilm-associated
infections with or without implant retention.
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Abstract Biofilms underpin the disease etiology of nearly all opportunistic bacterial
infections especially when integumentary barriers are surgically breached and for-
eign materials remain implanted. Endogenous spread from the patient’s own micro-
bial flora is the likely source of most surgical site infections. Biomaterials potentiate
infection by providing a substrate for biofilm formation. The biofilm protects these
pathogens from both host immunity and clinical interventions in a variety of ways.
Biofilm-forming bacteria excrete sticky exopolysaccharides to form cohesive com-
munal aggregates and adhesive attachments to foreign surfaces like devitalized tis-
sues and implanted biomaterials; this strategy deranges phagocytic clearance by host
immune cells. Quiescent phenotypic variants in the biofilm cells are tolerant of anti-
biotic concentrations many orders of magnitude greater than would otherwise kill
planktonic phenotypes, concentrations greatly exceeding toxic thresholds bounding
safe systemic antibiotic concentrations. Biofilms are, thus, a nidus for infection as
tolerant cells can outlast clinical antibiotic courses to subsequently reseed infection.
Much emphasis has been placed on preventing biofilm infections from occurring as
clinical strategies for eradicating established biofilm infections frequently fail.
Biofilm infections usually require extensive surgical intervention to remove implanted
biomaterials and debride affected tissues. These procedures are costly and usually

N. N. Ashton (P<)
George E. Wahlen Department of Veterans Affairs, Salt Lake City, UT, USA

Department of Orthopaedics, University of Utah, Salt Lake City, UT, USA

D. L. Williams
George E. Wahlen Department of Veterans Affairs, Salt Lake City, UT, USA

Department of Orthopaedics, University of Utah, Salt Lake City, UT, USA
Department of Pathology, University of Utah, Salt Lake City, UT, USA
Department of Biomedical Engineering, University of Utah, Salt Lake City, UT, USA

Department of Physical Medicine and Rehabilitation, Uniformed Services University of the
Health Sciences, Bethesda, MD, USA

© Springer Nature Switzerland AG 2019 131
D. L. Williams (ed.), Targeting Biofilms in Translational Research, Device

Development, and Industrial Sectors,

https://doi.org/10.1007/978-3-030-30667-0_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-30667-0_9&domain=pdf

132 N. N. Ashton and D. L. Williams

accompanied by high patient mortality and morbidity. There is a pressing need for
strategies that specifically target the biofilm because clinical measures to prevent
infection still fail in this antibiotic era at great financial and physical expense.

Keywords Targeting biofilms - Translational research - Initial inocula - Antibiotic
- Tolerance - Infection

Sources of Infection

In 1975 the clinicians Krizek and Robson poignantly suggested that “infection is
less likely some process of contagion or bacterial visitation from without than it is
a disturbance in the delicate balance man has established with his bacterial environ-
ment.” Our growing understanding of surgical site infection, now in 2019, still sup-
ports this assertion. Opportunist pathogenic bacteria might arrive at the surgical site
from various exogenous and endogenous origins, including healthcare personnel,
airborne particles, and surgical instruments, from preexisting infection, or from the
patient’s own microbiome; yet now, subsequent to the advances of antiseptic and
aseptic techniques formalized in the nineteenth century, endogenous culprits are
suspected as the primary source of most surgical site infections where the protective
skin barrier has not been traumatically compromised [1, 2]. As evidence, the most
common infectious agents across nearly all procedure types are conspicuously rep-
resented in the local flora of the operation site. Most surgical procedures require
percutaneous access through a dermal incision; in these, opportunistic organisms
from the skin microbiota are the typical culprits if infection does occur. The skin is
predominantly colonized by various species of Staphylococcus, Corynebacterium,
Streptococcus, Pseudomonas, and Cutibacterium [3]. Many of these organisms can
become pathogenic and are, therefore, categorized as opportunistic pathogens [3].

An analysis of 44 infected total knee arthroplasties presents one illustrative
example of otherwise commensal skin bacteria becoming pathogenic; staphylococ-
cal species like S. aureus and S. epidermidis were the most abundant causative
agents at a combined ~43% with lesser contributions from streptococcus and gram-
negative bacilli like Pseudomonas aeruginosa and Proteus mirabilis [4]. The skin
flora is broadly represented in many other orthopedic infection studies in both total
joint arthroplasties and fracture fixation procedures: S. aureus (20-30%); coagulase
negative staphylococcal species, usually S. epidermidis (20-40%); streptococci
(1-10%); gram-negative bacilli, usually Pseudomonas and sometimes enterobacte-
riaceae (6—-17%); and small amounts of Cutibacterium (<5%) [5]. Percutaneous
vascular procedures including coronary intervention and placement of vascular
catheters are similarly prone to infection with bacteria of the skin flora. The most
common reported pathogens in these vascular procedures were S. aureus (40-80%)
followed by P. aeruginosa (16-20%) [6, 7].
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Skin flora varies by anatomical location; these variations alter the pathogen profile
of associated infections. C. acnes (previously Propionibacterium acnes), the most
common causative agent of acne vulgaris, occupies the pilosebaceous follicles, which
are in highest density in skin of the scalp, shoulders, back, upper chest, and face [8,
9]. Indeed, percutaneous procedures performed in these anatomical regions display
much higher ratios of infection with C. acnes than at other percutaneous sites [10].
Follow-up analysis of 1571 primary shoulder prostheses revealed C. acnes as the
most common infectious agent at 38%, surpassing S. aureus [11]. These results mir-
rored an earlier study finding, “The proportion of patients with shoulder infection
who had infection due to P. acnes was significantly greater than the proportion of
patients with lower limb infection who had infection due to P. acnes (9 of 16 patients
vs. 1 of 233 patients; P<.001 ).” [12] An abundance of C. acnes infections was also
observed in breast augmentation procedures where the authors noted,
“Propionibacterium species were the microorganisms most frequently isolated from
breast implants.” [13] Likewise, in a study of 112 retrieved spinal implants, P. acnes
was the most frequently detected microorganism (45%) followed by coagulase-neg-
ative staphylococci (40%) [14].

The unique bacterial flora of nondermal sites are also well-represented in infec-
tion profiles ranging from gynecological to gastrointestinal surgical procedures,
thus further implicating endogenous culprits in most surgical site infections [15]. In
a multicenter cohort study including 610 patients with infection from gastrointesti-
nal resection, 301 had “bowel-derived infections” defined by a causative agent typi-
cal to the bowl flora: gram-negative bacilli, Enterococcus species, or anaerobic
organisms [16]. Likewise, gynecological surgical sites had higher proportions of
infection from the local flora including gram-negative bacilli, enterococci, and
group B streptococci because of surgical incision across the vaginal wall and
perineum [17].

Several authors have suggested that microorganisms can be found at ~90% of
surgical sites upon wound closure; this upper-end estimate is reasonable [18, 19]. In
a prospective of 66 patients undergoing open heart surgery, 47 (71%) had positive
cultures from at least 1 swabbed location prior to closure [20]. Furthermore, sterile
surgical instruments used in procedures in the body cavity were shown to have bio-
burden levels of ~10? per instrument, the contamination mostly attributed to micro-
organisms from the patient [21]. In one study, otherwise sterile pedicle screws were
found in every procedure analyzed (n = 26) to have culturable bacteria after han-
dling for placement by the surgeon [22]. Revised estimates for the number of human
and bacterial cells in the body suggest that bacterial cells are as numerous as human
cells and comprise a total mass of 0.2 kg for a reference person weighing 70 kg [23].
With current surgical approaches, there is a near inevitable spread of commensal
organisms to the surgical site either within the timeframe of the procedure or from
ensuing perioperative endogenous spread. Whether a successive infection does
occur depends on many factors which can shift the balance toward either host
defense mechanisms or the bacterial pathogen.
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This apparent relationship between infection outcomes and the local flora of the
surgery site suggests continued development of antiseptic techniques for eliminat-
ing surgery site microflora might produce more substantial gains in infection pre-
vention compared with the development of aseptic procedures albeit both with
diminishing returns (see chapter “We Begin to Target the Biofilm”). Beyond surgical
scrubs, several products are on the market for preventing endogenous microflora
from migrating to surgical sites and respective implants. Two examples, Biopatch®
and GuardIVa® antimicrobial dressings, are impregnated with the broad-spectrum
antimicrobial chlorhexidine gluconate. These devices are designed to dress and pro-
tect percutaneous catheter access sites. They have been shown effective at decreas-
ing infection and reducing bacterial colonization of catheters [24, 25]. Devices like
these, which target endogenous microflora culprits at the surgical site, will continue
to improve infection outcomes.

uantitative bacterioio an [ uie
Quantitative Bacteriology and the 10° Rul

Quantitative bacteriology has provided indispensable insight into the nature of sur-
gical site infection and the mechanisms of its progression [26]. Possibly the first
examples of clinically applied quantitative bacteriology were the use of cultures
taken by French surgeons in WWTI to find the bioburden in wounds older than 15 h;
these cultures were then used to determine treatment course and closure time for
the respective wounds [26-28]. By the mid-1900s, quantitative bacteriology was
used experimentally to create and analyze wounds in animals; this enabled a more
precise study of infection progression. Among other goals, these early researchers
worked to find the minimum infectious doses of common pathogens across multi-
ple tissue types. They used these newly developed animal models to study inter-
ventions at various stages of infection development. Minimum infectious doses
vary significantly across bacterial species starting as low as 10" CFUs for the most
pathogenic organisms like Yersinia pestis, Giardia lamblia, and Shigella [29-31].
At the other extreme are organisms considered both commensal and opportunistic
pathogens as they are part of the natural human microbiota and also predominate
in infected surgery sites and traumatic wounds. These display minimum infectious
doses exceeding 10° CFUs including opportunistic organisms from Staphylococcus,
Streptococcus, Pseudomonas, and Cutibacterium, among others [26, 32].

Most of this early animal work focused on the opportunistic pathogens typical of
wound infections [32, 33]. Their techniques were ultimately applied to the skin of
human volunteers, finding the minimum average pus-forming dose of ~7.5 x 10°
cocci for staphylococcal organisms. This was one of the first in a series of quantita-
tive observations in human tissues to associating a bioburden greater than 10° CFUs/
ml or CFUs/g of tissue with infection. That same year in 1956, the analysis of urine
from 74 patients “in whom the diagnosis of pyelonephritis (kidney infection) was
made or suspected, 95 per cent were found to have more than 100,000 (10°) bacteria
per ml.” [34, 35] In a study of 93 delayed primary wound closures, the authors
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observed a “quantitative relationship between bacterial contamination and clinical
infection,” noting a 96% successful closure rate if the bioburden was less than 103
CFU per g of tissue [36]. Results of these first wound-healing experiments mirrored
those of an earlier rabbit study which showed skin grafts to fail if inoculated with
streptococci, staphylococci, or P. aeruginosa at concentrations above 10.4 x 10°
CFU/ml [37]. The significance of bioburdens in excess of 10° CFU/gram of tissue
in infection outcomes has been subsequently observed in numerous animal and
human studies; the clinical importance of the 10° CFUs/ml threshold of infection
has been deemed “the 10° guideline” or “10° rule.” [26, 38] Whether applicable or
not, the 10° rule now pervades clinical laboratory protocols for testing antimicrobial
compounds and, more generally, for testing antiinfection technologies, coatings,
and devices.

The Exception to the 10° Rule

A prescient exception to the 10° rule was reported in 1957 by Elek and Conen. They
showed that the implantation of one of the few widely used biomaterials of the day,
a single silk suture, in the arm of a human volunteer would decrease the minimum
pus-forming dose of S. pyogenes by 10~ from 10° to 10? [39]. The authors com-
mented, “The presence of a foreign body reaction in the form of sutures however
resulted in a dramatic reduction of the minimum inoculum required to produce pus.”
[39] Aspects of this experiment were repeated in 1961 in the skin of mice where it
was similarly observed that most mice would develop abscesses if an inoculum of
10° staphylococci was introduced on sutures; yet abscess formation occurred in a
large portion of animals with lower inoculum of just 10-100 cocci [40]. The motiva-
tion for this study was, in-part, from common contemporary clinical observations
that “Wound infection often begins about sutures with the formation of stitch
abscesses.” [40] The results of these early quantitative bacteriology studies would
have been, in principle, unsurprising at the time as there was popular sentiment that
foreign bodies worsen infection, and wound debridement was commonly employed
as an antiinfection measure. As early as 1564, the French surgeon Ambroise Paré
refuted the commonplace misconception of the time that gunshot wounds were poi-
sons by showing the removal of the bullet, proper debridement, and antiseptic treat-
ment could prevent infection. The remarkable aspect of the aforementioned
quantitative bacteriology studies was the sheer extent to which the foreign suture
material was shown to potentiate infection from even very low-level inocula.
These early observations of artificial materials as foci of infection serendipi-
tously coincide with the development of numerous prostheses of artificial biomate-
rials which are now commonplace in clinical medicine [41]. For example,
experimental vascular grafts sewn from silk handkerchiefs, parachute nylon,
Terylene (polyester fabric), and Orlon (acrylic fabric) were first implanted in
humans starting in 1952. The first two artificial heart valves with components of
silicone, polycarbonate, and nylon were inserted in humans in 1953 and 1963. The
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first successful metal prosthetic hip joint was developed around 1958, preceding the
first total knee prostheses by over a decade (1968—1972). In this period implanted
biomaterials were required for other new medical technologies: intraocular lenses
(1949), fully implantable pacemakers (1959), and the artificial kidney (1960),
among others [41]. These events marked the start of a precipitous rise in clinically
implanted biomaterials. These first observations of suture biomaterials potentiating
infection in humans and animals (1957-1961) foreshadowed the most problematic
and costly types of infection observed in the clinic today; contemporary clinical
medicine now strongly relies on implanted biomaterials, more than ever, to save and
improve the quality of human life. These difficult-to-treat infections are now com-
monly known as device-related infections and constitute the greatest burden to the
healthcare system of all other infection types combined.

Biofilms Potentiate Infection

An understanding for how biomaterials potentiate infection was formalized by
Costerton and colleagues from observations made in the 1970s [42]. They recog-
nized that most bacteria, including opportunistic pathogens, preferentially dwell in
sessile communities by excreting sticky extracellular polymeric substances (EPS) to
form cohesive aggregates and adhesive attachments to implant biomaterials and
devitalized tissues (e.g., sequestrum and necrotic soft tissue). These matrix-
embedded communities are now commonly called bacterial biofilms. The hydrated
EPS matrix encompassing the biofilm community comprises species-specific
hydrophilic polymers, usually acidic polysaccharides, proteins, glyocproteins, gly-
colipids, and DNA. Synthesis of the EPS matrix is metabolically expensive yet pro-
vides a survival advantage across the varied bacterial niches of diverse organisms:
from environmental bacteria in the soil and waterways to the common clinically
relevant infectious opportunistic pathogens.

The biofilm strategy protects constituent bacteria from predation and attack by
phagocytes; these are single-celled or multinucleated eukaryotes: protozoa, such as
amoebas, in environmental systems or motile leucocytes, such as neutrophils, mac-
rophages, or foreign-body giant cells in human tissues. Neutrophils are the most
predominant polymorphonuclear leukocytes in the human tissues (~70%) and serve
as the first line of defense against invading infectious bacteria [43, 44]. Although
many pathogenic bacteria have developed a range of complex species-specific
chemical signals and toxins to evade phagocytosis and clearance by host leucocytes
[44, 45], the biofilm strategy broadly enables all biofilm-forming pathogens to
evade phagocytic clearance through mechanical means. Biofilms can shroud con-
stituent bacteria from opsonizing antibodies [46]. Leukocyte movement and chemo-
taxis might also be impaired in the viscous biofilm EPS matrix [47], an observation
extrapolated from experiments showing impaired mobility of neutrophils in mucus
and collagen gels [48-50]. Benchtop experiments showed that the EPS of mature
P. aeruginosa biofilms reduced the chemotactic migration of neutrophils; the
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authors concluded that in the presences of biofilms, neutrophils “...lose their capac-
ity to sense the direction and just slide over the EPS in a disoriented manner.” [51]
Biofilms mechanically frustrate engulfment by host phagocytes, which are unable
to gain access to individual bacterium embedded in the EPS matrix [47, 52].
Neutrophils cannot engulf particles much larger than their own diameter (10-12 pm)
as has been shown through experimentation with antibody-coated synthetic beads
[53]. A representative 48 h in vitro staphylococcal biofilm is shown on implant tita-
nium in Fig. 1. Biofilm growth studies with representative strains of pathogenic
S. aureus and S. epidermidis have shown these organisms can rapidly colonize
implant materials in only a few hours [54] and within just 4 h, nascent biofilm
aggregates begin to frustrate neutrophil phagocytosis [54]. The biofilm, thus, affords
indiscriminate protection from host clearance mechanisms even if the offending
bacteria have not acquired other virulence factors.

Antibiotic Tolerance of Bacterial Biofilms

Antimicrobial compounds have antagonized microorganisms long before the indus-
trial scale production and clinical use of antibiotics and antiseptics by humans. Most
clinical antibiotics were either identified from natural sources (e.g., other microor-
ganisms and fungi) or inspired from the structures of natural compounds [55].
Microorganisms have been locked in a perpetual cycle of ecological one-upmanship
evolving a preponderance of sophisticated compounds to prevent the proliferation
of competitors. The word antibiotic was contrived by Nobel Laureate Selman
Waksman in 1941 to describe precisely this concept: “An antibiotic is a chemical
substance, produced by micro-organisms, which has the capacity to inhibit the

Fig. 1 Scanning electron
micrograph of a S. aureus
ATCC 6538 biofilm grown
in a CDC biofilm reactor
for 48 h on medical grade
titanium implant material
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growth of and even to destroy bacteria and other micro-organisms.” [55] Hijacking
these sophisticated molecules to disrupt bacterial biosynthesis and metabolism of
infectious pathogens now constitutes one of the greatest medical innovations of the
twentieth century. Yet the biofilm mode of growth enables constituent bacteria to
indiscriminately survive the highest clinical doses of antibiotic compounds even in
strains that lack specific resistance genes. This survival mechanism is likely, in part,
the result of selective evolutionary pressures, imparted microbe-against-microbe,
through eons of biochemical warfare. The broad tolerance to antimicrobials
observed in bacteria living in biofilm communities is primarily the consequence of
phenotypic changes rather than the genotypic variation underpinning the antibiotic
resistance epidemic; although in early biofilm literature, the terms antibiotic toler-
ance and antibiotic resistance were used interchangeably.

As an illustrative example, antibiotic kill profiles performed in our laboratory
against methicillin-resistant S. aureus biofilms are shown in Fig. 2a and compared
with the minimum inhibitory concentrations (MIC) against the planktonic pheno-
type in Fig. 2b. The biofilms exhibited strong recalcitrance to the clinical antibiotics
gentamicin and vancomycin, which were unable to eradicate the biofilm at concen-
trations exceeding 500x the effective concentrations in planktonic phenotypes,
although the upper margins of this experiment were not explored, and follow-on
work is needed to compare equivalent starting concentrations of bacteria (MIC anal-
yses begin with 10° CFU/ml; biofilm analyses often begin with 10® or more CFU/
ml). The estimates in the literature for antibiotic tolerance in biofilms vary greatly
ranging from 10-10,000x the effective concentrations against planktonic pheno-
types. Unpublished antibiotic kill profiles against S. aureus ATCC 6538 were per-
formed in our laboratory exploring the upper antibiotic tolerance limits of lab-grown
biofilms. In these tests, vancomycin was ultimately pushed to its solubility limit in
the test medium (64 mg/ml). At this inordinate concentration vancomycin produced
less than 0.5 log;, reduction against a biofilm comprising >9 billion CFUs on both
faces of a 0.5 in. coupon. Similarly, at 64 mg/ml gentamicin performed only slightly
better with an approximate 3 log;, reduction (Fig. 2). Vancomycin and gentamicin
were investigated as representative clinical standards because they are extensively
used for staphylococcal infections of traumatic skin and orthopedic wounds and
display clinically acceptable low MIC values against the S. aureus strains used.
Both clinical antibiotics failed to eradicate S. aureus biofilms even at inordinate
concentrations, over 60,000x the MIC, 6,000x the nephrotoxic and ototoxic thresh-
olds, and 25-50x the cytotoxic limit.

The recalcitrance of biofilms to antibiotic and antimicrobial treatment was rec-
ognized early in the seminal work on biofilms [56, 57]. Costerton and colleagues
suggested two possible mechanisms of biofilm tolerance to antibiotics: the first, “the
limitation of [antibiotic] diffusion by the polyanionic matrix layer” and the second,
“phenotypic adaptations to biofilm growth that alter the metabolic targets of these
antibacterial agents.” Overwhelming evidence now points to the latter hypothesis as
the primary reason for antibiotic tolerance observed in biofilms. The growth of bio-
film cells is constrained, in principle, by the same diffusion limitations of human
cells, which are typically no more than 50 pm away from the nearest capillary, the
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Fig. 2 (a) Antimicrobial efficacy of antibiotic solutions containing vancomycin (blue), gentami-
cin (green), and the experimental antibiotic CZ-01127 (red) against established biofilms of a clini-
cal MRSA isolate grown in a CDC biofilm reactor. Baseline growth (black line) was determined
for comparison. Error bars and gray-shaded region represent the standard deviation (n = 5 repeats
each). (b) A table showing the MIC of CZ-01127 for comparison with those of vancomycin, gen-
tamicin, and chlorhexidine gluconate (CHG) against the same MRSA isolate as in panel (a). The
minimum passing values for a cytotoxic MEM elution assay are shown in the second column.
These data are adapted with permission from Ashton et al. [65]

approximate width of a human hair. Biofilms do not have the sophisticated active
circulatory systems of human tissues yet have been observed in some instances to
develop reticulated channels and plumes enabling convective nutrient exchange.
The biofilm relies on passive Fickian diffusion for delivery of oxygen and nutrients
from the biofilm surface to the bacteria within [58]. In this simple system, diffusion
time () is proportional to the square of diffusion distance (x) by Eq. 1, where D is
the diffusion coefficient of oxygen or nutrients:

te— )



140 N. N. Ashton and D. L. Williams

From Eq. 1, as a biofilm thickens, oxygen and nutrients rapidly become diffusion
limited within the core, which by necessity becomes metabolically quiescent.
Oxygen concentration profiles in P. aeruginosa biofilms tested in air (20.95% oxy-
gen) and 100% oxygen were shown experimentally to approach zero at depths of
just 50 and 100 pum, respectively. Oxygen tensions in healthy human tissues are
much lower from 1% to 11% and in the surgical site can dive even lower as compro-
mised vasculature and infection will both intensify tissue hypoxia. Heterogeneous
growth and phenotypic expression in biofilms is, in large part, due to the diffusion
limitations of nutrients and oxygen into the interior of the biofilm. The outer meta-
bolically active cells rapidly screen available nutrients leaving the internal cells in
an anoxic metabolically quiescent state by necessity; it is these cells which primar-
ily account for the antibiotic tolerance observed in biofilms. It is difficult to “gum
up” the metaphorical cogs of bacterial cellular machinery with antibiotic com-
pounds if the target cellular machinery is not turning. As discussed above, the most
common infectious biofilm-forming pathogens implicated in device-related infec-
tions are conspicuously facultative anaerobes capable of both aerobic and anaerobic
metabolism: S. aureus, S. epidermidis, P. aeruginosa, C. acnes, E. coli, and
Streptococcus sp. Microorganisms are particularly bad at conserving genes which
are not routinely utilized [59]. It is the authors’ belief that the ubiquitous conserva-
tion of the cellular machinery required for anaerobic metabolism is owed to the
biofilm mode of growth which predominates in natural ecosystems over plank-
tonic modes.

There is an apparent relationship between the amount of anoxic nutrient-limited
zones within a biofilm and the biofilm’s tolerance to antibiotics. A thorough meta-
analysis of literature data was performed to understand the factors associated with
biofilm tolerance to biocides and antibiotics [60]. Numerous factors were investi-
gated for their effect on antibiotic tolerance: molecular weight of the antimicrobial
compound, substrate material on which the biofilm was grown, biofilm areal cell
density, and biofilm age. If poor antibiotic penetration into the biofilm were the
primary mechanism of antibiotic tolerance in biofilms, one would expect the
molecular weight or diffusion coefficient of the antibiotic compound correlated
with antibiotic tolerance; yet antibiotic tolerance in biofilms only correlated with
areal cell density and age of the biofilm; in other words, larger and/or older mature
biofilms can tolerate higher concentrations of antibiotics [61]. We observe evi-
dence pointing in the same direction in our tests (like that shown in Fig. 2). A pla-
teau is observed beyond a certain concentration for clinical antibiotics like
vancomycin, gentamicin, and nafcillin, where additional increases, even up to the
solubility limit of some antibiotics, have no additional consequence on viable bac-
teria numbers in the treated biofilm. This suggests a saturation effect where a popu-
lation of cells express “phenotypic adaptations to biofilm growth that alter the
metabolic targets of these antibacterial agents” as proposed by Costerton and col-
leagues years ago [56, 62].
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Failures of Relying Exclusively on Planktonic Bacteria
for Testing Antibiotics

Convention has it that on Friday September 28, 1928, Alexander Fleming began the
discovery of the antibiotic penicillin by an astute observation after a blue-green
sporulating mold contaminated one of his culture plates producing a zone of inhibi-
tion where the bacterial culture could not grow [63]. The exclusion criteria used in
this groundbreaking observation was antagonized replication. After isolating the
growth-inhibiting agent, penicillin, Fleming proceeded to refine a laboratory test to
better quantify the degree to which this new compound might prevent replication of
a given microorganism. He explained, “The inhibitory power can be accurately
titrated by making serial dilutions of penicillin in fresh nutrient broth, and then
implanting all the tubes with the same volume of bacterial suspension and incubat-
ing them. The inhibition can then readily be seen by noting the opacity of the broth.”
[64] This technique was further refined, in practice, giving rise to the minimum
inhibitory concentration assay (MIC) which is unchanged in principle from
Fleming’s assay. Thus, the MIC is simply a measure of how effective a given com-
pound is at preventing replication of a 10> CFU/ml planktonic culture. The 10° CFU/
ml constraint was added because of the 10° CFU/ml guideline which is an approxi-
mate minimum infectious dose of bacteria for tissues that do not hold implanted
biomaterials (see the preceding sections of this chapter) [38].

The minimum bactericidal concentration (MBC) is determined from the same
dilution series as the MIC assay by transferring dilutions to agar plates to identify
the antibiotic concentration at which the initial inoculum is decreased by over
1073, The MBC value does not usually exceed several dilutions below the MIC
which it closely parallels, and the MBC values do not correspond in magnitude
with much elevated concentrations required to kill biofilms of the same isolate.
Standards for the MIC and MBC assays are managed by the Clinical & Laboratory
Standards Institute (CLSI). The MIC and MBC assays, as outlined by the CLSI
guidelines, are considered gold standard for antibiotic screening; adherence to
these tests is required by the Food and Drug Administration, which regulates anti-
biotics for clinical use. As such, researchers and drug manufactures use the MIC
and to a lesser extent MBC as the exclusion criteria for antibiotic candidates for
clinical use. There are no regulatory guidelines or clinical standards which require
the use of biofilms for testing potential clinical compounds despite their role in
infectious disease.

Conventional microbiology remains fixated on the actively dividing planktonic
phenotype, completely ignoring the biofilm and its central role in the most devastat-
ing, debilitating, and costly infections observed in healthcare today. Bacteria in bio-
films display antibiotic tolerance many orders of magnitude higher than the MIC
and MBC values; this has already been discussed in detail above. Furthermore, the
MIC values do not always predict the relative order of efficacy observed in analo-
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gous benchtop tests using biofilms. For example, Fig. 2 compares the antibiotic kill
profiles and MICs for two clinical gold-standard antibiotics, vancomycin and
gentamicin, against an experimental compound designated CZ-01127 produced by
Curza Global, LLC (Salt Lake City, UT). CZ-01127 is a first-in-class tri-
alkylnorspermidine-biaryl antibiotic [65]. All three of the antibiotics shown in
Fig. 2 have an MIC of | pg/ml against the S. aureus ATCC 6538 isolate; yet each
antibiotic has marked differences when tested against biofilms of the same isolate.
For example, at 500 pg/ml vancomycin was no different from biofilm controls, yet
CZ-01127 reduced the bacterial numbers in the biofilm to below the detection
threshold of the experiment [65]. Undoubtedly, useful antibiofilm compounds have
been overlooked in laboratory notebooks and drug libraries of companies and aca-
demic researchers throughout the years of devout fixation on planktonic phenotypes
as the gold standard for antibiotic screening.

Corresponding clinical evidence supports the use of biofilms for testing antibi-
otic compounds. People with cystic fibrosis (CF) are prone to pulmonary exacerba-
tions characterized by P. aeruginosa biofilm lung infections. In 2003, a study was
conducted to determine the relationship between the MICs of P. aeruginosa isolates
collected from the biofilms in the sputum of 262 patients with cystic fibrosis and the
patients’ response to parenteral antibiotics. The authors summarized this study:
“When treatment outcomes were plotted against tobramycin or ceftazimide MICs of
patients’ least susceptible or most predominant P. aeruginosa isolates, there was no
obvious correlation between the isolate antibiotic susceptibility and the patient
response.” [66] A subsequent retrospective analysis in 2008 on 110 patients who
received antibiotics for exacerbations compared their treatment outcomes to the sus-
ceptibility of the cultured isolate based on both the MIC and outcomes and assays
from the Calgary Biofilm Device. The authors concluded that, “Patients in this study
who were treated with antibiotics that inhibited biofilm growth of at least one spu-
tum isolate showed significant improvement in sputum bacterial density and length
of hospital stay.” [67] Researchers looking to repurpose the anticancer drug cispla-
tin for treating P. aeruginosa infections found, “The MIC of cisplatin and tobramy-
cin against planktonic P. aeruginosa cells were 6.25 pM and 2.65 pM, respectively.
However, tobramycin could not kill the biofilm cells at 2 x MIC...while cisplatin
was able to kill substantial amount of biofilm cells with nearly 100 times reduction
of P. aeruginosa biofilm cells.” They tested cisplatin in a murine model of corneal
infection, finding that, “Cisplatin showed efficient killing capacity on P. aeruginosa
cells from infected mouse corneas and . . . a significant reduction in the bacterial
loads from cisplatin treated corneas as compared to control corneas.” [68] Taken
together these studies motivate the need for adopting biofilms in antimicrobial test-
ing protocols, not to supplant the MIC and MBC assays, but to supplement these
invaluable gold-standard tests.
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Preventing Biofilm Infection

Even in the most aseptic procedures, there is an almost certainty that microbes will
gain access to the surgical site (see discussed above). This motivates prophylactic
strategies for preventing opportunistic bacteria from progressing toward advanced
implant-related biofilm infection. Preventing infectious bacteria from colonizing
biomaterials is by necessity the focus of clinical efforts because simple methods for
clearing established biofilms are limited at best. These infections frequently require
costly surgical intervention, removal or replacement of implants, extensive debride-
ment, delayed wound closure, and long courses of clinical antibiotics; they are asso-
ciated with great cost both financially to the healthcare system and physically to
patients in terms of high morbidity (e.g., amputations and loss of function) and high
mortality rates. The first several hours after tissue inoculation, either through trau-
matic wounding or during a surgical procedure, are critical for infection
prophylaxis.

Clinicians and researchers realized early in the development of many of the first-
line antibiotics that antimicrobial chemotherapy does not always control infection,
even if the isolates are deemed susceptible through laboratory screening techniques
and biomaterials are not introduced in the site [69]. Quantitative bacteriology stud-
ies on animals with experimental lesions from the mid-1900s elucidate the process
of infection progression in mammalian tissues [69—71]. Within the first 4 h of inocu-
lation with planktonic bacteria above the minimum infectious dose, the host defenses
eliminate most of the bioburden, decreasing it by ~10° of the initial inoculate; ensu-
ing local infection is determined by the small number of bacteria surviving the early
offensive by host defenses. The mechanisms underlying the initial kill and subse-
quent rebound of bacterial numbers is not completely understood but is likely an
interplay of several factors. Contaminants might arrive at the site in a metabolically
less active lag phase of growth; progression into a log-phase mode of growth might
account for the observed rebound. Furthermore, the bacteria surviving the initial
onslaught of host defenses might form biofilm aggregates, effectively shrouding
themselves from host defenses thereby creating a nidus for subsequent infection.
Indeed biofilms have been documented to form in the absence of biomaterials and
are proven in several types of infection [72, 73].

Administration of systemic antibiotics is most effective when used in the periop-
erative timeframe preceding the rapid rebound of bacterial numbers (1-6 h). The
authors who first described this phenomenon in 1961 concluded, “There is a definite
short period when the developing staphylococcal dermal or incisional infection may
be suppressed by antibiotics. This effective period begins the moment bacteria gain
access to the tissue and is over in 3 hours. Systemic antibiotics have no effect on the
primary staphylococcal infections if the bacteria creating the infection have been in
the tissue longer than 3 hours before the antibiotics are given. Antibiotics cause
maximum suppression of infection if given before bacteria gain access to tissues.”
[69] The emerging antibiotic recalcitrance of these rebounding bacteria to com-
pounds to which they were previously susceptible just hours before indeed suggests
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phenotypic changes like those observed in antibiotic-tolerant biofilms. This early
timeframe of antibiotic efficacy was first called “the effective period of preventive
antibiotic action” but now is more simply “the decisive period.” This work forms the
basis for current clinical guidelines directing the use of prophylactic systemic anti-
biotics for surgical procedures. The importance of the decisive period was affirmed
by a large clinical study following the infection outcomes of 1708 patients who
received prophylactic antibiotics; the study authors concluded that, “The lowest rate
of surgical-wound infection occurred in the patients who received antibiotics from
0 to 2 hours before surgery. The trend toward higher rates of infection with each
successive hour that antibiotic administration was delayed after the surgical incision
was significant.” [74]

On this theoretical basis, several noteworthy technologies, providing brief local
antibiotic fields around the implant within the decisive period, have gained clinical
acceptance. In a simplistic approach surgeons have resorted to the off-label use of
vancomycin or tobramycin by peppering surgical sites and implants with pure anti-
biotic powders for prophylaxis. Antibiotic concentrations in local tissues are short-
lived yet peak concentrations coincide strongly with the decisive period as shown in
the blue trace in Fig. 3 displaying the concentration profile of vancomycin from
aspirates of the joint capsule of a total knee arthroplasty treated with intraoperative
antibiotic powder [75]. These approaches have been shown in multiple studies to
decrease the risk of orthopedic surgical site infection especially in spinal procedures
[76, 77]. The authors of a large meta-analysis on the topic concluded that “local
administration of vancomycin powder appears to be associated with significantly
lower risk of SSIs [surgical site infections], deep incisional SSIs, and S. aureus
SSIs.” [76] In amore sophisticated approach, the pacemaker manufacturer Medtronic
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produced an absorbable pacemaker envelope loaded with minocycline and rifampin
to prevent postimplantation biofilm colonization. Multiple independent studies have
shown this device to both decrease infection rates and remain cost-effective [78,
79]. Unfortunately, despite the effectiveness of this technology, it would be near
impossible to get similar products to market using the same regulatory strategy
because of changes in the current FDA regulatory climate. This is unfortunate for
the many patients who suffer debilitating and even lethal infections, which could
otherwise be prevented.

Strategies for Treating Chronic Biofilm Infections

Established infections on the other hand might benefit from very high, sustained
local doses of antimicrobials, concentrations which cannot be safely achieved sys-
temically due to toxicity of the most susceptible tissues (hepato-, nefro-, oto-
toxicity, etc.). Several off-label local-delivery approaches have gained clinical
acceptance yet remain limited in practice. Bone cements are routinely loaded with
antibiotics, formed into small beads, and packed within a surgical site. Antibiotic
beads can be made from both polymethylmethacrylate (PMMA) or calcium sulfate
(CaS0,) cements. PMMA curing is exothermic, limiting application to heat-stable
antibiotics. Tight and rapid polymerization results in antibiotic entrapment; only
3—7% of antibiotic is ever released, and peak concentrations are low (5-25 pg/ml);
this might be an effective prophylactic strategy yet remains ineffective at resolving
biofilm-related infections of orthopedic implants or devitalized bone as occurs in
osteomyelitis [80, 81]. CaSO, cements accommodate heat-sensitive antibiotics, are
biodegradable, and completely release the antibiotic payload. CaS0, beads can
achieve local antibiotic concentrations of ~10,000 pg/ml, 10,000x the MIC, and
have shown to be an effective adjuvant to standard surgical debridement to resolve
device-related infections and osteomyelitis [82]. Yet dissolution of CaSQO, causes
drainage at the implant site and increases risk of heterotopic ossification [83].
Antibiotic CaS0, beads have shown efficacy against planktonic bacteria but limited
impact against biofilms [83-85]. Numerous experimental technologies for local
administration of antibiotics have been discussed, prototyped, and tested. Most of
these technologies comprise preloaded, nonrefillable, polymer-based delivery sys-
tems: antimicrobial coatings, hydrogels, sponges, and degradable plastics.

The most critical limitation of these off-label and experimental approaches is
their inability to sustain high antibiotic concentrations at the surgical site. These
systems use a rapidly depleted internal antibiotic reservoir; the diffusive driving
force and drug release swiftly diminish as the internal reservoir of antibiotic is
depleted. For example, with CaS0, beads, antibiotic concentrations in tissues can
diminish by over 90% within just 5 days [86]; the antibiotic concentrations of
loaded chitosan hydrogels for orthopedic applications diminished over 99.9%
within one day (Fig. 3), [87] and even sophisticated hydrogels, like those with
which we have experience [88], show rapidly diminishing postimplantation release



146 N. N. Ashton and D. L. Williams

profiles. Nonrefillable sustained release systems are further constrained by the poor
stability of many clinically relevant antibiotics in hydrated environments at body
temperature. Penicillins, cephalosporins, carbapenems, quinolones, and some gly-
copeptides rapidly degrade at 37 °C in DI-H,O, decreasing by as much as 50%
within 7 days [89]. These degradation rates are further affected by host enzymes
when moved from ideal DI-H,O conditions to the tissues of the body. The
local-releasing technologies discussed are not obsolete but may be relegated to pro-
phylactic applications as discussed in the preceding section, applications which
require strong burst kinetics within the decisive period of the perioperative window.
There is an evident need for medical devices which can sustain high antibiotic con-
centrations at the implant site. This will inevitably come with the challenges of
managing a cumbersome regulatory system, which is not amenable to combination
products lacking clear predicate devices.

Planktonic Inocula in Animal Models of Infection

There is currently no viable replacement to study infection processes or determine
infectious doses than animal models of infection. There, likewise, has never been a
greater need for relevant models of infection as infectious diseases are more com-
mon and concerning than ever. Malaria and tuberculosis continue to debilitate mil-
lions across the globe each year. Lyme disease is steadily climbing in the USA over
the past two decades. And as medical device usage becomes commonplace in medi-
cal practice throughout the world, the risk of biofilm device-related infection grows
in tandem.

In vitro susceptibility assays primarily hinge on outcome measures related to
planktonic bacteria. So it is with animal models of infection; infectious processes
are primarily based on outcome measures following inoculation with planktonic
bacteria. Bacterial cultures are typically grown in broth media or on agar surfaces,
adjusted to a specific concentration and inoculated (typically in log phase growth)
into excision wounds, surgical sites, ocular regions, peritoneal spaces, intramuscu-
lar tissues, or joint capsules among other anatomical locations. In orthopedic or
other device applications, bacteria are typically inoculated on or near the material of
interest. The common denominator between all of these methods is the use of sus-
pended, free-floating, planktonic bacteria that are in a highly metabolically
active state.

Inoculation with planktonic bacteria typically leads to acute infection. These can
quickly become raging and require euthanasia of an animal within days following
inoculation/surgery [90]. With lower doses, i.e., when less bacteria are inoculated
initially, infection can be slower to develop and more closely model a chronic infec-
tion that has a delayed onset. Planktonic contaminants can form biofilms over time
and lead to more chronic-type infection outcomes, yet time to infection and type of
infection (e.g., latent versus acute) may vary [91].
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Animal models of infection have been foundational to the development of
therapies and protocols that protect mankind from infectious processes, and this
section is not intended to demean the value that has been and will continue to be
obtained from planktonic bacteria as initial inocula. Healthcare challenges sim-
ply continue to be broader than the scope of medical application and knowledge.
There is still ground to cover. As we consider the decades-long persistence of
biofilm-related infections in healthcare settings including military medical facili-
ties, and the lack of therapeutics that specifically target biofilm-dwelling organ-
isms, it is evident that advancements need to be made and additional model
development is necessary. In this context, at least five limitations exist when
using planktonic bacteria as initial inocula:

1. It is estimated that >99% of bacteria in natural ecosystems (including human
skin, see chapter “We Begin to Target the Biofilm”) dwell in the biofilm pheno-
type. Laboratory conditions are primarily optimized for log phase growth of
planktonic cells in broth or agar systems. These conditions may not accurately
reflect natural environments, growth states, substrates, or contamination
mechanisms.

2. Planktonic cells are more readily cleared by immune system components than
cells residing in a biofilm. In video presentations at the 8th ASM Conference on
Biofilms, Brian Pettygrove (of Dr. Phil Stewart’s lab) demonstrated the ability of
neutrophils to readily phagocytose bacterial cells in the planktonic state, but after
just 4 h of immature biofilm/aggregate development, neutrophil phagocytosis
became frustrated and failed to control the clusters effectively. If inoculated in
the planktonic state, host immunity may gain the upper hand before infection
sets in, which is consistent with the lack of reproducible infection outcomes in
many animal models of planktonic-derived infection, such as models of
osteomyelitis.

3. Planktonic bacteria are more susceptible to antibiotics than bacteria in biofilms.
If prophylactic or extended courses of antibiotic are administered in animal mod-
els, data collection may be skewed as the contaminants may be eradicated before
infection sets in.

4. Depending on the method of inoculation, planktonic bacteria may spread/diffuse
through host tissue or fluids more rapidly than bacteria in a biofilm. This could
dilute the concentration of bacteria per area, potentially allowing the host to
handle the bioburden more easily and/or reduce attachment to an intended device
that has also been implanted.

5. Due to their high metabolic state, infection signals caused by planktonic bacteria
may be exaggerated, acute, and less chronic in nature. Whether this were advan-
tageous or detrimental would be application-dependent but potentially problem-
atic if biofilm-related infection is desired to be modeled.
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Biofilms as Initial Inocula

The current clinical climate warrants additional model development and therapeutic
optimization toward biofilm-related infections. As a specific example, 5-year mor-
tality rates for patients who suffer from periprosthetic joint infections (considered to
be complicated by biofilms) are now higher than mortality rates of breast cancer,
melanoma, Hodgkin’s lymphoma, and other cancers [92, 93]. As total joint replace-
ment procedures are estimated to rise drastically in the coming decades, infection
numbers and mortality risks will likewise increase, that is, if no changes are imple-
mented in treatment modalities or therapeutic approaches. As we identify and target
the problems that underpin these outcomes, we may influence these numbers for the
better and, more importantly, alleviate suffering in those who are affected.

One strategy to improve clinical treatments for biofilm-related infections is to
specifically develop technologies and therapeutics that target biofilms. This can
begin by confirming that infections are, in fact, influenced by the presence of bio-
films. One component of this approach could consist of using biofilms as initial
inocula in animal models of infection to more closely mimic bacteria in their natural
state of existence. As discussed in chapter “We Begin to Target the Biofilm”, normal
flora organisms in human skin dwell in the biofilm phenotype and may serve as
initial contaminants to surgical sites at the time of surgery. Models, therapeutics,
and protocols that take this into account may improve biofilm-related wound and/or
surgical site infections. Exogenous biofilm contaminants also have the potential to
contaminate wound sites and lead to unique infections that are immediately recalci-
trant to antibiotic therapy. For example, wounds that a soldier may suffer on the
battlefield can be immediately contaminated with biofilm-dwelling organisms as
bacteria in natural ecosystems (e.g., soil) preferentially dwell in biofilms. Similarly,
traumatic injuries such as motorcycle accidents, falls that occur during hiking, auto-
mobile accidents, sports injuries, and many others are susceptible to biofilm con-
tamination at the point of injury [94-96]. Our group has developed animal models
that use biofilms as initial inocula to mimic these situations to improve therapies
that treat and/or prevent infections specifically compromised by biofilm contami-
nants. Pilot testing in sheep indicates that a 48 h course of dual prophylactic antibi-
otics (gentamicin + cefazolin) is ineffective at reducing biofilm inocula any more
than the host itself (publication pending), supporting the need for biofilm-specific
therapies and/or protocols.

More recently, we have developed a sheep model of heterotopic ossification
(HO)—a pathology involving ectopic bone formation that affects 60% or more of
wounded warriors who suffer from blast-related trauma in current conflicts [97].
Previous work in rodents has indicated that the presence of staphylococcal isolates
exacerbates the formation of HO [98]. We advanced this work to large animal mod-
els and further included the use of established biofilms as initial inocula. Biofilms
were grown on the surface of glass beads (Fig. 4), placed into a traumatically injured
wound site with bone chips, periosteal disruption, wound VAC therapy, and a simu-
lated IED blast. Outcomes have indicated that biofilm contaminants lead to a
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Fig. 4 Scanning electron micrographs of silica beads (sanded briefly to roughen the surface) and
biofilms of S. aureus ATCC 6538. Silica (sand) with established biofilms may contaminate the
wound site of an injured service member during a traumatic blast or other injury. (a) An ~3 mm
silica bead. (b) Topography of a silica bead with biofilms of S. aureus ATCC 6538 grown on the
surface. (¢) Higher power image with false coloring that indicates early biofilm formation (purple
cells) and EPS production (yellow matrix) on a silica bead surface (gray background)

Fig. 5 Histological section from a sheep model of HO. Biofilms on silica beads were used as
initial inocula. Bone sequestra (hallmark of osteomyelitis) with osteoclast activity and significant
inflammatory response developed near the biofilms. In this case, no antibiotics were required as the
infection progressed slowly in chronic fashion without fever or other significant distress to the
animal. Host bone modeling in the cortical region indicates an active response to the bone trauma.
Data are pending publication
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chronic, low grade-type infection with sequestra formation (Fig. 5), and, in this
particular model, exacerbated HO formation. This work adds to the arsenal of mod-
els available to determine the effect of biofilm contaminants on the development of
biofilm-related infection and pathological processes.

Multiple differences can be considered by using biofilms as initial inocula as
opposed to planktonic bacteria:

1. Bacteria in biofilms more closely model the dwelling state of bacteria in natural
ecosystems.

2. Biofilms are more efficient at evading host immune defenses than planktonic
cells.

3. Inoculation with established biofilms can immediately provide recalcitrance to
antibiotic therapies, thus more closely modeling clinical scenarios that suffer
from biofilm-related infection.

4. Bacteria in mature biofilms are less metabolically active than planktonic bacte-
ria, and thus have improved chance of developing low-lying, chronic states of
infection.

Conclusions

The biofilm underpins the etiology of the most difficult to treat infections observed
in the clinic today. Most of these infections are caused by otherwise commensal
organisms but our reliance on artificial materials for use in implanted prostheses and
medical devices has shifted this delicate balance toward microbe pathogenesis as
these artificial materials serve as a nidus for biofilm formation. We must consider
the biofilm as we develop the clinical standards and animal models that will take
medicine into the future.

Disclaimer Author DLW has financial interest in Curza Global, LLC.
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