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We previously reported the development of an osteogenic bone filler scaffold consisting of degradable
polyurethane, hydroxyapatite, and decellularized bovine bone particles. The current study was aimed
at evaluating the use of this scaffold as a means of local antibiotic delivery to prevent infectionin a
bone defect contaminated with Staphylococcus aureus. We evaluated two scaffold formulations with
the same component ratios but differing overall porosity and surface area. Studies with vancomycin,
daptomycin, and gentamicin confirmed that antibiotic uptake was concentration dependent and

that increased porosity correlated with increased uptake and prolonged antibiotic release. We

also demonstrate that vancomycin can be passively loaded into either formulation in sufficient
concentration to prevent infection in a rabbit model of a contaminated segmental bone defect.
Moreover, even in those few cases in which complete eradication was not achieved, the number of
viable bacteria in the bone was significantly reduced by treatment and there was no radiographic
evidence of osteomyelitis. Radiographs and microcomputed tomography (uCT) analysis from the

in vivo studies also suggested that the addition of vancomycin did not have any significant effect on
the scaffold itself. These results demonstrate the potential utility of our bone regeneration scaffold for
local antibiotic delivery to prevent infection in contaminated bone defects.

Open fractures and penetrating wounds that damage the bone are extremely complex injuries. The resulting bone
defects are particularly problematic because they involve a breach of the skin and occur in non-sterile environ-
ments, thus making them highly susceptible to infection. The treatment of these injuries requires an intensive
interdisciplinary clinical approach that includes long-term systemic antibiotic therapy and surgical debridement
to remove damaged and contaminated bone and soft tissues'~. Debridement can exacerbate the bone injury
even further, thus increasing the likelihood that reconstruction will be required. This often necessitates the use
of indwelling hardware and bone fillers including autografts, allografts, or various forms of synthetic bone void
fillers®. The compromised wound environment also often makes it necessary to augment systemic therapy using
some form of local antibiotic delivery, the goal being to obtain antibiotic levels at the site of injury that exceed
those that can be achieved using systemic methods alone and that are sufficient to overcome the intrinsic resist-
ance associated with formation of a bacterial biofilm on damaged bone and soft tissues”"'*>. However, despite
such intensive medical and surgical intervention, recurrent infection and even amputation are far-too-common
outcomes.

!Department of Microbiology and Immunology, University of Arkansas for Medical Sciences, Little Rock, AR,
USA. 2Center for Integrative Nanotechnology Sciences, University of Arkansas at Little Rock, Little Rock, AR,
USA. 3Department of Large Animal Clinical Sciences, University of Tennessee College of Veterinary Medicine,
Knoxville, TN, USA. “Department of Small Animal Clinical Sciences, University of Tennessee College of Veterinary
Medicine, Knoxville, TN, USA. *These authors contributed equally: Karen E. Beenken, Mara J. Campbell, Aura
M. Ramirez and Karrar Alghazali. “email: asbiris@ualr.edu; smeltzermarks@uams.edu

Scientific Reports |

(2021) 11:10254 | https://doi.org/10.1038/s41598-021-89830-z nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-89830-z&domain=pdf

www.nature.com/scientificreports/

S1

Figure 1. Schematic illustration of the polyurethane-based bone filler scaffold. Left: Photograph of the S1 and
K20 scaffolds formulated in a size (approximately 1 cm in length) and shape to match the bone defect generated
in our rabbit model. Right: reconstructed scaffold uCT images and raw pCT cross sections of S1 and K20
scaffolds prior to antibiotic loading.

Thus, the two most critical clinical concerns in the treatment of traumatic bone injuries are restoring the
structural integrity of damaged bone and preventing infection from developing in a contaminated bone defect.
Because it is imperative to limit the possibility of recurrent infection following surgical debridement, these con-
siderations are also of critical importance in other forms of osteomyelitis (OM), including those that are initiated
by hematogenous seeding of the bone or invasion of the bone from an overlying soft tissue infection>*>!. Recent
reports have confirmed that a novel polyurethane-based bone filler scaffold promotes bone regeneration even
in critical-sized bone defects and that the scaffold can potentially be used to absorb and release bioactive agents
including antibiotics’*~'3. Other bone filler scaffolds have been reported, but, to our knowledge, this scaffold is
unique in its formulation and architecture, and may provide an advantage over other formats, particularly with
respect to its adaptability. However, the potential use of this scaffold as an antibiotic-delivery vehicle to prevent
infection in a contaminated bone defect has not been experimentally tested in an appropriate animal model.

As detailed in previous reports, this scaffold provides a highly flexible platform that allows for precise control
of structural and physical characteristics including elasticity, compressibility, porosity and surface area'>~'%. The
ability to control porosity is important to help ensure that the antibiotic concentrations achieved are sufficient to
prevent infection. However, even local antibiotic delivery can increase systemic antibiotic levels. Consequently,
the combined use of systemic and local antibiotic therapy, while clinically necessary with respect to preventing
and/or eradicating infection, can have adverse physiological consequences on the host'>?. This makes it impor-
tant to determine the minimum amount of antibiotic required to reliably achieve the desired clinical result while
minimizing the risk of such adverse effects.

To address these objectives, we carried out in vitro and in vivo experiments (Supplementary Fig. S1) to assess
two issues. First, we determined whether enough antibiotic can be incorporated into the scaffold to prevent
infection in a contaminated bone defect. Next, we determined the minimum amount of antibiotic required to
achieve this effect.

Results

Antibiotic uptake and elution. The dry weight of individual S1 and K20 scaffolds ranged from 84.78 to
90.61 and 84.62-90.27 mg, respectively. However, pCT imaging of each formulation before antibiotic loading
provided visual evidence that the S1 scaffold was more dense than the K20 scaffold (Fig. 1), and based on the
amount of PBS remaining after saturation of each scaffold formulation the K20 scaffold was found to take up
an average of approximately 2.30-fold more fluid than the S1 scaffold (range=195-363 and 105-138 pL, respec-
tively), thus confirming that the modifications made to the K20 scaffold increase its surface area and porosity
relative to the S1 scaffold.

With both scaffold formulations, the amount of fluid uptake was consistent irrespective of antibiotic concen-
tration, and no difference was observed in the concentration of antibiotic in the fluid remaining after saturation
of the scaffold (data not shown). Thus, the increased amount of fluid uptake observed with the K20 scaffold
was directly reflected in an increased amount of antibiotic uptake evident in both the greater amount of active
vancomycin observed in the eluate after a 30 min elution period (~ 20 vs. ~ 10 mg/mL) and in the overall elution
profile as assessed over time (Fig. 2). For both the S1 and K20 scaffolds loaded at concentrations of 10 or 100 mg/
mL of vancomycin, the concentrations antibiotic in the eluted samples obtained on day 10 remained above the
breakpoint minimum inhibitory concentration (MIC) that defines a vancomycin-sensitive strain of S. aureus
(<2.0 ug/mL). However, the highest concentration (average > 6.25 pg/mL) was observed with the K20 scaffold
saturated with 100 mg/mL vancomycin, hereinafter designated as K20/100. We chose to focus on vancomycin for
our in vivo studies because it is the primary antibiotic used to combat S. aureus infections caused by methicillin-
resistant strains and thus would offer broader therapeutic utility.

To determine whether the amount of vancomycin observed with the K20/100 formulation could be defined
as saturating, we also exposed the K20 scaffold to a solution containing 250 mg/mL of vancomycin, resulting in
a greater initial release as defined after a 30 min elution period (~ 32 mg/mL). However, within 24 h the amount

Scientific Reports |

(2021) 11:10254 | https://doi.org/10.1038/s41598-021-89830-z nature portfolio



www.nature.com/scientificreports/

Vancomycin concentration

(ug/mi)

20,000 <= S1 (1 mg/mi)

-0 S1 (10 mg/ml)
-0- S1 (100 mg/ml)
=%~ K20 (1 mg/ml)
—& K20 (10 mg/ml)
-~ K20 (100 mg/ml)

- S1 (1 mg/ml)
-0 S1 (10 mg/ml)
-0~ S1 (100 mg/ml)
¥ K20 (1 mg/ml)
- K20 (10 mg/ml)
-o— K20 (100 mg/ml)

15,000

10,000

5,000

Vancomycin concentration
(Hg/mli)
>
b

0 50 100 150 200 250 100 200
Time (hrs) Time (hrs)

Figure 2. Uptake and elution of vancomycin as a function of scaffold formulation and antibiotic concentration.
The S1 and K20 scaffold formulations were exposed to solutions of vancomycin at the indicated concentrations
for 24 h. Scaffolds were removed and placed in PBS without vancomycin. The buffer was replaced with
antibiotic-free buffer at the indicated time points and the approximate amount of active vancomycin determined
using a broth microdilution assay. Left: Results from the entire 10-day elution period. Right: exploded view of
data focusing on the later time points.

of antibiotic in the eluate fell to a concentration comparable to that observed with the K20 scaffold saturated
with 100 mg/mL antibiotic (~ 8.0 mg/mL). Thus, as defined by the overall elution profile, we considered the K20
scaffold to be saturated when it was exposed for 24 h to a solution containing 100 mg/mL of vancomycin. We also
demonstrated that the K20 scaffold could be saturated with daptomycin (Supplementary Fig. S2) and gentamicin
(Supplementary Fig. S3) in a concentration-dependent manner, although saturation required exposure to at least
a 200 mg/mL solution for these antibiotics. The antibiotic concentrations reported for these in vitro elution stud-
ies are defined by the nature of the experimental system, most notably the volume of buffer used for antibiotic
elution and the frequency of sampling, and so these results only allow relative conclusions about uptake and
release as a function of scaffold formulation and antibiotic concentration. Thus, the critical question is whether
these antibiotic concentrations are germane in the context of preventing infection in a contaminated bone defect.

Potential use for local antibiotic delivery in vivo.  To address the use of this scaffold in vivo, we carried
out three sequential experiments. All of these experiments employed the K20/100 scaffold, the difference being
the length of time the experiment was extended after surgery and placement of the scaffold. This time period
included 28, 56, and 84 days in the 1st, 2nd, and 3rd experiments, respectively.

Given an experimental group size of 3 rabbits per group, these experiments collectively included 9 rabbits per
experimental group. In the experimental group in which S. aureus was introduced and no antibiotic was added to
the scaffold, the soft tissues surrounding the surgical site were confirmed to be heavily infected in 8 of 9 rabbits
(Fig. 3, Group 1). The exception was a single rabbit evaluated at 84 days post-infection, thus suggesting that the
infection in this rabbit spontaneously resolved over time. These results confirm that the inoculum was sufficient
to establish infection, particularly given that all isolates obtained at the end of each experiment were confirmed
by PCR to be the same S. aureus strain used to initiate the infection (data not shown). In contrast, none of the 9
rabbits in the experimental group inoculated with S. aureus and treated with vancomycin-loaded scaffold were
found to be infected at any time point (Fig. 3, Group 2). Although bacteriological analysis in these studies was
limited to swabs taken from the surgical site and did not include the bone or scaffold itself, these results neverthe-
less demonstrate that vancomycin can be incorporated into the K20 scaffold in an amount capable of limiting,
if not preventing, infection. No bacteria were isolated from any of the 18 rabbits in either of two experimental
groups that were not inoculated with S. aureus (Fig. 3, Groups 3 and 4, respectively).

In the experimental group in which rabbits were infected with UAMS-1 and exposed to PBS-saturated scaf-
fold (Fig. 5, Group 1), the same bacterial strain used to initiate the infection was isolated from 8 of 9 rabbits at
the end of each experiment, there was clear evidence of OM as assessed by radiographic analysis (Fig. 3), and
the segmental defect was not filled as assessed by uCT (Fig. 4). In contrast, no bacteria were isolated from any of
the 27 rabbits in the other three experimental groups, there was no radiographic evidence of the development
of OM in any of these rabbits (Fig. 3), and, although some of the radiographic images (Fig. 3) suggested that
vancomycin may have slowed regeneration in uninfected rabbits, there was no significant difference in bone
regeneration in rabbits in any of these three groups (Figs. 4, 5). Thus, the results of these three independent
experiments are all consistent with the hypothesis that it is possible to incorporate vancomycin into the K20
scaffold in an amount sufficient to prevent infection from developing in a heavily contaminated segmental bone
defect without compromising the bone regenerative properties of the scaffold itself.

Radiographic imaging from infected rabbits in which the surgically excised bone fragment was replaced with
an anatomically-correct scaffold saturated with PBS also confirmed that the bacterial inoculum was sufficient to
initiate an infection that progressed in severity in all three experiments, with radiographic evidence of infection
being apparent as early as 14 days (Fig. 3, Group 1). In contrast, there was little radiographic evidence of infection
in any of the other experimental groups (Fig. 3, Groups 2-4). Taken together with the results of our soft tissue
bacteriological analysis, these findings suggest that the amount of antibiotic in the K20/100 scaffold formulation
is sufficient to prevent infection from developing in a contaminated bone defect.
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Figure 3. Bacteriological and radiographic evidence of osteomyelitis in experiments with the K20/100 scaffold
formulation. A 1 cm defect (red arrow) was created in the right radius of rabbits as previously described*'. The
excised bone was discarded, and the distal and proximal ends of the remaining bone were either infected with S.
aureus or inoculated with sterile PBS. The K20 formulation saturated with either PBS or vancomycin (100 mg/
mL) was then placed into the defect and the wound closed. Left: Radiographs from the indicated time points are
grouped by infection status and whether the scaffold was loaded with PBS or vancomycin. Three independent
experiments were performed with end points at 28, 56 or 84 days. At each end point, rabbits were humanely
euthanized, the wound opened, and swabs taken for bacteriological analysis. Right: The collective results of the
bacteriological analysis.
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Figure 4. pCT analysis of K20/100 scaffold formulation. Bone surrounding the surgical site was harvested 28,
56, or 84 days post-surgery and subjected to pCT analysis. Results shown are from representative rabbits from
each experimental group, with the specific experimental group indicated below each set of vertical panels.
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Figure 5. Percentage of K20/100 scaffold formulation remaining as a function of infection status and antibiotic
loading. Bone surrounding the surgical site was harvested after 84 days and subjected to uCT analysis. The
volume of scaffold remaining in the surgical site was calculated and compared to the volume of control
scaffolds prior to implantation (Fig. 1). Results shown are the average + the standard error of the mean for each
experimental group. Asterisk indicates a statistically significant difference by comparison to the uninfected
control group in which the surgically-created bone defect was not contaminated and filled with PBS-saturated
scaffold (Group 3).

The uCT analysis confirmed that the scaffold was largely destroyed in infected rabbits that received PBS
saturated scaffold (Fig. 4, Group 1), while it remained in place and intact in all other experimental groups (Fig. 4,
Groups 2-4). These data suggest that the utility of the scaffold would in fact be compromised in an infected bone
defect in the absence of antibiotic, and that the addition of vancomycin even in the saturating amount used in
the K20/100 formulation did not adversely affect the structure of the K20 scaffold. The quantification of these
studies led us to conclude that approximately 50% of the scaffold remained after 84 days in both uninfected
experimental groups (Fig. 5, Groups 3 and 4). The amount of scaffold remaining in infected rabbits exposed to
vancomycin-loaded scaffold was slightly higher (Fig. 5, Group 2). However, the difference did not reach statisti-
cal significance by comparison to the uninfected experimental groups. As suggested by visual analysis of pCT
images (Fig. 4), the quantification also confirmed that the scaffold was essentially destroyed in infected rabbits
exposed to PBS-saturated scaffold (Fig. 5, Group 1).

Determination of vancomycin dosing. To address the issues possible in using more antibiotic than
necessary, we carried out two experiments with three significant modifications that allowed us to focus specifi-
cally on determining the minimum amount of vancomycin required to prevent infection. First, infected rabbits
were treated using the K20 scaffold saturated with PBS containing 100, 75, 50, 25 and 0 mg/mL of vancomycin.
Second, by comparison to the loading protocol described for the 1st three experiments, scaffolds were soaked in
the vancomycin solutions for 1 rather than 24 h. The reduction in loading time was based on our demonstration
that fluid uptake in the K20 scaffold is virtually immediate and the logic that a shorter loading period would
facilitate the intraoperative use of the scaffold after confirming that 1 h was sufficient to achieve an elution profile
directly comparable to that observed after 24 h (data not shown).

We also began using a spectrophotometric assay* as a means of assessing the absolute concentration of
vancomycin released from the K20 scaffold in addition to our bioassay. Spectrophotometry confirmed a linear
relationship between vancomycin concentration and absorbance at vancomycin concentrations between 0.4 and
50 mg/mL (Supplementary Fig. S4). For those samples in which our bioassay indicated a concentration higher
than 50 mg/mL, samples were diluted to get within the linear range which could be used tocalculate the amount
of vancomycin in the original sample. The results of these spectrophotometric assays were generally consistent
with the results of our bioassays, although when viewed collectively there was evidence to suggest that our bioas-
says may have underestimated the amount of antibiotic (Supplementary Fig. S5). This finding is not surprising
given our use of two-fold dilutions in our bioassays and the fact that we chose to report the lower concentration
of the range defined by these dilutions. Analysis also confirmed that antibiotic uptake and release is dependent
on the concentration of antibiotic in the solution used to saturate the scaffold (Supplementary Fig. S5). These
results demonstrate that antibiotic loading can be controlled by modifications to the scaffold itself (Fig. 2) and by
altering the concentration of antibiotic used to load the scaffold (Supplementary Fig. S5), thus providing further
flexibility in the use of our scaffold as an anti-infective.

Finally, because the focus in these experiments was solely on preventing infection, the experiments were ter-
minated 14 days after surgery and bacteriological analysis was extended to include the surgical site and the bone
itself. Because any implanted material containing antibiotic can become a substrate for bacterial colonization as
the level of antibiotic is diminished, we also included the scaffold itself in our bacteriological analysis. The use
of the scaffold and bone in the bacteriological assay precluded uCT analysis and, given the time frame for the
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Figure 6. Bacteriological analysis of the K20 scaffold as a function of antibiotic concentration. The K20 scaffold
was saturated in a solution containing the indicated amounts of vancomycin for 1 h at room temperature.
Scaffolds were then used to replace a 1 cm excised bone segment in infected rabbits. Scaffolds were left in place
for 14 days, at which point the surgical site was opened and soft tissues samples swabbed for bacteriological
analysis. The bone and its associates scaffold was then removed and homogenized before plating an aliquot on
tryptic soy agar. All soft tissue samples were negative as indicated below each panel. Images shown for each
antibiotic concentration are representative of rabbits in each experimental group.

development of radiographic evidence of OM, limited the information that could be gained by X-ray. However,
use of the complete area did allow for exhaustive bacteriological analysis. As in our earlier experiments, all six
rabbits in the untreated control group were culture positive based on swabs of the exposed surgical site, while
no bacteria were isolated from any rabbits in any of the other experimental groups (Fig. 6). The bone in all six
rabbits in the infected but untreated experimental group was also found to be heavily colonized. Viable bacteria
were also isolated from the bone and/or scaffold of 7 of 24 of the infected rabbits treated with scaffold loaded
with varying concentrations of vancomycin. Of these 7, four were treated with the K20/25 scaffold, with the
K20/50, K20/75, and K20/100 experimental groups containing 0, 1, and 2 culture-positive rabbits, respectively
(Fig. 6). However, the presence of even a single colony was counted as a positive, and in all 7 cases the bacterial
load was dramatically reduced by comparison to the number isolated from all 6 rabbits in the infected, untreated
experimental group (Fig. 6).

In our initial antibiotic loading studies (Fig. 2), the S1 scaffold was found to have a loading capacity ~ 50%
of that observed with the K20 scaffold. The prevention of infection by K20 at half the potential loading capac-
ity suggests that the S1 scaffold saturated with vancomycin would also be sufficient to minimize infection in
a contaminated bone defect. To test this idea, we carried out a final experiment that differed from previous
experiments in two respects. First, we used the S1 scaffold saturated in 100 mg/mL of vancomycin rather than
the K20/100 formulation. Second, radiographs were taken every 21 days throughout the 84 day post-infection
period, at which point we employed a modified protocol utilizing frozen rather than formalin-fixed bones in an
attempt to obtain uCT and comprehensive bacteriological data from the same rabbit.

In this study, the only experimental group in which viable bacteria were isolated from soft tissue swabs of
the exposed surgical site were in the infected experimental group in which the surgically-removed defect was
replaced with PBS-saturated scaffold, with all three rabbits in this group being heavily culture positive (Fig. 7,
Group 1). Based on bacteriological analysis of the bone/scaffold, we did confirm one culture positive rabbit in
the $1/100 experimental group, but the number of viable bacteria obtained from this rabbit was < 102, while in
the corresponding experimental group treated with the PBS-saturated scaffold the number ranged from 10* to
3 x 107 (data not shown). These results are consistent with radiographic analysis, which revealed clear signs of
soft tissue infection and osteonecrosis in all rabbits in this experimental group (Fig. 7, Group 1) and the absence
of these signs in rabbits from all other experimental groups (Fig. 7, Groups 2-4). Radiographic analysis also
confirmed that the bone defect remained unfilled in the Group 1 rabbits but that this was not the case in rabbits
in any other experimental group (Fig. 7). As with the K20 scaffold, the amount of the S1 scaffold remaining after
84 days was also significantly lower in all Group 1 rabbits by comparison to all other experimental groups, and
comparable among all other experimental groups irrespective of the presence or absence of vancomycin (Fig. 8).
However, as with the K20/100 scaffold, there was a trend suggesting that the presence of bacteria may have
delayed incorporation of the scaffold, although once again this trend did not reach statistical significance (Fig. 8).

Discussion

As detailed in previous reports, this polymeric bone-filler scaffold provides a highly flexible platform for bone-
regeneration in a segmental defect. To determine the scaffold’s potential utility as a vehicle for local antibiotic
delivery, we first aimed to determine whether enough antibiotic can be incorporated into the scaffold to prevent
infection in a contaminated bone defect. We then determined the minimum amount of antibiotic required to
achieve this effect.

Based on the results of our antibiotic elution experiments (Figs. 1, 2), the scaffold can be effectively loaded
with several antibiotics relevant to osteomyelitis. However, our results suggest that antibiotic-specific saturation
parameters would need to be established prior to making recommendations regarding the clinical use of our bone
regeneration scaffold as an anti-infective. The antibiotic concentrations reported for the in vitro elution studies
are defined by the nature of the experimental system, most notably the volume of buffer used for antibiotic elution
and the frequency of sampling, and so these results only allow relative conclusions about uptake and release as a
function of scaffold formulation and antibiotic concentration. To address this, and to gain insight into whether
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Figure 7. Radiographs from representative rabbits in each experimental group treated with the S1/100
scaffold formulation. Representative X-rays are shown from infected and uninfected rabbits exposed to the

S1 scaffold saturated with PBS or 100 mg/mL vancomycin as indicated to the left. After 84 days, rabbits were
humanely euthanized and the surgical limb harvested and frozen. Upon removal from the freezer, the surgical
site was exposed and swabs taken from the surrounding soft tissues. The bone and its associated scaffold were
then imaged by uCT before being homogenized and plated on tryptic soy agar to recover viable bacteria. The
collective results observed with soft tissue samples and the bone/scaffold are shown to the right.

NS

o 607

£

§ 40

3 [ ==

£

S 20-

12

“6 *

g ool 1 1 : :
Group 1: Group 2: Group 3: Group 4: & Group 1 Group 2‘ Group 3 Group 4 X
Infected Infected Uninfected Uninfected PBS Vancomycin PBS Vancomycin

PBS scaffold Vancomycin scaffold PBS scaffold  Vancomycin scaffold Infected Uninfected

Figure 8. pCT analysis of $1/100 scaffold in situ. Left: Bone surrounding the surgical site was harvested and
subjected to uCT analysis. Results shown are from representative rabbits from each experimental group, with
the specific experimental group indicated below each panel. Analysis is based on results observed after 84 days.
Right: The amount of scaffold remaining at the surgical site was calculated by comparison to control scaffolds
prior to implantation. Results shown are the average + the standard error of the mean for each experimental
group. Asterisk indicates a statistically significant difference by comparison to the uninfected control group that
obtained PBS-saturated scaffold (Group 3).

the incorporation of vancomycin into the scaffold compromised its bone regenerative properties, we carried out
in vivo experiments using a segmental defect in a rabbit osteomyelitis model.

These studies were carried out as six independent experiments that differed with respect to the scaffold for-
mulation used (K20 vs. S1), the time after surgery at which the results were evaluated (14, 28, 56 and 84 days),
the amount of vancomycin used to saturate the scaffold (25-100 mg/mL), and the method employed for bac-
teriological analysis (soft tissue vs. soft tissue and bone/scaffold). These changes were implemented to address
specific issues as they arose as our experiments progressed. While necessary, the changes between experiments
did compromise statistical analysis owing to the relatively small group size in each experiment and the inability
to combine the results of different experiments. However, the collective results strongly support the hypothesis
that antibiotics, specifically vancomycin, can be incorporated into our polyurethane-based bone filler scaffold
at levels that prevent or at least significantly limit the development of infection over time even in a heavily con-
taminated bone defect without compromising the bone regenerative properties of the scaffold.

That said, we acknowledge the limitations of these studies. We did not continue the experiments post 84 days
to fully assess the bone formation in every case. In addition, we did not observe complete resorption of the scaf-
folds even in the experiments extended to 84 days, although significant resorption was evident. However, we have
seen excellent regenerative properties of the scaffolds, as demonstrated in other models'®~'8, and we believe the
collective studies we report do allow us to conclude that the inclusion of vancomycin even at saturating levels did
not compromise these properties. Our data does suggest that the presence of bacteria may delay replacement of
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the scaffold with bone, but this delay was not statistically significant, and more importantly must be interpreted
in the context of the extremely adverse consequences associated with the failure to prevent infection as evidenced
by the results observed in infected rabbits exposed to the scaffold without antibiotic. We would also emphasize
that the scaffold formulations we examined provide a starting point to carry out the proof-of-principle studies
we report, and therefore are an important and necessary experimental foundation to move forward, although
they certainly do not preclude the possibility of additional modifications to the scaffold formulation that would
further enhance both its antibiotic delivery and bone regenerative properties.

We were also unable to demonstrate that we could completely eradicate all viable bacteria from all experi-
mental animals, particularly at 14 days post implantation and with lower drug concentrations. However, even
using highly stringent experimental methods that allowed us to quantitatively isolate bacteria from the bone, the
surrounding soft tissues, and the scaffold itself, we did demonstrate that the saturation of the K20 or S1 scaffolds
with > 50 mg/mL of vancomycin eliminated viable bacteria from most of the experimental animals (20 of 24,
83.3%) and, even in rabbits in which this was not the case, the number of viable bacteria recovered from each
rabbit was reduced by several orders of magnitude by comparison to untreated controls. Additionally, there was
no radiographic evidence of OM even in the few culture-positive rabbits observed in the infected experimental
groups treated with vancomycin-saturated scaffold. This finding is particularly true given that in these cases we
employed a relatively short 14 day experimental protocol in which the bone defect was heavily contaminated
with 2 x 10° viable bacteria introduced directly into the intramedullary canal, thus allowing us to ensure that
the infection was established in the absence of treatment and to stringently assess the ability to limit if not
completely prevent this extremely adverse consequence of traumatic injuries to the bone. Thus, we believe the
collective results we report are highly supportive of the conclusion that this polymeric-based bone filler scaffold
can be used as an effective antibiotic delivery matrix without significantly compromising its bone regenerative
properties. The importance of this conclusion is emphasized by the need for alternative bone fillers that can be
produced in a stable, readily available form and rapidly loaded with the antibiotic of choice, thereby providing
orthopaedic and trauma surgeons with a means of both preventing the extremely adverse consequence of infec-
tion following traumatic injury to the bone and while simultaneously providing a means of promoting bone
repair. Future studies with this scaffold might address the use of multiple antibiotics or more deeply investigate
the direct effects of bacteria on the scaffold itself.

Materials and methods

Scaffold construction. Two scaffold variations were prepared. The first (S1) was prepared as previously
described’>18. The second (K20) was prepared with the same methodology with the addition of a salt leaching
step to increase porosity and surface area. Specifically, the polymer was mixed with hydroxyapatite and then
integrated into a 3D structure by including decellularized bone particles into its structure to ensure mechani-
cal stability and porosity. Salt leaching was used to ensure a higher surface area in K20 without changing the
overall components**?. The surface area of each formulation was determined using the Brunauer, Emmet, and
Teller (BET) method and N, adsorption'®. Measurements were made using a Micromeritics ASAP2020, with the
measured BET values being 36.4 m?/g and 54.7 m?*/g for the S1 and K20 scaffolds, respectively. In anticipation
of in vivo studies with our rabbit model of an infected segmental bone defect, both scaffolds were produced in
a1l cm x 4 mm architecture.

Antibiotic loading and elution. To assess the antibiotic loading capacity of each scaffold formulation,
individual S1 and K20 scaffolds were chosen at random and soaked at room temperature (RT) in 2.0 mL of phos-
phate-buffered saline (PBS) containing 1.0, 10.0 or 100.0 mg/mL of vancomycin, daptomycin, or gentamicin, all
of which were obtained from the inpatient pharmacy at the University of Arkansas for Medical Sciences. Three
scaffolds of each formulation were soaked in a solution containing an antibiotic at the concentrations above.
Initially, each scaffold was soaked for 24 h, although this time period was reduced to 1 h in later experiments as
detailed below. After soaking, the scaffolds were removed from the antibiotic solution and transferred individu-
ally to the wells of a 24-well microtiter plate containing 1.0 mL of antibiotic-free PBS. Plates were incubated at
37 °C on an orbital shaker with continuous mixing. After 30 min, the buffer was removed and replaced with fresh
antibiotic-free PBS. This was repeated every 24 h thereafter for up to 10 days.

Antibiotic activity assays. As samples were collected, the approximate amount of active antibiotic was
determined using a broth dilution assay in which two-fold dilutions of each sample were compared to a standard
prepared with fresh antibiotic'® This allowed us to determine a twofold range of active antibiotic in each sample;
the results of these bioassays are reported based on the lower end of this twofold range. Our vancomycin bioas-
says were verified using a spectrophotometric assay based on absorbance at 280 nm as previously described*.

In vivo rabbit osteomyelitis model. Our initial in vivo studies were done with the K20 scaffold for-
mulation saturated in a solution containing 100 mg/mL of vancomycin based on the results of in vitro elution
studies demonstrating maximum antibiotic uptake and elution at this concentration (see below). To test in vivo
relevance, we used a rabbit model of post-surgical OM directly assess the ability of vancomycin-saturated scaf-
folds to prevent infection in a contaminated bone defect”®*!. Specifically, a 1 cm segment of bone was surgically
excised from the middle of the right radius leaving the ulna intact. The segment was discarded and 1 x 10°
colony-forming units (CFU) of the S. aureus strain UAMS-1°! in 10 pL of PBS was injected into the medullary
canal on each end of the exposed defect, thus resulting in a total inoculum of 2 x 10° CFU. The surgical void
created in the bone was then filled with scaffold saturated with PBS or PBS containing vancomycin. Control
groups included uninfected rabbits exposed to scaffolds saturated with PBS or PBS saturated with 100 mg/mL

Scientific Reports |

(2021) 11:10254 | https://doi.org/10.1038/s41598-021-89830-z nature portfolio



www.nature.com/scientificreports/

of vancomycin. All groups in each experiment included 3 rabbits per group. Radiographic images were obtained
on the surgical day (day 0) and at weekly or biweekly intervals thereafter.

At the completion of each experiment, rabbits were humanely euthanized and the surgical site exposed. To
preserve the surgical site for uCT analysis, bacteriological sampling in these early experiments was limited to
thoroughly swabbing the exposed surgical site and plating on tryptic soy agar (TSA) plates (Becton Dickinson,
Franklin Lakes, NJ) without antibiotic selection. Plates were incubated overnight at 37 °C. The right forelimb
was then harvested and soft tissues removed before placing the bone in formalin until pCT analysis. In later
experiments, the bone was stored at — 80 °C, scanned while frozen, and then pulverized for bacteriological
analysis as detailed below.

Microcomputed tomography (UCT). After storage in formalin or at — 80 °C, image acquisition and
analysis were done as previously described with minor modification*>". Briefly, imaging was done via the Sky-
scan 1174 X-ray Microtomograph (Bruker, Kontich, Belgium) with an isotropic voxel size of 11.6 pm, a voltage
of 50 kV (800 pA) and a 0.25 mm aluminum filter. Samples that had not been stored in formalin were then
subjected to bacteriological analysis. All p.CT components were cleaned with 70% ethanol before and after use.

Reconstruction was performed with the Skyscan Nrecon software (Bruker, Kontich, Belgium). The recon-
structed cross-sectional slices were processed with the Skyscan CT-analyzer software using the following
steps: first, bone tissue was isolated from the soft tissue and background using a global thresholding (low = 85;
high =255). We then manually delineated regions of interest (ROI) by contouring the areas that contained
scaffold. Next, we obtained the bone volume present in the edited ROIs using the 3D analysis tool. In addition,
we performed puCT on the S1 and K20 scaffolds prior to implantation (Fig. 1) and calculated their volume,
which allowed us to calculate the percent of scaffold remaining after implantation by comparison to the volume
observed before implantation.

Assessment of bacterial burdens in bone. In short-term 14 day experiments in which pCT was not
done and in the later longer term study in which pCT was done on frozen samples rather than formalin-fixed
samples, dissected soft tissues including the remaining scaffold and the bone extending 0.5 cm on either side
of the surgical site were homogenized using a Bullet Blender 5 Gold (Next Advance Inc., Troy NY). Aliquots
of the homogenate were then plated on TSA plates to assess the number of viable bacteria. In all experiments,
the identity of the S. aureus strain isolated at the end of the experiment was confirmed as the same strain used
to initiate the infection by polymerase chain reaction (PCR) analysis to detect the cna gene, which encodes a
collagen-binding surface protein that is not present in most strains of S. aureus but is present in the chromosome
of UAMS-128-%,

Ethics statement. All animal experiments were approved by the Institutional Animal Care and Use Com-
mittee of the University of Arkansas for Medical Sciences (Animal Use Protocol 3896) and performed in com-
pliance with NIH and FDA guidelines, the Animal Welfare Act, and United States federal law. All surgery was
performed with buprenorphine and under Xyalzine/Ketamine anesthesia maintained with inhaled isoflurane.
All efforts were made to minimize suffering. All possible efforts were made to follow ARRIVE guidelines and
ensure humane treatment of the animal subjects; however, no exclusions were necessary.

Statistical analysis. Statistical analysis of uCT results was done by one-way ANOVA with Dunnett’s cor-
rection using GraphPad Prism 7.2 software (GraphPad Software Incorporation, La Jolla, CA, USA).
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