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Abstract

Over half of the nearly 2 million healthcare-associated infections can be attributed to indwelling
medical devices. In this review we highlight the difficulty in diagnosing implantable device related
infection and how this leads to a likely underestimate of the prevalence. We then provide a length-
scale conceptualization of device related infection pathogenesis. Within this conceptualization we
focus specifically on biofilm formation and the role of host immune and coagulation systems.
Using this framework, we describe how current and developing preventative strategies target
specific processes along the entire length-scale. In light of the significant time horizon for the
development and translation of new preventative technologies, we also emphasize the need for
parallel development of /n situtreatment strategies. Specific examples of both preventative and
treatment strategies and how they align with the length-scale conceptualization are described.
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Over the past half-century, rapid improvements in electronics and materials have produced a
breathtaking array of implantable devices for the treatment of many illnesses. Diseases of
every organ system have benefitted from these technologies, and it is unlikely that anyone
reading this report does not personally know someone whose life has been improved by
devices such as heart valves, endovascular stents, joint prostheses, implantable meshes,
artificial lenses or cochlear implants. Ventricular assist devices, artificial hearts, and deep
brain stimulators are becoming an increasingly common aspect of daily life. While these
innovations have prolonged and improved the quality of life for countless patients,
introducing foreign material into a patient unavoidably sets the stage for potential microbial
colonization and infection. Of the nearly 2 million healthcare-associated infections reported
by the Centers for Disease Control, 50-70% can be attributed to indwelling medical
devices(1, 2). Attributable mortality is highly device dependent but can range from <5% for
devices such as dental implants and foley catheters to >25% for mechanical heart valves(3).
Barring revolutionary advances in material sciences and despite process improvements at the
time of implantation, this number is likely to increase over time. Reasons include increasing
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rates and types of device utilization, the aging of the population, and the increasing
frequency of comorbidities leading to immunocompromised states(4, 5).

Despite the detailed understanding of the epidemiology of the problem, and a growing
appreciation for the underlying mechanisms of device related infections, relatively little is
known of the inflammatory and immunological aspects of this common clinical challenge.

In this review we address several relevant aspects of device infection. After briefly
highlighting clinical features that inform the pathophysiology of the process, we will discuss
the current understanding of two central pathophysiological events — bacterial adhesion to
artificial surfaces and the development of complex bacterial communities known as biofilms.
Lastly, to the extent possible given current understanding, we will outline what is known
about the host response to infected devices and propose areas where more intense research
focus may improve patient care.

THE CLINICAL PROBLEM

A major obstacle in diagnosing and treating device related infections is the lack of clear
diagnostic definitions. A potential definition of implanted device related sepsis is: a patient
that meets criteria for systemic inflammatory response syndrome (SIRS) where the only
attributable source (i.e., no evidence for infection in the skin, urine, lung, spinal fluid,
abdomen, etc.) is the implanted device. However, with this definition there will be a high
rate of false positives leading to unnecessary and potential harmful interventions. Also,
many presentations of device related infection are subtle or associated with
immunocompromised patients that do not mount a full SIRS response. Medical device
complications not previously thought to be infection are secondarily related to bacterial
contamination. For instance, a devastating complication of breast reconstruction surgery is
capsular calcification of the implant. Classically thought to be related to a noninfectious
inflammatory response, it may actually be triggered by microbial contamination(6, 7).
Likewise, cases of prosthetic joint failure may be related to undiagnosed infection or
contamination(8). This population of subtle cases represents a “hidden” prevalence of
implantable device related infection. A more specific definition might include clinical signs
and symptoms with intraoperative evidence for infection and culture positive explanted
specimens. However, if a goal of future treatment strategies is to preserve devices with
limited or no surgical intervention, this definition would not be useful. Clearly novel
algorithms/technologies for early diagnosis are needed.

At this time, there are no biomarkers that specifically indicate the presence of biofilm or
device related infection. Nonspecific biomarkers such as erythrocyte sedimentation rate and
C-reactive protein are often considered but are too nonspecific to be of significant diagnostic
utility. Bacteremia is the hallmark of intravascular device infection(1), although many
components of intravascular devices such as pacemakers and ventricular assist devices
(VADs) have large surface areas that are not in direct contact with the blood. Furthermore,
there is a significant time lag in getting blood culture results and biofilms can be present
without detectable bacteremia. Likewise, culture of aspirated synovial fluid from around a
prosthetic joint is only 50% sensitive(1). In addition, microbes isolated from surrounding
tissue/fluid may only represent a subset of the larger diverse population of bacteria in a
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biofilm. On the other hand, the presence of bacteria on a device does not equate to infection
and can merely indicate a benign colonization. Furthermore, there are complex interactions
between different bacterial species such that benign colonization of a device surface by one
species confers protection against a potential pathogen(9).

Novel diagnostics are currently being developed and evaluated to increase the sensitivity of
detecting microorganisms in the blood, other body fluids, and wounds(10, 11). More
specifically, detection of microbial virulence genes are being considered to diagnose medical
device related biofilms(12-14). For instance, detection of the /ica gene, which codes for a
primary extracellular component of biofilms, by polymerase chain reaction (PCR) has been
used to quickly diagnose staphylococcal device related infections(12). However, this
approach is flawed by the fact that there are /ca-negative biofilm producing strains(15). The
fundamental problem with the current use of high-tech molecular diagnostics (e.g., PCR,
and mass spectroscopy) of microorganisms is in trading specificity for sensitivity. By
increasing our capacity to detect bacteria we are likely increasing the number of false-
positive events, particularly in the setting of benign colonization. Since the treatment for
these infections can involve high-risk surgery and broad spectrum antibiotics with significant
potential for toxicity, differentiating between colonization and infection is a true diagnostic
dilemma with profound consequences.

The lack of a clear definition for diagnosis has major implications for the practice modern
medicine. In the current reimbursement environment, infection of specific implantable
devices (e.g., central venous catheters, foley catheters) and surgical site infections are
considered medical errors. As reimbursement rates become more closely tied with outcomes,
the rates of device related infection, repeat surgery, and readmission will be more closely
monitored. Indeed, device manufacturers are targeting infection prevention strategies to a
30-day window in response to potential lost reimbursement by the Center for Medicare and
Medicaid Services.

Device infection rates

Keeping in mind the uncertainty in diagnosis and potential underestimate of prevalence, we
have tried to summarize the rates of infection for some of the most common implantable
medical devices (Table 1). There are many ways to classify implanted medical devices. For
instance, devices can be divided by those that are fully implanted versus those that cross the
skin or mucosal barriers. They can be classified by their materials (i.e., metal, polymers,
ceramics, and devitalized human/animal tissue). They can also be classified by the
implantation site and intended lifespan. The large difference in infection rates across the
different devices is likely a function of these classifications which provides clues on the
pathogenesis of device infection as well as application specific strategies to mitigate
infection.

Intravascular devices are those that are in contact with the blood in the intravascular space.
Examples include: peripheral 1Vs, central lines, dialysis catheters, heart valves, vascular
grafts, stents, and ventricular assist devices. A comparison of the infection rates for various
types of intravascular devices is summarized in detail by Maki et al(16). Although peripheral
IV infection is rare and typically localized, those infections can lead to infection of other
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devices such as pacemaker/defibrillators(17). In the United States there are over 15 million
days of exposure to central venous catheters annually for intensive care units (ICU)
alone(18). This does not include chronic dialysis catheters and outpatient peripherally
inserted central lines. The incidence of non-dialysis catheter related bloodstream infection
ranges from 2.5 to 4 per 1000 catheter days(19, 20). Dialysis catheters have higher infection
rates (3.8-5.5 per 1000 catheter days)(20, 21). In the ICU these infections can equate to
financial costs as high as $30,000 per infection with the potential for increased duration of
mechanical ventilation, 1 week increased ICU stay, and 2-3 weeks of additional hospital
stay(22, 23).

Prosthetic heart valves and VADs are unique intravascular devices due to their prolonged
periods of implantation and the associated high risk surgery required for removal and
replacement. Over 20 years there is a 7-15% risk of endocarditis with either mechanical or
bioprosthetic heart valves(24, 25). First generation VADs had infection rates as high as
80%(26, 27) which has improved to less than 40%(28, 29) for the second generation
continuous flow pumps. Of note, VAD infections can be localized to the device (i.e., drive
line or pocket infection) or related to the device (i.e., endocarditis or bloodstream infection).
Infection of arterial stents (e.g., coronary stents) is rare(30).

Orthopedic devices include primarily prosthetic joints but also fixation hardware. Prosthetic
joint infections range from 0.5-5% depending on the location(31-35). Hip and shoulder
prostheses have relatively low incidence of infection (~1%)(31, 35) while elbows have
significantly higher (5%)(34). The reason for this difference remains unclear. Although less
likely to be life-threatening, these infections are associated with significant morbidity and
disability. The cost for a surgical site infection of a total knee replacement exceeds
$150,000(36).

Urologic devices include the ubiquitous foley catheter as well as ureteral stents, bladder
slings/meshes, and urostomy/nephrostomy tubes. Catheter associated urinary infections
(CAUT!I) are the most common nosocomial infection. Data from National Health Safety
Network in 2006 showed a range of pooled mean CAUTI rates of 3.1-7.5 infections per
1000 catheter-days(37). While improved selection of patients requiring urinary catheters can
improve this infection rate, there will always be patients that require indwelling foley
catheters and therefore new technologies to prevent, appropriately diagnose, and treat these
infections is needed.

Other common devices include ventral hernia repair mesh, peritoneal dialysis catheters and
ventriculoperitoneal shunts. Ventral hernia repair mesh infection rates range from 1-10%
depending on the surgical procedure and type of mesh used(38, 39) but as high as 60% in
contaminated cases with bioprosthetic mesh(40). Infections associated with peritoneal
dialysis catheters can manifest in exit site infections, tunnel infections, or peritonitis. Annual
rates of peritoneal dialysis associated infection range from 0.24-1.66 episodes per patient
per year(41). Specifically peritoneal dialysis associated peritonitis, which carries nearly a
4% mortality(41), occurs once every 9 to 53 catheter months(42). Ventriculoperitoneal shunt
infection rates are typically less than 1%(43).
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Temporal trends in infection rate

From the late 1970’s through 2007 nosocomial bloodstream infections have been
increasing(44-48). This increase is multifactorial, arising from increased device utilization,
increasing prevalence of antibiotic resistance, increasing patient medical co-morbidities, and
increased reporting. However, starting around 2006 this trend leveled off and we are now
beginning to see decreases in these device related infections(49). Although potentially
informative, it is difficult to determine what factors have led to this change. Increasing
awareness is likely a key component. Hospital initiatives to improve protocols and
compliance with sterile technique, perioperative antibiotics, and patient selection for
implanted devices have also been implicated(50, 51). However, these interventions are not
always sustained and their affect can wane. A Cochrane review was also not able to
demonstrate consistent benefit of these types of interventions to reduce infection rates(52).
Although, this is likely a result of the current quality of studies as much as a true lack of
efficacy. In 2008, the Centers for Medicare and Medicaid Services implemented a policy to
reduce payment for perceived preventable infections related to central venous catheters and
urinary tract infections. However, a systemic evaluation of the trends in these infections was
not able to attribute the decreasing incidence to the nonpayment policy(49). Regardless,
despite current trends toward decreasing incidence, there continues to be large numbers of
patients that suffer from significant medical morbidity and mortality and the associated
economic burdens of device related infection. This prompts the need to better understand
how implanted devices interact with host and pathogen to develop more infection resistant
materials, improved diagnostic protocols, and devise noninvasive or device preserving
treatment strategies.

PATHOGENESIS OF DEVICE INFECTION

Every infection at its heart is a spatial phenomenon; pathogens and host immune cells alike
are in motion, creating and responding to chemical gradients that may constitute an attack or
a signal. The sense of ‘locality’ is particularly acute in device infection, and we have found
it informative to use a length-scale framework for understanding the pathogenesis of device
infection. Host-pathogen interactions as well as current and future interventions to treat and
prevent implanted device related infection all can be described with this approach. A
pictorial representation of this length-scale conceptualization is shown in Figure 1.

On the scale of several centimeters, surgical insertion of a device violates an anatomic
barrier to infection, such as the skin or a mucous membrane. This brings an otherwise sterile
compartment in continuity with one that is unavoidably colonized with bacteria, such as the
skin, upper airway, or urinary bladder. In many instances (e.g., central venous catheters,
peritoneal dialysis catheters, VAD drive lines) the disruption in the barrier persists and is an
ongoing opportunity for colonizing bacteria to become pathogenic. Of note, most clinical
practice guideline-based infection control methods are employed on this gross scale (Figure
1A).

At millimeter distances, the surgical wound itself permits contact between the abiotic
material, extracellular fluids and to a greater or lesser extent, blood. At the micron scale,
many well-recognized features of host immunity and bacterial growth are active (Figure 1B).
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Bacteria have specific surface receptors for various host proteins (e.g., fibringogen) or
abiotic surfaces(53, 54) (Figure 1C). Contact between plasma proteins, peripheral blood
cells and the device surface leads to activation of inflammatory and coagulation cascade
mediators. While immune cell activation in a wound can be protective against infection(55),
imbalanced or persistent inflammation can lead to poor wound healing and local tissue
damage(56, 57). This perpetuates epithelial barrier dysfunction and increases the potential
for bacterial contamination.

At nanometer distances physiochemical forces govern how a particle (i.e., cell, protein,
molecule) will interact with other particles or surfaces (Figure 1D). Small fluctuations in the
electron clouds of these particles or molecules lead to Van der Waals forces that provide a
weak attraction. Electrostatic interactions can be attractive or repulsive depending on the
respective charges of the interacting substances. In most biological cases, a double layer of
water molecules sets up on charged surfaces and provide a repulsive barrier to binding. This
energy barrier however is traversed or lowered by the presence of certain specific receptor-
ligand binding (e.qg., fibrinogen receptor on bacterial cell wall) that provide more permanent
attachment. The exclusion of water from between two hydrophobic materials (known as the
hydrophobic effect) is a driving force for protein folding and binding of two hydrophobic
substances. A complete description of the intermolecular interactions governing the
adsorption of biological materials to abiotic surfaces is beyond the scope of this paper and
described in detail in multiple texts(58). However, it is important to understand that these
basic physiochemical forces are the underpinnings for the design of all biomaterials. Going
forward we will focus on two critical aspects along this length-scale, namely the adhesion of
bacteria to a surface leading to biofilm formation, and the interaction with the coagulation
and immune systems. These processes provide numerous targets for potential clinical
intervention.

BIOFILMS

The specific biofilm-forming organisms that cause device related infection depend on the
location of the device. In general, the most common organism isolated from infected medical
devices is coagulase negative staphylococci, typically Staphylococcus epidermidis (1, 48).
Staphylococcus aureus is slightly less common but certainly more virulent. Other important
but less common pathogens include Enterococcus species, Candida, £scherichia coli, and
Klebsiella species. This trend is true for intravascular devices and prosthetic joints. However
in the urinary tract, £. coli, Candida, and Enterococcus are the most common and Gram-
positive organisms are less common(59).

Bacteria are found in one of two different “lifestyles”. They can be found free floating in
solution (i.e., planktonic) or associated into sessile communities encapsulated in an
extracellular matrix (i.e., biofilm). Table 2 highlights some of the key features distinguishing
bacteria in planktonic growth from biofilms. It is important to note that as part of a biofilm,
bacteria have slower metabolism, are resistant to host immune response, and are tolerant to
high doses of antibiotics (which should be distinguished from true resistance as the same
bacteria will become susceptible once dispersed from the biofilm)(60, 61). Specifically, both
E. coliand S. epidermidis in biofilms have decreased growth rate and a resultant decreased
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antibiotic susceptibility when compared to the same strains in planktonic solution (62, 63).
This presents the central challenge with implanted device related infections which are cause
by biofilms rather than planktonic cells.

Biofilm producing organisms readily transition between planktonic and biofilm “lifestyles”.
The transition represents a phenotypic switch that involves significant changes in both gene
and protein expression(64, 65). For instance, in pseudomonas over 50% of the proteome has
a six fold or greater change in expression level when comparing planktonic cells with mature
biofilm cells(64). The method by which cells probe their environment and respond with the
appropriate gene and protein expression changes is known as quorum sensing (QS).
Although each microbial species has its own set of QS systems(66), they all share specific
characteristics. In all cases, bacteria synthesize and release small probe molecules. The
bacterium also has a receptor that detects the presence of that probe molecule. The
surrounding concentration of the probe molecule will be dependent on the environment. For
example, the probe molecule will quickly diffuse away and have a low concentration in a
planktonic environment but will increase in concentration as the cell approaches a surface
(Figure 2B). Also, a cell can sense the presence of other cells by the resultant increasing
probe concentration from the neighboring cell (Figure 2A). QS systems have been identified
and characterized in detail for many of the most common pathogens causing device related
and infection(66). These pathways are a target-rich environment for the prevention and
treatment of infections involving biofilms.

It is generally accepted that the lifecycle of a biofilm is a four step process: (1) Adhesion, (2)
Accumulation, (3) Maturation, and (4) Detachment (67-69). In this section, we will review
these processes and how they contribute to treatment resistance. Our goal is to highlight
potential therapeutic targets.

Microbial adhesion to a medical device surface occurs in two phases(68, 69). The first phase
involves transport of the bacterial particle to the surface and reversible binding via
physicochemical interactions (recall Figure 1D). The second phase is the formation of an
irreversible bond through specific cellular/molecular interactions. For the reversible phase,
bacteria are transported to the surface of interest via bulk flow of the surrounding fluid (i.e.,
convection) as well as diffusion through the fluid via Brownian motion(70). As it approaches
the surface, the bacterium is then acted upon by physicochemical forces (described above in
Figure 1D) to form a reversible bond(70). At this point, depending on the strength of those
interactions, the bacterium can be carried away by the bulk flow or the bond can “mature”
into an irreversible adhesion. This is accomplished by cell surface proteins that can bind
abiotic surfaces directly or bind to host proteins (e.g., serum proteins) that have already
conditioned the surface(69). In S. epidermidis the autolysin surface protein AtIE has been
shown to bind directly to abiotic surfaces(71). S. aureus has a homologue with similar
function(72). AtIE also has the role of causing host cell lysis and the release of extracellular
DNA which has been shown to be a major component of the extracellular matrix of
biofilms(73). Staphylococcal species also produce a family of surface proteins known as
microbial surface component recognizing adhesive matrix molecules, known as
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MSCRAMMS(74). These molecules bind to host serum proteins such as fibrinogen,
collagen, and fibronectin.

Accumulation

The next step in biofilm formation is the accumulation of cells. This occurs either by
proliferation of already adhered cells with the progeny remaining adhered to the surface or
by recruitment of additional cells from the surrounding environment(70, 75). Although
cellular metabolism and growth is slowed in biofilms, cells will continue to divide,
particularly early in the formation of the biofilm as evidenced by the development of
Streptococcus pneumoniae diplococci and small clusters in the few hours after initial
adhesion to a surface(76). In addition, adhered bacteria begin to change their phenotype
from planktonic to sessile. As part of that change they begin to produce extracellular matrix
(ECM). The prototypical ECM substance known as polysaccharide intercellular adhesion is
produced by staphylococcal species(77). Other ECM substances include proteinaceous
factors, teichoic acids, and extracellular DNA(73, 78). This ECM provides targets for
receptor specific recruitment and adhesion of bacteria from the surrounding environment(79,
80).

Maturation

As the cells begin to accumulate and generate the gelatinous ECM they become encased in
this glycocalyx(81). This results in a protective, physical barrier for restricted diffusion
which conveys significant antimicrobial tolerance without true resistance(75, 82, 83). The
restricted diffusion reduces the local concentration of antibiotic as well as altering the pH,
oxygen tension, and concentration of certain ions which further compromises the activity of
the antimicrobials(67, 82, 83). As the oxygen tension decreases, the cells slow their
metabolism and growth rate which reduces uptake of and susceptibility to antimicrobials that
target the cell cycle and protein translation(67, 83). The biofilm will now have clusters of
cells connected by fluid filled channels that deliver oxygen/nutrients and remove waste(70,
84, 85). They also provide an efficient medium for lateral gene transfer between cells which
can facilitate the development of true antibiotic resistance(86, 87). At this point there has
been a dramatic change in the phenotype of most of the cells as described above. They have
switched their priority from cell division to ECM production. They have started to express
genes related to antimicrobial resistance(88). Furthermore, there are significant local
variations in the expression patterns of cells related to the local nutrient microenvironment
within the biofilm(89). Specifically, a small population of cells within the biofilm known as
persister cells will develop(90, 91). These cells are inactive and highly protected which
allows them to repopulate the biofilm after antibiotic treatment. Due to their persistence they
acquire antibiotic resistance genes making the repopulated biofilm even more resistant to
repeat treatment.

Detachment

The final stage in biofilm formation is detachment. Eventually individual cells or small parts
of the biofilm will be released where they can transition back to a planktonic phenotype
which can then disseminate into systemic infection(67-69). This is not a passive release of
loosely bound bacteria but rather a distinct, active process in the maturation of the biofilm
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that is control by QS systems. In staphylococcal bacteria the agr QS system controls the
release of phenol soluble modulins (e.g., delta toxin) that inhibit the hydrophobic interaction
between bacterial cell surfaces thereby reducing their surface tension causing them to
detach(92, 93).

The process of biofilm development is an excellent demonstration of the length-scale
conceptualization. It provides a mechanism by which a bulk inoculum of bacteria is
transported from their commensal environment (e.g., skin) to a device surface, adhere,
colonize and become a pathogenic biofilm. Treatment and prevention strategies at all points
along that length-scale include improvements to surgical/sterile technique that reduce the
initial inoculum; materials with specific physiochemical properties that resist initial adhesion
of bacteria or host proteins; drugs to target induction of sessile phenotype; activation and
antibiotic targeting of persister cells; and biofilm stabilization to prevent dissemination. We
will describe examples of specific treatment and prevention strategies and how they related
to this length-scale framework later in the article.

LINK TO HOST IMMUNITY AND THOMBOSIS

Thrombosis

As mentioned previously, surgical implantation of a device can lead to contact between the
device’s surface and blood. This contact leads to activation of host immune and coagulation
systems. In this section we will describe how thrombus formation can contribute to device
infection. Likewise we will describe how host immune cell activation and/or dysfunction
contribute to the pathogenesis of device infection.

There is an intimate bi-directional relationship between biofilm infection and
thrombosis(94-97). Lordick et al found that 12 of 14 patients with central venous catheter
(CVC) related infection had a preceding CVC related thombus(98). In patients with CVC
related infection, 44% had a clinically manifest thrombosis whereas only 3% without an
infection had a thrombosis(99). This is equivalent to a 17.6 relative risk of thrombosis in the
presence of infection. In addition, ensuring excellent hemostasis in the subcutaneous pocket
of pacemaker/defibrillators has been shown to reduce post-operative generator
infections(100). The mechanism of this phenomenon is based on the idea that the presence
of a clot increases the likelihood of bacterial adherence and conversely biofilms are able to
activate the coagulation cascade to increase thrombus formation. Specifically, microbial
receptor-specific binding to fibrin and fibronectin within the fibrin sheath coating central
venous catheters has been demonstrated(101, 102). Many of these organisms also produce a
coagulase enzyme which enhances the development of a thrombus(96). The presence of
infection leads to inflammatory activation with subsequent activation of the coagulation
cascade via tissue factor and concomitant inhibition of anticoagulation factors and
thrombolysis(97, 103). Recently, Kwiecinski et al. demonstrated that host derived fibrin was
a major component of S. aureus biofilm matrix(104). This intimate relationship between host
proteins and microbes is visually evident in explanted infected implants (Figure 3).
Kwiecinski et al. also demonstrated that dissolution of the matrix by host or bacterial
activation of plasminogen increased antibiotic susceptibility and neutrophil
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phagocytosis(104). This is an excellent example of a potential therapy derived from
understanding the interactions between host coagulation and microbiology.

Local Infection

The presence of a foreign material can have profound effects on the surrounding tissue via
host inflammatory response(105, 106). This response can then modulate the degree of
bacterial colonization and potential for local infection as well as the development of a
systemic inflammatory response and disseminated infection. With respect to the local
reaction to a foreign material, the activation of complement has been implicated as a key
feature of implant associated infections. For instance, silicone has been shown to increase
complement activation and has a higher infection rate when compared to polyurethane or
polyvinylchloride(107, 108). More specifically, S. epidermidis biofilms induced more C3a
than planktonic growth(109). However, phagocytic killing by polymorphonuclear
neutrophils (PMNs) was reduced secondary to decreased deposition of 1gG and C3b(109).
This has also been demonstrated 7 vivo where PMNSs harvested from peri-implant lavage in
patients with post-traumatic osteomyelitis had upregulation of the high affinity receptor for
antibodies but down regulation of the adherence protein CD62L necessary for migration
from the vascular compartment(110). Furthermore, they demonstrated enhanced production
of reactive oxygen species but diminished chemotaxis(111). However, Zimmerli et al.
demonstrated that PMNs in contact with the non-phagocytosable materials had decreased
respiratory burst(105). The end result is persistent PMN infiltration due to complement
activation but decreased opsonization and phagocytic killing. This leads to spilling of the
bactericidal and cytotoxic PMN contents resulting in persistent local tissue destruction
without eradication of the infection(57).

Biomaterial associated neutrophil inhibition described above appears to be independent of
the type of material(112). However, macrophage phagocytosis is modulated in a material
specific manner. Specifically, bacterial clearance by macrophages was significant improved
on cross-linked polyethylene glycol over fluorinated ethylene polypropylene, silicone, and
glass(113). This affect is thought to be related to weak adhesion between the bacteria and the
surface as well as weak adhesion of the macrophages allowing for increased mobility and
chemotaxis(113). On the other hand, Brodeck et al. demonstrated that anionic and
hydrophilic materials had decreased macrophage adherence, increased apoptosis, and
decreased fusion/giant cell formation(114). Based on these findings, novel biomaterials will
require carefully titrated surface properties that balance bacterial adhesion with sufficient
macrophage adhesion without hindering chemotaxis. In general however, biofilms have a
similar effect on macrophages as PMNs. That is the immune cells are able to migrate to the
site of infection but are unable to clear the pathogen.

Disseminated Infection

Infections of devices implanted in the vascular space certainly have a high risk of
dissemination. As described above, the natural life cycle of a biofilm involves dissemination,
which in the bloodstream can rapidly lead to septic shock and death. Devices implanted into
other anatomic compartments however have a slower progression. They will likely have
significant local tissue destruction and inflammation like that seen in periprosthetic
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osteomyelitis(57). Disseminated infection is a very late manifestation for these types of
devices. However, even local inflammatory activation described above can cause systemic
inflammatory response and sepsis without dissemination of the infection. Indeed, in the case
of implant associated osteomyelitis there was concomitant activation of immune cells in the
peripheral blood, elevated C-reactive protein, fever, and evidence of SIRS in at least 30% of
the patients(57).

TREATMENT AND PREVENTATIVE STRATEGIES

The length-scale description of device infection pathogenesis (described in Figure 1)
provides a framework for understanding various potential treatment and prevention
strategies. That is, specific interventions to control or eradicate infection can be “mapped”
on to that conceptualization. Figure 4 provides an illustration of this. At the centimeter
length-scale are procedural modifications to reduce the inoculate load when a sterile
anatomic compartment is breached. These interventions include perioperative antibiotics,
sterile techniques, procedure checklists, chlorhexedeine sponge dressings (e.g., biopatch
shown in Figure 4A), and careful hemostasis. In general they are aimed at prevention and
when implemented, have demonstrated reduced infection rates(100, 115, 116). However,
they target one point in the pathogenesis of infection and therefore, despite widespread
adoption, implanted devices continue to be the number one cause of nosocomial infection(1,
52). At the millimeter length-scale, specific device geometry can alter the probability of
infection. Geometry at this length-scale is particularly important for intravascular devices
(Figure 4B). As describe above, cells (host or bacterial) and proteins are transported to the
device surface from the bloodstream via convection of the blood flow and Brownian
diffusion. Particle transport and deposition is a function of the device geometry (117, 118).
Device geometry is extensively studied and controlled for dialysis catheters, heart valves,
ventricular assist devices and oxygenators to reduce platelet deposition and thrombosis
(119-122). At micron length-scales there has been extensive research developing polymer
coatings to prevent infection. As shown in Figure 4C they are designed for two purposes.
First, they attempt to change the physiochemical properties of the surface to prevent bacteria
adhesion. Second they can have bacteriocidal properties that can kill on contact. While these
strategies show promising results in the laboratory, their efficacy can wane /in vivo due to
binding of host proteins which pacify the surface. At sub-micron distances, devices can be
impregnated with small molecule antimicrobial agents such as rifampin, minocycline, silver,
or chlorohexedeine. These substances are then eluted from the surface to kill bacteria that
are in proximity or contact with the surface. Antibiotic impregnated catheters are now
common in clinical practice, although a Cochrane review(123) could not conclusively
recommend widespread use as the data seemed most useful in populations where the
infection rate remains high despite the implementation of other less expensive interventions.
In addition, these catheters did not seem to affect sepsis rates or mortality. Again these
surfaces have a limited life span due to depletion of the molecule from continuous elution or
pacification by host proteins. Finally, at the nanometer length-scale are fabrication
techniques that alter the nano-scale topography of the surface (Figure 4E). It has been well
demonstrated that cell adhesion and proliferation can be controlled by the surface
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topography(124-126). A more realistic example of bacteria interacting with a surface with
specific nano-engineered topography is shown in Figure 5.

Keeping the length-scale and specific pathologic features of infection in mind is critically
important to developing new prevention strategies. Let us look at an example of a potential
technology and how understanding the mechanism of action of that technology, and
mapping it to the appropriate length-scale conceptualization will guide device design. Zinc
oxide (ZnQ) particularly in the form of nanoparticles (NP) has recently been studied as a
novel antimicrobial(127, 128). However, the specific mechanism by which ZnO inhibits
and/or kills bacteria remains controversial. There are two commonly postulated mechanisms.
The first is the generation of reactive oxygen species (ROS). There are multiple groups who
have shown ROS generation by ZnO-NP suspensions(129-131). However, this finding is not
universal and may require the presence of light (not present /7 vivo) or be dependent on the
NP synthesis technique. Regardless, this mechanism is similar to an antibiotic impregnated
surface. That is, a ZnO coated surface provides a catalytic site for the generation of ROS that
can diffuse away and work at a distance. It has the capacity to kill bacteria in proximity but
not necessarily in contact. One specific benefit is that since the ZnO is not “consumed” but
rather a catalyst; it may have a significantly longer lifespan than traditional antimicrobial
eluting surfaces which are eventually exhausted. The second mechanism is that the ZnO-NPs
make contact with the bacterial surface causing cell membrane disruption(132, 133).
Assuming this mechanism to be true, the length-scale might be similar to a “contact killing”
polymer surface. Or, the coating would have to be engineered to release the ZnO-NPs into
the surrounding fluid. Clearly, as novel antibacterial materials (e.g., metal oxides, polymers,
peptides, etc.) are being developed, it is crucial that we have a well-developed understanding
of the mechanism. This provides critical information required to design the delivery system
and application. Indeed, many silver coated devices have failed to live up to their promised
efficacy due to a lack of understanding of the mechanism of action and appropriate
translation to a device coating(134, 135).

It should be noted that the vast majority of strategies engineered to combat this problem are
preventative. That is, they aim to reduce bacterial inoculum (e.g., antibiotics and sterile/
surgical technique), prevent adhesion (e.qg., repulsive polymer surfaces), kill / inhibit
bacterial growth on contact (e.g., antimicrobial eluting or contact killing surfaces). While
these technologies show promise and we advocate for continued pursuit in this field, we also
acknowledge that clinical realization of these new technologies has a significant time
horizon. Furthermore, even after their clinical adoption, there will continue to be a
significant proportion of the population that have already received early generation devices
that will continued to get infected for many years to come. As such, it is vitally important
that parallel research be focused on strategies that treat device infection /n situ. Examples of
treatment strategies under development include persister cell targeting(136), quorum sensing
inhibitors(137), and mechanical debridement of biofilms(138, 139). Detailed descriptions of
these strategies are the subject another review article in and of itself. Regardless, the length-
scale pathogenesis framework described here provides numerous potential targets for future
research endeavors to treat medical device associated biofilms /n situin parallel with efforts
to develop anti-infective materials. Both strategies will reduce the number of devices that
have to be removed and replaced, thereby reducing the significant morbidity and mortality.
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CONCLUSIONS

Implantable device related infections are the most common cause of healthcare associated
infections. Given the uncertainty in diagnosis they may be responsible for more device
related complications and morbidity than previous thought. The process by which bacteria
adhere to, colonize, and eventually infect a device is a spatially oriented problem that spans
distances from centimeters to nanometers. Understanding the processes at each of these
length-scales provides targets for the development of new procedures, processes, and
materials that resist contamination and infection. Understanding the mechanism of action of
novel antimicrobial substances and how they are mapped on to the pathogenic process is
crucial to the design and success of new technologies. At the same time, current technology
devices (with significant risk for infection) will continue to be implanted while these new
materials are being developed. Therefore we also encourage parallel research efforts to
develop novel strategies to treat infections /n situ.
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Figure 1.
Ilustration of the length-scale conceptualization of the pathogenesis of implantable device

related infection. (A) Surgical incision and wound creation leads to continuity between
sterile and non-sterile compartments of the body as well as inflammatory reaction. (B)
Extracellular fluids and blood cells in the wound come into contact with the abiotic
implanted material initiating both inflammatory and coagulation cascades. (C) Host proteins
(e.g., fibrin, thrombin, albumin) also interact with the surface as well as bacteria leading to
the development of a biofilm. (D) At the nano and sub-nanometer scale the interaction of a
cell or molecule with a surface is governed by basic physiochemical properties. A particle
approaching the surface by bulk transport may have an opposite or similar charge as the
surface leading to efectrostatic attraction or repulsion. In an aqueous environment a double
fayer of water molecules will develop on the charge surface, further contributing to the
energy of interaction. Van der Waals forces will provide additional attractive forces. Finally,
biological particles will have receptor-ligand interactions which provide strong and
sometimes irreversible attractive interaction.

Shock. Author manuscript; available in PMC 2017 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

VanEpps and Younger

Page 23
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Figure 2.
Computational simulation of quorum sensing (QS). Bacteria were modeled as point sources

of QS molecules. Those molecules were free to diffuse by simple Brownian motion. In the
top we demonstrate the concentration of QS molecules surround two bacteria approaching
each other. The plot shows the concentration of the QS molecules on the bacterial surface as
a function of the separation distance. Note, that this is a computation simulation using
dimensionless parameters, therefore there are no units. This demonstrates how a bacterium
can sense the presence of a neighboring bacterium in close proximity. In the bottom a
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similar simulation demonstrates the concentration and distribution QS molecules as a
bacterium approaches a wall. Again the QS concentration rapidly increases providing a
signal to the bacterium.
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Figure 3.
Scanning electron micrographs of staphylococcal biofilms (A) grown /n vitro on polystyrene

culture pegs and (B) harvested from an infected ventriculoperitoneal shunt. Note the scant
ECM on the /n vitro biofilm in (A) and the bacteria adhered to dense fibrin clot matrix in

(B).
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surface topography

Figure 4.
Demonstration of specific preventative anti-infective strategies mapped onto the length-scale

conceptualization of implantable device related infection. (A) Chlorhexidine sponge at the
insertion site of a triple lumen central venous catheter to reduce transport of skin bacteria
along the catheter to the bloodstream. (B) Dialysis catheters with different geometries can
altered blood flow patterns which results in altered transport of cells or other materials to the
catheter surface. (C) Polymer coatings with specific chemical end groups that prevent
adhesion or have antibacterial properties upon contact. (D) Devices can be impregnated with
antimicrobial substances that are eluted to kill bacteria in proximity to the device surface.
(E) Nano-scale patterning of a surface can alter bacterial adhesion and proliferation.
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Figure 5.
Scanning electron micrograph of Staphylococcus aureus interacting with a nano-textured

polyurethane surface.
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Table 1

Infection rates for implanted devices with associated references

Vascular access devices *BSI per 1000 TIVD days References
Peripheral intravenous catheter <1 (140)
Arterial catheter 1-34 (141, 142)
Central venous catheter (non-dialysis) | 2.5-4 (19, 20)
Peripherally inserted central catheter 2-3 (143, 144)
Dialysis catheters 4.2-53 (20, 21)
Venous access ports 0.11-0.76 (145, 146)
Cardiac devices Incidence References
Intra-aortic balloon pump 0.08-0.13% (147, 148)
Left ventricular assist device 16-36% (28, 29, 149)
Heart valve 7-15% (24, 25)
Cardiac implantable electronic devices | 5-20% (150)
Prosthetic joints Incidence References
Shoulder 1.2% (31)

Hip 1-2% (31, 32, 35)
Knee 1-4% (31, 32, 35)
Elbow 5% (34)
Urinary devices | FUTI per 1000 catheter days | References
Foley catheter | 3.1-75 | (37)

Other devices | Incidence | References
Mesh for ventral hernia repair 1-10% (38,39)
Ventriculoperitoneal shunt 0.25-1% (43)
Peritoneal dialysis catheter 20% (41)

*
BSI - Bloodstream infection
7 .
1VD - Intravascular device

fUTI — Urinary tract infection
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Comparison of plankton

Table 2

ic and biofilm lifestyles

Planktonic

Biofilm

Single Cells
Free-floating in solution

Antibiotic responsive

Susceptible to host immune response Resistant to host immune response

Rapid metabolism and cell growth Slow metabolism and cell growth

Cell aggregates
Usually associated with a surface

Antibiotic tolerant (not true resistance)
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