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Abstract Biofilm-related infections have become a major
clinical concern. Typically, animal models that involve
inoculation with planktonic bacteria have been used to create
positive infection signals and examine antimicrobial strate-
gies for eradicating or preventing biofilm-related infection.
However, it is estimated that 99.9% of bacteria in nature dwell
in established biofilms. As such, open wounds have significant
potential to become contaminated with bacteria that reside ina
well-established biofilm. In this study, a modified CDC bio-
film reactor was developed to repeatably grow mature bio-
films of Staphylococcus aureus on the surface of
polyetheretherketone (PEEK) membranes for inoculation in a
future animal model of orthopaedic implant biofilm-related
infection. Results indicated that uniform, mature biofilms
repeatably grew on the surface of the PEEK membranes.
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Introduction

Biofilms have become a major research interest in recent
years. For example, the role of biofilms in chronic ortho-
paedic device-related infections has been particularly
concerning as highlighted by the failed attempts of ortho-
paedic surgeons to treat patients who are adversely affected
by biofilm formation on and near orthopaedic devices
[3, 5, 16]. These patients often require expensive and
compromising revision surgery, implant removal or, in a
worst case scenario, amputation. Death can also be a
devastating outcome. Biofilm-related infections similarly
affect injured military personnel, in particular, those suf-
fering from severely contaminated blast injuries in the
current Afghanistan and Iraq conflicts [13, 14].

In an attempt to prevent these biofilm-related infections
from developing near or on orthopaedic devices, animal
models have been used to create positive infection signals and
to examine antimicrobial strategies for treatment [4, 7, 8, 17].
Typically, these animal models have consisted of implanting
a device in conjunction with inoculation of planktonic (free-
floating) bacteria near the device. The expectation has either
been that planktonic cells will form a biofilm on or near the
implant and result in biofilm-related infection, or that
planktonic cells alone will develop infection.

However, since the 1978 hypothesis of Costerton et al.
[6] that bacteria in nature preferentially aggregate in bio-
films, it has been estimated that approximately 99.9% of
bacteria in nature dwell in biofilms [11, 12]. Moreover,
Bakken [1] has shown that 1 g of fertile soil can contain up
to 5 billion bacterial cells. If contaminated with even 1 or
2 g of soil, it is plausible that open fractures or other types
of open wounds may have significant contamination with
very high inocula of bacteria residing in well-established
biofilms. Therefore, in vivo models of infection that
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involve the use of well-established biofilms may contribute
to our understanding of biofilm-related infection as well as
methods of safely eradicating the biofilm and related
infection without surgery and implant removal.

In this study, a modified CDC biofilm reactor was
developed to grow well-established Staphylococcus aureus
biofilms on the surface of polyetheretherketone (PEEK)
membranes. It is intended for these biofilm-ridden mem-
branes to be used to inoculate future animal models of
biofilm-related infection, pending confirmation that
mature, uniform and viable biofilms can be repeatably
formed on the PEEK membranes.

Materials and Methods
Isolate Selection

A freshly cultured, clinical isolate of methicillin-resistant
S. aureus (MRSA) was collected from a patient and used
for this study. More specifically, a patient who underwent
knee surgery developed infection and an aspirate was sent
to ARUP Laboratories, Salt Lake City, UT for character-
ization and susceptibility testing. The isolate was charac-
terized as MRSA based on resistance to penicillin and
oxacillin using the Kirby Bauer disc diffusion technique.
Preliminary work indicated that the isolate was a biofilm
former following black colony formation on Congo Red
agar and detection of the icaADBC gene cluster. When
grown as a biofilm and used as initial inocula, biofilms of
this strain caused osteomyelitis in a pilot animal model of
biofilm implant-related infection (unpublished data).

Modified Design of the CDC Biofilm Reactor

The CDC biofilm reactor was purchased from Biosurface
Technologies (Bozeman, MT). The original design of the
reactor is provided in Fig. 1a. A modified lid was designed
and machined using a local machine shop. The modified lid
contained four slots into which guillotine-like holders
(20 cm in length with a 3 mm groove down the middle of
the interior portion) made of ultra-high-molecular-weight-
polyethylene (UHMWPE) were inserted (Fig. 1b). Into the
guillotine holders were placed PEEK membranes that were
held in place between two 316L stainless steel plates with a
0.64 cm? opening (Fig. 1b). A photograph of the modified
reactor is provided in Fig. Ic. All other aspects of the
reactor were the same as the original CDC biofilm reactor.

Biofilm Growth in Reactor

The modified reactor held eight PEEK membranes with
two membranes in each of the four guillotine holders (see
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Fig. 1). PEEK membranes were first sonicated for 10 min
in detergent, rinsed under running reverse osmosis water
for 10 min, sonicated in reverse osmosis water for 10 min
and rinsed once again using 70% ethanol. The reactor was
then assembled and all components autoclaved before use.

Following American Society for Testing and Materials
(ASTM) standard E2562-07, the modified reactor was run
under the following conditions: approximately 1.5 x 10°
bacterial cells were inoculated into 500 ml of brain heart
infusion (BHI) broth (modified) in the biofilm reactor. The
rotator was stirred at 130 rpm, and the unit was placed in
an incubator set at 28.5°C for 24 h. A 10% BHI broth
(modified) solution was then flowed through the reactor at
6.94 ml/min for 24 h.

Sample Fixation, Dehydration and Imaging

To qualitatively observe the biofilms that had developed,
eight membranes were imaged using SEM. For imaging
preparation, membranes were removed from the reactor,
placed in 2.5% glutaraldehyde for 24 h and then dehy-
drated using ascending grades of ethanol with 3 x 20 min
exchanges of each up to 100%. Samples were dried in a
desiccator overnight, sputter coated with ~3 nm of gold,
and imaged using a FEI NOVANano SEM 600.

On two membranes, the Filmtracer  LIVE/DEAD® stain
(Invitrogen, Carlsbad, CA) was used in conjunction with
confocal laser scanning microscopy (CLSM) to qualitatively
observe the degree of live versus dead bacteria on the
membrane. The biofilms were observed using a FV-1000 XY
inverted CLSM microscope with a 60x water objective.

Bacterial Quantification

In order to determine uniformity, following eight separate
runs of the modified biofilm reactor, a total of 64 PEEK
membranes were used to quantify the number of bacteria that
grew on the surface of each membrane. The membranes from
each run were randomly assigned to one of two treatment
groups (i.e., with four membranes per group).

Following growth in the reactor, the four membranes in
Group 1 were removed from the guillotine holders, rinsed
3x in 6 ml of saline, placed on a shaker at 100 rpm for
20 min and allowed to remain stationary for 1.5 h. The
membranes were then vortexed for 1 min, sonicated at
47 kHz and 1.8 W/cm? for 10 min, allowed to recover
from sonication for 20 min and then enumerated using a
10-fold dilution series. 100 ul of each dilution
(1:10-1:10,000,000) was plated onto Columbia blood agar
and incubated overnight at 37°C. The following day, the
colony forming units (cfu) were counted to determine
the number of bacteria per membrane (cfu/membrane).
Fifteen randomly selected membranes were imaged by
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Fig. 1 a Schematic diagram of A
the CDC biofilm reactor.

b Schematic diagram of the
modified CDC biofilm reactor
lid and guillotine-like holder.
¢ Photograph of the completed
modified CDC biofilm reactor
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SEM to confirm that bacteria had been removed from the
surface.

The rationale for shaking the membranes at 100 rpm for
20 min was to model the car ride that they will be exposed
to when they are transported from the lab to the site of
animal surgery. Furthermore, the four membranes in Group
1 were allowed to remain stationary for 1.5 h to model the
time that they will be stationary whilst the surgical facility
and animals are prepped for surgery before inoculation.
Group 2 membranes were treated in the same manner as

those in Group 1 with the exception that they were allowed
to remain stationary for 3 h as opposed to 1.5 h so as to
model the time that they will remain stationary during the
first surgery of the future animal model.

The density of bacteria in cfu/membrane was recorded
for each PEEK membrane and then log,( transformed. For
each of the two treatment groups separately, an ANOVA
was fit, with run as a random effect, to calculate the mean
and repeatability standard deviation (SD) of the log den-
sities on the PEEK membranes over the eight reactor runs.
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Another ANOVA, with group as a fixed effect and run as a
random effect, was used to compare the group means and
to calculate the repeatability SD for both groups pooled
together. These statistics were used to determine if any
difference in bacterial response could be seen between
membranes that were allowed to remain in a dilute broth
solution for varying periods of time. The analyses also
showed the percentage of the repeatability variance
attributable to within- and between-run sources.

Fig. 2 a Representative SEM
image of the S. aureus biofilm.
b Additional image of the EPS
providing a scaffold for
bacterial cells within the biofilm
to create a bridge from one
surface of the PEEK membrane
to another. ¢ Representative
image showing a three-
dimensional structure of the
biofilm extending vertically
from the surface of the PEEK
membrane. d Representative
image showing possible water
channels within the biofilm
structure (arrow). e The LIVE/
DEAD® stain showed living
cells as green and dead cells as
red. This image shows a
representative Z projection slice
of the S. aureus biofilm
collected using CLSM and
indicates that the cells within
the biofilm were predominantly
living with an estimated ratio of
live to dead cells being 1000:1.
Original magnification was x60
(color images can be seen in the
online version or upon request
to the authors)

@ Springer

Results

Growth on PEEK Membranes Within the Biofilm
Reactor

Images collected of the PEEK membranes following
growth, sample fixation and dehydration indicated that
copious amounts of biofilm formed on the membrane sur-
faces (Fig. 2a). Furthermore, each of the three indicators
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that a mature biofilm had developed were detected [10],
i.e., significant EPS production (Fig. 2a and b), three-
dimensional structures of mushroom- or pillar-like forma-
tions (Fig. 2c) and possible water channel development
(Fig. 2d) were observed upon SEM analysis. In addition,
the EPS matrix appeared to act as a scaffold to which the
bacteria attached to create a “bridge” that connected cells
of the biofilm from one strand of the PEEK membrane to
another (Fig. 2b). These results indicate that mature bio-
films did form on the surface of PEEK membranes when
grown within the modified membrane reactor.

Notably, although the temperature of the incubator was
set at 28.5°C, the recorded temperature of the broth after
the first 24 h of each run was 28.1 £ 1.2. After 48 h of
growth, the broth temperature from each run was
29.8 £ 0.5.

Bacterial Quantification
The number of bacteria on each PEEK membrane was

quantified following eight separate runs of the reactor, with
eight membranes per run, and four membranes randomly

assigned to each of two treatment groups to confirm uni-
formity. The data are shown in Fig. 3.

Mean log densities and repeatability SDs for each of the
two groups individually and also for all 64 membranes
pooled together are given in Table 1. The table corrobo-
rates what is evident in Fig. 3: the two groups have similar
means and repeatability SDs. A 90% confidence interval
for the difference of the Group 1 mean log density sub-
tracted from the Group 2 mean log density was found to be
(0.06, 0.19), which indicates statistical equivalence
between the two group means at a significance level of 5%
as long as mean differences up to 0.19 are considered to be
negligible.

Taken together, these results show that copious amounts
of S. aureus biofilm formed on the surface of each PEEK
membrane within the reactor and that the mean log den-
sities for the two treatment groups were statistically
equivalent. Furthermore, the biofilm log density exhibited
acceptable repeatability from run to run under the condi-
tions described.

SEM images of the PEEK membranes that were col-
lected after the quantification process indicated that only
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represents one membrane )
> . °
£ 9.00 -
=]
K=]
8.754 o -
(@]
8.501 T T T T T T T T T T T T T T T —
Group 1 2 1 2 1 2 1 2 1 2 1 2 1 2 1 2
Run 1 3 4 5 6 7 8

Table 1 Statistical characteristics for each of the two treatment groups, and both groups pooled together

Group Mean SE Repeatability SD Percentage contribution
Within run (%) Between run (%)
1 9.45 0.0296 0.2020 17 83
2 9.58 0.0297 0.2162 15 85
Both 1 and 2 9.51 0.0203 0.2130 14 86

The standard error (SE) of the mean and the repeatability SD are based on four membranes per run. These results demonstrate the uniformity of

the biofilm formation on the PEEK membranes
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sparse microcolonies of bacteria remained on the surface.
As such, the number of bacteria in the microcolonies was
inconsequential with respect to the billions of cells that
were enumerated (SEM images not shown).

Discussion

An increased understanding of the important role of bio-
films in device-related and chronic infections suggests that
in vitro and in vivo studies may be strengthened with the
use of mature biofilms as opposed to the application of
planktonic bacteria alone. This study highlighted the ability
of the CDC biofilm reactor to be modified in such a way
that mature biofilms could be grown on a biocompatible
polymer surface that can later be applied towards in vivo
experimentation. Taken together, the hypothesis that
mature biofilms would develop on the surface of PEEK
membranes in a repeatable fashion was supported.

Interestingly, during the optimization of the modified
reactor, it was found that when the unit was placed in an
incubator set at 37°C, biofilms did not form as well as
when they were grown at 28.5°C. More specifically, when
grown at 37°C, there was no biofilm growth on the PEEK
membranes by visual observation, whereas at 28.5°C,
copious amounts of biofilm could be seen. Since our group
was interested in having ~ 10° cells/membrane, no further
runs at 37°C were performed. Nevertheless, this finding
was similar to that of Rode et al. [15]. They found that
several clinical and food-related isolates of S. aureus pro-
duced biofilms optimally near 30°C.

The overall mean bacterial log density was 9.51 log
(cfu/membrane), and the repeatability SD was 0.2130. As a
comparison, in the 13 experiments described by Bucking-
ham-Meyer et al. [2], S. aureus ATCC 6538 biofilm grown
in the CDC reactor on glass coupons exhibited a mean of
8.3 log (cfu/cm?) and a repeatability SD of 0.224 (based on
two coupons). In a different set of 12 experiments, Buck-
ingham-Meyer et al. [2] grew Pseuodomonas aeruginosa
biofilm in the CDC reactor on glass coupons, with a mean
of 8.5 log (cfu/cm?) and a repeatability SD of 0.211.
Goeres et al. [9] grew P. aeruginosa biofilm in the CDC
reactor on polycarbonate coupons over nine experiments
and reported a mean of 7.06 log (cfu/cm?) and a repeat-
ability SD of 0.510 (based on two coupons per experi-
ments). Thus, the biofilm bacteria grown on PEEK
membranes in the modified CDC reactor exhibited
acceptable run to run repeatability in our study.

Demonstrating that biofilm growth on the PEEK mem-
branes was repeatable from run to run was an important
aspect of this project. More specifically, if these biofilms of
S. aureus on PEEK membranes are to be used in future
animal models, it is important that individual animals
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receive statistically equivalent biofilm challenges. There-
fore, the statistical equivalence of the biofilm grown on
membranes in each of the treatment groups suggests that
these biofilms will be used reliably and repeatably in a
future animal model of device-related infection.
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