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Musculoskeletal infection in trauma: surgical and antibiotic treatment 

H. Simpson 

Department of Orthopaedics and Trauma, University of Edinburgh, Edinburgh, UK  
 

Fracture healing is a critically important clinical 
event for fracture patients and for clinicians who 
take care of them. Orthopaedic and trauma 
device-related infection (ODRI) remains a major 
complication in modern trauma and orthopaedic 
surgery. Despite best practice in medical and 
surgical management, neither prophylaxis nor 
treatment of ODRI is effective in all cases, and 
can lead to infections that negatively impact 
clinical outcome and significantly increase 
healthcare expenditure. Pre-operative and 
correctly-timed prophylactic antibiotic 
intervention is mandatory for a majority of 
surgical procedures. However, despite this, the 
incidence of infection following elective 
orthopaedic surgery is in the range of 0.7% to 
4.2%, while the incidence can be much higher in 
trauma cases where infection rates range from 
approximately 1% after operative fixation of 
closed low-energy fractures, to more than 30% 
in complex open tibia fractures. Treatment 
success rates vary, with between 57% and 88% 
often reported. Current curative approaches 
(radical debridement, revision surgery and 
prolonged antibiotic therapy) often result in 
significant socioeconomic costs, not to mention 
the risk of life-long functional impairment for 
the patient. Against this background, and with 
the increasing issue of antibiotic-resistant 
bacteria, the problem of infection is set to 
continue to pose a challenge for practising 
clinicians in the coming decades. 
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Fracture-Related Infection 

WJ. Metsemakers1,2 
1University Hospitals Leuven, UZ Leuven, BE, 2 University of Leuven, KU Leuven, 

Department of Development and Regeneration, Leuven, BE  
 
Fracture-related infection (FRI) is currently one 
of the most challenging complications in trauma 
surgery. It may result in permanent functional 
loss or even amputation of the affected limb in 
patients who may otherwise be expected to 
achieve complete, uneventful healing. Over the 
past decades, the problem of implant-related 
bone infections has garnered increasing attention 
both in the clinical as well as in the preclinical 
arenas; however, this has primarily focused on 
periprosthetic joint infection (PJI), rather than on 
FRI. Although FRI shares many similarities with 
PJI, there are numerous critical differences (e.g. 
the presence of a fracture and soft tissue 
damage). Over the recent decade preclinical and 
clinical research has belatedly focused more and 
more on FRI. 

The development of a rabbit fracture model at 
the AO Research Institute, initiated a series of 
preclinical studies purely focusing on clinically 
relevant questions with respect to FRI. One of 
the first studies focused on the influence of 
implant material and surface topographies on 
infection rates. These experimental studies 
concluded that there is no significant difference 
between stainless steel and titanium. More recent 
studies, using this same model, focused on the 
influence of systemic and local antibiotic 
therapy on the prevention of infection. It became 
clear that local antibiotic therapy is an important 
factor in the prevention of FRI, in highly 
contaminated wounds. The newly development 
hydrogel in the AO Research Institute could, in 
this respect, be an interesting local delivery 
vehicle, as it is biodegradable and has an optimal 
release profile.  

Although this translational evidence is clearly 
relevant, implementation in daily clinical 
practice remains difficult due to the lack of 
standardized guidelines regarding diagnosis and 
treatment of FRI. The quality of preclinical and 
clinical research related to fracture-related 
complications suffers from this lack of 
consensus guidelines. This recently led to the 
decision to develop the FRI consensus group, a 

broadened panel of experts with extensive 
preclinical and clinical experience in the field of 
FRI. One of the first issues addressed by the 
experts was the development of standardized 
terminology and diagnostic criteria for FRI. 
Therefore, a first consensus meeting was 
convened in Davos, Switzerland, in December 
2016. During this meeting a consensus was 
achieved on the fundamental features of FRI, 
and a proposal for defining the presence of FRI 
was reached. The establishment of this definition 
offers the opportunity to standardize preclinical 
research, improves the reporting of clinical 
studies and finally of course also aids in the 
decision-making during daily clinical practice. 
In the following 12 months, the expert group 
shifted attention to the next phase, validating the 
diagnostic criteria and develop treatment 
principles for FRI. As part of this ongoing effort, 
the AO Foundation hosted a second consensus 
meeting on the diagnosis and treatment of FRI in 
Zürich, Switzerland, in February 2018. In 
reflecting the greater complexity of this 
question, and to engage with other professional 
organizations, the group grew and the meeting 
was attended by 35 experts and key opinion 
leaders in the field of FRI. Recommendations 
were developed on diagnosis and treatment of 
FRI. These guiding principles will be made 
available through scientific publications and an 
AO Bone Infection App. The whole project is a 
milestone achievement, where multiple 
international organizations have come together 
for the first time to try and improve the care for 
patients with FRI. 
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Challenges and Strategies of Protecting 

Orthopaedic Implants from Bacterial Colonization 
Joseph C. Wenke, PhD; Stefanie M. Shiels, PhD 

1US Army Institute of Surgical Research; Fort Sam Houston, TX 78234 
 
Implants are required for many procedures in 
orthopaedics. Although they restore form and 
function, implants increase the likelihood of 
infection.  These foreign bodies provide a place 
for bacteria to attach, and greatly lowers the 
amount of pathogens required to cause an 
infection. Since it increases cost and morbidity 
and leads to poorer long term outcomes, 
preventing infection after orthopaedic 
procedures has been a focus of orthopaedic 
researchers for decades.  Naturally, protecting 
the implants from bacterial colonization both at 
the time of initial surgery and revisions has been 
a common strategy.  This approach generally 
involves some type of coating which often 
releases antimicrobials with the belief that this 
will kill the bacteria within the immediate 
vicinity allowing time for the host to integrate to 
the implant where the host’s immune cells 
prevent bacterial colonization.  Despite the fact 
that this approach is both intuitive and 
straightforward and the extremely large clinical 
need, there are only four commercially-off-the-
shelf antimicrobial coated orthopaedic implants 
available.  The clinical data suggests that each of 
these products have a benefit and little risk in 
spite of the varying type of antimicrobial and 
release kinetics between these products.   
In the United States, commercially-available 
antimicrobial coated orthopaedic implants are 
not available.  Since the FDA regulates products 
not practice, surgeons are using various 
approaches to coat implants such as mixing 
antibiotics with PMMA, calcium sulphate, 
calcium phosphate, or even just saline to make a 
putty.  Very little is known about the release 
kinetics or if there is a clinical benefit of these 
back table preparations; the fact that there are 
many different variations and that there is no 
commercial interest are likely contributing 
factors for this dearth of information 
The “race for the surface” concept and biofilm 
theory along with in vitro data have driven most 
of the implant protection approaches.  
Surprisingly, a clinical problem of this 

magnitude that has been studied for such a long 
time does not have a better blue print and 
specifications for developing an effective 
implant protection strategy.  Recently, we 
conducted a study that uncoupled the placement 
of the implant and the bacterial challenge by 
using a hematogenous infection approach which 
allowed us to observe the duration required for 
the host to protect the implant from bacterial 
colonization.  As expected, all the K-wires that 
were placed within the femoral canal of rats were 
infected if the bacterial challenge occurred 
within 24 hours.  There was a slight decrease in 
the number of bacteria found on the implants 
when the bacterial inoculation was delayed until 
day 3.  When the bacterial challenge was delayed 
for 7 days, the host was very capable of 
preventing bacterial colonization on the implant.  
To understand which cells are protecting the 
implant from infection, we identified the cells 
that were on the implants in sterile wounds.  
Initially, the cells present were primarily non-
differentiated stem cells, such as bone marrow 
mesenchymal stem cells or immature 
hematopoietic cells.  A shift in the cell 
population was starting to be observed on day 3. 
On day 7, there was a mature 
monocyte/macrophage population.  It appears 
that the cells that are initially present on the 
implant differentiate into the immune cells, and 
the duration of chemoprotection required is 
likely fairly conserved across species. 
This information provides guidance for the 
release kinetics for protecting orthopaedic 
implants from bacterial colonization.  A 
relatively short duration of protection may only 
be needed provided that the approach does not 
delay or impair host integration.   
 
ACKNOWLEDGEMENTS: The opinions or 
assertions contained herein are the private views of 
the author and are not to be construed as official or as 
reflecting the views of the Department of the Army or 
the Department of Defense. 
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Host and Staphylococcus aureus factors influence orthopaedic infection 
severity in obesity and type 2 diabetes 
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INTRODUCTION: Among the greatest risk 
factors for orthopaedic infection are obesity and 
type-2 diabetes (T2D) with up to 5-fold higher 
risk following placement of an orthopaedic 
device, with Staphylococcus aureus being the 
most frequent infectious organism.  With the 
epidemic of obesity and diabetes globally, a 
reduction in infection rates among the 
obese/T2D population is of the utmost 
importance. However, the underlying 
mechanism of susceptibility is unclear.   
   We have established a mouse model of 
implant-associated Staphylococcus aureus 
osteomyelitis in the background of obesity and 
T2D that recapitulates the features of infection in 
the clinical population (1).  Using this model, we 
have identified characteristics of the obese/T2D 
host that contribute to risk and severity of 
infection.  Additionally, S. aureus adapts to 
unique features of the obese/T2D host to 
increase expression of key genes that promote 
virulence and infection severity 

METHODS: To model obesity and associated 
T2D, male C57BL6J mice were placed on high 
fat (60%kcal) or low-fat (10% kcal) diets for 12 
weeks beginning at 5 weeks of age. To model 
infected orthopaedic implants, a 4 mm flat 
stainless steel surgical wire was precoated with 
bioluminescent S. aureus (inoculation dose 
2x105 colony forming units (CFU)) and then 
inserted through a predrilled defect in the tibial 
cortex (1).  Bioluminescence was measured 
using a Xenogen IVIS camera system (Almeda, 
CA) to monitor infection.  Mice were sacrificed 
at day 7, 14, or 21 under anesthesia.  Blood was 
collected by cardiac puncture.  CFUs of S. 
aureus in infected tibiae and surrounding 
necrotic soft tissue were measured. 
RESULTS: Mice on a high fat diet displayed 
elevated fasting and non-fasting glucose levels, 
and elevated body mass.  Implant-associated 
infection was more severe in these mice as 
judged by elevated bioluminesence at the 
implant site, higher CFU’s recovered from the 

infected tibiae and surrounding soft tissue, and 
more abscesses and S. aureus abscess 
communities (SAC’s) as assessed by histology 
(2). The infection site in tibiae of obese/T2D 
mice contained more macrophages and 
osteoclasts, and displayed greater osteolysis (3).   
Gene expression profiles (RNAseq) of S. aureus 
isolated from the infected tibiae of obese/T2D 
mice displayed marked upregulation of four 
adhesion genes (clfA, clfB, bbp, and sdrC), all 
with binding affinity for fibrin(ogen) (2).  
Arguing for a unique survival advantage for 
these adaptive gene responses, clfA-null S. 
aureus was unable to mount a more severe 
infection in the obese/T2D host while having no 
impact in lean mice.  Remarkably, 
immunostaining of infected bone revealed 
increased fibrin deposition surrounding bacterial 
abscesses in obese/T2D mice.  In vitro 
coagulation assays demonstrated a 
hypercoagulable state in obese/T2D mice that 
was comparable to that of diabetic patients (2). 
DISCUSSION & CONCLUSIONS: The 
adaptive gene expression changes of S. aureus, 
particularly increased expression of clfA, in the 
obese/T2D host appear to provide the organism 
with increased virulence and survival advantage.  
ClfA is known to promote association of S. 
aureus to growing fibrin strands.  When coupled 
with the hypercoagulable state of the obese/T2D 
host, these host-bacterium factors converge to 
promote increased risk for more severe implant 
infection in the obese/T2D host. 
ACKNOWLEDGEMENTS: This work was 
supported by AOTrauma Research (CPP Bone 
Infection), NIH P30 AR069655, and NIH T32 
AR053459.  
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The Microbiome and Orthopaedic Implant Infection 
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INTRODUCTION: Although periprosthetic 
joint infection (PJI) occurs in as few as 1% of all 
total joint arthroplasties, infection is a major 
cause for revision surgery. Given the mortality 
and morbidity associated with PJI and the 
challenges in treating it, there has been increased 
interest in patient factors that influence infection 
and can be modified before surgery. In this 
keynote talk I discuss the possibility that the gut 
microbiome is a factor that can influence the 
development of PJI. The talk includes an 
introduction to the microbiome and evidence 
from other fields linking the microbiome to 
systemic infection. Additionally, I discuss recent 
the following study from my group 
demonstrating an effect of the microbiome on 
PJI in mice. 

METHODS: Under IACUC approval, 82 male 
C57Bl/6 mice were bred in our facility. At 4 
weeks of age were either submitted to chronic 
oral antibiotic dosing (ampicillin+neomycin) in 
drinking water to modify the contents of the gut 
microbiota (∆Microbiome n = 40) or untreated 
(n=42). At 16 weeks of age antibiotics were 
removed and 4 days later a titanium tibial 
component was implanted in the right limb. 
After arthrotomy an inoculation of S. areus 
(Xen36, 102 CFUs in 2 µL) was injected in the 
joint space. 
At 5 days following inoculation the CFU count 
at the implant surface indicates either an 
established infection (> 103 CFUs) or uninfected 
(<102 CFUs). The proportion of animals from 
each group developing an established infection 
was determined using a chi squared test.    

 
Fig. 1: (A) The tibial implant in the mouse tibia 
is shown. (B) Five days after surgery animals 
either develop and infection or resist infection. 

RESULTS: The proportion of animals in the 
∆Microbiome group that developed established 

infection (29 of 40, 72.5%) was greater than that 
in untreated mice (21 of 42, 50%; p = 0.03, Odds 
Ratio: 2.63(95%CI 1.04, 6.61), Fig. 2A). Serum 
amyloid A (a mouse analog to C reactive protein) 
was increased in animals with infection, but the 
increased was not as great in animals with 
modified gut microbiota (Fig. 2B). Monocyte 
and neutrophil counts in the spleen and lymph 
node were also increased in infection, but the 
effect was not observed in ∆Microbiome mice. 

 
Fig. 2: (A) The proportion of animals developing PJI was greater 
in the ∆Microbiome group than in untreated animals. (B)Infection 
led to increases in serum amyloid A, but the effect was not as 
great in ∆Microbiome animals (groups with different letters are 
different from one another p < 0.05). 

 
DISCUSSION & CONCLUSIONS: Our study 
provides the first evidence that the microbial 
population in the gut prior to surgery can 
influence PJI. In particular, modifications to the 
gut flora have the potential to hinder the immune 
response to bacterial challenge (as evidenced 
here by systemic markers of inflammation and 
immune cell profiling). This study does not 
suggest that prophylactic antibiotics are 
detrimental to PJI (the antibiotics used are poorly 
absorbed in the gut and were removed prior to 
surgery). Instead the work suggests that 
modifications to the gut microbiome caused by 
antibiotic treatment history, diet or other factors 
have the potential to influence the response to 
bacterial challenge following arthrotomy. This 
study raises the possibility that improving the gut 
microbiome in months prior to surgery may 
reduce the risk of PJI. 

ACKNOWLEDGEMENTS: NIH/NIAMS 
AR0671534.  
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INTRODUCTION: Ultra-high molecular 
weight polyethylene (UHMWPE) can provide 
local sustained delivery of therapeutics1,2. For 
example, it can deliver analgesics to address 
post-arthroplasty pain2. Given that several 
analgesics, such as bupivacaine (anesthetic) and 
tolfenamic acid (NSAID), were shown to 
possess antibacterial activity against 
Staphylococci, we hypothesize that analgesic-
loaded UHMWPE can also yield antimicrobial 
effects, preventing the development of 
periprosthetic joint infections. 

METHODS: Bupivacaine and tolfenamic acid 
were incorporated into UHMWPE via phase-
separated compression molding. Drug release 
from the prepared samples was measured using 
high-performance liquid chromatography. 
Antibacterial studies of the obtained materials 
were conducted against methicillin-sensitive, 
and methicillin-resistant S. aureus, as well as S. 
epidermidis. Time-kill curves were obtained to 
characterize antimicrobial activity against 
planktonic bacteria. The dynamic of bacterial 
adhesion were assessed to characterize 
antibiofilm activity. Scanning electron 
microscopy (SEM) was used to visualize 
adherent bacteria. Anticolonizing activity of the 
tested materials was characterized using the 
“daughter cell” method as outlined elsewhere3. 
Cytotoxicity profile of drug-loaded UHMWPEs 
was evaluated using MG-63 osteoblast cell line.  

RESULTS: The bupivacaine release rate 
generally increased with increasing drug loading 
(e.g. a model knee implant loaded with 
bupivacaine would release ca. 15-500 mg over 
24 hours). In contrast, drug release from 
UHMWPE loaded with hydrophobic tolfenamic 
acid was low. The bacterial viability curves 
showed that bupivacaine-loaded UHMWPE 
possessed moderate antibacterial activity against 
planktonic MSSA, MRSA, and S. epidermidis, 
slowing bacteria proliferation by up to 70%. 
Bupivacaine-loaded UHMWPE also mitigated 
biofilm formation and development during the 
initial culture period. SEM images confirmed the 

observed antibiofilm effect (Fig. 1). Tolfenamic 
acid-loaded UHMWPE allowed proliferation of 
planktonic bacteria. At the same time, these 
materials showed pronounced dose-dependent 
anticolonizing activity against tested strains, 
providing 3-log reduction of “daughter” cells. 
Bupivacaine- and tolfenamic acid-loaded 
UHMWPEs showed little-to-no cytotoxicity 
against osteoblasts. 

 
Fig. 1: S. aureus adherent to (a) virgin and (b) 20% bupivacaine-

loaded UHMWPE after 24 hour – culturing.  

DISCUSSION & CONCLUSIONS: We 
demonstrated for the first time that bupivacaine-
loaded UHMWPE possesses dose-dependent 
antibacterial properties against planktonic and 
adherent MSSA, MRSA, and S. epidermidis – 
pathogens commonly associated with 
periprosthetic joint infections. Pronounced 
anticolonizing activity was evident for 
tolfenamic acid-loaded UHMWPE. Due to the 
low solubility of tolfenamic acid, the material’s 
antibacterial effect against planktonic bacteria 
was lower. These results demonstrate that 
analgesic-loaded UHMWPE, used as a tool in 
multimodal pain management, can also yield 
antibacterial effects, opening an entirely new 
avenue for providing post-arthroplasty 
antibacterial prophylaxis. This pioneering 
approach has a potential to reduce patients’ 
morbidity and mortality after arthroplasty.  

ACKNOWLEDGEMENTS: This work was 
supported by the Office of the Assistant 
Secretary of Defence for Health Affairs under 
Award No. W81XWH-17-1-0614. 
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Non-Steroidal Anti-Inflammatory Drug Administration Impairs Antibiotic 
Treatment of Orthopaedic-Device Related Infection in a Rat Model 

K. Thompson1, MA. Burch1, A. Milstrey1, U. Eberli1, D. Arens1, RG. Richards1, VA. 
Stadelmann2, TF. Moriarty1 

1AO Research Institute, AO Foundation, Davos, CH, 2Schulthess Klinik, Zürich  
 
INTRODUCTION: Non-steroidal anti-
inflammatory drugs (NSAIDs) are a mainstay of 
perioperative pain management in orthopaedic 
trauma surgery, although concerns persist 
regarding the potential impact of these drugs on 
fracture healing. Additionally, due to their anti-
inflammatory properties, NSAIDs may also 
negatively impact on host immune responses, 
which could have negative consequences for the 
use of these drugs in the context of orthopaedic 
device related infection (ODRI).  
The aim of this study was to determine the 
impact of NSAIDs on the course of an ODRI and 
its response to antibiotic therapy in a rat model. 

METHODS: A polyetheretherketone (PEEK) 
screw was inserted in the proximal tibia of 48   
skeletally mature (24-week old) female Wistar 
rats: 12 control animals received a sterile screw, 
of which 6 also received NSAID therapy 
(carprofen, 5 mg/kg s.c. once daily); 36 animals 
received a S. epidermidis-inoculated screw, of 
which 18 also received NSAID therapy. 
Antibiotic therapy (cefazolin: 30 mg/kg; s.c., 
b.i.d. plus rifampin: 25 mg/kg; s.c., b.i.d.) was 
administered from day 7-21 in 9 animals from 
each group (i.e. +/- NSAID treatment) receiving 
S. epidermidis-inoculated screws. Bone changes 
were monitored using in vivo microCT scanning, 
performed postoperatively and at 3, 6, 9, 14, 20 
and 28 days (euthanasia).  Quantitative 
bacteriology of the implant, bone and overlying 
soft tissue was also performed to assess infection 
status. 

RESULTS: All animals receiving S. 
epidermidis-inoculated screws without 
antibiotics were confirmed as infected at 
euthanasia. Quantitative microbiology showed 
no difference in bacterial load control versus 
NSAID-treated animals (CTL = 53'686 CFU + 
68'094; NSAID = 45'617 CFU + 36'057). 
However, NSAID administration dramatically 
impaired antibiotic efficacy, with 7/8 animals 
remaining infected versus 2/9 control animals. 
Pronounced osteolysis was observed in infected 
control animals, which peaked at day 9. 

Reparative processes (periosteal proliferation 
and mineralization) in the vicinity of the screw 
was observed at day 14 and continued until day 
28. NSAID treatment markedly prevented S. 
epidermidis-induced osteolysis but also 
markedly impaired reparative processes. 
Antibiotic treatment did not affect the bone 
changes in control or NSAID-treated animals. 

 
Fig. 1: Impact of NSAID treatment on S. 
epidermidis-induced bone osteolysis and repair 
following implantation of an inoculated screw 
into the proximal tibia. Osteolysis can be seen 
at day 9, and periosteal proliferation/ 
mineralization (red arrowheads) at days 9 & 
14. 
 
DISCUSSION & CONCLUSIONS:  
NSAID administration dramatically affected the 
response of bone tissue to infection, reducing 
osteolysis but also impairing reparative 
processes, as well as dramatically reducing 
antibiotic efficacy. Given these observed 
negative effects, further investigations should be 
conducted to determine the underlying 
pathophysiological mechanism. Taken together, 
the therapeutic use of NSAIDs in the context of 
ODRI may be contraindicated in clinical 
practice. 
 
ACKNOWLEDGEMENTS: This study was 
funded by AO Trauma Clinical Priority 
Programme for Bone Infection. 
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Biofilm investigation on ceramic, metal and polyethylene bearing 
components from explanted hip joint replacement systems 
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Musculoskeletal Surgery, 
 
INTRODUCTION: The ability of 
microorganisms to adhere and form biofilm may 
differ between biomaterials, however, clinical 
data supporting this observation are conflicting.  

We hypothesize that by using sonication, 
ceramic components (BIOLOX®delta, 
BIOLOX®forte) will show higher resistance 
against biofilm adhesion compared to 
polyethylene (PE) and metal (CoCrMo, Ti 
alloy). 

METHODS: We included all consecutive adults 
≥18 years of age, who underwent explantation of 
the hip prosthesis for infection or aseptic reason.  
Excluded were patients in whom part of the 
prosthetic components were retained. Prosthetic 
joint infection was diagnosed according to 
proposed European Bone and Joint Infection 
Society (EBJIS) criteria. 

Qualitative and quantitative analysis of 
individual components (metal, PE, ceramic) was 
performed from sonication fluid (ultrasound bath 
40 kHz, 1 W/cm2, 1 min). 

RESULTS: Significantly lower CFU/ml were 
detected in sonication fluid from ceramic 
components, median (240 CFU/ml) than from 
PE (7250 CFU/ml) and metal components (6780 
CFU /ml) (p<0.01). Figure 1 
Causative microorganism could be detected in 
sonication fluid from polyethylene in 100%, 
from metal in 92% and from ceramic in 69%.  
Coagulase-negative staphylococci were the most 
common isolated microorganism (mainly 
Staphylococcus epidermidis), followed by 
Staphylococcus aureus and Cutibacterium acnes.   
 
Fig. 1: Quantitative analysis of dislodged 
bacteria by sonication (CFU/ml) according to 
the type of material.  

 
 

 

 

DISCUSSION & CONCLUSIONS: These 
results support the hypothesis that significantly 
less biofilm biomass is formed on ceramic 
surface, compared to PE and metal surfaces, 
potentially indicating higher ceramic 
“resistance” against bacterial adhesion.  

These findings should be confirmed with non-
microbiological investigation such as imaging 
(fluorescent in situ hybridization, confocal laser 
scanning or electron microscopy).  

Furthermore, in 6 of 32 patients (19%) with PJI, 
an aseptic loosening was preoperatively 
suspected. Infection was found only by 
systematic application of an optimized 
diagnostic method, particularly sonication of the 
removed implant. 

 ACKNOWLEDGEMENTS: This work was 
supported by the PRO-IMPLANT Foundation, 
Berlin, Germany (https://www.pro-implant-
foundation), a non-profit organization 
supporting research, education, global 
networking and care of patients with bone, joint 
or implant-associated infection. 
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The AOTrauma Bone Infection Registry 
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Duebendorf CH  
 
INTRODUCTION: Osteomyelitis is an increasing 
burden on the society especially due to the emergence 
of multiple drug resistant organisms. The lack of a 
central registry that prospectively collects data on 
patient risk factors, laboratory test results, treatment 
modalities, serological analysis results, and outcomes 
has hampered the research effort that could have 
improved and provided guidelines for treatments of 
bone infections. The current manuscript describes the 
lessons learned in setting up a multi-continent 
registry. 
 
METHODS: This multicenter, international 
registry was conducted to prospectively collect 
essential patient, clinical, and surgical data with a 
one-year follow-up period. Patients 18 years or older 
with confirmed S. aureus long bone infection through 
fracture fixation or arthroplasty who consented to 
participate in the study were included. The outcomes 
using the Short Form 36 Health Survey Questionnaire 
(version 2), Parker Mobility Score, and Katz Index of 
Independence in Activities of Daily Living were 
assessed at baseline and at 1-month, 6-month, and 12-
month. Serological samples were collected at follow-
ups. 

 
RESULTS: Contract negotiation with large number 
of study sites were difficult; obtaining ethics 
approvals were time-consuming but straightforward. 
The initial patient recruitment was slow, leading to a 
reduction of target patient number from 400 to 300 
and extension of enrollment period. Finally, 292 
eligible patients were recruited by 18 study sites (in 
10 countries of 4 continents, Asia, North and South 
America, and Central Europe). Logistical and 
language barriers were overcome by employing 
courier service and local monitoring personnel. 
 

 
DISCUSSION & CONCLUSIONS: 
Multicenter registry is useful for collecting large 
number of cases for analysis. A well-defined data 
collection practice is important for data quality but 
challenging to coordinate with the large number of 
study sites. A great deal of data was obtained that will 
help define the outcomes experienced by patients for 
long bone infection caused by S. aureus. 
 
ACKNOWLEDGEMENTS: We are grateful 
to AOTrauma for the funding of this study. We 
are also grateful for the multiple site, surgeons 
and coordinators who have helped us complete 
this study.  
 
 
 
 
 

 
Fig.1 Recruitment graph after amendments 
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Deriving a Dose and Regimen for Anti-Glucosaminidase Antibody  
Passive-Immunization for Patients with S. aureus Osteomyelitis  

Charles C. Lee1; Gowrishankar Muthukrishnan1; John R. Owen2;  Stephen L. Kates2; Christopher A. 
Beck1; John L. Daiss1; Virginia Post3; T. Fintan Moriarty3; Stephan Zeiter3 &  Edward M. Schwarz1 

1Center for Musculoskeletal Research, University of Rochester Medical Center, Rochester, NY, USA                             
2 Department of Orthopedic Surgery, Virginia Commonwealth University, Richmond, VA, USA  

3AO Research Institute Davos, Davos, Switzerland 

INTRODUCTION:  Osteomyelitis (OM) 
remains the bane of orthopaedic surgery, the 
majority of which is caused by Staphylococcus 
aureus. To the end of an adjuvant  
immunotherapy, we developed a murine anti-
glucosaminidase (Gmd) monoclonal antibody 
(1C11 mAb), and demonstrated its efficacy in a 
prophylactic model,1 and its synergistic effects 
with antibiotic therapy in a 1-stage revision 
model.2  Towards defining a dosing regimen for 
a Phase 1 clinical trial, we assessed safety and 
pharmacokinetics of 1C11 passive immunization 
of sheep with a common dosing regimen for 
human biologics, and assessed naturally 
occurring anti-Gmd antibody serum levels in a 
large cohort of patients with S. aureus OM.  
METHODS: Adult female Swiss Alpine sheep 
(n=3; 56kg) received a 500mg intravenous bolus 
of mouse IgG1 1C11 mAb in 1.0 L of saline on 
an IACUC approved protocol at the AO 
Research Institute Davos (Davos, Switzerland).  
Blood was drawn at one hour (to determine C0), 
daily for two weeks, and then weekly for two 
months. Anti-Gmd antibody levels were 
determined by ELISA.1  A humanized anti-Gmd 
mAb was made by grafting the Fab portion of 
1C11 onto the Fc of human IgG1 (Genway, San 
Diego, CA), which was used to make a standard 
curve of mean fluorescent intensity (MFI) vs. 
concentration of anti-Gmd antibody level via 
Luminex immunoassay.3 Serum from 297 
patients with culture confirmed S. aureus OM 
was assessed for anti-Gmd antibody levels via 
Luminex immunoassay on IRB approved 
protocols at VCU (Richmond, VA). 
RESULTS: There were no complications or 
adverse events associated with the 1C11 i.v. 
infusion of the sheep, and the estimated 
circulating half-life of 1C11 is 23.7 days (Fig. 1).  
Anti-Gmd antibody levels in sera of OM patients 
ranged from <1ng/ml to 300µg/ml, and the mean 
concentration was 21.7µg/ml.  The estimated 
circulating half-life of endogenous anti-Gmd 

antibodies in sera of 10 patients with cured OM 
was determined to be 120.4 days (Fig. 2).   
Fig. 1: Pharmacokinetics of 1C11 in sheep.  
Sera were obtained from the 3 sheep at the 
indicated time after i.v. infusion, and the 
concentration of 1C11 determined by murine 
mAb ELISA is presented for each with the mean. 

Fig 2. Anti-
Gmd antibody 
level decay in 
10 patients 
with cured S. 
aureus OM.  

   
DISCUSSION & CONCLUSIONS: Anti-Gmd 
passive-immunization is a promising adjuvant 
therapy for OM, based on its unique mechanism 
of action that inhibits binary fission and induces 
megacluster formation, and its established 
preclinical safety and efficacy in murine models.  
Here we show that a commonly used dosing 
regimen (500mg i.v. = 7mg/kg/70kg human) is 
safe and feasible in sheep, and that this dose has 
a half-life of about 1-month.  As this is >20x 
anti-Gmd levels in OM patients, this dosing 
regimen is appropriate for a Phase 1 trial.  

ACKNOWLEDGEMENTS: This work was supported by 
the AO Trauma Clinical Priority Program on Bone 
Infection, and the NIH, NIAMS (P30AR069655, 
P50AR072000). 
REFERENCES:  
1) Varrone JJ, et al. (2014) J Ortho Res 32(10):1387-96 
2) Yokogawa N, et al. (2018) J Ortho Res 36(6):1590-98 
3) Nishitani K, et al. (2015) Clin Orthop Relat Res 
473:2735-49 
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Cloning the haptotaxis and durotaxis genes responsible for  
S. aureus invasion of the osteocytic lacuno-canalicular network during 

chronic osteomyelitis 
Elysia A Masters1,2, Alec T Salminen2, Karen L de Mesy Bentley1,4,5, James L McGrath2, Steven R 

Gill3, Hani A Awad1,2 and Edward M Schwarz1,2,5 
Institutions:1Center for Musculoskeletal Research, 2Department of Biomedical Engineering, 
3Department of Microbiology and Immunology, 4Department of Pathology and Laboratory Medicine, 
5Department of Orthopaedics, University of Rochester Medical Center, Rochester, NY 

INTRODUCTION: Staphylococcus aureus is 
responsible for the majority of chronic 
osteomyelitis cases.1 Recently, we have shown 
that S. aureus is capable of invading the 
osteocytic lacuno- canalicular network (OLCN) 
by deforming and propagating throughout the 
nano-scale channels.2 We hypothesize that S. 
aureus utilizes haptotaxis and durotaxis to 
identify and invade canalicular openings. By 
comparing the phenotype of S. aureus mutants 
versus the wild-type strain in an in vitro 
canalicular mimetic model, we aim to clone the 
genes required for canalicular invasion.  

METHODS: A Microfluidic Silicon Membrane 
Canalicular Array platform (µSiM-CA) was 
developed to model S. aureus propagation 
through sub-micron geometry. This system 
features a 400 nm thick silicon nitride membrane 
with 500 nm pores, assembled in a leak-proof 
trans-chamber system. 6 knock-out S. aureus 
strains were created in genes hypothesized to 
play a role in canalicular invasion (MreC, ScdA, 
ClfA, Spa, Pbp3 and Pbp4). 10 μl of sterile 
tryptic soy broth (TSB) was added to the basal 
chamber of the µSiM-CA and 80 µl of the 
mutant pool (containing all 6 strains) was added 
to the apical chamber and statically incubated at 
37˚C for 6 hours. Bacterial strains in basal and 
apical chambers were identified by PCR. 

RESULTS: Previous studies have demonstrated 
that WT S. aureus successfully propagates 
through 500 nm pores and can be visualized 
following fixation by SEM or in real-time using 
CLSM imaging of fluorescent bacteria (Fig 1A). 
6 replicate experiments revealed that S. aureus 
lacking PBP4 cannot propagate through 
nanopores (0% success, ** p<0.01) and that 
propagation may be hindered by knock-out of 
PBP3 (33% success, # p=0.061) (Fig 1B). The 
growth rate of USA300 ∆pbp4 and ∆pbp3 
showed no difference compared to WT 
USA300, measured by optical density 
over 5 hours (Fig 1C). Additionally, the 

cell morphology of USA300 ∆pbp4 (and ∆pbp3, 
data not shown) showed no apparent differences 
compared to WT USA300 when imaged by SEM 
(Fig 1D). 
DISCUSSION & CONCLUSIONS: Here we 
demonstrate the utility of the µSiM-CA platform 
to distinguish the phenotype of S. aureus strains 
based on propagation through nanopores.  In so 
doing, we established that PBP4 (penicillin 
binding protein 4) is necessary for propagation 
through nanopores in vitro, suggesting its 
importance for canalicular invasion in vivo. 
Additionally, this difference is not caused by 
slowed growth rate or altered cell morphology. 
PBP4, one of 4 S. aureus PBP’s, is involved in 
peptidoglycan cross-linking of the cell wall and 
may confer resistance to β-lactams.3 Future 
studies to confirm this in vitro observation 
require mono-culture and complementation of 
PBP4, followed by in vivo studies. 
ACKNOWLEDGEMENTS: This work was 
supported by grants from AOTrauma, and the 
NIH (P50 AR072000). 

REFERENCES: (1) Schwarz EM. J. Ortho. 
Res. 2019. (2) de Mesy Bentley KL, et al. JBMR. 
2017. (3) da Costa T, et al. Microorganisms. 
2018. 

Figure 1. S. aureus propagation through canalicular mimetic 
nanopores in vitro is dependent on expression of Pbp4 and is 
potentially hindered by knock-out of Pbp3. 
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Antibiotic-Loaded Hydrogel Demonstrates Superior Efficacy to Bone 
Cement in Treating MRSA Implant-Associated Osteomyelitis in Sheep 

W. Boot1, T. Schmid1, O. Guillaume1, M. D'Este1, A. Foster1, D. Eglin1, R.G. Richards1, S. 
Zeiter1, T.F. Moriarty1 

1AO Research Institute, AO Foundation, Davos, CH, 
 

INTRODUCTION:  

Implant-associated osteomyelitis is a devastating 
complication, especially when the infection is 
caused by antibiotic-resistant bacteria such as 
methicillin-resistant Staphylococcus aureus 
(MRSA)1. Despite an extensive treatment 
protocol that includes multiple surgeries and 
antibiotic therapy, the procedure is associated 
with poor outcomes1. In the past, the use of local 
antibiotics for infection treatment has proven to 
be effective as high local concentrations can be 
achieved.  

In the present study, a bioresorbable, thermo-
responsive hyaluronan hydrogel loaded with 
antibiotics was evaluated for its in vivo efficacy 
as a local antibiotic carrier. For this purpose, we 
have developed a large animal model of a staged 
exchange following infection associated with an 
intramedullary nail and clinical gold standard 
antibiotic treatment2. 
 

METHODS:  

12 female, 2 to 4 year old, Swiss Alpine Sheep 
were inoculated with MRSA at the time of 
intramedullary (IM) nail insertion in the tibia. 
Chronic osteomyelitis was allowed to develop 
over the course of 8 weeks. At week 8, sheep 
underwent the first revision surgery and received 
systemic vancomycin infusions for 2 weeks. 
Furthermore, sheep received local gentamicin 
and vancomycin, either in PMMA (gold standard 
treatment2) or in hydrogel. At week 10, sheep 
underwent the second revision surgery and 
received a clean nail, systemic rifampicin and 
trimethoprim/sulfamethoxazole for 4 weeks. The 
hydrogel-group received another dose of 
hydrogel in the IM canal. 

Sheep were euthanized 2 weeks after completion 
of antibiotic therapy to allow for a flush-out 

period for antibiotics. At euthanasia, soft tissue, 
bone, and sonicate fluid from the hardware was 
collected for quantitative bacteriology. 
 
RESULTS:  

Sheep tolerated the surgeries and both local and 
systemic antibiotics well. Gold standard 
treatment successfully treated 3/6 sheep with a 
total of 10/30 culture-positive samples. All 6 
sheep receiving antibiotic-loaded hydrogel were 
successfully treated with 0/30 culture-positive 
samples, p=0.0008 gold-standard vs. hydrogel 
(Fisher`s Exact). 

 

DISCUSSION & CONCLUSIONS:  

The clinical gold standard treatment was 
successful in 50% of sheep, consistent with 
outcomes reported in the literature treating 
MRSA infection1. The antibiotic-loaded 
hydrogel clearly outperformed the gold standard 
in this model. Superior efficacy of the hydrogel 
is likely due to 1) the ability to administer local 
antibiotics at the both revision surgeries due to 
the bioresorbable nature of the hydrogel, and 2) 
complete antibiotic release compared to bone 
cement, which is known to retain antibiotics3.  

These results highlight the potential of local 
delivered, biodegradable systems for antibiotics 
for eradicating implant-related infection caused 
by antibiotic-resistant pathogens. 
 

REFERENCES:  

1Parry 2014 

2Pro Implant Foundation Guidelines 

3Nelson 1994 
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with conventional treatment:  
Results from an in vivo rabbit model of Fracture Related Infection 

Jan Puetzler1, Alexander Milstrey1, Jens Everding1, Michael Raschke1, Daniel Arens2, Stefan 
Zeiter2, R Geoff Richards2, T Fintan Moriarty2  

1University Hospital Münster, DEU, 2AO Research Institute, AO Foundation, Davos, CH,  
 
INTRODUCTION: Focused high energy 
extracorporeal shockwave therapy (fhESWT) is 
used to support fracture healing in non-union 
cases, and has been shown to have antibacterial 
effects. We trialed fhESWT as an adjunct to 
conventional treatment in a clinically relevant 
rabbit model of fracture related infection. 
METHODS: A complete humeral osteotomy 
was performed in 31 rabbits and fixed with a 7-
hole-LCP. A fracture-related infection (FRI) was 
established with Staphylococcus aureus. After 
two weeks, a revision surgery was performed 
with debridement, irrigation and implant 
retention. Rabbits then received:  no further 
treatment (controls); shockwaves (at day 2 and 6 
after revision, 4'000 Impulses each time with 
23kV); systemic antibiotics (rifampin and 
nafcillin); or the combination of antibiotics and 
shockwaves. Treatments were applied over one 
week. Blood cultures were taken before and after 
shockwave sessions. After an additional week 
without treatment, rabbits were euthanized, and 
quantitative bacteriology was performed on 
implants and tissues to determine infection 
burden. Indicator organs (brain, heart, liver, 
lungs, kidneys and spleen) were cultured to 
assess possible bacteremia. 
 
RESULTS: All rabbits were infected at revision 
surgery as determined by bacteriological culture 
of debrided materials. fhESWT in combination 
with antibiotic  
treatment lowered the bacterial burden at 
euthanasia hundredfold compared to antibiotic 
treatment alone in all samples (p=0.38). This 
effect was most prevalent for the implant sample 
(p=0.08) (Fig. 1). No significant effect was seen 
for fhESWT alone compared to untreated 
controls. No signs of bacteremia occurred. 
 
 

DISCUSSION & CONCLUSIONS:  
The additon of systemic antibiotics had the 
biggest efect on reduction of bacteria. Although 
further lowering the bacterial burden in our 
model the effect of fhESWT as an adjunct was 
not big enough to be statistically secured in this 
in vivo rabbit model. In certain difficult-to-treat 
infections the addition of fhESWT might be 
beneficial. The method appears to be safe in this 
model of acute FRI as no signs of bacteremia 
occurred despite the high energy and impulse 
number. Further investigations are needed to 
identify the correct indication.  
ACKNOWLEDGEMENTS: This work was 
funded by AOTrauma as part of the Clinical 
Priority Program Bone Infection. We thank Jena 
Medtech (Storz Medical) for providing us with 
the LithoSpace® Ortho.  
 

 
 

 

 
 
 
 
 
 

Figure 1 Colony forming Units (CFU) of S. 
aureus in the four study groups after euthanasia 
in three different samples: a) soft tissue, b) bone, 
c) implant (plate and screws). Data are expressed 
as means and standard error of the mean. 
*p<0.05 
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Why 3D printing for implant infections 

Harrie Weinans 
Department of Orthopedics - UMC Utrecht, The Netherlands 

 
INTRODUCTION: Implant-associated infections 
(IAIs) are one of the most important challenges of 
orthopedic implant surgery. It can be devastating 
for the patient with high chance of morbidity and 
impose extremely high cost for health care. Many 
of the periprosthetic infections are extremely 
difficult to treat, as bacteria form a biofilm on the 
prosthetic material that hinders the host immune 
system and makes antibiotics penetration difficult.  
Many strategies to prevent implant infections 
investigate coatings that inhibit bacterial 
adherence and growth on an implant in order to 
prevent biofilm formation. In the past few years 
we have introduced at the UMC Utrecht such 
coatings by elaboration of implant surfaces using 
surface nano-tubes [1], hydrogels [2], hydrogel 
coatings [3] and plasma polymer films [4] with 
anti-bacterial coatings. However, often a 
revision implant is placed in a patient from 
which an infected implant has been removed. As 
there is a high chance that remnants of bacteria 
and its biofilm is still in the bone vicinity a new 
implant would favor from long-term release of a 
high dose of antibiotics to potentially eradicate 
existing biofilm. This requires the placement of 
a sustained release coating on an implant or the 
use of a gel with high amounts of specific 
antibiotics or other biofilm eradicating methods. 
Highly porous implants can be manufactured 
nowadays using 3D-printing technology (additive 
manufacturing). Such implants can be made with, 
i) a huge surface area that can be employed to 
place a coating that facilitates release of 
antibiotics, or ii) the open porous space that can 
be filled with a gel to provides sustained release 
of antibiotics; or iii) a combination of the above 
that may combine various bactericidal agents 
with different release times. 

METHODS / RESULTS: In the presentation 
various techniques will be introduced and their 
potential advantages and disadvantages will be 
discussed. In-vitro experiments showed that 
silver is an attractive coating to destroy e.g. 
staphylococcus Aureus. However, in-vivo 
experiments showed that the host immune 
response is severely impaired as neutrophils are 
eradicated by silver nanoparticles as well. 
 

 

Figure: Sustained release up to 3 weeks of silver and 
vancomycin was established for a chitosan/gelatin 
coating [3]. The high surface and large free volume 
of porous titanium facilitates high amount of 
bactericidal coating and/or gel. 
 

DISCUSSION & CONCLUSIONS:  
Combined strategies lead to adequate filling of 
bone defects using 3D porous additive 
manufacturing as well as the release of large 
amount of bactericidal drugs for a prolonged 
time period to adequately treat complex implant 
infections in a one-stage approach. Such 
strategies fulfill large clinical needs as the 
number of patients with implant associated 
infections patients having cumbersome bone 
defects is growing. 
ACKNOWLEDGEMENTS: The PROSPEROS 
project (Interreg program), partially funded by  
agency IWT (Flemish government IWT140257). 
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Biomimetic Polymers as Drug-free Antibacterial Materials and Coatings 
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Greiser2, R. Viebahn3, W. Wang2, J. Salber3, V. Chiono1, G. Ciardelli1 
 
1Department of Mechanical and Aerospace Engineering, Politecnico Di Torino, Corso Duca 
Degli Abruzzi, 24, 10129 Torino; 2Vornia Ltd., Dublin, Dublin 24, Ireland, 
3Universitaetsklinikum Knappschaftskrankenhaus GmbH - Hospital of the Ruhr-University 
Bochum, Germany  
 
INTRODUCTION: To tackle antibiotic 
resistance, a promising goal is to develop novel 
materials with intrinsic antibacterial 
functionality and able to prevent biofilm 
formation. To this aim, we explore the design of 
different polymers, mimicking antimicrobial 
peptides and honey respectively. 
 
METHODS: AMP-MIMETIC 
POLYURETHANE (PUR) A liquid monomer 
was grafted from an amphiphilic printable 
polyurethane by heterophase polymerization. 
Next, the bis(trifluoromethanesulfonyl)imide 
anionic counter ions of the liquid monomer were 
mainly exchanged for hydrophilic bromide ions. 
Their characterization was conducted by 1H, 13C 
and 19F NMR, Dynamic light scattering and zeta-
potential measurements and cryo-TEM. MIC 
and MBC were determined by the broth 
microdilution method. Safranin staining was 
used to quantify biofilm biomass. L929, HaCaT 
and THP-1 were used for cytocompatibility 
evaluation by the multiplex assay.HONEY-
LIKE HYDROGEL A hydrogel based on 
hyperbranched polyethylene diacrylate (HB 
PEGDA) and hyaluronic acid (HA-SH) was 
prepared by thiol-ene click chemistry. Glucose 
(G) and glucose oxidase (GO) were respectively 
added to HA-SH and HB PEGDA components. 
Rheological properties, water uptake and 
degradation of hydrogels were studied. 
Hydrogen peroxide (H2O2) release was 
measured and antimicrobial activity assessed. 
 
RESULTS: The AMP-mimetic PUR was 
successfully synthesised as demonstrated by 
NMR spectra. The Cryo-TEM images of AMP-
mimetic PUR aqueous solution, showed the 
formation of patchy colloidal particles, 
consisting of the self-organized mesophases 
formed by discrete nanodomains of charged 
ionic liquid moieties (fig.1). This polymer 
induces a rapid bactericidal effect on planktonic 
Gram-positive bacteria and it is able to prevent 

biofilm formation until 72 hours, and to disrupt 
Gram-positive mature biofilms with 
concentrations higher than 250 μg/mL against 
methicillin-sensitive S. aureus and MRSA, and 
above 31.25 μg/mL on Enterococcus faecalis 
and higher than 62.5 μg/mL in case of VRE. On 
L929 murine fibroblasts, HaCaT human 
keratinocytes and THP-1 monocyte-derived 
human macrophages, the cell viability was 
optimal in the presence of the lower 
concentrations that are active against bacteria. 

 
Fig. 1: Cryo-TEM image of AMP-mimetic PUR 

The honey-like hydrogel produced antibacterial 
reactive H2O2, through the two components 
found in honey: GO within HB PEGDA and G 
in HA-SH. The hydrogel was able to produce 
9.11 mmol H2O2 after 24 hours using 250 U/L 
GO and 2.5 % G. This amount caused a zone of 
inhibition as a measure of antibacterial activity 
against primarily gram-positive bacteria. 
 
DISCUSSION & CONCLUSIONS: The 
AMP-mimetic PUR shows a positive selectivity 
index on all skin cell populations tested, 
indicating that they have a higher selectivity 
towards bacteria over mammalian eukaryotic 
cells. Honey mimetic hydrogels have the 
potential to be used as in situ forming 
antibacterial wound dressings. 
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Strategies to prevent biomaterials from Staphylococcus aureus infections: effect of 
dehydroabietic acid derivatives on biomaterials pre-incubated with human cells  

Inés Reigada1, Kirsi Savijoki1, Yli-Kauhaluoma, Jari T2, Adyary Fallarero1 
1 Drug Research Program, Pharmaceutical Biology, Division of Pharmaceutical Biosciences, Faculty 

of Pharmacy, University of Helsinki, Finland. 
2 Drug Research Program, Division of Pharmaceutical Chemistry and Technology, Faculty of 

Pharmacy, University of Helsinki, 00014 Helsinki, Finland. 
 
INTRODUCTION: During the implantation of 
a foreign body, the presence of bacterial cells 
enhance the susceptibility of the surrounding 
tissue to infection. During this process, host cells 
are also present. Depending on which type of 
cells colonizes the surface first, the implantation 
is more likely to result on a correct tissue 
integration or a chronic infection. It has been 
previously shown that the incubation of 
biomaterials with human cells before 
implantation (or cellular pre-conditioning) can 
be an effective strategy to prevent bacterial 
adhesion and biofilm formation.[1] In this assay 
we explore the effects of combining cellular pre-
conditioning with two dehydroabietic acid 
(DHA) derivatives that have been earlier shown 
to display anti-biofilm activity against 
Staphylococcus aureus [2] 

METHODS: Titanium coupons were incubated 
for 24 hours with human osteogenic sarcoma 
SaOS-2 cells (1x105 cells/mL). Following this 
incubation, two DHA derivatives were added (11 
and 9b) at a final concentration of 50 µM. 
Rifampicin and penicillin were used as positive 
controls at the same concentration. Afterwards, 
the culture medium was replaced by a 
suspension of 104 CFU/mL of S. aureus 25923 
and 105 cells/mL of SaOS-2. A clinical strain of 
S. aureus was also tested (origin?).  After 24 h of 
incubation, the viability of the cells was assessed 
by luminometric quantification of ATP while the 
biofilm formation was measured by viable plate 
counts (drop plate method).  

RESULTS: All materials pre-conditioned with 
cells showed a decrease of the S. aureus 25923 
biofilm formation when compare with the un-
coated material. Those coupons treated with 
compound 11 showed an even higher inhibition 
of the S. aureus 25923 biofilm formation. Effect 
of 11 was not as potent against the clinical strain, 
but inhibitory activity was preserved. Compound 
9b did not show a strong activity against any of 

the two strains. The viability of SaOS-2 was not 
diminished in any of these scenarios.  
 
Fig. 1: Workflow of the experimental setting. 
 

DISCUSSION & CONCLUSIONS: These 
findings show that pre-conditioning of 
biomaterials with mammalian cells could 
potentially represent a good strategy to prevent 
S. aureus infection. Such protective effect could 
be further enhanced by the inclusion of novel 
antimicrobials at the moment of implantation.  
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INTRODUCTION: Standard methods are an 
important tool in research. They enable for data 
comparison and communication between 
different laboratories1. They are useful for 
testing the efficacy of products such as novel 
medical devices or treatments for infections, 
provide convincing evidence to support clinical 
trials, and are necessary for regulatory approval 
of these products with agencies such as the US 
FDA and EMA. Additionally, the process of 
method standardization can help us better 
understand the limitations of a certain method, as 
well as the reproducibility of protocols used in 
individual laboratories. An inter-laboratory test 
or ring trial is required to verify the 
reproducibility of a standard test method2. 

MICROPLATE RING TRIAL: We performed 
a ring trial with 6 laboratories from the Print-aid 
consortia, to evaluate the reproducibility of 3 
microplate-based biofilm assessment methods: 
crystal violet, resazurin and CFU counts. In this 
abstract we will be focusing on the CFU count 
method only. The experiments were divided into 
two main groups: control and treatment. Both 
experiment groups used a standard biofilm 
growth protocol developed for S. aureus ATCC 
25923. Furthermore, standard test methods 
(STM) were developed for each assessment 
method. For control experiments participants 
performed the STM in parallel to their own in-
house protocol. For treatment experiments, the 
participants only performed the STM, to 
evaluate the efficacy of sodium hypochlorite in 
killing S. aureus biofilms.  

RESULTS: Fig. 1 is an individual value plot of 
the CFU data collected by each lab for the 
control experiments (STM only). All the data has 
been transformed to the log scale. The data was 
further analysed with a mixed effects model 
using Minitab v.18. The overall mean ± SE log 
CFU/well was 7.77 ± 0.56. The standard 
deviation (SD) for the repeatability assessment 
(within lab variability) was 0.25 and the SD for 
the reproducibility assessment (among lab 
variability) was 1.38.  

Fig. 1: Individual value plot CFU count control 
experiments for STM protocol only. For each lab 
the data has been divided into the separate 
experimental days.  

The analysis showed that the amount of 
variability attributable to lab-to-lab sources was 
97%, day-to-day sources was 1.5% and well-to-
well sources was 1.7%. This means that while 
the repeatability of the method is quite robust, 
differences in climate, equipment and technician 
can affect its reproducibility.  

CONCLUSIONS: Standard methods have 
many useful applications in research, clinical 
and industrial laboratories. They provide useful 
information on the applicability of a method and 
its limitation. As our ring trial shows, we can 
assess the repeatability and reproducibility of a 
method and obtain more information on what 
factors are contributing to variance and how to 
improve on them.  

ACKNOWLEDGEMENTS: This project has 
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Horizon 2020 research and innovation program 
under the Marie Sklodowska – Curie grant 
agreement No 722467 (PRINT-AID).  
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C. M. Guarch Pérez1, D. Martínez-Pérez1,  W. Swieszkowski2, M. Riool1, S. A. J. Zaat1 
1 Medical Microbiology Department, Institute of Infection and Immunity, Amsterdam UMC, 

University of Amsterdam, Amsterdam, The Netherlands 
 21 Biomaterials, Faculty of Materials Science and Engineering, Warsaw University of 

Technology, Warsaw, Poland 
 
INTRODUCTION: Staphylococcus aureus (S. 
aureus) is one of the most common pathogen in 
orthopaedic-associated infections. Total hip 
arthroplasties show infection rates of 0.5 to 1% 
and total knee arthoplasties of 1-4%. Fracture 
fixation devices have infection rates ranging 
from 5 to 10% for closed fractures and even 
higher rates up to 30% for open fractures1. These 
infections are not easy to diagnose and extremely 
difficult to treat due to the ability of pathogens in 
biofilm to resist the immune response and 
antibiotic treatment. Clinically, implant 
infections are prevented by antibiotic 
prophylaxis, the placement of antibiotic laden 
bone cements, and the use of minimally invasive 
surgical procedures2. However, conventional 
biomaterials such as bone cement are compatible 
with a limited number of antibiotics and they 
show poor antibiotic release profiles. It is 
therefore necessary to develop novel 
antimicrobial delivery strategies incorporated in 
the implant or as a coating to prevent infection. 

METHODS: In order to meet this requirement, 
a 3D printed dual gentamicin and rifampicin 
delivery system based on gelatin methacrylate 
(GelMA) hydrogels was developed as a 
biomaterial coating. GelMA hydrogels have 
been widely investigated as bone tissue 
regeneration scaffolds and for generation of 
bioartifical implants3. The antimicrobial release 
activity was evaluated in vitro against S. aureus 
RN4220, and against derived strains resistant to 
either gentamicin or rifampicin, or against a 
combination of both antibiotic resistant strains. 

RESULTS: The GelMA scaffold co-
delivering gentamicin and rifampicin was 
able to eradicate the mixture of S. aureus 
strains resistant to gentamicin and to 
rifampicin. Scanning electron microscopy 
confirmed the efficacy of the scaffold to 
prevent the bacterial attachment.  

  (1) 

 
 
 
 
 
 
Fig. 1:  Scanning electron microscopy pictures of 
the hydrogel scaffold unloaded with S. aureus 
attached forming a biofilm (left) and the 
hydrogel scaffold loaded with gentamicin and 
loaded (right). 
 
DISCUSSION & CONCLUSIONS: In 
conclusion, 3D printing GelMA scaffolds show 
promising in vitro results as an antimicrobial 
drug delivery system to prevent orthopedic 
implant infections. Moreover, 3D printing 
enables the design of a gradual and controlled 
antibiotic release system that can be tailored to 
different types of implants and geometries 
depending on the patients demand. 
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INTRODUCTION: Modifying the surface of 
orthopaedic implants with antimicrobial 
coatings is one of the most effective approaches 
to prevent implant-associated osteomyelitis 
(IAO). A high percentage of the IAO are related 
to biofilm formation by Staphylococcus aureus. 
Systemic administration of antibiotics has 
several disadvantages, including dangerous side 
effects. In the recent years, some studies have 
focused on the development of orthopaedic 
implants for the delivery of local antibiotics1,2. 
The aim of the study was the development of 
antimicrobial coating for prevention of IAO. A 
3D printing technology was applied to print a 
gentamicin and rifampicin loaded alginate 
hydrogels into microgrooves fabricated on the 
implant surface.    
METHODS: Microgrooves (10mm length, 
500um width, 300um height) in Ti-6Al-4V discs 
were fabricated with a milling machine. The 
samples were polished to a mirror finish and 
ultrasonically-cleaned in ethanol, acetone and 
distilled water. Then, the surface was activated 
by soaking in 5M NaOH at 80 °C for 24h and 
dried under stream of nitrogen. Silanization of 
the surface was performed immersing the 
oxidized Ti-6Al-4V samples in (3-
glycidyloxypropyl) trimethoxysilane solution 
(10% in toluene) at 100 °C for 24h. A solution of 
CaCl2 0.6M was homogeneously drop-based 
printed into the microgrooves using 3D 
Discovery (RegenHu) printer. A solution of 
sodium alginate 1% and rifampicin 0.3% or 
gentamicin sulfate 0.3% was then printed into 
the microgrooves. The rifampicin or gentamicin 
loaded alginate hydrogels were formed. 
Additionally, a thin membrane of PLGA 
(poly(lactide-co-glycolide) acid) was 3D printed 
on the top of the microgrooves to control release 
of the drugs. The samples were sterilized by 
gamma radiation (25 kGy). The antimicrobial 
activity of the printed hybrid coating was tested 

in vitro by using a disc diffusion test and the 
Static Biofilm Method was used to test the 
prevention of biofilm formation. 
RESULTS: The microgrooves with rifampicin 
and gentamicin loaded alginate hydrogels were 
fabricated on Ti-6Al-4V discs (Fig.1). The 
theoretical drug loading in the microchannels is 
23 ug of rifampicin and 34 ug of gentamicin per 
sample. The microgrooves were covered with a 
membrane based on PLGA. The pore size of the 
PLGA membrane was optimized in order to 
obtain an optimal sustained drug release. The 
results from the disc diffusion test and the static 
biofilm method demonstrate that the developed 
hybrid coating prevents biofilm formation 
against S. aureus. 

a)  b)  
Fig. 1: Microgrooves on Ti-6Al-4V discs without 
(a) and with rifampicin loaded alginate hydrogel 
(b). 
 

DISCUSSION & CONCLUSIONS: The 
present study showed that 3D printing 
technology can be used to fabricate 
antimicrobial coatings for orthopaedic implants 
with a controlled drug release. The incorporation 
of the drugs into the microgrooves may avoid the 
loss of the antimicrobial coating during the 
implantation of the intramedullary nail. 
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INTRODUCTION: Periprosthetic joint 
infection (PJI) is recognised as one of the most 
common modes of failure of joint replacements. 
Osteomyelitis arising from PJI, so-called deep 
bone infection, is challenging to treat and 
difficult to cure. Failure to cure following the 
initial treatment is predictive of increased risk of 
failure of subsequent treatments due to the 
establishment of a chronic infection. 
Furthermore, PJI can manifest or go 
undiagnosed months, years or decades following 
primary surgery. Staphylococci are the most 
common pathogens detected in PJI and 
Staphylococcus aureus is the most frequently 
detected causative species. 

Osteocytes are the most numerous cell type in 
hard bone tissue and the most long-lived. These 
cells form a highly interconnected syncytium 
and perform an increasingly recognised large 
repertoire of functions related to bone and 
systemic physiology. Importantly, they have key 
controlling roles in bone turnover, controlling 
the differentiation and activity of bone resorbing 
osteoclasts and performing osteocytic osteolysis, 
important for the release of calcium for milk 
production during lactation. Evidence suggests 
that these physiologic mechanisms can become 
hijacked and contribute to pathologies including 
particle disease associated with periprosthetic 
osteolysis and aseptic loosening [1]. 

Our recent work has shown that S. aureus can 
infect human osteocytes without causing cell 
death, both experimentally and in bone samples 
from patients with PJI [2]. Osteocytes respond to 
infection by the differential regulation of a large 

number of genes related to altered functionality 
and immune activity. S. aureus, however, adapts 
during intracellular infection of osteocytes by 
adopting a quasi-dormant, small colony variant 
(SCV) phenotype, a property of many bacterial 
species known to cause PJI, which could 
contribute to persistent or silent infection. The 
work of others has documented S. aureus 
colonisation of the bony lacunocanalicular 
system [3]. The infection of the osteocyte niche 
potentially provides a long-term reservoir for 
viable bacteria. Intracellular infections with 
dormant bacteria present challenges in treating 
these cases. Further elucidation of osteocyte 
infection in PJI will hopefully lead to improved 
disease detection and management. 
 
ACKNOWLEDGEMENTS: This template 
was modified with kind permission from eCM 
conferences Open Access online periodical & 
eCM annual conferences 
 
REFERENCES:  
 
1. Ormsby, R.T. et al. Acta Biomater 2016, 33, 

242-251. 
2. Yang, D. and Wijenayaka, A.R. et al. MBio 

2018, 9. 
3. de Mesy Bentley, K.L. et al. J Bone Miner 

Res 2017, 32, 985-990. 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://www.ecmconferences.org/


eCM Online Periodical, 2019, Collection 5; eCM Conference Abstracts (page 21) 
 

  www.ecmconferences.org 

Bone appétit: host-pathogen interactions during osteomyelitis 

A.D. Potter1, N.E. Putnam1, J.M. Curry2, L.E. Fulbright2, C.E. Butrico1, C.A. Ford3, J.R. 
Petronglo1, A.S. Hendrix2#, J.E. Cassat1,2,3,4,5 

1Department of Pathology, Microbiology and Immunology, Vanderbilt University Medical 
Center, Nashville, TN, USA, 2Department of Pediatrics, Division of Pediatric Infectious 
Diseases, Vanderbilt University Medical Center, Nashville, TN, USA, 3Department of 
Biomedical Engineering, Vanderbilt University, Nashville, TN, USA, 4Vanderbilt Institute for 
Infection, Immunology and Inflammation (VI4), Vanderbilt University Medical Center, 
Nashville, TN, USA, 5Vanderbilt Center for Bone Biology, Vanderbilt University Medical 
Center, Nashville, TN, USA, #Present affiliation: College of Medicine and Life Sciences, The 
University of Toledo, Toledo, OH, USA 
 
INTRODUCTION: Staphylococcus aureus is 
an important human pathogen, with flexible 
metabolic and virulence programs that enable 
infection of nearly every organ system. One of 
the most common manifestations of S. aureus 
infection is osteomyelitis, where staphylococci 
invade, survive within, and trigger destruction of 
bone. Bone infections are notoriously refractory 
to treatment due to antimicrobial resistance and 
limited penetration of antibiotics into inflamed 
bone, thus defining osteomyelitis as a 
paradigmatic example of antimicrobial-
recalcitrant infection. Yet, the success of S. 
aureus as an agent of osteomyelitis is 
paradoxical when considering the tissue 
properties of bone, which include constant 
turnover by skeletal cells, intrinsic hypoxia, and 
a unique metabolic profile. The major objectives 
of this study were to 1) elucidate the bacterial 
genes and metabolic pathways that enable 
staphylococcal growth in bone, and 2) to 
determine how S. aureus alters osteoclast-
mediated bone resorption, which in turn could 
alter the nutrient milieu during invasive 
infection. 
 
METHODS: To elucidate staphylococcal genes 
necessary for growth within bone, we conducted 
transposon sequencing (TnSeq) in a murine 
model of osteomyelitis. Given that all microbes 
rely on central metabolism to procure the 13 
essential intermediates that fuel cellular 
proliferation, we also took a targeted 
mutagenesis approach to identify key metabolic 
pathways that allow S. aureus to proliferate 
using nutrients found in bone. To determine how 
S. aureus might alter osteoclast-mediated bone 
resorption, thereby potentially liberating 
bacterial nutrients at the site of infection, we 

used both in vitro osteoclastogenesis assays and 
in vivo infection of mice deficient in host 
pathways that are involved in sensing microbial 
pathogens.  
 
RESULTS: TnSeq analysis of S. aureus 
osteomyelitis identified over 200 bacterial genes 
that contribute to survival in bone, including key 
virulence regulators, adhesins, and metabolic 
pathways. Many genes identified as critical for 
osteomyelitis were involved in bacterial central 
metabolism. To corroborate these TnSeq 
findings, we conducted additional mono-
infections with various staphylococcal mutant 
strains deficient in key metabolic pathways and 
found that S. aureus is dependent on glycolysis 
and select amino acid biosynthesis pathways to 
grow in bone. We also discovered that in vitro, 
S. aureus triggers enhanced osteoclastogenesis 
of RANKL-primed monocytic precursors. In 
vivo, this increased osteoclastogenesis translates 
to increased bone loss, which may further 
liberate nutrients for bacterial growth. Finally, 
we determined that host MyD88 and IL-1R 
signaling are critical for osteoclastogenesis 
induced by S. aureus infection.  
 
DISCUSSION & CONCLUSIONS: Taken 
together, these data define the bacterial pathways 
necessary for survival in bone during 
staphylococcal osteomyelitis. Moreover, these 
studies suggest that S. aureus stimulates 
enhanced bone resorption through MyD88 and 
IL-1R-dependent host signalling. Accordingly, 
bacterial nutrient utilization and bone 
remodeling are critical determinants of the host-
pathogen outcome during osteomyelitis.  
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INTRODUCTION: Staphylococcus aureus 
accounts for the majority of chronic 
osteomyelitis, which is considered to be 
incurable due to biofilm bacteria persisting deep 
within cortical bone.1 Our original transmission 
electron microscopy (TEM) studies in a murine 
model of implant associated S. aureus 
osteomyelitis revealed deformed rod-shaped 
bacteria propagating within the submicron 
channels of the osteocytic lacunar-canalicular 
system. Recently, using epoxy embedded bone 
tissue and TEM imaging of the bone from a 
diabetic foot ulcer patient diagnosed with 
chronic S. aureus osteomyelitis, we identified 
bacteria deformation and propagation within 
osteocyte lacunae and their canaliculi.2 To 
determine the genomic diversity, we attempted 
laser capture microdissection (LCM) with 
amplification of the bacterial 16S sequence by 
PCR for identification, using paraformaldehyde 
fixed, decalcified paraffin embedded human 
bone tissue. Despite successful LCM capture, 
paraformaldehyde fixation produced fragmented 
DNA resulting in unsuccessful bacterial 
16sRNA PCR sequencing. We now propose to 
utilize traditional immunolabeling procedures to 
confirm S. aureus within infected human bone 
tissue. Here we describe a method to combine 
Gram staining, immunohistochemistry (IHC) 
and immunoelectron microscopy (IEM) gold 
labeling on serial 5 µm paraffin sections. This 
combined technical approach will allow us to 
survey millimeters thick pieces of bone tissue to 
search for the presence of S. aureus within the 
osteocytic submicron canaliculi of cortical bone. 

METHODS: An anti-Staphylococcus aureus 
mouse monoclonal antibody (Abcam ab37644) 
was tested on a UAMS-1 bacterial pellet fixed 
one hour in 4.0% paraformaldehyde and 
embedded into LR White resin for gold-tagged 
IEM. Thin sections, 80 nm, were placed onto 
carbon/formvar 150 mesh nickel grids and 
blocked with 1% bovine serum albumin (BSA) 
in phosphate buffered saline (PBS). The 

sections, on grids, were incubated in 75 µl of 
primary antibody (AB) at a 1/20 dilution (10 fold  

higher dilution of that required for light 
microscopy) for 2 hours at room temperature 
(RT).  Primary AB was recognized by a goat 
anti-mouse 12 nm gold-tagged secondary AB 
(Jackson ImmunoResearch Labs catalog #115-
205-146) for 1 hour at RT. The grids were rinsed 
and examined under the TEM using a digital 
camera (no counterstaining).  

  

Figure 1, left: TEM image of positive 12 nm 
gold tagged anti-S. aureus antibody labelling 
pepditoglycan of the external wall of bacteria, 
left: Negative control does not label (1% 
BSA/PBS substituted for primary AB) x 50,000. 

 
DISCUSSION & CONCLUSIONS: We have 
successfully demonstrated IEM labelling of the 
UAMS-1 strain of S. aureus embedded in LR 
White resin. A Gram positive screened bone 
specimen’s, adjacent paraffin section, can now 
be evaluated using anti-S. aureus IHC. IEM on a 
second adjacent paraffin section would then be 
performed using a “pop-off” re-embedding 
technique and LR White resin 3. 
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INTRODUCTION: Treatment for chronic 
osteomyelitis (OM) requires debridement of the 
infected bone followed by the administration of 
systemic antibiotics [1]. Despite this combined 
approach, reoccurrence of OM is high and 
current local antibiotic-delivery devices such as 
antibiotic-impregnated polymeric beads are not 
ideal as they require a second procedure for 
removal and are not conducive to bone healing 
[2]. We have previously utilized a collagen-
hydroxyapatite scaffold with proven 
regenerative potential [3] to deliver an antibiotic 
in a dual-release manner, with an initial burst 
release of antibiotic to clear bacterial activity 
followed by a sustained, controlled release to 
prevent reoccurrence of infection [4]. Herein, we 
sought to compare the capacity of two antibiotic-
eluting scaffolds (containing vancomycin or 
gentamicin) to eliminate infection and facilitate 
bone healing in a rabbit model of chronic OM. 
 

METHODS: Antibiotic-eluting collagen-
hydroxyapatite scaffolds containing either 
vancomycin (Vanc-scaff) or gentamicin (Gent-
scaff) were fabricated by lyophilization. The 
radii of New Zealand White rabbits were 
inoculated with 8.5 x 105 CFUs of 
Staphylococcus aureus JAR. At 4 weeks, the 
infected area was debrided (6 mm) and either left 
empty, or treated with a commercially available 
gentamicin fleece (Septocoll E®), a Vanc-scaff 
or a Gent-scaff (n=9). Animals were euthanized 
at 12 weeks. All animals received systemic 
antibiotics (Cefazolin 25 mg/kg b.d. SC) 
between weeks 4 and 8. Quantitative 
bacteriology was performed to assess infection 
and computed tomography (CT) scans were 
carried out to assess bone healing. Statistical 
comparisons were performed using ANOVA. 
Significance was accepted at p<0.05. 
 

RESULTS: Comparable levels of bacteria were 
found in tissues harvested from all groups at 4 
weeks. At 12 weeks, 6/6 animals treated with the 
Gent-scaff were found to be infection-free, 

compared to 4/6 animals that were treated with 
the Vanc-scaff or Septocoll E, and 1/6 animals 
where defects were left empty (Fig 1A).  CT 
evaluations demonstrated a significantly higher 
bone volume in both Vanc-scaff and Gent-scaff 
groups at 8 weeks compared to 4 weeks, and at 
12 weeks compared to 8 weeks, highlighting the 
capacity of antibiotic-eluting scaffolds to 
facilitate bone healing in this model (Fig. 1B). 

 
Fig. 1. A) Bacteriology at 12 weeks. B) Bone 
volume (BV)/ total volume (TV). Significance; a 
vs. 4 weeks, b vs 8 weeks, c vs Gent-scaff. 
 

DISCUSSION & CONCLUSIONS: This work 
has demonstrated the capacity of an antibiotic-
eluting scaffold to treat infection and facilitate 
bone tissue regeneration in a rabbit model of 
OM. These antibiotic-eluting scaffolds may 
prove to be a powerful tool in the fight against 
chronic OM, as they can be implanted into an 
infected bone defect left void following 
debridement to aid in bacterial clearance. 
Furthermore, since the scaffolds are 
biodegradable and facilitate bone healing, they 
do not require a second procedure for removal, 
thereby reducing hospital times and costs.  
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INTRODUCTION: Infectious arthritis is a 
challenging condition that can lead to persistent 
infection leading to euthanasia or to 
degenerative joint disease in horses that survive. 
Our group has recently shown that several 
arthrotropic pathogens, including S. aureus, 
aggregate within equine synovial fluid (SynF) to 
form free-floating biofilms. These aggregates 
are difficult to eradicate and show antimicrobial 
recalcitrance. Herein, we report our findings 
when using PRP-L and amikacin in an equine S. 
aureus infectious arthritis model. METHODS: 
Concentrated pooled PRP-L was generated from 
8 healthy donor horses and processed to remove 
the anionic fraction. 12 horses with normal 
physical examinations, bloodwork, and 
tarsocrural (TC) radiographs were randomly 
allocated into treatment or control groups.  On 
day 0, S. aureus at 1x106 CFU in 1mL sterile 
saline was introduced via intra-articular injection 
into one randomly assigned TC joint. Twenty-
four hours post-infection, horses were treated 
with PRP-L (5mL) and 500mg amikacin 
(treatment; n=6) or 500mg of amikacin and 
sterile saline (5mL) (control; n=6) daily for 7 
days. All horses received systemic 
antimicrobials (potassium penicillin and 
gentamicin) for 10 days post-infection as well as 
phenylbutazone for the duration of the study. 
Physical examinations were performed daily and 
pain scores based on lameness, hock swelling, 
distal limb swelling, pain to palpation, and 
presence of heat were calculated at days 0-7, 14 
and 21. Blood was collected on days 0-7, 14, and 
21 for complete blood count, fibrinogen, D-
Dimer and serum amyloid A (SAA) analyses. 
SynF was collected on the same days for total 
protein (TP), total nucleated cell count 
(TNCC), cellular differential, and bacterial 
load determination, as well as biomarker 
analysis. Standing digital orthogonal 
radiographs were performed on day 21. At end-
term, horses were euthanized, and synovium and 
cartilage samples were collected for 
histopathology and tissue bacterial load 
determination in the infected TC joint.  Data 
were analyzed with ANCOVA, with horse as a 
covariate, when normally distributed or with 

Wilcoxon Signed Rank Test when not normally 
distributed. RESULTS: All horses completed 
the study. TC joint sepsis was clinically evident 
in all horses following inoculation with S. aureus 
and SynF TNCC increased from a mean of 
133±77 cells/µL on day 0 to a mean of 
38,989±13,276 cells/µL on day 1. Horses treated 
with PRP-L had lower pain scores at days 4-7, 
14, and 21 (p<0.003). Systemic fibrinogen was 
significantly lower in PRP-L treated horses at 
days 6 and 7 (p<0.0003) as was D-dimer 
concentration at days 3-7, 14 and 21 (p<0.001). 
SAA concentrations were not significantly 
different between the two groups.  Although no 
differences in SynF TNCC or TP were 
appreciated between treated and control horses, 
PRP-L treated horses had a lower percentage of 
neutrophils (p<0.02) and higher percentage of 
mononuclear cells (p<0.01) at day 7. 
Additionally, SynF from PRP-L treated horses 
had lower concentrations of IL-18 (p<0.001), IL-
4 (p<0.0008), IL-5 (p<0.02), IL-8 (p<0.03), and 
G-CSF (p<0.05) from days 2-7; lower 
concentrations of MCP-1 (p<0.03) and IL-1β 
(p<0.02) from days 4-7; and lower 
concentrations of IFNγ (p<0.02) from days 6-7.  
No differences in concentrations of TNF-α or IL-
6 were appreciated. Importantly, PRP-L treated 
horses had significantly lower concentrations of 
bacteria in SynF at days 3-7 (p<0.006) and 
significantly less bacteria within the synovial 
tissue at end-term (2.06±4.86 CFU/g tissue) 
compared to horses treated with amikacin alone 
(80.95±58.77 CFU/g tissue) (p<0.009). 
DISCUSSION: We recently showed PRP-L 
treatment to increase synoviocyte proliferation 
and hyaluronic acid production while protecting 
chondrocytes from inflammatory mediators. 
PRP-L preparations are acellular, thereby 
reducing concerns over immunogenicity; they 
contain high concentrations of growth factors 
and cytokines. Although acellular in nature, 
removal of immunoglobulins and major 
histocompatibility complex (MHC) fragments 
must be confirmed. This study is clinically 
significant since PRP-L with its antimicrobial 
properties  may represent a useful adjunct 
strategy against septic arthritis. 
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ADDITIVELY MANUFACTURED BONE IMPLANTS TO PREVENT 
IMPLANT-ASSOCIATED INFECTION 

I.A.J. van Hengel1, N.E. Putra1, M.W.A.M. Tierolf1, M.B. Minneboo1, A.C. Fluit2, H.H. Weinans3, S. 
Amin Yavari3, L.E. Fratila-Apachitei1, I. Apachitei1, A.A. Zadpoor1 

1Department of Biomechanical Engineering, Delft University of Technology, Delft, NL,           
2Department of Medical Microbiology, University Medical Centre Utrecht, Utrecht, NL, 

3Department of Orthopaedics, University Medical Centre Utrecht, Utrecht, NL 
 
INTRODUCTION: Additive manufacturing 
facilitates the production of highly porous and 
customised implants that closely mimic the 
mechanical properties of native bone tissue. 
Although the use of these implants is expected to 
improve osseointegration and thereby the life-
span of the implant, these porous implants are 
prone to infection. In order to prevent future 
implant infections, the surface of these implants 
needs to be modified such that bacteria cannot 
attach while bony ingrowth is stimulated. 
Therefore, we have incorporated antibacterial 
metallic nanoparticles (NPs) into the surface of 
multifunctional titanium bone implants through 
a combination of rational design, selective laser 
melting (SLM) and plasma electrolytic oxidation 
(PEO). 

METHODS: Highly porous titanium implants 
were additively manufactured from medical 
grade Ti-6Al-4V powder by SLM resulting in 
porous implants with a 4 times enhanced surface 
area compared to solid implants. Thereafter, the 
implant surface was biofunctionalised by PEO 
using an electrolyte consisting of Ag, Cu and/or 
Zn NPs, and Ca/P species. Following PEO 
treatment, the implant surface morphology was 
analysed by scanning electron microscopy, 
chemical composition by energy dispersive X-
ray spectroscopy, phase composition by X-ray 
diffraction and ion release kinetics by 
inductively coupled plasma optical emission 
spectroscopy. Antibacterial testing was 
performed against methicillin-resistant 
Staphylococcus aureus (MRSA), a pathogen 
commonly involved in implant-associated 
infection. We determined the antibacterial 
leaching activity in a Kirby-Bauer assay and 
quantified bactericidal activity in vitro as well as 
in a femoral ex vivo murine infection model. 
Subsequently, the cytotoxicity of the implants to 
murine pre-osteoblast cells (MC3T3-E1) was 
determined through metabolic assays and SEM 
imaging.                                                    

RESULTS: PEO treatment of the porous 
titanium implants resulted in a micro/nano-
porous TiO2 surface layer containing 
immobilised NPs that generated the release of 
Ag, Cu and/or Zn ions for at least 28 days. The 
biofunctionalised implants containing AgNPs 
demonstrated strong antibacterial leaching 
activity (Fig.1) and prevented biofilm formation 
both in vitro (Fig.2) and ex vivo. Furthermore, 
synergistic antibacterial activity was observed 
between Ag and Cu or Zn ions in a micro-
dilution assay. The biofunctionalised surfaces 
did not induce cytotoxic effects to the MC3T3-
E1 cells. 

 

Fig. 1: Antibacterial inhibition zones around 
PEO treated (PT) implants with Ag, Cu and/or 
Zn NPs after 24 h incubation with MRSA 
USA300. Scale bar = 1 cm. 

 
Fig. 2: Biofilm formation on non-treated  
implants (left) and PT-Ag implants (right) after 
48 h. Scale bar = 5 µm. 
 

DISCUSSION & CONCLUSIONS: Implant 
biofunctionalisation by PEO with Ag, Cu and/or 
Zn NPs resulted in potent bactericidal properties 
in vitro and ex vivo. Combining Ag with Cu or 
Zn ions resulted in synergistic antimicrobial 
activity in vitro. Altogether, the 
biofunctionalised porous titanium implants 
presented here are suitable candidates for further 
preclinical development to prevent implant-
associated infection and improve implant 
longevity. 
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3D additive manufactured scaffolds with antimicrobial activity for bone 
tissue regeneration 
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Egizabal4, A. Patelli5, C. Mota1, L. Moroni1 

1MERLN Institute for Technology-Inspired Regenerative Medicine, Maastricht University, 
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Italy, 4Fundación Tecnalia Research and Innovation, Health Division, Donostia-San 
Sebastián, Spain, 5Department of Physics and Astronomy, Padova University, Padova, Italy. 

 
INTRODUCTION: Scaffolds with drug release 
properties to locally prevent infections during 
healing are great candidates for bone tissue 
regeneration. Here, we report the additive 
manufacturing (AM) of polymeric scaffolds 
containing the inorganic lamellar fillers LDH 
(MgAl-based layered double hydroxides) and 
ZrP, with intercalated antibiotics (ciprofloxacin 
(CFX) and gentamicin (GTM), respectively). 
The incorporation of these inorganic fillers 
enables to achieve local controlled release of the 
antibiotics, unlike most current delivery systems, 
in which the drug is directly dispersed within the 
material. Advantageously, the lamellar filler also 
provides thermal shield protection to the 
antibiotics during printing ensuring the release 
of functional drugs.   
 
METHODS: Composites of the copolymer 
PEOT/PBT with different filler-antibiotic 
concentrations (5, 10, 20 wt%) were used to 
fabricate 3D scaffolds using a melt extrusion-
based AM technique (pores xy = 500 µm, pores 
z = 250 µm). The filler distribution within the 
resulting LDH/CFX and ZrP/GTM based 
scaffolds’ fibers was evaluated using SEM. The 
antibiotic release kinetics as well as the 
antimicrobial activity of the scaffolds against 
Gram + and Gram – bacteria was assessed at 
different time points up to one month. 
Ultimately, human mesenchymal stromal cells 
(hMSCs) were seeded onto scaffolds and 
cultured for 5 to 7 weeks in mineralization media 
to evaluate their osteogenic potential on the 
materials. DNA content and alkaline 
phosphatase (ALP) activity of hMSCs were 
quantified at different time points. Alizarin red 
staining was assessed at the end of the culture 
period. 

RESULTS and DISCUSSION: Release studies 
confirmed a filler concentration dependent 

release profile in both LDH/CFX and ZrP/GTM 
based scaffolds. Moreover, LDH-CFX based 
scaffolds showed a sustained release profile until 
the end of the study (1 month), while ZrP/GTM 
containing scaffolds exhibited a burst release of 
around 10% of the total GTM during the first 
72h. Importantly, owed to their intercalation into 
the fillers, the activity of the antibiotics was 
preserved after the processing steps, as verified 
by the antimicrobial analysis. More specifically, 
CFX- and GTM-based scaffolds showed a 
concentration dependent activity against S. 
epidermidis and P. aeruginosa, respectively. 
Interestingly, hMSCs demonstrated optimum 
viability in scaffolds with all filler-antibiotic 
concentrations. ALP activity measurements 
illustrated a gradual decrease in ALP production 
over the course of the culture in all scaffolds, 
suggesting the bone matrix maturation over time. 
Matrix mineralization was observed after 5 or 7 
weeks of culture in mineralization media, for all 
concentrations ZrP/GTM scaffolds and for 5 and 
10 % LDH/CFX scaffolds, respectively. This 
suggests that filler-antibiotics incorporation does 
not affect bone tissue formation. 
 
CONCLUSIONS: A novel type of 3D AM 
scaffolds loaded with antibiotics based on filler 
intercalation was introduced for the first time. 
The unique mechanism of loading allowed a 
sustained release of active antibiotics during 
relevant culture time providing bone matrix 
mineralization and maturation in the scaffolds 
holding a great potential for bone tissue 
regeneration applications and orthopaedic 
infections prevention. 
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IMMUNE CONTROL OF STAPHYLOCOCCUS AUREUS  
IN THE POST-GENOMIC ERA 

Barbara M. Bröker 

Department of Immunology, University Medicine Greifswald, Germany 
 
INTRODUCTION: Staphylococcus aureus is a 
dangerous pathogen, a leading cause of bacterial 
infection in hospitals and in the community 
world-wide. The micro-organism is a prominent 
example of the crisis of antibiotic resistance, one 
of the major threats to health in the 21st century. 
At the same time, S. aureus is a fascinating 
model organism for the study of host-pathogen 
interaction. Each of us is exposed to the bacteria, 
often within the first hours of life. The 
encounters with the versatile micro-organism are 
multi-facetted ranging from symptomless 
colonisation through mild skin infections to life 
threatening disease. S. aureus is also a leading 
cause of bone and joint implant infections. 
Despite extensive efforts there is no effective 
anti-S. aureus vaccine. 

METHODS: The post-genomic era of S. aureus 
began in 2001 when the first genome sequences 
of two reference strains (N315, Mu50) were 
published (1). The presence of various mobile 
genetic elements, including new resistance and 
pathogenicity islands, revealed that S. aureus has 
a high potential to acquire genes by lateral 
transfer. Thus, its genome is not a static structure 
but highly dynamic. Currently, hundreds of 
complete S. aureus genomes are listed in NCBI’s 
Genome Projects Reports. On average, the 
complete genomes possess around 2600 genes. 
Knowledge about the S. aureus genomes now 
enables the comprehensive analysis of the 
bacterial gene expression profiles during 
adaptation to different niches in host and 
environment, further, the characterisation of its 
entire prote-ome, including post-translational 
modifications. Genomics is also the basis for 
immuno-proteomics, a strategy to obtain 
panoramic views of the host antibody response 
to exposure to S. aureus at unprecedented 
resolution and completeness. 
  
RESULTS: Human adults have serum 
antibodies directed against a broad spectrum of 
S. aureus antigens. This antibody response to 
S. aureus is antigen-driven in health and disease. 

It is highly personal in terms of both the patterns 
and the intensity of antigen binding. 
Moreover, in healthy adults, there is a strong T 
cells memory response with high frequencies of 
T cells being activated by single S. aureus 
antigens. When exposed to S. aureus antigens, 
these T cells release predominantly but not 
solely Th1/Th17 cytokines.  
Robust immune memory of S. aureus – reflected 
by strong serum IgG antibody binding to 
S. aureus antigens – is associated with clinical 
protection from severe disease.  
Some S. aureus antigens, e.g., the serine 
protease-like proteins (Spls A-F), elicit a Th2 
biased immune response in a subgroup of 
healthy individuals as well as in asthmatics. In 
mice SplD causes allergic lung inflammation 
upon intra-tracheal application.  
 
DISCUSSION & CONCLUSIONS: In the 
post-genomic era, the multi-facetted interplay 
between S. aureus and its human host can be 
analysed in unprecedented detail and 
completeness. The results demonstrate that 
maintaining equilibrium with S. aureus causes 
high costs for the immune system. S. aureus has 
multiple ways to manipulate the system to its 
advantage, among them the induction of type 2 
(allergic) inflammation as a means of immune 
escape. 
 
ACKNOWLEDGEMENTS: This abstract 
summarizes some of the results obtained by the 
members of the Collaborative Research Center 
Transregio 34 “Pathophysiology of Staphylo-
cocci in the Post-Genomic Era”, which was 
funded by the German Research Foundation 
from 2006 to 2018. Their inspiring contributions 
are gratefully acknowledged. I also owe great 
thanks to the members of my group as well as to 
our collaboration partners whose names would 
almost fill this page. 
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Clinical perspective of chronic –recurring staphylococcal infections 

A. S. Zinkernagel1 
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INTRODUCTION: Staphylococcus aureus is 
one of the major causes of both community-
associated and health care-associated infections. 
S. aureus is a Gram-positive bacterium able to 
cause infections ranging from superficial wound 
infections, to deep-seated infection including 
osteomyelitis, endocarditis and abscesses. At 
least 30% of healthy individuals are colonized 
with S. aureus and colonization has been shown 
to predispose to systemic infections. Chronic and 
recurrent S. aureus infections require prolonged 
treatment of several weeks to months resulting in 
increased morbidity due to secondary infections 
by other pathogens such as Clostridium difficile 
and fungal infections as well as nausea and 
weight loss. Thus recurrent and chronic 
infections remain an unsolved clinical problem 
despite the availability of antibiotics to which the 
bacteria are tested susceptible. Bacteria isolated 
from recurrent or chronic infections may be in a 
dormant, non-growing state, tolerate antibiotic 
challenges and are capable of resuming growth. 
These bacteria are called persisters. Thus despite 
the availability of effective antibiotics to which 
the pathogenic bacterium was found to be 
susceptible, the bacterial infections may not be 
treatable with antibiotics alone and often surgery 
is required.  

MATERIALS & RESULTS: Using bacterial 
strains obtained from patients with chronic 
recurring infections we assessed phenotypic and 
genetic characteristics.  

We found a heterogeneous bacterial population 
in S.aureus infections. This heterogeneity was 
due to differences in growth initiation as 
measured by increased lag times and so far 
described as small colony variants (SCVs). We 
further provide evidence that persisters can 
manifest as SCV.  

Further we showed in-host evolution of 
Staphylococcus epidermidis in a patient with  
pacemaker-associated endocarditis.  The strains 

isolated later during the infection and under 
treatment with antibiotics displayed decreased 
growth rates, increased lag times and increased 
biofilm formation. This resulted in increased 
antibiotic tolerance.  
 

CONCLUSIONS: The keynote lecture will 
highlight problems encountered in diagnosing 
and treating chronic – recurring staphylococcal 
infections and will discuss important 
pathophysiological aspects. 
 
ACKNOWLEDGEMENTS: The research 
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grants 31003A_176252 and the Clinical 
Research Priority Program of the University of 
Zurich for the CRPP “Precision medicine for 
bacterial infections”. 
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Anti-staphylococcal antibodies from circulating plasmablasts can diagnose 
and differentiate various S. aureus orthopaedic infections 
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INTRODUCTION: Deep infections such as 
Staphylococcus aureus osteomyelitis present a 
diagnostic dilemma as patients typically present 
with non-specific symptoms such as fever, pain, 
and swelling of the joint. Existing diagnostic 
technologies are neither sensitive nor pathogen-
specific. Antibody measurements from a 
population of newly activated, pathogen-specific 
plasmablasts1, which emerge into the 
bloodstream during an active infection can be 
immensely useful in diagnosing infections. We 
have developed an antibody-based multiplex 
immunoassay that has shown promise for the 
diagnosis and tracking of S. aureus orthopaedic 
infections2,3. In this study, we hypothesized that 
anti-S. aureus antibodies secreted by circulating 
plasmablasts can be utilized to reliably diagnose 
and differentiate multiple classes of ongoing S. 
aureus orthopaedic infections.   
METHODS: Patient Enrollment: The current 
study was approved by the University of 
Rochester research subjects review board 
RSRB# 00046924, 00057719). The study 
involved a total of 153 patients with 63 patients 
presenting with culture-confirmed S. aureus 
orthopaedic infections, 38 patients with non-S. 
aureus infections and 52 controls with no 
reported infections. Among the 101 infected 
patients, 19 patients presented with prosthetic 
joint infections (PJI), 19 with infection after 
fracture fixation (IAFF), 7 with septic arthritis 
(SEP), 34 with diabetic foot infections (DFI) and 
22 with skin and soft tissue infections (SSTIs). 
Luminex Immunoassay: Peripheral blood 
mononuclear cells from whole blood were 
isolated and cultured to produce medium 
enriched for newly synthesized anti-S. aureus 
antibodies (MENSA). Anti-S. aureus IgG levels 
in MENSA were measured using our multiplex 
Luminexassay2,3. Statistical Analysis: Antibody 
measurements from MENSA were assessed for 
predictive ability to discriminate infection status 
and type of S. aureus orthopaedic infections 
using receiver operating characteristic (ROC) 
curve analysis, with overall accuracy 
summarized by the area under the ROC curve 
(AUC). 
RESULTS: Comparison of ongoing IgG 
responses in MENSA among patients with S. 

aureus orthopaedic infections revealed that 
certain antigens are better predictors of ongoing 
infections (Figure 1). Interestingly, multivariate 
analyses markedly improved diagnostic 
prediction (AUC >0.85). Most importantly, 
MENSA anti-S. aureus IgG responses were able 
to discriminate the various classes of 
orthopaedic infections (Figure 2). 

Figure 1: Diagnostic potential of anti-S. 
aureus IgG titers for detection of 

ongoing S. aureus orthopaedic 
infections. Luminex data was used to 

perform receiver operating 
characteristic (ROC) curve analysis 

for all 16 antigens to identify their 
diagnostic potential. The resulting 
ROC curves are represented here 

rank ordered from lowest to 
highest AUC in MENSA 

(*p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001). 

 
Figure 2: Anti-S. 
aureus antibody IgG 

titers in MENSA reliably 
discriminates various 
classes of S. aureus 
orthopaedic infections. 

AUC heatmap illustrating 
MENSA antibody 

levels’ predictive ability to 
discriminate PJI vs. 

IAFF vs. SEP vs. DFI vs. 
SSTI 
S. aureus infections. 

 
DISCUSSION & CONCLUSIONS: A key 
strength of our diagnostic approach is  the 
quantification of newly-synthesized antibodies 
against an offending pathogen. In this study, we 
demonstrated that our MENSA-based 
immunoassay can diagnose and differentiate 
various classes of S. aureus orthopaedic 
infections. 
ACKNOWLEDGEMENTS: This work was 
supported by AO Trauma Clinical Priority Program 
on Bone Infection and NIH NIAMS P30AR069655, 
P50AR072000, and NIH NIAID R21AI119646. 
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BACTERIAL AGGREGATION IN EQUINE SYNOVIAL FLUID SHOWS 
SIMILARITIES TO TRADITIONAL BIOFILMS AND INCREASED 

ANTIMICROBIAL RECALCITRANCE IN VITRO 
Jessica M. Gilbertie2, Lauren V. Schnabel2, Noreen J. Hickok3, Thomas P. Schaer1 
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INTRODUCTION: Bacterial colonization of 
synovial structures can cause infections that are 
difficult to treat complicating veterinary and 
human clinical practice. It has recently been 
shown that antimicrobial recalcitrance in 
synovial fluid (SynF) could be due to bacterial 
clumping or aggregation leading to the 
formation of free-floating biofilms (Dastgheyb 
et al., 2015; Perez and Patel 2015).  Herein, we 
describe ex vivo equine and porcine models for 
the study of bacterial aggregate formation and 
antimicrobial tolerance. The objective of this 
study was to investigate how in vitro microbial-
SynF interactions limit antimicrobial activity. 
Specifically, using clinically normal equine, 
human and porcine SynF, we first investigated 
whether bacterial aggregate formation would 
occur similarly across species. Next, we asked if 
aggregate formation would also be observed 
with non-Staphylococcal species, i.e. E. coli, S. 
zooepidemicus and P. aeruginosa. We then 
asked if aggregate formation in SynF leads to 
antimicrobial tolerance as a function of 
antimicrobial class, bacterial species and SynF 
source. Finally, we asked if enzymatic dispersal 
of aggregates could restore antimicrobial 
activity. METHODS: SynF was aseptically 
collected from six healthy horses or pigs 
euthanized at our clinic for reasons other than 
orthopedic disease. Human SynF was 
commercially acquired from a single source 
donor free of joint disease. Several isolates from 
clinical infectious arthritis cases were collected: 
Staphylococcus aureus, Streptococcus 
zooepidemicus, Enterococcus faecalis, 
Pseudomonas aeruginosa, and Escherichia coli 
and inoculated into SynF.  The infected SynF 
was incubated overnight on a shaker at 37°C. 
The ultrastructural architecture of the bacterial 
aggregates was studied using scanning electron 
microscopy (SEM) and multiphoton confocal 
microscopy using wheat germ agglutinin 
(blue)/FilmTracer (red) to stain sugar/protein 
within the extracellular matrix and a nucleic acid 

stain (Syto 9) for the bacterial component.  For 
antimicrobial testing, each bacterium had 
antimicrobial susceptibility testing performed to 
evaluate the minimum inhibitory concentration 
(MIC) of Amikacin.  SynF was inoculated with 
each bacterium at 1x106 CFU/mL and incubated 
for overnight to allow bacterial clumping.  The 
bacteria were subsequently treated with 1x, 10x 
and 100x MIC of Amikacin for 24 hours.  
Bacteria were also with proteinase K 
(200µg/mL), trypsin (200µg/mL), 
endopeptidase (200µg/mL), DNase (500µg/mL), 
collagenase type II (750µg/mL), collagenase 
type IV (750µg/mL), dispase (500µg/mL), 
Dispersin B® (100µg/mL), acetylcysteine 
(8mg/mL), and tissue plasminogen activator 
(TPA) (1mg/mL) for 1 hour prior to addition of 
Amikacin.  Bacterial load after 24 hours of 
treatment was determined with serial dilutions 
and colony plate counting.  RESULTS: We 
observed S. aureus and other bacterial pathogens 
adapting a same aggregate phenotype in both 
equine and porcine SynF comparable to that 
observed in human SynF. Compared to bacteria 
grown as a single cell or planktonic phenotype, 
aggregated bacteria demonstrated significant 
antimicrobial tolerance.  Each clinical isolate 
was able to be eradicated when grown in tryptic 
soy broth (TSB) but had a negligible decrease in 
CFU/mL in SynF treated with Amikacin even at 
concentration 100x MIC.  Collagenase (type IV), 
acetylcysteine and TPA significantly dispersed 
bacterial aggregates to a similar degree as 
proteinase K followed by restoration of 
antimicrobial efficacy with Amikacin. 
DISCUSSION & CONCLUSIONS: 
Restoration of bacterial sensitivity requires 
dissolution of the proteinaceous matrix of the 
bacterial aggregate. Future studies investigating 
the interaction of bacterial cell surface proteins 
with host SynF proteins are necessary to identify 
novel drug targets and can be readily carried out 
in equine or porcine in vivo models.  
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MIMICKING THE BONE MARROW IN HEALTH AND DISEASE: 3D 
IN VITRO MODELS TO UNRAVEL THE TRIANGLE INTERACTION 

OF HOST, BACTERIA AND IMPLANT MATERIAL IN 
OSTEOMYELITIS 

Annamarija Raic1,2, Joerg Overhage3, Karen Bieback4, Cornelia Lee-Thedieck1 
1 Leibniz University Hannover, Institute of Cell Biology and Biophysics, Hannover, Germany, 
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INTRODUCTION: Biofilm formation is the 
crucial factor in many chronic bacterial 
infections including implant-associated 
osteomyelitis, a persistent bacterial infection of 
the bone which occurs in many implant patients. 
Bacteria grown in biofilms are imbedded in a 
slimy, self-produced polymeric matrix 
composed of polysaccharides, nucleic acids, 
lipids and proteins. Once established, these 
sessile communities are protected from the host 
immune response and are difficult to eradicate 
due to their high inherent resistance against 
antibiotic agents. During implant associated-
osteomyelitis, a persistent biofilm is formed on 
endoprostheses or on osteosynthesis materials 
such as screws, plates, or nails, causing 
inflammation and damage to the surrounding 
tissue and could result in functional impairments 
or entire loss of the extremity. However, bone 
function includes not only skeletal integrity but 
also blood formation. Every day billions of new 
blood cells are produced from hematopoietic 
stem cells which reside in the bone marrow.  

Despite the increasing incidence of osteomyelitis 
in aging western societies, surprisingly little is 
known on the triangle interaction between 
implant material, bacteria and host cells during 
this disease. Particularly how the blood-forming 
system in the bone marrow is influenced by the 
nearby infection and the associated 
inflammatory milieu is largely unknown.  

METHODS: A 3D in vitro model combining 
clinically relevant bacteria, implant material and 
primary human host cells was developed. With 
the help of cell and molecular biological 
methods we investigated the mutual interactions 
of bacteria, host cells and implant material. 
RESULTS: Combining a 3D analogue of the 
human bone marrow with biofilm contaminated 

implant materials allowed us to study (1) the 
influence of the implant material on different 
bacteria strains, (2) the interaction of bacteria 
with different host cells (hematopoietic stem and 
progenitor cells (HSPCs) and mesenchymal 
stem/stromal cells (MSCs)), (3) the effect of the 
bacterial growth form (biofilm versus planktonic 
state) in the model, and (4) the effect of the 3D 
environment on the crosstalk of bacteria and host 
cells. We found that all studied parameters 
affected the interaction of eukaryotic and 
prokaryotic cells. Thus implant material, 
bacterial strain selection, growth form of the 
bacteria and the biomimetic host tissue including 
the 3D architecture and human host cells, should 
be carefully considered and selected when 
developing in vitro models of implant-associated 
infections. 

DISCUSSION & CONCLUSIONS: By 
reducing the complex in vivo situation to the 
most important factors, we were able to define 
the crucial parameters for a minimal but relevant 
in vitro model of implant-associated 
osteomyelitis.  

ACKNOWLEDGEMENTS: The project was 
supported by contract research ‘Bioinspirierte 
Materialsynthese’ of the Baden-Württemberg 
Foundation (BioMatS-14) and by the young 
investigator network (YIN) of the KIT. The 
macroporous scaffold and its usage for cell 
cultivation is registered for patent approval 
(DE102017006372.6). 
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3D in vitro model of biofilm triggered 
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during bone marrow infections. Acta 
Biomaterialia. 73: 250-262. 
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Immune Stimulating Biomaterials for Orthopedic Infection 

S Zhang, B Li 
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INTRODUCTION: There has been a dramatic 
increase of antibiotic-resistant bacterial strains, 
which have been making our drug choices for 
infection control increasingly limited and more 
expensive. According to the Centers for Disease 
Control and Prevention (CDC), in the U.S. 
alone, antibiotic resistant bacteria cause at least 
2 million infections and 23,000 deaths a year and 
$55‐70 billion per year in economic impact. 
Meanwhile, it is known that trauma (e.g. open 
fractures) and major burns lead to 
decreased resistance to infection  
(“immunosuppression”) and thereby have high 
infection rates. Here we present the engineering 
of biomaterials with interleukin 12p70 (IL-12) 
and other cytokines to tune the immune responses 
locally against open fracture associated 
infections. 

METHODS: IL-12 nanocoatings and 
microcapsules were prepared using electrostatic 
layer-by-layer self-assembly. Poly(L-lysine) or 
PLL, poly(L-glutamic acid) or PLGA, and bovine 
serum albumin (BSA) were used to prepare the 
coatings (Fig. 1a), and the release properties and 
stabilities of the nanocoatings were examined. 
Next, an open femur fracture infection model was 
created using Sprague-Dawley rats. The rats’ 
femurs were fractured, inoculated with 100 L 
102 colony-forming unit (CFU/0.1mL) 
Staphylococcus aureus, left open for one hour, 
mimicking the “golden hour” of trauma patients, 
and then fixed with a stainless steel Kirschner 
wire (K-wire) with or without IL-12 
nanocoatings. Animals were euthanized and 
samples of blood, bone, and K-wires were 
collected for analysis. 

RESULTS: IL-12 nanocoatings were prepared 
on orthopedic implant models (e.g. K-wires and 
stainless steel sheets). The loading and release of 
IL-12 from polypeptide nanocoatings were tuned 
and a sustained release of IL-12 for 
approximately 10 days (Fig. 1b) was achieved by 
controlling the self-assembly process. 
Polypeptide microcapsules were also prepared 
and loaded with IL-12. Our in vivo studies 
showed that IL-12 nanocoatings and  

microcapsules reduced open fracture associated 
infection and were advantageous compared to 
systemic or percutaneous injections of IL-12. 

Fig. 1: (a) Immunoengineered biomaterials and 

(b) controlled release of IL-12 for approximately 
10 days. 

DISCUSSION & CONCLUSIONS: Trauma 
like open fractures have been reported to result in 
diminished production of IL-12, reduced type 1 
helper T (Th1) responses, and decreased 
resistance to infection. IL-12 displays multiple 
biologic effects on immune cells; for instance, IL-
12 stimulates NK cells to release interferon , 
induces Th1 cell and cytotoxic T lymphocyte 
proliferation, and promotes the progression of 
cell-mediated immunity. Local application of IL-
12 may restore the capability of the host’s 
inherent resistance to infection, and have led to 
decreased infection in open fractures. 
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INTRODUCTION: It is common for inserted 
medical devices or implants to be prone to 
bacteria biofilms, leading to device associated 
infections (DAIs), which are causing high 
distress for patients and enormous socio-
economic costs. To stop the infection, the 
responsible implant often needs to be replaced 
leading to further complications.[1] In this 
respect, nanoscience offers new approaches and 
materials with potential to fight bacteria growth, 
because they allow a control at molecular level 
of the surface properties and functionality.[2]  
Here, we present different approaches to obtain 
functional surfaces with potential to inhibit 
bacterial growth either by co-immobilization of 
different nano-assemblies on solid support 
(passive strategy) or by immobilization of 
catalytic nanocompartments on solid support 
(active strategy).[3,4] 
 

METHODS: Amphiphilic block copolymers 
served to generate nano-assemblies (micelles, 
polymersomes, nanoparticles) exposing at their 
external surface specific molecular groups to 
serve for further immobilization on solid 
support. Silica surfaces were functionalized to 
allow specific reactions with the nano-
assemblies. The architecture and size of the 
nano-assemblies were characterized by 
transmission electron microscopy (TEM), 
fluorescence correlation spectroscopy (FCS) and 
dynamic light scattering (DLS), while the 
immobilization of the nano-assemblies was 
evaluated by a combination of confocal laser 
scanning microscopy, atomic force microscopy 
(AFM) and scanning electron microscopy 
(SEM).  

RESULTS: Upon immobilization of nano-
assemblies by micro contact printing on solid 
support, we obtained nanostructured surfaces 
(Fig.1). Such nanostructured surfaces have the 
property to passively decrease the bacterial 
growth depending on the size and distribution of 
the nano-assemblies. [3] 

 

 

A second approach to fight bacteria growth was 
developed by immobilization of catalytic 
nanocompartments loaded with enzymes that 
produce in situ antibiotics (active strategy). [4] 
In addition, by exposing antimicrobial peptides 
at the surface of the nano-assemblies, it is 
possible to produce multifunctional surfaces. 
 

 
Fig. 1: Top: Schematic representation of 
surface functionalization. Left: Polymersomes 
immobilized by micro contact printing. Right: 
Co-immobilization of different nanostrucutres. 
 
DISCUSSION & CONCLUSIONS:  
While being in their early stage of research, 
functional surfaces obtained as nanostructured 
surfaces or/and active surfaces (producing 
antibiotics “on demand” and exposing 
antibacterial agents) represent ideal candidates 
to fight bacteria with improved space and time 
precision. 
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INTRODUCTION: The hip implant infection 
rate is relatively low at around 1 % however the 
cost of treatment is 4-10 times higher than the 
cost of initial surgery [1]. The most common 
treatment is a two stage revision which is 
performed in 53 % of cases in the UK [2]. This 
procedure requires initial surgery to remove the 
infected implant and to thoroughly debride the 
surrounding tissue. A temporary antibiotic 
eluting bone cement spacer is then implanted. 
Bone cement is not fully weight bearing leading 
to patients being bed bound for 6-8 weeks while 
the infection clears. A further surgery follows to 
replace the spacer with a new permanent 
implant. Part of the high cost of treatment can be 
attributed to the long hospital stay and 
physiotherapy required post bed rest [1]. If a 
weight bearing spacer can be developed the cost 
of treating infection should reduce. A novel hip 
spacer is proposed here (Fig. 1), with a Ti-6Al-
4V lattice to provide mechanical support and a 
biomaterial to deliver antibiotics all encased in a 
shell with channels designed to release the 
antibiotic. The surface properties can be 
manipulated to minimise adhesion of both 
bacteria, to reduce the risk of additional 
infections and bone cells, as this is a temporary 
device that needs to be easily removed. 

 
Fig. 1: Cut away diagram of the novel spacer 
design. 

METHODS: Five lattice designs (cylinders 
12mm dimeter, 15mm height) were built on a 
Ren AM500M (Renishaw PLC, UK) from gas 
atomised Ti-6Al-4V and compression tested in 
accordance with ISO 13314:2011. Dicalcium 

phosphate dihydrate (brushite), at a powder to 
liquid ration of 2:1, was the first biomaterial 
investigated. This was mixed with gentamicin 
sulphate to give 50 mg of antibiotic per gram of 
cement. Model implants with channels 
vertically, horizontally or inclined at 45° were 
printed and cement cylinders moulded. These 
were immersed in phosphate buffered saline to 
investigate the antibiotic elution characteristics. 
10mL samples were withdrawn at intervals and 
tested for gentamicin using a CE 7500 UV-Vis 
spectrophotometer (Cecil Instruments, UK).  

RESULTS: The compression testing found that 
the BCCZ lattice at 60 % volume fraction had the 
highest compressive yield strength at 444.3±6.9 
MPa, which is around double the strength of 
bone, while leaving 40 % of the volume for the 
biomaterial. 

Micro-CT visualisation of the cement filled 
model implants found all designs were filled 
both in the reservoir and channels. The 
cumulative release of gentamicin from the 
cement after 6 hours was greatest from the 
vertical channels with 28 % release, 10 % was 
released from the horizontal channels, and 5% 
from the inclined channels. The minimum 
inhibitory concentration of gentamicin against S. 
epidermis and S. aureus was found to be 1 and 
16 μg/mL. All the model implant designs were 
shown to elute sufficient concentrations of 
gentamicin to inhibit the growth of both S. 
epidermis and S. aureus. 

DISCUSSION & CONCLUSIONS: This work 
has demonstrated the possibility to exploit 
additive manufacturing technologies to enhance 
the value of medical devices. More specifically, 
the design freedoms of this technique have been 
exploited to generate load bearing structures for 
use in two-stage revision of infected hip 
arthroplasty.  
 
REFERENCES: [1] Klouche, S. et al (2010)  
Orthop Traumatol-Sur 96(2), pp.124-132. [2] 
Powers-Freeling, L. (2018) NJR 2018 15th 
Annual Report.  
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Bacteriophage therapy for biofilm infections: myth or reality? 
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INTRODUCTION: Biofilm formation on 
medical devices and emergence of antimicrobial 
resistance are large challenges in the modern 
medicine. An increasing number of such 
infections are becoming harder or impossible to 
treat, carrying high morbidity, mortality, and 
financial cost. The therapeutic use of 
bacteriophages, viruses that infect and kill 
bacteria, may be used to combat biofilms and 
antimicrobial resistance.  

Although phage therapy was first implemented 
almost a century ago, it was brought to a 
standstill after the successful introduction of 
antibiotics. Now, with the rise of antibiotic 
resistance, phage therapy is experiencing a well-
deserved rebirth. Among the admittedly vast 
literature recently published on this topic, this 
review aims to provide a forwardlooking 
perspective on phage therapy and its role in 
modern society.  
 

CONTENT: We cover the key points of the 
biofilm problem and antimicrobial resistance 
and then explain the biological and co-
evolutionary principles that support the use of 
phages, their interaction with the immune 
system, and a comparison with antibiotic 
therapy.  

By going through up-to-date reports and, 
whenever possible, human clinical trials, we 
examine the versatility of phage therapy. We 
discuss conventional approaches as well as novel 
strategies, including the use of phage-antibiotic 
combinations, phage-derived enzymes, 
exploitation of phage resistance mechanisms, 
and phage bioengineering. Finally, we discuss 
the benefits of phage therapy beyond the clinical 
perspective, including opportunities for 
scientific outreach and effective education, 
interdisciplinary collaboration, and innovative 
use of artificial intelligence (AI) and neuronal 
networks to optimize the phage therapy. In 
addition, potential pitfalls, side effects and 
obstacles to implementation of phage therapy 
will be reviewed. 

CURRENT RESEARCH: Several preclinical 
and clinical research projects, as well as 
unpublished data will be presented, reviewed 
and critically discussed. Several groups focus on 
isolation, purification, amplification and 
characterization of new lytic (virulent) phages, 
highly active against multidrug-resistant 
bacteria. To ensure a broad-spectrum activity, a 
cocktail of phages can be prepared (Fig. 1). In 
addition, phage-delivery systems are evaluated 
to ensure appropriate local delivery of phages. 

Fig. 1: Content of “Phyophage” cocktail 
containing several virulent phages. 

There are several approaches to phage therapy, 
including conventional phage therapy, from 
adsorption to lysis of the bacterial host cell (A) 
and the use of phage-derived enzymes to target 
biofilm structures and cell wall degrading 
endolysins (B). 

 
Fig. 2: Phage therapy approaches. 
 
DISCUSSION & CONCLUSIONS: Phage 
therapy may open new and revolutionary 
treatment options, in particular in biofilm and 
device-associated infections, as well as 
multidrug-resistant infections. 
 
REFERENCES: Altamirano FLG et al. Clin 
Microbiol Rev 2019; Tkhilaishvili T et al. Res 
Microbiol 2018. 
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INTRODUCTION: Lytic bacterial viruses 
recognize, infect and hijack the bacterial cell to 
produce progeny viruses. This process has been 
optimized through billions of years of co-
evolution between bacteria  and their viruses 
(also termed bacteriophages, or phages).  The 
Laboratory of Gene Technology studies this 
interaction to inspire new antibacterial design 
strategies as well as applications in 
biotechnology.  

METHODS: This lecture offers a background 
into the basic biology of this virus-bacteria 
interplay and explores four principal strategies 
on antibacterial design: (1) Natural phage 
therapy and the preclinical parameters involved. 
(2) designer phage and the application of 
synthetic biology to improve phages as 
antibacterial compounds. As a third strategy (3) 
we explore how phage allow us to identify and 
exploit novel antibacterial targets. A fourth 
strategy focuses on the applications of phage 
enzyme-based antibacterials.  
 

RESULTS:  

Phage therapy is defined as the application of 
naturally occurring phage in a medical setting. 
To select phage for such applications, extensive 
microbiological and molecular characterisation 
of these bacterial viruses is required.  A key 
element to consider in this regard is the massive 
diversity of phages, and their extremely narrow 
host range, targeting only a subset of isolates 
within a single bacterial species. Other key 
preclinical parameters include their in vitro & in 
vivo activity, processing and formulation 
parameters and resistance development against 
phage. Combined, these parameters make the 
case for a highly personalized and tailored 
preparation of phages to combat primarily 
chronic infections with known (and susceptible) 
bacterial hosts. 

To overcome intrinsic limitations of phage 
therapy, e.g. narrow host range, biofilm 
degrading properties or resistance development, 
genetic engineering approaches can be applied to 
modify these key characteristics. 

A third approach focuses more on the molecular 
interplay between phage and its host. Indeed, 
after infection, phages succeed in hijacking the 
bacterial metabolism to convert it into a viral 
replication machinery. For this, the phage relies 
on specific proteins which interact with key 
protein complexes within the bacterial cell. The 
identification of phage proteins that inhibit 
essential metabolic steps of the bacterial cell 
(e.g. DNA gyrase, RNA turnover) therefore 
serve as a template for the design of small 
molecules which mimic this inhibition. 

Yet another strategy derived from phage 
involves the application of cell wall degrading 
enzymes which lyse the cell by degrading the 
peptidoglycan layer of the bacterium. 
Recombinant expression of these enzymes and 
their external application was previously shown 
to eradicate Gram-positive bacteria including 
Staphylococcus aureus. In our research we 
applied an engineering approach enabling these 
enzymes to penetrate the outer membrane of 
Gram-negative pathogens including 
Pseudomonas aeruginosa and Acinetobacter 
baumannii. These ‘Artilysins’TM show high 
activity and specificity towards selected 
pathogens, have limited resistance development 
and are active against persistent bacteria. 

 

DISCUSSION & CONCLUSIONS: Phage 
derived antibacterial strategies are undergoing 
an intense resurgence and re-evaluation of their 
potential, yet still face scientific and regulatory 
hurdles. The introduction of recombinant 
engineering and molecular biology advances 
provide novel opportunities with regard to target 
discovery and enzyme-based and biotechnology-
based solutions. 
 
REFERENCES: 
1. Danis-Wlodarczyk et al., (2016) Scientific 
Reports. 6:28115. 
2. De Smet et al. (2017) Nature Reviews 
Microbiology. 15(9):517-530. 
3. Briers et al. (2014) mBIO. 5(4):e01379-14. 
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INTRODUCTION: Implant-associated 
infections (IAIs) are difficult to treat due to the 
involvement of drug-tolerant biofilm-associated 
microorganisms. Previously, we showed that Sb-
1 phage eradicated biofilm-embedded 
methicillin-resistant Staphylococcus aureus 
(MRSA) in vitro when tested in combination 
with antibiotics1. Here, we investigated the 
efficacy of Sb-1, alone and in combination with 
daptomycin, to reduce MRSA biofilm in a 
Galleria mellonella model of IAI 
METHODS: The stability of Sb-1 in G. 
mellonella larvae was investigated by injecting 
108 PFU and evaluating the presence of phage in 
haemolymph at different time points by plaque 
assay. For infection experiments, sterile 
stainless-steel K-wires (4 mm, 0.6 mm Ø) were 
implanted into the last proleg of larvae. After 2 
days, larvae were infected with MRSA ATCC 
43300 (105 CFU) and incubated at 37°C for 
further 2 days. Implanted larvae were treated 
3×/day with 10µL of Sb-1 (107 PFU), 
daptomycin (4mg/kg), PBS (24h)/daptomycin 
(24h) and Sb-1 (24h) /daptomycin (24h). An 
untreated control was also included. Either 2 
days post-infection or post-treatment, larvae 
were dissected for K-wire explanting and the 
material was sonicated and plated for colony 
counting. 
RESULTS: Sb-1 treatment resulted in a 
reduction of PFU number after 12 h 
administration in hemolymph of G. mellonella 
larvae. Two days post-infection of K-wire 
implanted larvae, ≈2x107 CFU/ml MRSA were 
recovered from the material. K-wires from 
larvae treated with Sb-1 or daptomycin showed 
a MRSA CFU/ml reduction of 4log compared to 
the CFU/ml values of the untreated control. The 
staggered administration Sb-1/daptomycin 
determined higher CFU reduction (≈ 5.5 log).  

Fig. 1: G. mellonella and stainless-steel K-
wires (4 mm, 0.6 mm Ø). 
 
DISCUSSION & CONCLUSIONS: As Sb-1 is 
stable in haemolymph for 8h, a 3×/day 
administration resulted in an effective treatment. 
Sequential combination of Sb-1 and daptomycin 
strongly reduced biofilm formed on K-wires 
implanted in larvae. G. mellonella represents a 
useful in vivo model to study biofilm formation 
on implanted materials and alternative treatment 
options 
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Bacteriophage Sb-1 enhances antibiotic activity 
against biofilm, degrades exopolysaccharide 
matrix and targets persisters of Staphylococcus 
aureus. Int J Antimicrob Agents. 2018 
Dec;52(6):842-853 

http://www.ecmconferences.org/


eCM Online Periodical, 2019, Collection 5; eCM Conference Abstracts (page 38) 
 

  www.ecmconferences.org 

ENGINEERED PEPTIDOGLYCAN HYDROLASES AS 
THERAPEUTICS FOR STAPHYLOCOCCUS AUREUS INFECTIONS 

C. Röhrig1, M. Huemer2, A. Sobieraj1, A. Keller1, N. Keller2, P. Phothaworn3, L. Zinsli1, F. 
Eichenseher1, Y. Shen1, S. Korbsrisate3, A.S. Zinkernagel2, M.J. Loessner1, M. Schmelcher1 

1Institute of Food, Nutrition and Health, ETH Zurich, Zurich, Switzerland; 2Division of 
Infectious Diseases and Hospital Epidemiology, University Hospital Zurich, University of 

Zurich, Zurich, Switzerland; 3Department of Immunology, Faculty of Medicine, Siriraj 
Hospital, Mahidol University, Bangkok, Thailand 

INTRODUCTION: Staphylococcus 
aureus is a Gram-positive pathogen that 
causes a wide variety of diseases in humans 
and animals. In particular, it is one of the 
most important causative agents of post-
traumatic osteomyelitis. This S. aureus-
induced bone infection is especially 
difficult to treat due to (i) the increasing 
prevalence of antibiotic-resistant bacteria, 
e.g. methicillin-resistant S. aureus (MRSA); 
(ii) the formation of biofilms by these 
organisms; (iii) the difficulty to access the 
infection sites in the bone; and (iv) the 
ability of S. aureus to invade and persist 
within eukaryotic cells, thereby evading the 
host’s immune response and antibiotic 
therapies. For these reasons, there is an 
urgent need to develop novel therapeutic 
strategies effective against these pathogens. 
Peptidoglycan hydrolases (PGHs), 
including bacteriophage endolysins, hold 
promise as antimicrobials due to their 
strong bactericidal activity, high specificity 
for the target bacterium, activity against 
biofilms and persister cells, and low 
probability of resistance development. The 
efficacy of such enzymes against antibiotic-
sensitive and resistant S. aureus strains has 
been demonstrated by several in vitro 
studies and animal infection models. Owing 
to their modular architecture, PGHs can 
readily be engineered to create protein 
chimeras with novel properties. Despite 
these advantages, systemic administration 
of PGHs for treatment of localized 
infections is currently hampered by several 
factors, including reduced bactericidal 

activity and/or insufficient concentrations at 
the sites of infection as well as a lack of cell-
penetrating properties. 

METHODS AND RESULTS: Through 
molecular engineering, our lab has compiled a 
large collection of staphylococcal PGHs, 
including truncated, chimeric, and otherwise 
engineered enzymes. We have also developed a 
method to rapidly screen this library for 
enzymes with desired properties, which allowed 
us to identify PGHs with high staphylolytic 
activity in human blood and intracellular 
environments. In order to target intracellular 
staphylococci, we fused PGHs exhibiting high 
activity under intracellular conditions to cell-
penetrating peptides (CPPs), thereby enhancing 
their transduction into eukaryotic cells. In co-
culture experiments with multiple S. aureus-
infected eukaryotic cell lines, these PGH-CPP 
fusion proteins were able to reduce intracellular 
S. aureus numbers by up to 5 log units. As a next 
step, we applied phage display techniques to 
identify cell-penetrating homing peptides 
(CPHPs), in an effort to direct PGHs to certain 
target cells within the human body in a specific 
manner. By fusing such CPHP candidates to 
fluorescent markers, we were able to 
demonstrate internalization of these peptides 
into osteoblast target cells but not other (non-
target) cell lines. Finally, we showed that PGHs 
can degrade S. aureus biofilms in both static and 
dynamic models, alone and in synergy with an 
exopolysaccharide depolymerase targeting 
components of the extracellular biofilm matrix. 
 
DISCUSSION & CONCLUSIONS: Overall, 
our results demonstrate the high potential of 
engineered PGHs as therapeutics for treatment 
of S. aureus infections involving intracellular 
bacteria and biofilms. 
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