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Abstract

Biofilm formation on representative implantable medical devices using a known human pathogen (Staphylococcus aureus) was signifi-
cantly reduced (p < 0.01) at all time points measured (24, 48, and 72 hours) by employing a novel antibacterial envelope (AIGIS Rx™).
The result was demonstrated using a standard US Centers for Disease Control (CDC) bioreactor model and the results were confirmed
by Scanning Electron Microscopy (SEM). The antibacterial envelope used in the study is coated with a proprietary combination broad
spectrum antibiotics (rifampin and minocycline) embedded in a resorbable polymeric coating. The antibiotics are designed to elute out
of the coating over a multi-day period for controlled, site-specific drug delivery.

The infection rate for patients receiving pacemakers and defibrillators is increasing faster than the rate of new implants and the grow-
ing resistance of S. aureus strains suggests that conventional, systemic antibiotic prophylaxis may have limited future utility. Moreover,
emerging evidence suggests that bacterial biofilms result in infections of implantable medical devices. These findings demonstrate the
in vitro efficacy of a new means to address potential biofilm-derived Hospital Acquired Infections (HAIs) related to implantable medi-
cal devices composed of titanium inclusive of pacemakers and defibrillators by means of a locally delivered, low dose, combination
antibacterial treatment.
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Introduction

In modern medical practice, cardiovascular implantable electronic
devices (CIEDs), including pacemakers (PM), implantable
cardioverter-defibrillator (ICD), cardiac resynchronization
device (CRT), implantable loop recorder (ILR), and implantable
cardiovascular monitor (ICM), are used to manage a variety
of cardiac conditions.! Like other implanted devices,>® CIEDs
(composed of a generator, a header, and intravascular leads)
can sometimes become colonized by bacteria or fungi that are
introduced during implantation surgery. This colonization may
lead to cardiac device infections (CDIs),* which, if not treated
properly, can lead to serious life-threatening conditions. CDI
rates range from 1% to 7% of all implanted cardiac devices.’
Recent reports indicate that the number of CDIs is rising as the
number of patients receiving implanted devices continues to
increase and as the number of patients requiring CIED change-
outs (replacement) increases.*’

The clinical presentation of CDIs can range from postsurgical,
superficial wound infections at the implantation site to serious
systemic infections that can result in pacemaker infective endocarditis
(PMIE).” Although PMIE is uncommon—infection rates range
from 0.38% to 1% in patients with permanent pacemakers®*’—the
condition has a mortality rate approaching 66%."°

Nearly one-half to two-thirds of all CDIs'""* are caused by
coagulase-negative staphylococci (Staphylococcus epidermidis) and
S. aureus.”® The emergence of antibiotic-resistant staphylococci,
most notably methicillin-resistant S. aureus (MRSA), has made it
increasingly costly and difficult to treat CDIs using conventional

develop into potentially life-threatening PMIE." Further, bacteria
growing as biofilms are hundreds to thousands of times more
tolerant to antibiotics than identical bacteria grown in a liquid
culture, which may also hinder conventional antibiotic treatment
of device-related infections.'®

Strategies to limit the incidence of CDIs during device
implantation include: (1) proper use of sterile techniques,' (2)
minimization of the amount of implanted hardware,”” and (3)
administration of intravenous antibiotics during and after device
implantation.""""** Another strategy has been the use of antibiotic-
coated implantable devices that can reduce or eliminate the bacterial
burden during implantation surgery. These types of devices were
found to reduce the infection rates of central venous catheters and
urology and cosmetic surgery implantable devices.****!

In the present study, a controlled-release polypropylene
envelope impregnated with the antibiotics rifampin and
minocycline (AIGISRx™, TyRx Pharma, Inc., NJ, USA) was
assessed for efficacy using a standard model. The AIGISRx™ device
is commercially available in the United States, where the device
has been labeled to indicate that it may reduce the likelihood of
subsequent generator and pocket wound infections. In addition,
the present study evaluated the ability of AIGISRx™ (antibacterial)
envelopes to prevent biofilm formation by S. aureus on “mock
CIEDs” using an in vitro biofilm model system.? The results of this
study showed that the antibacterial envelope significantly reduced
the ability of S. aureus to form biofilms on mock CIEDs.

antibiotic treatment regimens.”** Methods
There is a growing body of evidence that suggests that the
formation of bacterial biofilms on implanted CIEDs is responsible Bacteria

for many infections.'>'® It has been suggested that biofilms that
form on or around the generator portions of implanted CIEDs
can result in intravascular lead infections, which, in turn, may

S. aureus ATCC strain 33591 was used in this study. Unless
otherwise specified, strain 33591 was grown in tryptic soy broth
(TSB; Fisher Scientific Waltham, MA, USA) or on TSB agar
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Figure 1. Schematic rendering of the CDC-BR, model 90.

plates. Bacteria were grown at room temperature for all biofilm
experiments and at 37°C for plate count experiments.

Description of the CDC biofilm reactor system

The CDC biofilm reactor (CDC-BR) system was developed by the
Centers for Disease Control and Prevention, Atlanta, Georgia,
to assess biofilm formation and prevention on surfaces and
devices.?? Two CDC-BR model CBR90 bioreactors (Biosurface
Technologies Corporation, Bozeman, MT, USA) were used in
this study.

The CDC-BR consists of a 1-L bioreactor vessel with eight
polypropylene coupon holders that can accommodate three
0.5-inch diameter sample coupons suspended from the reactor lid
(Figure 1). A liquid growth medium enters through the top of the
vessel lid and exits via a side-arm discharge port. A magnetic stir bar
incorporating a mixing blade provides

One reactor (experimental) was used to evaluate biofilm
formation on titanium coupons enclosed in the antibiotic-
containing envelope, whereas the other (control) was used to
assess biofilm formation on coupons in control envelopes that
contained no antibiotics. It was necessary to use two separate
reactors for these experiments because the antibiotics in the
antibacterial envelope are slowly released and easily diffuse in
aqueous solutions.

In the experimental reactor, two sterile titanium coupons
were enclosed in the antibacterial envelopes and two others were
left unenclosed. Likewise, in the control reactor, two titanium
coupons were left exposed, whereas the remaining two coupons
were enclosed in nonantibiotic-containing envelopes made from
the same polypropylene as used in the antibacterial envelope.
Unused ports in the lid assemblies of both reactors were plugged
with sterile rubber stoppers.

Biofilm formation experiments

Inocula for the bioreactors were prepared by inoculating 800 mL of
sterile 10%-strength TSB with overnight cultures of S. aureus strain
ATCC 33591 and by growing these cultures at room temperature,
with continuous stirring for 24 hours. After incubation, 400 mL
of the culture was added to a sterile experimental reactor and the
remaining 400 mL was added to a second sterile control reactor.
Sterile 1% TSB was continuously added to each reactor at a rate
of 2.7 mL/min using a peristaltic pump.

Reactor fluid samples were removed via the exit ports from
both reactors after incubation at room temperature for 24, 48,
and 72 hours. After 72 hours of incubation, lid assemblies from
both reactors (Figure 1) were removed and transferred to beakers
containing 400 mL of sterile phosphate buffered saline (PBS) and
stirred (washed) for 5 minutes at room temperature. After the
wash, the control and experimental coupons and envelopes were
removed for microbiological analysis.

Microbiological analysis

After removal from the reactors, individual control and
experimental envelopes or titanium coupons were placed in 10 mL
of PBS and sequentially vortexed (30 seconds at the maximum
setting of Maxi max II Barnstead/Thermolyne stirrer [Dubuque,
IA, USA]), sonicated for 2 minutes, and then vortexed again
to disaggregate biofilms and create bacterial suspensions. The
bacterial suspensions were serially diluted in sterile PBS and
the dilutions were spread on Tryptic Soy Agar plates that were
incubated at 37°C for 24 hours. The number of colony forming

fluid mixing and surface shear (Figure I).
In the current study, the CDC-BR system,
which forms the basis of a standard
method for the growth of Pseudomonas
aeruginosa biofilms on polycarbonate
surfaces,” was adapted to test the ability
of S. aureus to form biofilms on titanium
coupons (mock CIEDs) in antibacterial
envelope or nonantibiotic-containing
control envelopes.

Bioreactor experimental design
Two bioreactors were used in the
experiments described in this study. All

A

experiments in the study were repeated
at least three times.

Figure 2. SEM micrographs at different magnifications of S. aureus biofilm formation on an exposed titanium
coupon from a control reactor after 72 hours of incubation at room temperature. (A) 500x; (B) 9,000x.
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Figure 3. Numbers of bacteria associated with experimental (AIGISRx™)
and control envelopes after 72 hours at room temperature.The control and
experimental envelopes were removed from the reactors after 72 hours of incuba-
tion at room temperature and processed as described in the “Methods” section to
create bacterial suspensions and determine the number of bacteria associated with
each envelope. The numbers of viable bacteria associated with the control and
experimental envelopes are expressed as log,, CFU/envelope.

units (CFU) per sample was determined using standard microbial
spread plate count methods. The number of CFU associated with
the titanium coupons was expressed as CFU/cm?, the number of
bacteria associated with the control and experimental envelopes
as CFU/envelope, and the number of bacteria in the reactor fluids
as CFU/mL. Statistical analysis* of bacterial counts obtained
from the control and treatment reactors was conducted using a
2-tailed, Student’s t-test.

Scanning electron microscopy (SEM)

Exposed and unexposed titanium coupons and experimental
and control envelopes were fixed with neutral buffered formalin,
dehydrated with a graded ethanol series, and then air-dried. The
envelopes were sputter-coated with iridium to make them conductive

antibacterial envelope (6.04 log, CFU/envelope) as compared
with the nonantibiotic-containing control envelopes (8.89 log |
CFU/envelope). Similarly, there was a statistically significant
difference (p < 0.01) in the number of bacteria associated with
the titanium coupons enclosed in the antibacterial and control
envelopes (mean log,  difference of 2.24 CFU/cm?). Likewise, there
was a statistically significant difference (log,, difference of 3.77
CFU/cm?, p <0.01) between the number of bacteria associated with
the unenclosed titanium coupons taken from the experimental and
control reactors after 72 hours of incubation (Figure 4).

Finally, there was a statistically significant difference (p <0.01)
in the number of bacteria found in the experimental and control
reactor fluids after 24, 48, and 72 hours of incubation (Figure 5).
The mean log, difference (in CFU/mL) between the experimental
and the control samples at 24, 48, and 72 hours was 3.52, 4.31,
and 3.42, respectively.

The reduction (in CFU/m/L) in reactor fluid samples taken
from the experimental and control reactors was confirmed by
visual inspection of the reactors after 72 hours of incubation.
As shown in Figure 6, there was a marked reduction in bacterial
growth (turbidity) in the experimental reactor as compared with
the control reactor.

SEM analysis
The SEM analysis revealed that after 72 hours of incubation,
there was an observable difference in the staphylococcal biofilms
formed on the titanium coupons and envelopes from the control
and experimental reactors. Exposed titanium coupons taken from
the control reactors were colonized by large numbers of actively
dividing staphylococci that formed biofilms (Figure 2). Biofilms
also formed on the control-enveloped titanium coupons, but to
a lesser extent. Far fewer bacteria were found on both exposed
and enveloped titanium coupons from the experimental reactors
(data not shown).

The differences in biofilm formation on the experimental
(antibacterial envelope) and control envelopes were more

for SEM analyses. SEM examination of the

coupons and envelopes was performed 8.00
using a Zeiss Supra 55VP field-emission 750
SEM (Thornwood, NY, USA). '
7.00
Results *
6.50
Biofilm formation with S. aureus 33591 % 6.00
ATCC strain 33591 5 * *
The results from the SEM experiments | 2 5.50 | Iﬂl Iﬂl
revealed that S. aureus ATCC strain 33591 (é
formed biofilms in the CDC-BR model | § 5.00 -
system (Figure 2). This verified the utility
of using the CDC-BR model system to 4.50 1
evaluate the effects of the antibacterial
. . 4.00 ~
envelope on the ability of strain 33591 to
form biofilms on mock CIEDs. 3.50 -
Microbiological analysis 3.00 4
The analysis of the antibacterial and CE EE cu EU

control envelopes after 72 hours of
incubation (Figure 3) revealed that there
was a marked and statistically significant
difference (p <0.01) between the number
of staphylococci associated with the

Figure 4. Number of bacteria associated with enclosed and unenclosed titanium coupons from experimen-
tal and control reactors. Titanium coupons were removed from the reactors after 72 hours of incubation at room
temperature and processed as described in the “Methods” section to create bacterial suspensions and determine the
number of bacteria associated with the titanium coupons. The numbers of viable bacteria associated with the control and
experimental coupons are expressed as log, CFU/cm?. CE = control/enveloped coupons; EE = experimental/enveloped
coupons; CU = control/unenveloped (exposed) coupons; EU = experimental/unenveloped (exposed) coupons.
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as demonstrated by a review of the Food
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approvals, no FDA-sanctioned antibiotic-

containing CIEDs on the market.

Approximately 69% of patients with
CDIs present with localized pocket
infections and about 10% of these
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Figure 5. Number of bacteria in control and experimental reactor fluids after 24, 48, and 72 hours at
room temperature. Fluids from the control and experimental reactors were removed after 24, 48, and 72 hours of
incubation at room temperature and the number of viable bacteria in the samples was determined. The numbers of
viable bacteria found in the control and experimental reactor fluids are expressed as log,, CFU/mL.

contamination, which can increase the
likelihood of systemic infection or PMIE
in people with permanent CIEDs'"!>%

Because pocket site infections are the

M Treatment reactor e

-
- -

»

most common type of infection among
CIED recipients, it is generally thought
that bacterial contamination occurs
during implantation. The perioperative
use of antibiotics with CIED implantation
and the concomitant reduction in the
incidence of CDIs tend to support
this idea.'® Unfortunately, the growing
numbers of methicillin- and vancomycin-
resistant strains of S. aureus suggest that
conventional perioperative antibiotic
prophylaxis may have limited utility in
the future to treat staphylococcal device
infections.

There is emerging evidence that
suggests that many implantable device
infections are caused by bacterial
biofilms—communities of bacteria
enmeshed in secreted polymers attached
to a device surface.® As mentioned

Figure 6. Differences in bacterial growth (turbidity) in experimental and control reactors after 72 hours

of incubation at room temperature.

previously, biofilms are extremely
difficult to treat with conventional

pronounced. The control envelopes were heavily colonized
with grape-like clusters of dividing staphylococci (Figure 7A
and B). In marked contrast, staphylococci were rarely observed
on the antibacterial envelopes, and when present, they were
typically observed as single, isolated bacterial cells. (Figure
7C and D).

Discussion

The results from the present study demonstrate that the
antibacterial envelope significantly inhibited the ability of
S. aureus to form biofilms on mock CIEDs. Although we used an
in vitro biofilm system in the present study, our results may have
important clinical implications for CIED implant surgery.

The incidence of CIED infections among cardiac patients
is rising.*” This is likely because of increases in the rates of
device implantation, generator change-outs, and increasing
comorbidities and illnesses of the patients who receive cardiac

VOLUME 2 « ISSUE 3

antibiotic treatments® because of a
number of factors, including the avascular nature of the CIED
implant pocket, which, when infected, may increase the risk of
endocarditis. To lessen the likelihood of biofilm formation on
CIEDs—and ultimately reduce the incidence of infections—we
assessed a rifampin and minocycline-containing envelope, called
the antibacterial envelope, into which CIEDs can be placed
during implant surgery. The results of the present study suggest
that the antibacterial envelope markedly reduced the ability of
S. aureus to form biofilms on mock CIEDs in an in vitro model
biofilm system.? This is important, because staphylococci are
the major pathogens that are responsible for most CDIs>*%%
and nosocomial infective endocarditis.® Also, the emergence of
MRSA and, more recently, vancomycin-resistant staphylococci
(VRSA)* has made device infections caused by these organisms
more costly and difficult to treat." Finally, there is strong evidence
that implicates biofilm formation as a major factor in the etiology
of staphylococcal wound infections, including CDIs.**
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Figure 7. S. aureus biofilm formation on control and experimental envelopes at different magnifications after 72 hours
of incubation at room temperature. (A) Control, 500x; (B) Control, 1,500x; (C) Experimental, 500x; (D) Experimental, 1,500x.

Project 64147 Experiment

Figure 8. Representative biofilm formation at 7 days on pacemakers with or without the AIGISRx™ envelope after
implantation in a rabbit model of infectivity using Acinetobacter baumanii. Left: with AIGISRX™ envelope; right: without
AIGISRx™ envelope (Hansen et al.** by permission).

by regulatory agencies,
and there are no reports of
bacterial resistance or toxicity
associated with any implanted
devices containing these
antibiotics. Together, these
observations suggest that the
antibacterial envelope may
reduce the incidence of CDIs
if used at the time of CIED
implant surgery.

The microbiological
(Figure 3) and SEM analysis
(Figure 7) revealed that the
combination of rifampin
and minocycline in the
antibacterial envelope was
sufficient to effectively
inhibit biofilm formation
on mock CIEDs after
72 hours of incubation in the
CDC-BR system. Moreover,
unpublished results from
recent in vivo experiments
using a novel device infection
model developed in the rabbit
showed that the antibacterial
envelope eliminated the
ability of staphylococci and
other bacteria to colonize
implanted CIEDs and
reduced the colonization
of surgical implant pockets
(Figure 8). Finally, the
antibacterial envelope
recently received regulatory
clearance from the U.S. FDA
for use during CIED implant
surgery.*

Conclusion

Despite improvements in
aseptic surgical practices,
perioperative use of anti-
biotics, and better lead and
management strategies for
CIEDs,>”!'""7 the incidence
of CDIs continues to rise.
The results of the present
study showed that the
antibacterial envelope
significantly inhibited the
ability of S. aureus to form
biofilms on mock CIEDs.
This suggests that the anti-
bacterial envelope’s potent
antimicrobial activity, coupled

Other implantable devices impregnated with rifampin and with its ease of use and cost-effectiveness, supports additional
minocycline—most notably central venous catheters®—exhibited ~ in vivo studies to better demonstrate the ability of the antibacterial
alower incidence of device-related bacterial infections following ~ envelope to help reduce the incidence of CDIs and its potential
implantation.>*"*? Moreover, the combination of rifampin and to provide better long-term medical outcomes for people with

minocycline has been cleared for general use in medical devices ~ permanent CIEDs.
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