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Abstract

Background: Bacterial biofilms cause chronic orthopaedic infections. Surgical debridement to remove
biofilm can be ineffective without adjuvant local antimicrobials because undetected biofilm fragments may
remain in the wound and reestablish the infection if untreated. However, the concentrations and duration
of antimicrobial exposure necessary to eradicate bacteria from clinical biofilms remain largely undefined.
In this study, we determined the minimum biofilm eradication concentration (MBEC) of tobramycin and
vancomycin for bacterial biofilms grown on bone and muscle in vitro.

Methods: Biofilms of pathogens found in musculoskeletal infections (S. aureus, S. epidermidis, E. faecalis, P.
aeruginosa, and E. coli) were established for 72 hr on rabbit muscle and bone specimens in vitro and
characterized by SEM imaging and CFU counts. Biofilm-covered tissue specimens were exposed to serial
log: dilutions (4000-31.25 pg/mL) of tobramycin, vancomycin, or a 1:1 combination of both drugs for 6,
24, or 72 hr. Tissues were subcultured following antimicrobial exposure to determine bacterial survival.
The breakpoint concentration with no surviving bacteria was defined as the MBEC for each
pathogen-antimicrobial-exposure time combination.

Results: All tested pathogens formed biofilm on tissue. Tobramycin/vancomycin (1:1) was the most
effective antimicrobial regimen with MBEC on muscle (10/10 pathogens) or bone (7/10 pathogens)
generally in the range of 100-750 pg/mL with 24 or 72 hr exposure. MBEC decreased with exposure time
for 53.3% of biofilms between 6 and 24 hr, 53.3% of biofilms between 24 and 72 hr, and for 76.7% of
biofilms between 6 and 72 hr. MBECs on bone were significantly higher than corresponding MBECs on
muscle tissue (p < 0.05). In most cases, tissue MBECs were lower compared to previously published
MBEC:s for the same pathogens on polystyrene tissue-culture plates.

Conclusions: The majority of MBECs for orthopaedic infections on bone and muscle are on the order

of 100-750 ug/mL of vancomycin+tobramycin when sustained for at least 24 hr, which may be clinically
achievable using high-dose antimicrobial-loaded bone cement (ALBC).

Key words: surgical site infection, bone and joint infection, biofilm susceptibility, antimicrobial susceptibility,
local antimicrobial delivery, minimum biofilm eradication concentration

Introduction

The majority of surgical site infections including  surfaces.! Biofilms are characteristically tolerant to
bone, joint, and implant-related infections are caused  antimicrobials and thus present a major challenge to
by biofilms, which are communities of bacteria in a  successful clinical management.2® For planktonic
polysaccharide matrix that is self-produced following  infections, the inhibition or reduction of bacteria by
bacterial adhesion to implant or compromised tissue  systemic antimicrobials combined with a normal host
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immune response can effectively cure the infection.*
However, in biofilm-based infections,
antimicrobial-tolerant bacteria can survive systemic
antimicrobials and evade host immune killing.>¢
Biofilm can become established on compromised host
tissue surfaces as an infection progresses and recently,
it has become evident that floating bacterial
aggregates in synovial fluid can progress to biofilm.”
While accepted treatment of established orthopaedic
infections includes surgical debridement of infected
tissue, these procedures may leave biofilm along the
debridement margins or fragments in the surgical
wound.*® Retention of biofilm bacteria in the
postsurgical wound increases the risk that infection
will recur* Local delivery of antimicrobials is
commonly performed with the goal of eradicating
bacteria, including any remaining biofilm, after
debridement.

The minimum biofilm eradication concentration
(MBEC) is the lowest level of an antimicrobial that
will kill all bacteria in a biofilm and is often two or
more orders of magnitude greater than the minimum
inhibitory concentration (MIC) determined for
planktonic organisms.”’0 Since MBEC drug levels
exceed safe systemic levels, antimicrobials are applied
directly to the surgical site to maximize efficacy while
minimizing systemic toxicity. However, there are few
data reporting MBEC for specific pathogens in
clinically relevant environments. While it has been
long established that biofilms can develop differently
depending on the surface on which they are
grown,!-15> MBECs are generally determined in vitro,
frequently using abiotic surfaces, with no
standardized  methodology.’®  Previously, we
determined MBECs for biofilms established in
polystyrene microtiter well plates that were generally
on the order of 2,000-16,000 pg/mL with 24 hr
exposure,” although biofilms grown on polystyrene
may not be representative of the clinical scenario.
Another important consideration is that antimicrobial
action is not immediate, and the concentration
required to achieve total bacterial kill decreases as the
exposure duration increases.!”!® Again, there are few
data characterizing MBECs over clinically relevant
antimicrobial exposure times. Prior studies on local
antimicrobial delivery report that drug levels in
surgical wounds in vivo peak near MBEC levels (>100
pg/mlL) within the first 24 hr,%?0 and in some cases
are sustained for up to 72 hr.21-3

In this work, our primary objective was to
determine MBEC using a method that retains critical
characteristics of clinical infections, including biofilms
of orthopaedic pathogens established on muscle and
bone surfaces, drug exposure durations up to 72 hr,
and clinically relevant antimicrobials. Lacking a

validated assay, we developed a protocol for
determining MBEC by establishing biofilms on
aseptically harvested rabbit muscle and bone
specimens in vitro, and treating those biofilms with
antimicrobials for 6-72 hr to simulate the duration of
exposure provided by local delivery. Tobramycin and
vancomycin were chosen because they are common,
clinically used antimicrobials for local delivery in
orthopaedics, including in recommended
antimicrobial-loaded ~ bone  cement (ALBC)
formulations.?*

Methods

Bacterial Strains

Ten pathogenic bacterial strains from ATCC
(Manassas, VA) were evaluated: 3 S. aureus (ATCC
BAA-1556, BAA-1680, 49230), 4 S. epidermidis (35984,
29886, 14990, 700583), and 1 each of E. faecalis (29212),
P. aeruginosa (27853) and E. coli (25922).25-28 BAA-1556,
BAA-1680, and 35984 are multidrug-resistant strains.

Biofilm Growth on Tissue

Skeletal muscle from the hind limb and cortical
bone from the radius were aseptically obtained from
New Zealand White rabbits (female, 3.0-3.5 kg,
Western Oregon Rabbit Co., Philomath, OR, USA)
immediately after euthanasia, and stored frozen at
-20°C in sterile centrifuge tubes until use. Tissues
were divided to fit into the wells of a 96-well tissue
culture plate. Bone specimens (cortical bone of the
radius without bone marrow) were cut into 5 mm
long shards (10.6 £ 5.7 mg); muscle specimens
(quadriceps or hamstrings muscles) were cut into
cubes approximately 4 mm? in size (64.8 + 24.6 mg).

Biofilm on tissue was produced by a
modification of standard in vitro growth assays.?
Bacterial suspensions were prepared by overnight
culture in tryptic soy broth (ITSB, BD, Sparks, MD,
USA) then diluted in TSB supplemented with 1%
glucose to 1.5 x 108 CFUs/mL. Biofilms were grown
by placing tissue specimens in the wells of sterile,
flat-bottom 96-well tissue culture plates (Celltreat,
Shirley, MA, USA), submerging tissue specimens in
200 pL of bacterial suspension (one organism used per
plate), and incubating for 72 hr at 37°C. TSB was not
exchanged to ensure tissues were exposed to an
equivalent density of planktonic bacteria without
disruption during the growth phase, and because
substantial evaporation did not occur.

Biofilm Characterization

Tissue-bound biofilms were characterized by
counting CFUs using a drop-plate method for each
bacterial strain on bone and muscle3 Tissue
specimens were rinsed, placed into 1 mL sterile TSB,
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and bath sonicated (35 kHz, VWR Aquasonic) for 15
minutes to release adherent bacteria prior to
preparing serial dilutions for counting. Biofilms from
each strain on bone and muscle were imaged with
scanning electron microscopy (SEM). Biofilms were

fixed in 2.5% glutaraldehyde overnight at 4°C and
stored in 100 mM phosphate buffer. Samples were
dehydrated in a water-acetone series, critical
point-dried  (Balzers CPD 020) with CO,,
sputter-coated with gold (Technics Sputter Coater),
mounted, and imaged by SEM (JEOL JSM6300; 15 kV;
500X and 4,000X magnification).

MIC, FIC, and MBEC Determination

Three antimicrobial regimens were investigated:
tobramycin alone (TOB; tobramycin sulfate USP,
Spectrum Chemical), vancomycin alone (VANGC;
vancomycin  hydrochloride USP, Chem-Impex
International Inc.), and tobramycin/vancomycin 1:1
combination by mass (TOB+VANC). For each
organism, the fractional inhibitory concentration (FIC)
index (dimensionless synergy index : synergistic < 0.5,
indifferent = 0.5-4, or antagonistic > 4) was
determined for tobramycin and vancomycin by
checkerboard assay in which 64 concentration
combinations were tested.?! The minimum inhibitory
concentration (MIC) of tobramycin and vancomycin
was determined using 8 log, serial dilutions of the
respective antimicrobial in the control wells of the
checkerboard assay, which is analogous to the CLSI
broth microdilution method.3?

For MBEC determination, antimicrobial
solutions in TSB were applied to individual
biofilm-tissue specimens in 8 log> serial dilutions from
4,000 pg/mL to 31 pg/mL, and in addition 750
pg/mL and 375 pg/mL. Positive controls consisted of
biofilms on tissue samples in antibiotic-free medium
in the same row of wells to confirm positive cultures.
TSB-only negative controls (no tissue specimens or
antimicrobials) were included in each plate to confirm
sterility and lack of cross-contamination between
wells. After 72 hr of biofilm growth on muscle and
bone as described above, tissue specimens were
transferred into new sterile 96-well plates. For each
antimicrobial exposure, tissue type, and exposure
time, 11 tissue specimens were submerged in 200 pL
of TSB (one specimen at each of the 10 antimicrobial
concentrations and a TSB-only control) and incubated
at 37°C for 6, 24, or 72 hr (antimicrobial “exposure
time”). For the tobramycin/vancomycin combination
group, the reported concentration is the total
(additive) concentration, such that the 1,000 pg/mL
solution contained 500 pg tobramycin plus 500 pg
vancomycin per mL. In total, 1,800 biofilm-tissue
samples (10 bacteria x 2 tissues x 3 regimens x 3

exposure times x 10 concentrations) and 180 control
biofilm-tissue samples (10 bacteria x 2 tissues x 3
exposure times x 3 replicates) were tested in this
study. From these specimens, 180 MBEC values were
determined (10 bacteria x 3 antimicrobial regimens x 3
durations x 2 tissue types), one MBEC value from
each series of 10 samples.

After antimicrobial exposure, tissue specimens
were gently rinsed at least 4 times with sterile TSB to
thoroughly remove the antimicrobials, preventing
residual antibacterial suppression of viable bacteria in
subcultures. Viable bacteria were then detected by
subculture. The tissue specimens with their biofilms
intact were placed in new tubes containing 3 mL TSB,
bath sonicated (35 kHz, VWR Aquasonic) for 15
minutes to facilitate release of bacteria from the
biofilm and then incubated at 37°C for 21 days to
ensure detection of any slow-growing bacteria.
Bacteria surviving antimicrobial exposure were
identified by turbidity in the liquid subculture.

The MBEC was defined as the lowest
antimicrobial concentration of 10 tested (breakpoint
concentration) that was associated with no surviving
bacteria (no turbidity). The breakpoint concentration
was classified as "clean" when multiple sequential
negative subcultures were observed immediately
above the highest concentration yielding a positive
subculture. If all subcultures were turbid, the MBEC
was recorded as >4,000 pg/mL. If all subcultures
containing antimicrobials were not turbid, the MBEC
was recorded as <31 pg/mL. MBEC values of 1,000
pug/mL or greater were defined as “extreme” because
1,000 pg/mL is estimated to be near the maximum
exposure achievable by local delivery over 3 days.?!-2
The number of strains having extreme MBEC for each
antimicrobial treatment, exposure time, and tissue
type was reported. Samples from one positive culture
per organism were sent to a third-party diagnostic
laboratory (Antech Diagnostics, Phoenix, AZ) for
aerobic culture and identification to confirm that
regrowth was due to the initial organism.

Statistical significance (a = 0.05) of differences in
CFUs between growth substrates was determined by
two-tailed paired t-test. Differences in MBEC between
growth substrates, antimicrobial exposure times (6 hr,
24 hr, 72 hr), and against MIC values were determined
by sign test. Differences in the frequency of extreme
MBEC values compared across antimicrobial
regimens and tissue types were determined by
McNemar's test.

Ethics

All research involving animals was approved by
the TACUC at St. Joseph’s Hospital and Medical
Center (Phoenix, AZ) and conducted in compliance
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with all relevant institutional and national standards
for animal care and experimentation. Tissue
specimens used in this study were collected after
euthanasia of rabbits used in separate studies.

Results

MIC and FIC Determination

Among planktonic organisms, S. epidermidis
35984 and 29886 were observed to have high MIC (16
pg/mL) to tobramycin (Table 1), while the two
Gram-negative microorganisms, P. aeruginosa 27853
and E. coli 25922, were expectedly not inhibited by
vancomycin at any concentration tested (MIC > 64
pug/mL). For all other antimicrobial/microorganism
pairs tested, the MIC was in the range of 0.125-8
pg/mL (Table 1). In checkerboard assays, synergy
between tobramycin and vancomycin only occurred
for S. epidermidis 29886 (FIC index 0.18) and there was
no antagonism between tobramycin and vancomycin
for any of the organisms.

Table 1. Minimum inhibitory concentration (MIC) and fractional
inhibitory concentration (FIC) index for musculoskeletal
associated biofilms. FIC index values indicate synergistic (<0.5),
indifferent (0.5-4), or antagonistic (24) drug interactions.

Species / ATCC# Tobramycin ~ Vancomycin ~ Tobramycin/Vancomycin
(ug/ml) (ng/ml) 1:1 Combination
FIC index
S. aureus BAA-1556 0.25 2 1.20
S. aureus BAA-1680 0.5 2 1.34
S. aureus 49230 0.5 2 0.81
S. epidermidis 35984 16 8 0.56
S. epidermidis 29886 16 4 0.18
S. epidermidis 700583 0.125 4 1.08
S. epidermidis 14990 0.25 4 1.07
E. faecalis 29212 2 1 1.69
P. aeruginosa 27853 0.5 >64 0.89
E. coli 25922 2 >64 0.83

Biofilm Characterization

CFU counts and SEM images confirmed biofilm
formation on all specimens (Figure 1). Biofilms
showed a variety of phenotypes which in many cases
included widespread EPS formation on tissue
surfaces (Figures 1A). Representative images of
biofilms of all microorganisms on muscle and bone at
500X and 4,000X are included in the supplemental
data. (Figures S1 and S2). EPS appears as the
filamentous, sheet-like, or granular extracellular
structures on tissue surfaces that are observed
between individual bacteria, or those in which
bacteria are embedded. Qualitatively, biofilm
coverage appeared more extensive on muscle than
bone. All biofilms appeared monomicrobial and
consistent with the morphology of the study
organism. CFUs per specimen were between 8.35x103
-1.12x108 on bone and 1.19x104 - 4.85x108 on muscle

(Figure 1B); CFUs for biofilms on bone and muscle
specimens were not significantly different (p = 0.2742;
two-tailed paired t-test).

S. aureus 49230

E. coli 25922

-
(=1
=
e

[ Bone
=1 Muscle

Figure 1. Biofilm characterization. (A) SEM analysis and (B) CFU counts following 72
hr biofilm growth on bone and muscle tissue. SEM images were taken at 4000X
magnification and show two representative biofilm strains (all additional strains in
Supplemental Figures S1 and S2). CFUs are presented as mean values * standard
deviation.

MBEC Determination

MBECs for tobramycin and vancomycin against
all 10 bacterial biofilms on muscle and bone were
greater than their respective MIC values (p < 0.0001;
Figure 2, Table S1). All positive subcultures tested
were confirmed as the original organism only.
Approximately 90% of positive subcultures occurred
within 5-7 days of subculture and all positive
subcultures became turbid by 14 days. Across all
treatment combinations (ie, for a given
microorganism, drug level and exposure time, and
tissue)) ~MBEC  decreased  with  increasing
antimicrobial exposure time (p = 0.0003, 6 vs. 24 hr; p
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= 0.0124, 24 hr vs. 72 hr). MBEC decreased in 53.3% of
cases between 6 and 24 hr, in another 53.3% of cases
between 24 and 72 hr, and in 76.7% of cases between 6
and 72 hr. Clean breakpoints were observed in
159/180 (88.3%) of the subculture series. Among the
1,800 total subcultures, 36 of 1800 subcultures (2.0%)
were identified as false negatives (negative subculture
at a concentration between sequential positive
subcultures) and 6 of 1800 subcultures (0.3%) were
identified as false positives (positive subculture
between sequential negative subcultures).

A

Extreme MBEC

Extreme MBEC values (= 1,000 pg/mL) were
observed less frequently for the combination of
tobramycin/vancomycin  (13/60) compared to
tobramycin alone (21/60, p = 0.0159) or vancomycin
alone (49/60, p < 0.0001) (Table 2). Extreme MBECs
across all exposure times for the
tobramycin/vancomycin combination occurred more
frequently for biofilms on bone compared to muscle
(p < 0.0001).

Bone Muscle
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Figure 2. MBEC for 10 musculoskeletal biofilms on bone (left column) and muscle (right column) tissue treated with (A) tobramycin, (B) vancomycin, or (C)

tobramycin/vancomycin combination for 6 to 72 hr (see also Table S1).

Table 2. Strains with extreme minimum biofilm eradication concentration (MBEC) for musculoskeletal biofilms on bone and muscle

tissue.
Bone Muscle
Exposure Tobramycin Vancomycin 1:1 Combination Tobramycin Vancomycin 1:1 Combination
Time (ng/ml) (ng/ ml) (ng/ ml) (ng/ml) (ng/ml) (ng/ml)
Strains with extreme 6 hr 5/10 10/10 5/10 5/10 8/10 2/10
MBEC (21,000 pg/mL) 24 hr 3/10 10/10 3/10 3/10 6/10 0/10
72 hr 3/10 9/10 3/10 3/10 6/10 0/10
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Discussion

The primary goal of this work was to identify the
antimicrobial concentration and exposure time
necessary for two commonly used antimicrobial
agents to eradicate a range of orthopaedic pathogens
from biofilms formed on clinically relevant tissue
surfaces. There are no clinically validated assays for
antimicrobial susceptibility of bacteria within biofilm.
The most common methods entail exposure to
antimicrobials for up to 24 hours following biofilm
growth either in conventional tissue culture plates® or
on the pegs of the Calgary biofilm device.1¢3* These
assays do not account for the complex surfaces of soft
tissue and bone, including bone’s internal surfaces
(Haversian canals, canaliculi), or the
three-dimensional structures that biofilms grow on in
musculoskeletal infections. We chose to evaluate
biofilm antimicrobial susceptibility on muscle and
bone tissue specimens because they provide the
physical and chemical attributes of infected tissue
fragments which could be present in a
post-debridement wound. This work produced
several clinically important findings: 1) MBECs of
biofilms growing on muscle and bone using 1:1
tobramycin/vancomycin combination therapy were
generally in the range of 100-750 pug/mL after 24 hr
antimicrobial exposure: 750 pg/mL for 24 hr was
sufficient to kill all the bacteria in 17 of 20 biofilms; 2)
MBEC varies based on the growth substrate; 3) a
clinically important decrease in MBECs occurs with
increasing antimicrobial exposure time, especially
between 6 and 24 hr.

The method we
determination  produced
samples with extensive Dbiofilm (Figure 1,
Supplemental Figures S1 and S2). Still, the
methodology is new and as such has some limitations.
First, biofilm maturity was not characterized. As
biofilms develop, cell replication and metabolic
activity decrease which produces a corresponding
decrease in antimicrobial susceptibility.® Although
the antimicrobial susceptibility versus biofilm growth
time will differ between organisms, biofilm growth
was held constant at 72 hr to standardize the assay.
Second, we elected to not replace the liquid medium
during biofilm growth or during antimicrobial
exposure. In each case, evaporation was minimal and
the tissue samples remained fully submerged. We do
not believe that nutrient deprivation explains the
decrease in MBEC over exposure time because
biofilms that would have been the most susceptible to
nutrient deprivation (positive controls and biofilms
exposed to low antimicrobial concentrations) reliably
survived and re-grew after 72 hr exposure. Third, we
used small tissue samples with variable size for

developed for MBEC
reasonably  consistent

MBEC determination. This work was not intended to
test antimicrobial tissue penetration or treatment of
inadequately debrided infections, nor is it intended to
challenge thorough surgical debridement as a
requirement of appropriate treatment. Small tissue
specimens (10-60 mm3) were used to ensure thorough
antimicrobial penetration and to approximate tissue
fragments which could remain in a wound following
intralesional debridement. As mentioned above,
despite variable specimen size, subculture results
within each series were in complete agreement 88.3%
of the time. While larger tissue specimens would have
allowed for a greater number of bacteria to adhere to
the surface, we evaluated the presence or absence of
bacteria rather than counting the number of surviving
bacteria, so the total number of bacteria is less
important. Fourth, we used bath sonication to
facilitate liberation of bacteria adhered to tissue in
biofilm as previously described in clinical practice,
but this procedure has also been reported to have
bactericidal effects.?” In this assay, sonication would
have to eradicate nearly all bacteria to introduce
meaningful error into the MBEC determination.
However, it may have negatively affected CFU
quantification. Fifth, the method entails submerging
tissues for subculture which were previously stored in
up to 4,000 pg/mL of antimicrobials, and we did not
measure the antimicrobial concentration in the
subculture media, posing a risk that regrowth in
subcultures could be inhibited. However, the rinsing
method that we used appears sufficient because we
obtained positive cultures after short exposure times
for samples incubated in 4,000 ng/mL, indicating that
antimicrobials in these samples were removed to
sub-MIC levels, allowing regrowth.

This study also has some additional limitations
pertaining to its scope. First, MBEC measurements
were not repeated. In previous work, we determined
MBEC in triplicate and observed no more than one
interval of difference in the MBEC value between
replicates.® In the present study, each MBEC value
was derived from a series of 10 individual subcultures
in addition to 2 controls to verify bacterial viability
and lack of cross-contamination. The binary outcomes
for each subculture collectively indicate a specific
breakpoint within the series, and clean breakpoints
were observed in 88.3% of the subculture series.
Moreover, across the 1800 subcultures only 2% were
identified as false negatives, and 0.3% were identified
as false positives. The high frequency of clean
breakpoints among subculture series suggests that the
sample-to-sample variability was low and the MBECs
are reasonably accurate despite a lack of replication. It
is generally standard protocol to determine MIC in a
single assay, and in reference data these are
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commonly reported as a range, not a single number.
This reflects that there is some inherent variability in
microbiological  experiments  despite  rigorous
controls. Likewise, MBEC values represent ranges of
antimicrobial susceptibility and likely will vary
within about one interval between experiments.
Second, the scope of this work was limited to five
bacterial species, three of which were represented by
only one strain. The bacteria selected were intended to
provide a clinically representative spectrum of
pathogens and were originally isolated from clinical
infections. There are more species of interest for
future work, and we acknowledge that assaying
biofilms recovered from clinical infections might be
more clinically relevant. Third, we did not measure
MBEC for biofilms growing on implant materials.
Implant material surfaces will need to be assessed
using the same methodology. Fourth, we chose to
evaluate two antimicrobials, tobramycin and
vancomycin, alone and in combination due to their
long history of use in local delivery in orthopaedics
and their broad spectrum coverage against
orthopaedic pathogens.?* Other antimicrobials may
also be appropriate for eradication of bacteria from
biofilms in orthopaedic infections and are of interest
for testing in future work. We also did not measure
antimicrobial concentrations after exposure because
both tobramycin®-4 and vancomycin*-# are water-
and heat-stable under similar conditions and are not
metabolized. Finally, we did not investigate the risk
for local tissue toxicity that may be associated with
such high doses of antimicrobials as has been reported
in in vitro studies.*

Our current and previously published data™® fit a
consistent pattern where MBEC is higher for shorter
exposure times and lower for longer exposure times
(Figure 2, Table S1). For more than half of the
pathogens tested, MBEC after 24 hr exposure was less
than that after 6 hr exposure. Longer exposure times
up to 72 hr were associated with lower MBEC values,
but to a lesser degree. Overall, tissue MBEC for
tobramycin/vancomycin was in the range of 100-750
ng/mL total concentration at 24 hr exposure, and only
3 of 20 MBEC values across all conditions were
characterized as extreme (all on bone). Considering
this, we estimate that drug levels of 100 - 750 pg/mL
sustained for 24 hr may be an appropriate and
realistic goal for local delivery in treatment of
orthopaedic infection.

Antimicrobials released from ALBC or provided
by local application of vancomycin powder reach
peak local tissue concentrations within 6-24 hr after
dosing.19222346 In a clinical study, low-dose ALBC
spacers (2.5 g antimicrobials per 40 g batch of cement)
were reported to achieve mean concentrations of 196

pg/mL in wound drains at 24 hr.22 Moreover, we have
reported that antimicrobial release from high-dose
ALBC spacers (10 g antimicrobials per 40 g batch) is
approximately 25-fold greater than from low-dose
ALBC (1 g per 40 g batch) and 3.4-fold over
medium-dose ALBC (5 g per 40 g batch) in the first 24
hr in vitro.23 Therefore, ALBC spacers, especially those
with 5 g or more of antimicrobials per batch, are likely
capable of achieving the MBEC levels we have
identified in this work (100-750 pg/mL) covering a
wide variety of common microorganisms at 24 hr in
clinical practice. Similarly, clinical use of intrawound
vancomycin powder in total hip and knee
arthroplasties was reported to provide average
wound levels of 207 + 317 pg/mL after 24 hr.#” Some
investigational therapies have also been reported to
be capable of providing improved antimicrobial
exposure profiles compared to ALBC and intrawound
antimicrobial powder.#84° Based on these reports of
local delivery, maintaining levels over 100 pg/mL for
24 hours is a reasonable expectation of high-dose
ALBC, but attaining levels exceeding 1,000 pg/mL for
24 hours or peak levels approaching 4,000 ug/mlL, as
required for 15 of 40 of our monotherapy specimens at
6 hours, may not be. Determination of appropriate
local antimicrobial doses requires clinical judgment
and an understanding of what levels are possible in
post-debridement sites.

While biofilm susceptibility on different surfaces
has been reported previously,'1-1518 our data confirm
that MBEC varies depending on the growth substrate.
Prior work has shown that biofilms established in vitro
on bone tissue exhibit higher tolerance to tobramycin
and vancomycin than biofilms on PMMA and PTFE
biomaterials or planktonic cultures.’ Here, we found
that MBECs of biofilms on muscle are generally lower
than on bone (Figure 2). Comparing results from 5
strains (BAA-1556, 49230, 35984, 27853, and 25922)
common to this work and previously published
MBEC data for biofilms grown on polystyrene for a
shorter growth time (24 hr),? we found that MBECs
for biofilms grown on polystyrene were not predictive
of the MBEC for the same pathogen grown on muscle
or bone (Figure 3). MBECs on tissue were lower than
on polystyrene, with the exceptions of S. epidermidis
35984 on muscle and E. coli 25922 on muscle and bone.
Differences between polystyrene and either muscle or
bone were not statistically significant (p = 0.5271
polystyrene vs. bone; p = 0.0578 polystyrene vs.
muscle), likely due to lack of statistical power.

In our view, the MBEC levels measured here
should not be considered equivalent to what is
required for clinical cure because clinical local
delivery may not sufficiently access all bacteria, and
biofilms in our assay are grown in ideal growth
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1000 Another notable result of our work was that
antimicrobial-bacterium pairs with low MICs can
A0} i Bone have extremely high MBECs. For example, the
g5 o CJ 24br  two MRSA strains (BAA-1556 and BAA-1680) on
g I3 72hr - hone and muscle exhibited extreme MBEC for
= E 1 vancomycin at all exposure times despite both
C = Muscle having comparatively low MIC of 2 pg/mL. In
BE il B 24hr  addition, S. epidermidis 29886 was the only strain
=B o01 72hr - that exhibited an FIC index indicative of synergy
between tobramycin and vancomycin, but
0.0019 b o & & 5 synergy observed in planktonic culture was not
5 I, - s i\'\f’ reproduced in biofilm culture (Table S1). S.
}’v’ 0@‘ @b\ .&6’ @.‘9 aureus BAA-1680 biofilm on muscle was the only

& ® & 59
& & & & case where the drugs appeared to produce a

= < Q-

Figure 3. Fold change in MBEC for musculoskeletal biofilms on muscle or bone treated with

tobramycin/vancomycin compared to MBEC on polystyrene.

synergistic result, but this planktonic organism
had an FIC index of 1.34, indicating indifferent
effects. Therefore, these data collectively suggest

conditions without challenge from the immune
system. In a prior study of osteomyelitis treatment in
rabbits, we found that lower concentrations on the
order of MIC (provided by systemic antimicrobials or
low-dose  ALBC) were effective following
intralesional debridement in about half of the
rabbits.®0 The successful outcomes were likely
attributable to the host response in rabbits. It is widely
accepted that biofilms in clinical infections generally
cannot be successfully eradicated with systemic
antimicrobials alone, and local antimicrobial delivery
(which provides levels in excess of MIC) is a necessary
component of clinical treatment of established
infections.#5! Much higher delivery (estimated in
excess of MBEC levels) was required for treatment
success in all rabbits. Therefore, the drug levels
needed for reliable therapeutic success are likely
substantially higher than MIC, but may be lower than
the MBEC values measured for tissue-based biofilms
reported here.

Our data identify outlier biofilms having
extreme MBECs (= 1000 pg/mL) at 24 hr and longer
exposure times. While many of the MBECs (< 750
ng/mL for 24 hr) are likely achievable by high-dose
local delivery, outliers with extreme MBECs to
tobramycin and vancomycin exist, even for the more
broadly effective combination therapy. Three of 10
bacterial strains formed biofilm on bone with MBEC 2
4,000 ng/mL at 24 hr exposure and > 1000 pg/mL at
72 hr exposure. It may not be possible to achieve such
high  antimicrobial = levels  throughout a
post-debridement site in a clinical case, raising the
possibility of failures based on biofilms with extreme
MBEC for a given antimicrobial regimen. Thus, there
remains a need for a clinical assay that provides
reliable susceptibility data in cases of treatment
failure to inform antimicrobial selection.

that antimicrobial susceptibility in planktonic

cultures cannot be presumed to predict biofilm
susceptibility.

In conclusion, MBECs determined using biofilms
grown on tissue may be more representative of
MBECs of pathogens in clinical musculoskeletal
infections than MBECs determined using previously
reported methods for determining  biofilm
susceptibility. = The @ MBECs for  common
musculoskeletal pathogens are far greater than the
concentrations achievable by systemic administration,
but the majority are likely achievable by local delivery
techniques providing tissue levels on the order of
100-750 ng/mL sustained for at least 24 hr.

Supplementary Material

Supplementary figures and tables.
http:/ /www jbji.net/v04p0001sl.pdf
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