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Chapter 1 Introduction

1.1 General introduction

The history of hip surgery dates back to the second half of the twentieth century. Today’s 
hip replacement’s predecessor was developed by Sir John Charnley during the late 1950s 
and early 1960s1. During the 1960s, joint prosthetic surgery was further developed by 
Buchholz and Engelbrecht, and used on a larger scale2,3. Nowadays, joint replacement is 
considered a successful and cost-effective intervention4,5. It reduces pain and disability 
in patients and restores near normal joint function. More than 1 million hip replacement 
surgeries are performed every year worldwide, with severe osteoarthritis as the main 
indication6. This number is expected to increase in the future because of an ageing 
population and obesity, which are both risk factors for developing osteoarthritis7-9. 

Despite its general success, hip replacement can be associated with several 
complications that necessitate revision surgery. The most common indications that can 
lead to revision surgery are aseptic loosening, dislocation of the hip, and infection of 
the prosthetic implant10,11. Of these, the most devastating complication is periprosthetic 
joint infection (PJI) since its treatment often involves multiple surgical interventions, 
long-term administration of antibiotics, and is correlated with increased mortality and 
morbidity, especially in elderly patients12,13. Furthermore, revision surgery also leads to 
high financial costs for the health care system14. 

PJI can be classified based on the onset of infection after surgery: early, delayed, or 
late-onset15,16. Early-onset PJI occurs within three months after the index surgery 
and is initiated through intraoperative contamination. It is usually caused by virulent 
microorganisms like Staphylococcus aureus or gram-negative bacilli17. Delayed-onset PJI 
occurs between 3 and 24 months after the index surgery and is most likely also initiated 
during surgery. Delayed infections are typically caused by less virulent microorganisms, 
such as coagulase-negative staphylococci and Propionibacterium acnes18. Late-onset 
PJI occurs 24 months or more after the index surgery and is most likely caused by a 
hematogenous infection by staphylococci19. Likely sources of these infections are skin 
and soft tissues, dental, or urinary tract infections.

Infections that are associated with prosthetic joints are typically caused by bacteria 
that adhere to the implant and produce biofilms on its surface20. Biofilms are organised, 
complex communities of microorganisms enclosed in an extracellular matrix that 
the microorganisms produce themselves21. This extracellular matrix consists of 
polysaccharides, proteins, and extracellular DNA, and its specific composition varies 
between different species. The biofilm provides a protective environment for the 
bacteria by offering a higher resistance to antimicrobial agents22. Furthermore, the   

biofilm impedes the host’s immune system to clear the infection in a timely manner, 
which results in an inflammatory response around the implant and causes damage of 
the surrounding tissues23. This makes treatment of infection a challenge and in most 
cases requires removal of the infected implant.

The following paragraphs of this chapter will provide more background and insight into 
specific aspects of orthopaedic peri-prosthetic joint infections. The state-of-the-art 
in diagnosis and prophylaxis of infections will be discussed. Furthermore, the effect 
of infection on the balance between bone resorption and formation will be discussed. 
This balance is important to consider when a prosthetic implant is infected. Finally, the 
objectives of this thesis will be presented. 

1.2 Diagnosis of infection

Although multiple diagnostic tests are available to determine whether the cause of failure 
of a prosthetic implant is an infection, this may still be a laborious and complicated 
process. Bacterial culture on intraoperatively acquired tissues has historically been used 
as the gold standard method for diagnosing infections. Most clinical pathogens show 
visible growth within 24 to 48 hours24, but several bacterial species require a longer 
incubation time. For example, Propionibacterium acnes requires a culture time of up 
to 14 days25. Furthermore, bacterial culture is not always positive in case of an infected 
prosthesis. Reported sensitivities of periprosthetic tissue culture are 32%26, 59%27, and 
60.8%28, while reported sensitivities of sonicate fluid culture are 78.5%28 and 87%27. 
Reported specificities of periprosthetic tissue culture (99%26, 99.2%28, 100%27) and 
sonication fluid culture (98.8%28, 100%27) are much higher, so only a small number 
of uninfected prostheses will get an incorrect positive culture result. Given its poor 
sensitivity, the diagnosis of PJI must be based upon a combination of microbiological 
cultures, clinical observation, erythrocyte sedimentation rate (ESR) and C-reactive 
protein levels (CRP) in blood, total and differential cell count and culture of synovial 
fluid, and histological evaluation of tissues. Currently, there is no test that is 100% 
accurate for a conclusive diagnosis of PJI. Therefore, multi-criteria definitions have 
been proposed. 
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In 2011, the workgroup of the Musculoskeletal Infection Society (MSIS) published a 
definition for PJI29, which was adapted by the International Consensus Group on PJI30. As 
follows, a PJI is present when at least one of the major criteria is detected, or three out 
of five minor criteria30:

Major criteria:
 • Two positive periprosthetic cultures with identical organisms, or
 • A sinus tract communicating with the joint, or

Minor criteria:
1.  Elevated serum C-reactive protein (CRP) and erythrocyte sedimentation rate  
 (ESR),

 2.  Elevated synovial fluid white blood cell (WBC) count or ++ change on leukocyte  
  esterase test strip,
 3.  Elevated synovial fluid polymorphonuclear neutrophil percentage,
 4.  Positive histological analysis of periprosthetic tissue,
 5.  A single positive culture.

The pro-implant foundation (http://www.pro-implant-foundation.org) presented 
another definition that is often used by Orthopaedic surgeons in Europe. According to 
this definition, periprosthetic joint infection is diagnosed, if ≥1 of the following criterion 
is fulfilled:
 • Sinus tract (fistula) or purulence around prosthesis
 • >2000/µl leukocytes or >70% granulocytes (PMN)
 • Inflammation (≥23 granulocytes per 10 high-power fields)
 • Microbial growth in: 
  • Synovial fluid or
 • ≥2 tissue samples or
 • Sonication fluid (>50 CFU/ml)

A PJI may still be present even though these criteria are not met. To illustrate, in a 
study using broad-range 16S ribosomal RNA PCR combined with reverse line blot 
hybridization, between 4% and 13% of patients with a preoperative diagnosis of 
aseptic loosening of their prosthetic implant were found to have an infection that was 
not detected by bacterial culture31. These results suggest that the currently available 
methods are not sensitive enough to detect every infection. Especially, low-grade and 
chronic PJI are a challenge to diagnose, as inflammatory markers in the blood such as 
CRP, and the ESR are not always elevated in these cases18. Furthermore, the presence 
of biofilm, a small number of bacteria, or the presence of bacterial subpopulations in a 

dormant metabolic state can limit the sensitivity of bacterial culture and increase the 
chance to miss the infection32. 

In recent years, efforts have been made to search for novel methods to diagnose PJI 
more effectively. One example is the optimisation of the culture of microorganisms 
by the sonication of implants. Sonication has been established in the late 1990s33. The 
technique uses ultrasound waves that propagate through a liquid medium and produce 
areas with high and low pressure34. During the low-pressure phase, microscopic bubbles 
are formed that collapse during the following high-pressure phase. This releases a 
high amount of energy at the surface of the implant, which dislodges the biofilm and 
its residing bacteria. The liquid medium then contains the bacteria and can be used 
for bacterial culture. The technique is relatively simple and can be performed in most 
microbiology laboratories. Multiple studies have proven that bacterial culture of 
sonication fluids improves the diagnostic sensitivity for detecting bacteria compared 
to bacterial culture of tissue biopsies28,35-39. However, some studies found no added 
value of implant sonication compared to bacterial culture of tissues40,41. Interestingly, 
bacterial culturing of sonication fluid did improve sensitivity to detect low virulence 
pathogens38 and it demonstrated a higher sensitivity for polymicrobial prosthetic joint 
infections than bacterial culture of tissues36. The sensitivity of culturing sonication fluid 
may be further improved by concentrating the fluid by membrane filtration42. Overall, 
additional research is required to establish the diagnostic value of implant sonication in 
patients with apparent signs of infection, and in patients with a (suspected) low-grade 
infection. 

Another example in the search for novel methods to diagnose PJI is the use of molecular 
techniques. Fluorescence in situ hybridization (FISH) and polymerase chain reaction 
(PCR) are two methods that have great potential for rapid and accurate identification of 
microorganisms in patient samples43. FISH is based on the use of fluorescence-labelled 
oligonucleotide probes that specifically attach to their complementary sequence on the 
genetic material of the bacteria. The labelled region can then be easily visualised under 
a fluorescence microscope44. PCR is based on the amplification of specific fragments 
of genetic material by using a polymerase enzyme that synthesises a complementary 
sequence of the genetic material45. The result is the amplification of a particular target 
sequence, if present in the sample. For bacterial identification, both techniques rely on 
detecting specific 16S rRNA sequences without the need to perform bacterial cultures. 
Bacterial rRNA is present in all bacteria and highly conserved between species, but also 
contains variable regions which can serve as a target for different phylogenetic levels46. 
This means that probes or primers can be designed to target a specific region of rRNA 
to identify species on different taxonomic levels, down to genus-specific or species-
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specific determination. By targeting rRNA, viable cells are predominantly detected as 
rRNA is fragile and disintegrates if the bacterial cell has suffered irreversible damage47. 

1.3 Prophylaxis of infection

After introducing prosthetic joint surgery, the infection rate was 8.9% during the 
first few years48. Due to improvements of the operating theatre and the addition of 
prophylactic antibiotics, the infection rates decreased49. Improving the sterility of the 
operation area by using cleaner air caused infection rates to decline to 4%48. Later on, 
administering systemic cloxacillin or cefazolin as infection prophylaxis reduced the 
rate of infections to 1-2%50,51. The use of local antibiotics on a large scale was initiated 
by Buchholz from 1972 onwards, by using bone cement loaded with gentamicin52. The 
combination of systemic and local antibiotics and other preventive procedures would 
improve the infection rates to less than 1 percent53. With the currently used aseptic 
and antiseptic measures, the infection rates are around 0.5%54. In the Netherlands, the 
surgical site infection rates for total hip arthroplasty declined from approximately 3.2% 
to 1.6%, and for knee arthroplasty from approximately 2.0% to 1.2%, during the period 
from 1996 – 200655. These numbers show enormous progress in the prophylaxis of 
infection. 

Despite the success of using bone cement as a local delivery vehicle for antibiotics, its use 
also has disadvantages. Drug elution from bone cement is inefficient56,57, incorporated 
antibiotics need to be temperature stable due to the exothermic reaction during cement 
curing, and obviously, its application is limited to cemented implantations. Therefore, 
recent research has focused on new methods for the local delivery of antibiotics for 
prophylaxis of infection. For example, bioresorbable polymer  microspheres  carrying 
tobramycin successfully prevented infection after implantation into Staphylococcus aureus 
contaminated radial defects in rabbits, without inhibiting osseointegration58. Another 
novel approach is the development of antibiotic coatings on the surface of implants. 
These coatings appear to be resistant to mechanical forces and arebiocompatible59. 
Furthermore, titanium alloy surfaces with covalently attached vancomycin can prevent 
bacterial colonization of the surface by Staphylococcus epidermidis60. Recent research has 
also focused on using hydrogels as a carrier system for antibiotics. A thermo-responsive 
hydrogel loaded with gentamicin was able to prevent bacterial colonization of the 
implant site in a contaminated fracture model in rabbits61. This type of hydrogel is liquid 
at room temperature and gelates at body temperature, which makes it easily applicable 
to locations of interest, for example into the medullary canal prior to implantation of 

a nail. The advantages of using a hydrogel as compared to bone cement are the more 
unrestricted selection of antibiotics, application to existing implants, full resorption 
of the hydrogel without inhibiting osseointegration and the complete release of the 
incorporated antibiotic. 

1.4 Osteogenesis and Osteolysis

Implant loosening due to periprosthetic bone loss was already observed by Charnley in 
the early 1960s62. The long-term success of an implant or joint replacement, especially for 
uncemented implants, relies on a healthy bone stock for stable fixation. 

Bone is a dynamic tissue that undergoes continuous adaptation. Bone remodelling is a 
highly coordinated process and is needed to maintain bone homeostasis. It involves the 
removal of bone by osteoclasts (resorption), followed by the formation of bone matrix by 
osteoblasts (osteogenesis). The bone homeostasis is regulated and modulated by a number 
of factors including the immune system, changes in hormonal levels, and mechanical 
stimulation63. An imbalance in bone homeostasis can have destructive effects on the bone. 
A too active resorption of bone matrix by osteoclasts can lead to osteolysis. This can be 
caused by pathological situations like bone tumours64, cysts65, or chronic inflammation66. 
In case of a fracture, bone healing takes place67. This is initiated by inflammatory responses 
surrounding the tissue68. During this process, a close interaction between immune cells 
and bone cells is required for normal bone healing69. 

One condition that can induce chronic inflammation is the proximity of a prosthesis that 
leads to an immunological response70. Periprosthetic osteolysis and subsequent aseptic 
loosening is the most common reason for implant failure70. The tissue surrounding 
prosthetic implants is often exposed to small wear particles from the implant, which 
can cause a foreign body reaction and lead to a sterile chronic inflammation71,72. This is a 
cell-mediated process that results in the loss of bone as a direct response to stimulation 
of macrophages by biologically active particles73. The inflammatory reactions that are 
associated with biomaterial-induced inflammation are mediated by several signalling 
pathways, depending on the type of biomaterial, with nuclear factor kappa B (NF-κB) being 
the most important transcription factor. NF-κB regulates macrophage recruitment and 
maturation, as well as the production of pro-inflammatory cytokines and chemokines74. 
Also, it contributes to osteoclast differentiation and maturation, causing the inhibition of 
bone formation and leads to bone resorption73,74. The resulting osteolytic lesions can lead 
to a painful, loose implant or peri-implant fracture, necessitating a revision surgery62. 
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Another condition that can induce osteolysis is the presence of a bacterial infection. 
The interaction of bacteria with the immune system causes an inflammatory response, 
which results in a local disbalance between osteoclastic and osteoblastic activities75-77. 
Bacterial endotoxins like lipopolysaccharide have been shown to induce macrophage 
activation and inflammatory responses including the activation of NF-κB78. The most 
prominent consequences of bacterial infections are osteolysis, impaired fracture 
healing, and, in case of spinal infections, failure of spinal fusion76,79,80. 

Successful biological treatments for managing peri-prosthetic osteolysis are not 
available yet73. With the increasing number of patients requiring orthopaedic implants 
now and in the future, non-surgical alternatives are becoming more and more desirable 
for both the prevention and treatment of peri-implant osteolysis, thus mitigating the 
need for revision surgery. 

Interestingly, bacterial infections can also stimulate osteogenesis81,82. Osteomyelitis can 
result in a localised periosteal reaction that results in new bone formation and periosteal 
thickening in patients81,83. Stimulation of new bone growth in the presence of an infection 
has also been observed in animal models84,85. The occurrence of osteogenesis in the 
presence an infection might be caused by the inflammatory reaction associated with 
the infection. Investigating bone formation in osteomyelitis can potentially lead to the 
identification of bacteria-derived components or downstream secreted cytokines for 
stimulating osteogenesis. Until now, the underlying mechanism of this local, bacteria-
induced osteogenesis have not been closely investigated. 

Of course, local infection will not be a solution in recreating functional bone tissue around 
a prosthesis or in a large bone defect, but gaining more knowledge of this process may 
lead to the discovery of local stimuli that can be used to promote bone regeneration. The 
greatest challenge is to distinguish between the destructive effect of an active infection 
and the stimulatory effects of inflammation on bone formation. 
 

1.5 Rationale and aims of this thesis 

Implant-related infections seriously challenge the result of joint replacement and 
necessitate improved diagnostics, prophylactic strategies, and maintaining a healthy 
bone stock in these patients.

Part 1: Diagnosis of infection (chapters 3 and 4)
Current diagnostic methods such as bacterial culture are optimised for maximum 
efficiency, however, current diagnostic techniques do not always detect a bacterial 
infection. In order to gain more knowledge about underdiagnosis of infection, we 
evaluated the impact of missed implant-related infections in the long term for patients. 
Furthermore, we tested whether the diagnosis of infection can be improved by using a 
fast molecular method, namely fluorescence in situ hybridization.

Aim 1: To improve the diagnosis of infection by:
 A)  Analysing the consequences of undiagnosed infections on implant survival, and 
 B)  Investigating a molecular method for rapid detection of bacteria in 
  patient samples 

Part 2: Prophylaxis of infection (chapters 5 and 6)
Local prophylaxis of implant-related infections is mainly applied by adding antibiotics 
to bone cement. This method has several disadvantages such as the need for heat-
stable antibiotics. In this thesis, a hyaluronic acid-based hydrogel (DAC, Defensive 
Antibacterial Coating) was investigated as carrier of several antimicrobial agents to 
reduce biomaterial colonisation and biofilm formation in vitro. Furthermore, this 
hydrogel was tested as carrier material for various antibiotics and antibacterial agents 
for prophylaxis of implant-related infections in a rabbit model. 

The research on DAC was performed under the multi-institutional collaborative 
project “Implant Disposable Antibacterial Coating (IDAC)”, funded by the European 
Commission, within the 7th Framework Programme on Research Technological 
Development and Demonstration, grant no. 277988. Studies were performed together 
with Orthopaedic Institute Galeazzi, Italy; University Hospital of Larissa, Greece; 
Institute for Immunology, University Heidelberg, Germany; Department of Orthopaedic 
Surgery, Leuven University, Belgium; and Department of Orthopaedics, University 
Medical Center Utrecht, The Netherlands.

Aim 2:  To investigate the release profile from and in vivo efficacy of a hydrogel carrying  
 antimicrobial agents

Part 3: Osteolysis and osteogenesis (chapters 7 and 8)
Bone homeostasis is essential for a healthy bone stock. Local application of biomaterials, 
antibiotics or implant coatings in the orthopaedic field should not interfere with bone 
homeostasis, as a healthy bone stock is important for implant stability. 
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Therefore, the biocompatibility of DAC was examined in vivo, focussing on bone 
apposition at the implant surface, timing of bone growth, and signs of inflammation.

Aim 3 A:  To analyse the in vivo impact of DAC on bone growth on a titanium surface.

Interestingly, bacterial infections are not only linked to osteolysis but are also known to 
lead to reactive periosteal bone formation. By more closely investigating excessive bone 
formation in infection models, novel strategies for improving bone formation may be 
uncovered. 

Therefore, the extensive periosteal bone formation as observed in previous studies 
employing a rabbit model for implant-related infection was characterised in more detail. 
To distinguish between the effects of an active infection and bacterial components on 
bone growth, these experiments were also performed with bacterial cell wall extracts.

Aim 3 B:  To characterise new bone growth during an active infection and analyse the  
  effects of bacterial cell wall extract for its osteogenic properties.
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Introduction

Joint replacement is a successful surgical procedure that provides pain relief, restores 
joint function and improves the quality of life of patients. A minority of patients 
will experience complications like aseptic failure or prosthetic joint infection (PJI)1. 
The incidence for PJI is estimated at 1% for hip arthroplasties and between 1% and 
2% for knee arthroplasties2-4. Most infections occur within the first 2 years after the 
arthroplasty, during which 60% to 70% of the infections occur1.

In order to minimise the overall incidence of infection, many methods are investigated 
like identifying the host risk factors, patients’ health modification, proper wound care, 
and optimizing operative room environment5-7. Next to these preventive measures, 
intraoperative systemic antibiotics are standard of care for prophylaxis of PJI. 
Antibiotic prophylaxis is effective in reducing infection in patients following total joint 
replacement8. The Surgical Care Improvement Project guidelines9 recommend starting 
with antibiotics at least 1 hour before surgery and stopped within 24 hours. The Clinical 
Practice Guidelines for Antimicrobial Prophylaxis in Surgery10 recommend cefazolin 
for patients with total joint arthroplasty. Clindamycin and vancomycin are regarded as 
adequate alternatives10. Vancomycin is recommended to be used for MRSA-colonised 
patients and considered in institutions with high prevalence of MRSA surgical site 
infections10. 

One of the issues related to systemic administration of antibiotics is that insufficient 
concentrations are reached at the preferred location. Increasing the dose is not a solution 
due to systemic toxicity problems. To overcome this problem, one successful method 
is the local delivery of antibiotics. For example, the combination of antimicrobial-
laden bone cement with systemic antibiotics for the prevention of infection in primary 
arthroplasties is commonly used10. In a study using the Norwegian Arthroplasty Register 
the risk of aseptic failure or infection was lowest when antibiotics were administered 
both systemically, and locally in bone cement11. As this method for local application of 
antibiotics cannot be applied for cementless implants, there is a need for improving 
local prophylactic methods. In the last decade, multiple studies have been performed to 
develop and investigate the ability to provide local infection prophylaxis at the implant 
surface and to protect the implant material by bacterial eradication. This chapter will 
highlight the most current research for local prophylaxis of implant-related infections, 
which is divided in two major topics: local infection prophylaxis of implants, and local 
non-antibiotic infection prophylaxis of implants (Table 1).

Table 1. Overview Of Types Of infecTiOn prOphylaxis as discussed 

  in This chapTer

carriers and coatings for local infection prophylaxis

Polymers

Hydroxyapatite

Chitosan

Nanoscale surfaces

Hydrogels

local infection-prophylaxis of implants

Silver

Novaran

Antimicrobial peptides

Carriers and coatings for local infection prophylaxis

Controlled release from antibacterial agents from an implant coating allows for 
administering adequate drug concentrations around the implant site. Also, there is 
less risk for a too high antibiotic load in the body which reduces the negative effects on 
healthy tissues. In order to engineer new solutions for local prophylaxis of implants, a 
variety of materials and methods have been researched in recent years.

Polymers
A broad spectrum of biodegradable materials and approaches has been proposed and 
investigated as carriers for local application of prophylactic agents. Synthetic materials 
offer advantages over natural materials. For example, synthetic polymers can be 
produced under controlled and reproducible conditions, and the functional properties 
can be easily adapted by chemical modifications12. 

The biodegradable polymer poly(d,l-lactide) (PDLLA) was found to be resistant against 
abrasion during intramedullary implantation of a PDLLA coated implant and allows for 
incorporation of antibacterials13. An implant coating with gentamycin-loaded PDLLA 
resulted in an initial burst of released gentamycin followed by a slow release14. PDLLA 
can also be used for multiple layer coatings to enable incorporation of multiple agents 
of interest. For example, incorporating gentamicin, insulin-like growth factor I (IGF-I), 
and bone morphogenetic protein 2 (BMP-2) in a layered PDLLA coating on K-wires 
resulted in a release of first gentamycin, shortly afterwards IGF-I and subsequently 
BMP-215,16. This three-layer coating can be easily applied on any desired implant by a 
simple dipping technique15,16. 
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Another biodegradable polymer is poly(lactic-co-glycolic acid) (PLGA). Electrospun 
PLGA was developed as a biodegradable localised delivery system for the controlled 
release of antibiotics. Electrospinning utilises electrical forces to produce fine polymeric 
fibers. It can produce continuous fibers and can be used to coat titanium implants. 
Various antibiotics can be incorporated in and released from electrospun PLGA coating 
while maintaining antimicrobial activity in vitro and in vivo17-19. Another use for PLGA 
is as a biodegradable overcoat for protection of an antibiotic layer during surgical 
implantation. This coating to degraded in vivo to enable normal osteointegration of the 
implant and to release the antibiotic to provide an antibacterial effect20-22. 

Also, several combinations of polymers are utilised as local carrier of antibacterials. For 
example, the release profile of antibiotics from poly(L-lysine)/poly(L-glutamic acid) 
nanofilms can be tuned. When coated on a stainless steel disk, the nanofilm provided in 
vitro antibacterial efficacy. Furthermore, the nanofilm improved osteoblast viability and 
proliferation in vitro23. Another combination of polymers is the biodegradable Polymer-
Lipid Encapsulation MatriX (PLEX), containing, amongst others, polylactic-co-glycolic 
acid (PLGA). The PLEX coating provides an environment in which the antimicrobial 
agent can be incorporated and allows the adjustment of the amount of drug loaded 
and the number of applied layers for a controlled release over time24. The PLEX coating 
loaded with antibiotic can achieve a release for up to 28 days in vitro and, when coated 
on implants, the antibiotic-loaded coating has been shown antibacterial prophylaxis in 
vivo25. 

Hydroxyapatite
For the past years, titanium implants have been successfully coated with plasma 
sprayed hydroxyapatite (HA) to improve implant fixation and osteointegration26. 
Unfortunately, antibiotics cannot be incorporated to plasma sprayed coatings because 
of the high processing temperatures. Therefore, methods to overcome this problem are 
investigated. For example, antibiotics can be co-precipitated with HA crystals to form 
a uniform coating on the surface of an implant27. Another method to coat implants with 
antibiotic-containing HA is an ink-jet technology28. This coating has been shown to have 
antimicrobial activity in vivo when loaded with various antibiotics29. Peri-apatite, a HA-
coating that is applied on implants using a solution deposition method, can be combined 
with tobramycin for local infection prophylaxis. In an in vivo study, the peri-apatite 
coating has been shown to be an effective local antibacterial coating for uncemented 
implants and also improved implant fixation compared to uncoated implants30. In a 
clinical study, the effectiveness of a vancomycin-loaded calcium hydroxyapatite to 
prevent infection was evaluated in patients with noncemented total knee arthroplasty. 
A paste was made with the hydroxyapatite and vancomycin and was spread in a thin 

layer on the surface of the implants. After a mean period of 5 years, the treatment group 
exhibited significantly less infections than the non-treated group31. 

Chitosan
Chitosan is a polysaccharide that can be degraded by a body’s own enzymes. Dehydrated 
chitosan films have the ability to rehydrate and absorb soluble agents of interest32. This 
ability enables the films to be loaded during surgery and can be customised to fit the 
patient’s needs. Vancomycin-loaded chitosan was proven to reduce infection as coating 
on titanium foils in vitro, without exhibiting adverse effects on an MG-63 osteoblast-
like cell line33. Furthermore, chitosan loaded with daptomycin or vancomycin exhibited 
antibacterial activity against Staphylococcus aureus in vitro34.

Nanoscale surfaces
Over the past years, the biocompatible properties of nanoscale surfaces have been 
investigated. Self-organised nanotubes on the surface of TiO2 implants can be formed 
by a relatively simple electrochemical oxidation reaction of a titanium substrate 
under a specific set of environmental conditions. Varying the voltages and anodising 
times can generate different nanotopographical features35. The key advantage is that 
the morphology of the nanotubes can be adapted to improve cell adhesion, spreading, 
growth and differentiation of cells. Mesenchymal stem cells exhibited a size-dependent 
reaction to these nanoscale surfaces36. Another advantage is that the nanotubes can 
be used as carrier for local delivery of antimicrobial agents. Investigations of silver 
nanoparticle filled titanium nanotubes have been shown to exhibited a high bacteriostatic 
rate of 99.99%37. Furthermore, the material presented with good cytocompatibility, and 
the osteoblast adhesion to the titanium was increased compared with pure titanium37. 
Antimicrobial peptide loaded TiO2 nanotubes could effectively reduce the amount of 
viable bacteria (~99.9%) in vitro and reduce bacterial adherence to the surface38,39. 

Hydrogels
Hydrogels are polymeric materials with a high water content that can be used as 
delivery vehicle for antibacterial agents. Being able to choose an agent of interest 
during the surgery provides the advantage of versatility. A resorbable hydrogel  
(Figure 2), composed of covalently linked hyaluronic acid and polylactic acid, was 
tested for its capability to deliver various antibiotic and antibiofilm agents in vitro40. 
The hydrogel provided a burst release of the antibacterial agents in vitro within the first 
few hours and all of the tested agents were delivered in medium within 96 hours. The 
hydrogel proved to be bactericidal and exert an antibiofilm effect in vitro in combination 
with different antibacterials.
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figure 1. figure 2. 

TiO2 nanotubes (upper panel) and silver nanoparticles embedded in TiO2 nanotubes (lower panel). The resorbable hydrogel, composed of hyaluronic acid and polylactic acid, applied on a sandblasted titanium rod. 

Local non-antibiotic prophylaxis of implants

The use of antibiotics to treat bacterial infections has resulted in resistant bacterial 
strains. Methicillin-resistant Staphylococcus aureus and methicillin-resistant S. 
epidermidis are two commonly isolated organisms from periprosthetic joint infections2. 
The ability of these microorganisms to adapt their resistance patterns renders antibiotics 
of then useless for treatment of bacterial infections. These infections can often not be 
treated adequately and results in longer hospitalizations and higher costs41. It is of 
importance that alternative antibacterial strategies are researched and developed. 

Silver
Since long it is known that silver and other metals have antimicrobial activity42. The 
mechanism behind the antimicrobial activity is based on multiple actions. Free silver 
ions can enter the bacterial cells and cause the DNA to precipitate, causing the cells to 
lose the ability to multiply43. Furthermore, silver can react with the bacterial membrane 
and cause structural damage44. Inside the bacterial cells, silver ions can bind to proteins 
and interfere with the respiratory chain enzymes to inhibit growth43,45. The antibacterial 
effect of silver was found to be dependent on particle size. Smaller nanoparticles exert 
more antimicrobial and cellular toxicity46. As Gram-positive bacteria have thicker cell 
walls that inhibits silver nanoparticles to cross the cell membrane, a higher concentration 
is needed to prevent bacterial growth than for Gram-negative bacteria43,44.
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Investigations of silver nanoparticle-loaded bone cement demonstrated a significant 
reduction of biofilm formation on the surface of the cement, however it exhibited no 
activity against planktonic bacteria47. In vitro antibacterial tests of bone cement loaded 
with silver, either as silver nitrate solution or in the solid phase as silver phosphate salt, 
exhibited anti-adhesion and anti-biofilm properties, without having any toxic effects 
on human bone-marrow stromal cells48. Pauksch et al. demonstrated in an in vitro 
study a similar biocompatibility for nanosilver-loaded bone cement on primary human 
mesenchymal stem cells compared with plain bone cement or loaded with gentamycin49.

Direct coating of stainless steel implants with silver nanoparticles have been shown to 
inhibit bacterial adhesion and biofilm formation in vitro and reduced implant-related 
infection in an implant related femur infection in rats. No cytotoxicity was seen in vitro 
for human bone marrow stromal cells, and osteogenic differentiation was shown to 
be promoted50. In a clinical study where 51 patients received a silver-coated proximal 
femur or tibia replacement, a decrease in periprosthetic infections was seen from 
17.6% to 5.9% compared to a retrospective cohort of patients with non-coated titanium 
implants. Although this difference was not statistical significant, clinical outcomes were 
improved in the group with silver-coated implants as none required amputation after 
infection, whereas more than half of the control-patients who developed an infection 
did require amputation51.

Novaran
Tamai et al. evaluated an inorganic antimicrobial as antibacterial coating. Novaran is 
a commercially available inorganic antimicrobial made from glass, with zinc as the 
functional material, and is heat resistant to almost 1000°C. The antimicrobial effect 
is caused by dissolving the Zn2+ metal ions, which has an antibacterial effect. Coating 
titanium alloy (Ti6Al4V) plates with Novaran exhibited good efficiency against 
Staphylococcus aureus and Pseudomonas aeruginosa in vitro52.

Antimicrobial peptides
Antimicrobial peptides (AMPs) are an important part of the innate immune system, 
particularly at mucosal surfaces that form the barrier between the host and the 
environment. AMPs are mainly produced by neutrophils and epithelial cells and 
have a broad-spectrum activity against bacteria, fungi, and enveloped viruses in 
vitro53-55. These peptides are usually small and interact with the cell membranes of 
microorganisms to cause depolarization, destabilization, and permeabilization56. 
Thereafter, the microorganisms will lyse and die. The membrane-active peptide Tet213 
has demonstrated antibacterial effects by reducing growth and biofilm formation 
of clinical Staphylococcus aureus isolates in vitro57. The synthetic peptide OP-145 is 

developed based on the sequence of an autologous peptide, LL-37, that is suggested to be 
involved in the host defence in mucosa. OP-145 exhibited effective bactericidal activity 
towards Staphylococcus aureus and is able to neutralise bacterial lipopolysaccharide 
and lipoteichoic acid in vitro58,59. The abovementioned PLEX-coating, earlier developed 
for the delivery of doxycycline, was evaluated for the controlled release of OP-145 in 
an in vivo implant-infection model. The PLEX-OP-145 coating provided adequate 
antibacterial activity and successfully eradicated infection in the majority of infected 
animals60. As both compounds are safe for clinical use, this technique could be rapidly 
translated for human use. 

Another promising alternative for antibiotics are membrane-active cationic steroid 
antimicrobials called ceragenins. Ceragenins were synthetically developed to mimic 
endogenous antimicrobial peptides and have a broad spectrum of antibacterial activity61. 
Sinclair et al. evaluated the antimicrobial potential of cationic steroidal antimicrobial-13 
(CSA-13)62. In addition to direct bactericidal activity, high concentrations of CSA-13 
causes the bacterial membrane to depolarise which results in cell death63. Sinclair et al. 
showed in an in vivo study in sheep that periprosthetic infections could be prevented 
by coating the implants with CSA-13 without inhibiting bone growth onto the implant 
surface64.

Conclusion

As no local option is currently available for infection prophylaxis for uncemented 
implants, a system that provides a local, controlled release of antibacterial agents over 
a certain period of time can prove to be advantageous for the prevention of implant-
related infections. Furthermore, due to the emergence of antibiotic resistance in 
bacteria worldwide, alternatives for antibiotics are needed. Therefore, research has been 
focusing for the past few years on new methods to encapsulate and release antimicrobial 
compounds, and for alternative sources of antibiotics that can be loaded into them. An 
ideal prophylactic coating should meet various criteria like resistance to mechanical 
stress, non-toxicity and exert no inhibitory effect on bone formation, and a controlled 
release of the loaded antimicrobial agent. Although the methods and materials discussed 
in this chapter are promising, and some even already available for clinical use like the 
biodegradable hydrogel as a CE-marked medical device40, further research is needed for 
the ideal next-generation local infection prophylaxis that can be used for a wide variety 
of orthopaedic implants. 
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Abstract 

Background and purpose
Aseptic loosening and infection are 2 of the most common causes of revision of hip 
implants. Antibiotic prophylaxis reduces not only the rate of revision due to infection 
but also the rate of revision due to aseptic loosening. This suggests under-diagnosis 
of infections in patients with presumed aseptic loosening and indicates that current 
diagnostic tools are suboptimal. In a previous multicentre study on 176 patients 
undergoing revision of a total hip arthroplasty due to presumed aseptic loosening, 
optimized diagnostics revealed that 4–13% of the patients had a low-grade infection. 
These infections were not treated as such, and in the current follow-up study the effect 
on mid- to long-term implant survival was investigated. 

Patients and methods 
Patients were sent a 2-part questionnaire. Part A requested information about possible 
re-revisions of their total hip arthroplasty. Part B consisted of 3 patient-related outcome 
measure questionnaires (EQ5D, Oxford hip score, and visual analog scale for pain). 
Additional information was retrieved from the medical records. The group of patients 
found to have a low-grade infection was compared to those with aseptic loosening.

Results 
173 of 176 patients from the original study were included. In the follow-up time between 
the revision surgery and the current study (mean 7.5 years), 31 patients had died. No 
statistically significant difference in the number of re-revisions was found between the 
infection group (2 out of 21) and the aseptic loosening group (13 out of 152); nor was 
there any significant difference in the time to re-revision. Quality of life, function, and 
pain were similar between the groups, but only 99 (57%) of the patients returned part B.

Interpretation 
Underdiagnosis of low-grade infection in conjunction with presumed aseptic revision of 
total hip arthroplasty may not affect implant survival.
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Introduction

Aseptic loosening and infection are 2 common causes of revision in total hip arthroplasty 
(THA)1. Data from the Norwegian Arthroplasty Register and the Swedish Hip Arthroplasty 
Register have shown that antibiotic prophylaxis, administered either systemically, 
locally, or combined, prevents infection and thus reduces revision rates due to infection. 
Interestingly, it has also been shown that the rates of revision due to aseptic loosening 
decrease with the use of antibiotic prophylaxis2,3. As theoretically the use of antibiotics 
should not have any influence on aseptic loosening, this suggests that the diagnosis of 
infection was inadequate. Under-diagnosis of infection in THA could possibly reduce the 
survival of revision hip implants. 

One of the major challenges when diagnosing low-grade infection is the accurate 
identification of microorganisms. These can be difficult to detect with routine 
diagnostics because of previous antimicrobial exposure or the requirement of certain 
microorganisms for specific nutrients, and also possibly due to reduced growth rates of 
biofilm-residing organisms4,5. To overcome this obstacle, new techniques for detection 
and identification of bacteria have been introduced. For example, polymerase chain 
reaction (PCR) on bacterial 16S ribosomal RNA (rRNA) can theoretically detect as little 
as 1 bacterium in a sample6-10. The apparent disadvantage of this feature is that PCR 
detection is susceptible to bacterial contamination11. 

Previously, our group developed and validated a combined 16S rRNA PCR and reverse line 
blot hybridization (RLBH) technique, which could identify many bacteria at the species 
level12. This combined technique was then used in a clinical study to test the hypothesis 
that there is under-diagnosis of infection in patients undergoing a THA revision due to 
aseptic loosening13. In 7 Dutch hospitals, 176 patients undergoing revision of their THA 
following a preoperative diagnosis of aseptic loosening were included. During surgery, 
tissue biopsies were obtained for microbiological examination, pathological analysis, 
and broad-range 16S rRNA PCR with RLBH. We showed that 7 (4%) of these patients had 
a bacterial infection and an additional 15 (9%) were suspected of having an infection. Of 
these 22 patients, 2 were given a prolonged period of treatment with antibiotics. After a 
1-year follow-up of 170 of the 176 patients, none of the 22 patients with an infection or 
suspected infection had undergone additional surgery.

In the current study, we performed a mid- to long-term follow-up on this cohort to 
investigate the effects of missed low-grade infection on implant survival and clinical 
outcome. The hypothesis was that patients with an undiagnosed low-grade infection 
would show a higher rate of implant failure and poorer clinical outcome. 
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Patients and methods

Study design
The initial multicentre prospective cohort study took place between November 2002 
and July 200613. During this period, 176 patients (127 women) with a preoperative 
diagnosis of aseptic loosening of their THA were admitted to one of the 7 Dutch hospitals 
participating in the study (Figure 1). The diagnosis was based on plain radiographs, ESR, 
and CRP levels. Furthermore, a large proportion of the patients had an arthrocentesis 
performed or a radionuclide study. The patients were eligible for inclusion if they were 
at least 18 years of age and were scheduled for a 1-stage revision of the cup, stem, or 
both, after a preoperative diagnosis of aseptic loosening. Both first revision cases and 
re-revision cases were included. Median age at the time of revision surgery was 72 (28–
92) years. All patients were scheduled for a 1-stage revision and for a short course (1–5 
days) of prophylactic systemic antibiotics. The bacteriological, histopathological, and 
PCR-RLBH results were analysed postoperatively. Patients were regarded as infected 
when the results met the criteria as described by either Spangehl et al. or Atkins et al14,15 
In addition, the PCR-RLBH results were added to these criteria using the same criteria 
as for culture14,15. Since we wanted to analyse low-grade infections specifically, we 
adjusted the criteria for infection in order to be able to find patients suspected of being 
infected. A patient was suspected to have an infection when at least 2 culture results or 
2 PCR-RLBH results were positive for the same microorganism, or if the pathological 
analysis showed a definitive positive result for infection. We found that 7 (4%) of these 
patients had a bacterial infection and an additional 15 (9%) were suspected of having an 
infection. Of these 22 patients with suspected infection, 2 were treated with a prolonged 
period of antibiotics after revision surgery, from which 1 received a 2-stage revision. 
After a 1-year follow-up period in 170 of the 176 patients, none of the 22 patients with a 
(suspected) infection had received additional surgery13. 

With this patient cohort, the present follow-up study was performed to investigate 
whether an undiagnosed low-grade infection has any influence on the survival of the 
implant. For this purpose, we compared data between 2 groups: the group of patients 
with aseptic loosening (AL) and the group of patients with a (suspected) infection (INF). 
1 patient was excluded from the current study because that patient received antibiotic 
treatment during the revision surgery. Between September 2012 and February 2013, data 
on implant survival and quality of life were collected using a 2-part questionnaire. When 
needed, additional information was obtained from the medical records.
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Data acquisition
All information was handled confidentially, in accordance with the Dutch Personal Data 
Protection Act. Each patient was appointed a study identification number, according 
to which all data obtained were registered in a database. If possible in a reasonable 
way, patients were asked for their informed consent.  The patients received a 2-part 
questionnaire. Part A requested information about any possible additional revisions of 
their THA (e.g. if revised, and if so, the date and reason for revision). In part B of the 
questionnaire, quality of life was assessed using the EQ-5D, the Oxford hip score (OHS), 
and visual analog pain scale (VAS pain).

Data analysis
For comparison of the number of additional revisions between the AL and INF groups, 
Fisher’s exact test was used. Kaplan-Meier analysis was used to create survival curves 

figure 1. sTudy design

THA recisions for aseptic loosening

n = 176

Low-grade infections

n = 22

True aseptic loosenings

n = 154

1-year follow-up:

no rerevisions

Mid-/long-term follow-up

(present study)

n = 173 included

Moojen et al .,
Acta Orthop 2010

In the previous study, 176 patients with an aseptic loosening of their total hip prosthesis were included. After 

additional analysis, 22 patients were believed to have a low-grade infection. After a 1-year follow-up, no additional 

re-revisions were seen in those patients. The present study included 173 patients from the initial study.
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for the time from revision to re-revision of patients. The Tarone-Ware test was used to 
compare the survival probability between groups. Some data were non-informatively 
censored due to the death of patients without undergoing a re-revision. The EQ-5D 
results were transformed to index values using a standardized descriptive protocol16,17. 
OHS was assessed using the recommendations for ISIS outcomes18-20. EQ-5D index 
values and EQ-VAS scores, OHS outcomes, and the VAS pain scores of the groups 
with infection and without infection were compared using Student’s t-test. A normal 
distribution of the data was assumed, and Levene’s test revealed that there were no 
differences between variances. Any p-value of less than 0.05 was considered significant. 
All statistical analyses were performed using SPSS version 20.0.

Ethics
This study was reviewed and approved by the Medical Research Ethics Committee of the 
University Medical Center Utrecht (protocol number 12-214/C).

Results

Demographics
Information about additional revisions was available for 173 of the 176 patients (123 
of 127 women) who were included in our initial study (152 from the AL group and 21 
from the INF group)13. In addition to the patient who was excluded due to antibiotic 
treatment during the revision surgery, 2 patients declined to participate in the study. Of 
the patients excluded, 2 were from the AL group and 1 was from the INF group. All other 
patients gave informed consent. The mean age of the AL group was 77 (SD 12) years and 
that of the INF group was 77 (SD 9) years. Data on other potential confounding factors 
were not collected and were not taken into account. The mean duration of follow-up 
from revision surgery to the follow-up analysis was 7.6 (6.4–9.0) years. During this 
period, 31 people died (28 in the AL group and 3 in the INF group). Due to small numbers 
in the group of patients diagnosed with infection (7) and the group of patients suspected 
of infection (15), both groups were taken together and used as 1 group in the analyses 
(INF). No significant difference was seen between the number of additional revisions in 
these groups (p = 0.5, Fisher’s exact test).

Implant survival
Part A of the questionnaire was returned by 137 patients (79%). Of the remaining 36 
patients, information about their re-revision (12) and/or death (24) was gathered 
from the medical records. In the AL and INF groups, 13 patients (9%) and 2 patients 
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(10%) underwent a re-revision of their THA. The 95% confidence interval for the risk 
difference lay between −0.13 and 0.15. There was no significant difference between the 
number of additional revisions in these groups (p = 1.0). For the implant survival analysis 
(Figure 2), 29 patients (26 AL and 3 INF patients, 17%) were missing from the analysis 
because the date of death was unknown and no information on possible re-revisions 
was available. None of the missing patients received a re-revision. For the 13 patients in 
the AL group who had undergone a re-revision by the end of the study, the estimated 
mean time until revision was 101 (SD 2) months. The 95% confidence interval (CI) of the 
mean values for survival time ranged between 97 and 106. The estimated mean time to 
revision for the 2 INF patients was 96 (SD 5) months, with a 95% CI of the mean values 
for survival time between 87 and 106. There was no significant difference between the 
survival curves of both groups (p = 0.9).

figure 2. Kaplan-Meier survival curve shOwing The survival prObabiliTy in The  

  2 grOups Of paTienTs.
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0.91
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0.85

0 120

Aseptic loosening

Low-grade infection

40 80

implant survival

Months after index operation

Quality of life
Part B of the questionnaire was returned by 99 patients (57%). Of these forms, 85 were 
filled out completely and could be used for the EQ-5D; 94 could be used for both the 
OHS and VAS pain. 74 patients could not fill out the questionnaire because they were 
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dead (31), lost to follow-up (8), or incapable of filling out the questionnaire for medical 
reasons (6). In addition, 29 patients declined to fill out the questionnaire. In both groups, 
the patients showed a large variation in quality of life, functioning, and pain outcomes. 
Interestingly, no significant difference was found in health status as measured by the 
EQ-5D index values of the AL group (0.73 (SD 0.21)) and the INF group (0.73 (SD 0.16)). 
Furthermore, we found a similar spread in health as measured by the EQ-VAS (69 (SD 
20) vs. 69 (SD 17)). No significant difference in score for functioning and hip pain (as 
measured by the OHS) was observed for the AL patients (34 (SD 11)) and the INF patients 
(33 (SD 9) (p = 0.7). There was no significant difference in VAS pain between the AL 
patients (23 (SD 26)) and the INF patients (31 (SD 30)) (p = 0.3).

Discussion

This follow-up study is the first to show that a missed low-grade infection in patients 
diagnosed with aseptic loosening and receiving a revision THA does not appear to 
influence the mid- to long-term prognosis. The number of re-revisions and the survival 
time of the implant were similar between the patients with aseptic loosening and the 
patients with low-grade infection. Quality of life, hip function, and pain were similar 
between the groups. These observations are in line with the findings of our previous 
study after 1 year of follow-up13. Our study is unique, since until now there have been 
no studies investigating the influence of underdiagnosed low-grade infections on the 
number of re-revisions or the survival time of orthopaedic implants. To our knowledge, 
there have been no studies on the mid- to long-term effects of misdiagnosed low-
grade infections on other types of implants. There are therefore no studies available for 
comparison.

A limitation of the present study was the low sample size. Even though 176 patients 
were included in our initial study, only 2 events in the INF group could be included in 
the survival analysis. It is possible that we cannot prove any direct consequences of 
underdiagnosed low-grade infection of a THA, due to low numbers in this group. The 
risk of type-II error should be kept in mind when interpreting these data. This was also 
the case when the patients from the infected group and suspected group were combined. 
Another limitation is that it was only possible to measure cross-sectional quality 
of life, as quality of life was not assessed in our initial study13. Thus, we cannot draw 
any conclusions on the effect that under-diagnosis of infection has on quality of life 
over time. Furthermore, no reliable conclusions can be drawn from the results of the  
questionnaires due to the large proportion of missing cases and incomplete responses. 
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Currently, there is no gold standard available for microbiological diagnosis of infection. 
Commonly used criteria are those described by Spangehl et al. and Atkins et al14,15. By 
using these criteria, it is possible to detect infections with satisfactory sensitivity and 
specificity. However, we have shown that in clinical practice low-grade infections 
are often missed13. One option to prevent under-diagnosis of infection is to lower the 
stringency of the criteria for the diagnosis, as this would increase sensitivity; however, 
it would also reduce the specificity. A more desirable option is to use techniques that 
can diagnose infection more reliably and sensitively in THA than those that are 
currently used. A successful treatment of implant-related infection in orthopaedics 
relies on accurate diagnosis and correct identification of microorganisms and their 
possible resistances to antibiotics. Recently, different approaches for improvement 
of microbiological diagnosis of infection have been explored. For example, molecular 
techniques may help to detect and identify the possible presence of bacteria, but 
molecular biological procedures must be performed with caution because of the risks of 
interfering contamination8,11,21. In our previous study13, we used PCR-RLBH in addition 
to standard diagnostics to test the hypothesis that there is under-diagnosis of infection 
in patients undergoing a THA revision due to aseptic loosening. That study showed that 
4–13% of the 176 included patients with aseptic loosening of their THA probably suffered 
from an infection. This technique proved to be promising, but it is also associated with 
difficulties. For example, PCR can only detect the bacterial strains against which the 
primers are designed. Additionally, the high sensitivity of PCR results in a greater risk of 
contamination and thereby false positive results. Again, molecular techniques still lack 
the possibility of testing bacterial resistance. As a result of these limitations, few (if any) 
clinical laboratories have started to use PCR next to the standard microbiological culture 
techniques as part of the standard diagnosis. 

Another approach for improvement of microbiological diagnosis of infection is the 
sonication of explanted material22. With this method, biofilm-residing bacteria are 
detached from the implant and can then be detected using standard culture methods. A 
recent meta-analysis on 12 studies showed promising results of using sonication as an 
additional diagnostic tool to be able to culture biofilm-residing bacteria23. In addition, 
sonication can be combined with other techniques such as measuring microbial heat 
production or PCR-hybridization to potentially improve diagnosis of implant-related 
infection24,25. Recently, it was shown that analysis of antimicrobial peptide expression 
in synovial fluids can provide valuable information for the diagnosis of periprosthetic 
infection26. Others have also found an increase in interleukins such as IL-1 and IL-6 in 
synovial fluid in periprosthetic joint infections27-29. Moreover, researchers have found 
5 biomarkers in synovial fluid that could indicate an infection with high sensitivity and 
high specificity30. These synovial fluid biomarkers may prove to be a valuable tool for the 
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diagnosis of implant-related infections. However, clinical studies should be performed 
to provide more evidence. Furthermore, the efficacy of diagnosing low-grade infections 
remains elusive. 

The issue of under-diagnosis of low-grade infection will remain a topic of debate until 
the current detection methods are improved, or until a new method is introduced with 
high sensitivity and specificity. Even then, the value of improved detection of low-grade 
infections will have to be established in clinical practice, as the results of the present 
study suggest that under-diagnosis of infection has no influence on either implant 
survival or quality of life.
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Abstract

Accurate diagnosis of infection and the identification of the responsible microorganisms 
are crucial for an adequate treatment of orthopaedic implant-related infections. The 
gold standard detection method for infections in the orthopaedic field is culture of 
patient materials such as periprosthetic tissue, synovial fluid, or sonication fluid from 
explanted biomaterials. One disadvantage of culture is that it takes at least a few days 
before the results are available. Further, infections can be difficult to diagnose by culture 
due to a low availability of material, low infectious loads, or due to a fastidious organism. 
Consequently, patients may suffer from an undiagnosed and untreated implant-related 
infection.

Currently, no rapid and sensitive diagnostic method is available to detect these so-called 
low-grade infections. To address this, the technique fluorescence in situ hybridisation 
(FISH) was evaluated in the present study for its potential to detect and identify bacteria 
in sonication fluid. 

Sonication fluid from the implants of 62 orthopaedic patients was collected. The 
sonication fluid was subjected to FISH, and to standard bacteriology for clinical 
purposes. A commercially available FISH kit was used containing a universal 16S rRNA 
probe, sham-probes, and 16S rRNA species-specific probes for bacteria commonly 
encountered in blood infections. To examine the potential of FISH to detect and identify 
bacteria in sonication fluid, the FISH results were compared to the gold standard culture 
results. 

FISH demonstrated a rapid time-to-result of 45-60 minutes and good sensitivity 
(89.9%) and specificity (91.4%). Also, bacteria relevant for the orthopaedic field such 
as Staphylococcus aureus and Staphylococcus spp. could be identified. These findings 
show that FISH is a promising diagnostic tool for a rapid detection and identification of 
bacteria in sonication material from orthopaedic patients. 

Keywords
Fluorescence in situ hybridisation, FISH, implant-related infections, bacteria, 
diagnostics, microbial culture, sonication fluid, orthopaedics
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FISH-based detection of bacteria in orthopaedic implant-related infections

Introduction

Total hip or knee arthroplasty (THA or TKA, respectively) are successful and cost 
effective interventions within the orthopaedic field1,2. A severe complication of these 
therapies is infection, which occurs in approximately 1% of patients with a primary 
knee replacement and in 0.3-0.6% of patients with a primary hip replacement3-5. 
The diagnosis of orthopaedic infections usually relies on a combination of diagnostic 
techniques. Diagnosis depends on a combination of clinical factors, imaging, serological, 
and histological findings, together with bacterial culture of patient material for the 
detection and identification of microorganisms6.

The diagnosis of an orthopaedic infection can be a challenge. Multiple criteria for 
defining an infection are described in the literature, however, not one uniform definition 
exists6-10. Microbial culture of patient material is one of the most sensitive techniques 
currently available and is usually considered as the gold standard11, however, culture 
assays require a relatively long time to achieve a final result. Another hurdle in infection 
diagnostics is that the current techniques are not sensitive enough to diagnose low-
grade infections that are caused by a low bacterial load or fastidious organisms12-17. These 
challenges emphasise that there is a need for a clinically proven technique that can 
diagnose infections in orthopaedic patients rapidly with high sensitivity and specificity. 

Various methods have been studied to improve the accuracy of detection and 
identification of infections. For example, PCR is a method with high sensitivity for 
this purpose, however, the use of PCR remains investigational, as its high sensitivity 
renders it prone to give false-positive results. In addition, microcalorimetry of patient 
material is a promising method for a rapid diagnosis of implant-related infections. This 
technique can detect microorganisms by measuring the heat production of bacteria18. 
Nonetheless, this technique cannot distinguish between different strains and can only 
be used for quantitative assessment. Another approach is the detection of bacteria by 
sonicating implants that may be used to dislodge biofilm from the implant surface 
allowing for culture of biofilm-residing bacteria. This technique has been shown to 
improve the sensitivity of diagnostic performance in orthopaedics19,20. Furthermore, 
recent advances in diagnostic research showed that synovial fluid biomarkers, such as 
interleukin 1-beta, alpha-Defensin, and C-reactive protein21-24, may prove a valuable 
tool for the diagnosis of implant-related infections.

Next to being accurate, a diagnostic method for implant-related infections should be 
rapid to enable appropriate and prompt treatment for the patient. Fluorescence in situ 
hybridisation (FISH) might be a suitable technique for detection and identification 
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of bacteria in orthopaedic patient material as it allows for rapid detection of the 
microorganisms25. In general, FISH results are available within an hour, which is a 
vast improvement compared to culture, which takes at least a few days. The technique 
itself is not novel and already proven to be useful for visualisation and identification of 
microorganisms26. An advantage of the technique FISH is that targeting the 16S rRNA, 
which is the most commonly used target for this technique in microbiology, may offer 
high accuracy for identification of viable microorganisms27. The high number of rRNA 
copies in metabolically active bacterial cells offers sufficient targets for visualisation of 
single cells. Also, the rRNA domain structure contains conserved and variable regions 
which facilitates the design of a non-specific eubacterial probe that targets all bacterial 
strains, and species-specific probes for identification of the bacteria. 

FISH has already been proven effective in detection and identification of bacteria in 
other fields. For example, the technique can be employed for simultaneous detection of 
two common skin colonizers in patients with acne vulgaris, namely Propionibacterium  
acnes and P. granulosum28. Furthermore, FISH enables detection of bacteria in lung tissue 
of rats with induced pneumonia by Acetinobacter baumannii with adequate sensitivity 
and specificity, also in case of a low infectious load. Translation to clinical diagnostics 
of lung infections would be of great interest, specifically because false negative cultures 
are not uncommon in this field29. Additionally, FISH was shown to allow for a rapid and 
reliable identification of microorganisms in bloodstream infections. For example, the 
hemoFISH® panel from miacom diagnostics enabled accurate pathogen identification 
in 88.2% of 152 analysed positive blood cultures from patients30. Due to the rapid 
procedure, FISH may be integrated into the daily routine for diagnostic purposes. In 
another study, the performance of the same panel was examined31. The FISH analysis 
showed a similarity of 92.6% with the culture method. The hemoFISH® panel provides 
a rapid and cost-effective assay, which allows for an informed treatment of patients 
at an earlier timepoint than possible with culture-based approaches. One limitation of 
this FISH panel is that its components are fine-tuned for detection of infections in the 
blood. Another hurdle for its use in orthopaedics is that the patient material contains 
tissue. This might hinder the efficacy of the FISH probes to bind to the bacteria, or the 
visualisation of the probes under the microscope due to possible auto-fluorescence of 
the tissue. 

As FISH has been proven to be highly accurate in detection and identification of 
bacteria in (bloodstream) infections, and as the panel included a number of probes for 
bacteria that are common in the orthopaedic field, this panel was deemed suitable for 
the detection of bacteria in orthopaedic materials. In the present study, we therefore 
evaluated a novel commercially available FISH assay for its potential as diagnostic tool 
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for the detection and the identification of bacteria in sonication material of orthopaedic 
patients who underwent an implant revision.

Materials and methods 

Sonication fluid collection and storage
The study was reviewed and approved by the Medical Research Ethics Committee of the 
University Medical Center Utrecht (protocol number 13-164). Explanted orthopaedic 
devices from 62 patients were routinely sonicated for clinical diagnostic purposes 
according to the protocol of Trampuz et al.19 with an ultrasound bath which was used 
according to the manufacturer’s instructions (BactoSonic, Bandelin GmbH, Berlin, 
Germany, http://www.bactosonic.info/). Briefly, 50 ml of the sonication fluids from 62 
orthopaedic implants were collected and centrifuged for 15 minutes at 4000 rpm (3219 
RCF). The pellets were dissolved in 1 ml sterile PBS and the samples were stored at -20°C 
until further use. 

Detection and identification by bacterial culture
All patient material was subjected to standard bacterial culture for clinical diagnostics. 
In short, patient material was plated on sheep blood agar plates and chocolate agar 
plates for aerobic bacteria, and brucella blood agar plates for anaerobic bacteria. Positive 
cultures were identified using matrix assisted laser desorption/ionization time-of-
flight analyser mass spectrometry (MALDI-TOF MS). 

Detection and identification of bacteria with FISH
Fluorescence in situ hybridisation (FISH) was performed on all 62 sonication samples 
for detection and identification of bacteria. For this purpose, a commercially available 
kit was used. The hemoFISH® Masterpanel (miacom diagnostics GmbH, Düsseldorf, 
Germany) is designed for detection and identification of sepsis pathogens in blood. 
The hemoFISH® Masterpanel was used in the present study to evaluate the use of 
the technique FISH for diagnosing orthopaedic infections, as no specific kit for the 
orthopaedic field exists yet. The hemoFISH® Masterpanel contains a eubacterial probe 
that serves as an intrinsic control of the procedure and enables a species-independent 
detection of bacteria. Furthermore, a negative control probe is included to assess non-
specific staining in samples. For identification, the kit includes family- and species-
specific probes for Staphylococcus spp., Staphylococcus aureus, Streptococcus spp., 
Streptococcus. pneumonia, Streptococcus. agalactiae, Enterococcus faecium, Enterococcus 
faecalis, Enterobacteriaceae, Escherichia coli, Klebsiella pneumonia, Proteus mirabilis, 
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Pseudomonas aeruginosa, Acetinobacter spp., and Stenotrophomonas maltophilia (Table 1).

Miacom’s molecular probes consist of a DNA sequence complementary to a ribosomal 
RNA sequence that is unique to a family, genus or species level of, in this case, bacteria. 
The probes are folded into a hairpin structure that is linked to a fluorophore. Prior to 
the FISH analysis, the frozen sonication fluid samples were thawed until they reached 
room temperature. The analysis was performed on the samples according to the 
manufacturer’s instructions. In brief, 10 µl of the thawed sonication fluid was applied 
onto each spot of the microscopy slides. After being dried on a heat block, the bacteria 
were lysed with the provided lysis buffer and fixed in ethanol, prior to hybridisation 
with the probes at 52°C for 10 minutes. The hybridisation reaction was stopped by 
dipping the slides in the provided stop solution. This ensured that unbound probes 
were pushed back into a closed conformation, preventing the generation of a non-
specific fluorescent signal under the microscope. Reading the results from the slides 
was performed under a fluorescence microscope (Olympus bx51, Olympus optical co. 
GmbH, Hamburg, Germany). The person performing the microscopy was blinded for 
the bacterial culture results during the analysis. The presence of bacteria in samples was 
verified by analysing positive or absent signals from the 16S rRNA eubacterial probe. 
Then, the results obtained with the specific probes were analysed for identification of 
bacteria. All steps in the protocol added up to 30 minutes until time-to-result. 

Table 1. The heMOfish® MasTerpanel.

field

1

2

3

4

5

6

7

8

red channel

Positive control

Staphylococcus spp.

Staphylococcus aureus

Streptococcus spp.

Streptococcus pneumoniae

Streptococcus agalactiae

Enterococcus faecium

Enterococcus faecalis

green channel

Negative control

Enterobacteriaceae

Escherichia coli

Klebsiella pneumoniae

Proteus mirabilis

Pseudomonas aeruginosa

Acetinobacter spp.

Stenotrophomonas maltophilia

Field 1 contains intrinsic controls, fields 2-8 contain red and green fluorescent FISH-probes for 16S rRNA. On the 

left, a glass slide with the respective fields is shown.
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Analysis 
The ease of use of the technique FISH for detection of bacteria in sonication material 
is described with supporting figures. The results from the bacterial cultures were 
obtained from medical records and compared to the FISH outcomes. The sensitivity 
was calculated by dividing the number of true positives by the sum of the true positives 
and false negatives, the specificity by dividing the number of true negatives by the sum 
of false positives and true negatives. The positive predicative value was calculated by 
dividing the number of true positives by the sum of the true positives and false positives, 
the negative predictive value by dividing the number of true negatives by the sum of 
false negatives and true negatives.

Results

Ease of use of FISH on sonication material
In most samples, bacteria were easily identified by FISH. The bacteria were brightly 
visible as dots during the microscopic analysis (Figures 1 and 2). The negative control 
presented sometimes with non-specific staining but bacteria were never observed 
(Figures 1 and 2, right upper panels).

Non-specific fluorescent signals were observed in a few samples (Figures 3 and 4). This 
posed no problem for detecting the bacteria (Figures 3 and 4). Arguably, in a sample with 
a small number of bacteria these non-specific signals might hinder the visual detection 
of bacteria. 

The lowest detectable concentration of bacteria was 105 CFU/ml material, after spiking 
sonication material with different concentrations and strains of bacteria (results not 
shown). This amount is concordant with the findings of miacom diagnostics (personal 
communication). 

FISH performances compared to culture
Bacterial culture of sonication fluid resulted in 27 positive and 35 negative cultures. 
Comparing FISH results with bacterial culture, 24 samples tested true positive, 32 
samples true negative, 3 samples false positive, and 3 samples false negative (Table 
1). These numbers result in a sensitivity of 88.9%, a specificity of 91.4%, a positive 
predictive value of 88.9% and a negative predictive value of 91.4% for FISH. 
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figure 1. 

figure 2. 

Microscopic fluorescence results obtained with FISH for a sample containing Staphylococcus spp. The positive 

control and Staphylococcus spp. probes (red signals), and negative control and Enterobacteriaceae probes 

(green signals) are shown.

Microscopic fluorescence results obtained with FISH for a sample containing Staphylococcus aureus. The 

positive control and Staphylococcus aureus probes (red signals), and negative control and Escherichia coli 

probes (green signals) are shown.
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figure 3. 

figure 4. 

Microscopic fluorescence results obtained with 

FISH for a sample containing Streptococcus 

pneumoniae. Positive signals for Streptococcus 

pneumonia can be seen in red, while no bacteria 

were positive for Proteus mirabilis (green). In 

the lower panel, the red and green channels 

are merged and non-specific signals can be 

observed in yellow.

Microscopic fluorescence results obtained with 

FISH for a sample containing Enterococcus 

faecalis. Positive signals for Enterococcus 

faecalis can be seen in red, while no bacteria 

were positive for Stenotrophomonas maltophilia 

(green). In the lower panel, the red and green 

channels are merged and non-specific signals 

can be observed in yellow.
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Table 1. The heMOfish® MasTerpanel.

concordant

discordant

Total

no of

cases

32

1

8

8

1

1

1

1

1

1

1

1

1

2

2

62

culture - 

identification

Negative

Burkholderia spp.

Propionibacterium 

acnes

Staphylococcus 

epidermidis

Staphylococcus 

aureus

Streptococcus 

pneumoniae

Streptococcus 

agalactiae

Streptococcus 

salivarius

Streptococcus spp. 

Enterococcus 

faecalis

Enterococcus faecalis, 

proteus mirabilis

Haemophilus 

parainfluenzae

Negative

Negative

Escherichia coli

fish - 

eubacterial

probe

Negative

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Positive

Negative

Positive

Positive

Negative

fish - 

identification

Negative

Negative1

Negative1

Staphylococcus spp.

Staphylococcus spp.,

Streptococcus pneumonia

Streptococcus spp.,

Streptococcus pneumonia

Streptococcus spp.,

Streptococcus Agalactiae

Streptococcus spp.

Streptococcus pneumoniae,

Streptococcus agalactiae

Enterococcus faecalis

Enterococcus faecalis2

Negative1

Staphylococcus spp.

Negative

Negative

Culture and FISH results of 62 sonication samples from orthopaedic implants. Number of cases for concordant 

and discordant results between culture and FISH are given. Notes: 1No specific probe was present in the FISH 

kit that could have identified this bacterial strain. 2The sample was culture positive for a mixed infection although 

only one strain was detected with FISH.
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The time-to-results for bacterial culture ranged from 24 hours to 7 days. For FISH, the 
time-to-result was between 45 and 60 minutes, depending on the number of samples 
processed at a time. Bacterial culture demonstrated that four different samples tested 
positive for Staphylococcus aureus, Streptococcus pneumonia, Streptococcus agalactiae, or 
Enterococcus faecalis, which were also identified with the eubacterial and specific FISH-
probes. The strains cultured with the highest incidence were Propionibacterium) acnes 
from 8 samples and Staphylococcus epidermidis, also from 8 samples. Although no specific 
probes for Propionibacterium acnes or Staphylococcus epidermidis were available in the 
FISH kit, all samples tested positive with the eubacterial probe. In addition, the latter 
samples tested positive with the Staphylococcus spp. probe. Another microorganism that 
was detected with the eubacterial probe but was not identified with the hemoFISH® 
Masterpanel was Burkholderia spp.

Further, culture revealed a mixed infection in one sample with Enterococcus faecalis and 
Proteus mirabilis. Although probes for both bacterial strains were available in the FISH 
kit, only Enterococcus faecalis was identified with FISH. Interestingly, one sample was 
culture positive for Streptococcus spp. but tested positive for Streptococcus pneumonia and 
Streptococcus agalactiae with FISH.

Six samples demonstrated differences between the culture results and the results 
obtained with the FISH probes for specific strains. One sample was culture positive for 
Haemophilus parainfluenzae and not detected with the eubacterial probe of FISH. Three 
samples were culture-negative, however, they were found positive for presence of 
bacteria with the eubacterial FISH-probe. One of these samples was FISH-positive for 
Staphylococcus spp. Remarkably, two samples were culture positive for Escherichia coli 
but were not identified with the appropriate probes. 

Discussion

In the present paper we showed that using FISH for detection of bacteria in sonication 
material from orthopaedic patients is advantageous regarding the rapid time-to-results 
(45-60 minutes), compared to bacterial culture (24 hours to 7 days). Furthermore, FISH 
showed good sensitivity (89.9%) and specificity (91.4%). 

In the present study, most of the FISH results were in accordance with the culture 
results. Of the 62 samples, 24 were found true positive and 32 were found true negative 
for presence of bacteria, compared to routine culture. Also, bacteria common in 
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orthopaedics, relevant species or strains like Staphylococcus spp. and Staphylococcus 
aureus, could be identified accordingly. Compared to reported sensitivities and 
specificities of bacterial culture in literature, the sensitivity of FISH on sonication fluid is 
better than periprosthetic tissue culture (32%32, 59%33, and 60.8%19), and comparable to 
other studies describing culture of sonication fluid from orthopaedic implants (78.5%19 
and 87%25).These findings show that the technique FISH is a promising rapid diagnostic 
tool for detection and identification of bacteria in orthopaedic patient sonication material.

Three samples were culture positive for Haemophilus parainfluenzae and two for 
Escherichia coli while FISH failed to detect them. One reason could be that detection 
of bacterial genetic material with FISH might have a lower analytical sensitivity than 
culture. Other studies have shown that molecular methods were less sensitive than 
culture in cases with low quantities of bacteria, or when low-virulence bacteria were 
present34,35. Since the number of bacteria in the patient samples of the present study was 
not quantified, it cannot be confirmed that the samples contained less bacteria than the 
detection limit of 105 CFU/ml. Furthermore, it is possible that the storage of the samples 
at -20°C damaged the rRNA or caused bacterial death. However, in daily practice patient 
material will be employed for microbial diagnostics directly after collection and will not 
be stored. 

Another three samples were found FISH positive with the eubacterial probe, from 
which one could be identified by FISH for Staphylococcus spp. while culture negative. The 
possibility exists that these were false positive results, or that the cultures were false-
negative. To gain more insight in the additional diagnostic value of FISH to bacterial 
culture, results should be compared to a technique that is 100% sensitive and specific, 
which does not exist. 

In our study, a specific commercial kit for commonly isolated pathogens from blood 
samples was used. The greatest advantage of using a commercially available kit was 
that the technique was validated for detection and identification of bacteria in blood 
samples. Further, the kit contained a universal eubacterial 16S rRNA probe for detection 
of bacteria in general, and sham-probes for an adequate negative control for non-
specific probe binding. As this kit did not contain specific probes for Propionibacterium 
acnes, Staphylococcus epidermidis, Haemophilus parainfluenzae, or Burkholderia spp., 
these bacteria could not be identified. However, most of these strains were detected by 
the eubacterial probe, and, in case of Staphylococcus epidermidis, by the Staphylococcus 
spp. probe. Ideally, a kit specifically designed for diagnosing orthopaedic infections 
should contain probes for Staphylococcus aureus, Streptococcus spp., Enterococcus faecalis, 
Escherichia coli, Propionibacterium acnes, Staphylococcus epidermidis, Haemophilus 
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parainfluenzae, Burkholderia spp., and Staphylococcus haemolyticus36.
One point of technical improvement for FISH is to reduce the presence of autofluorescence. 
As most non-specific signals were observed in both the green and red channel, it is most 
likely that these signals were a result of non-specific staining and not a specific staining 
of bacteria. A solution for decreasing the amount of non-specific staining might be to 
separate the patient tissue from the bacteria by filter centrifugation or by applying more 
rigorous washing steps. The latter may, however, interfere with the detection of low 
numbers of bacteria. 

An interesting feature of FISH is that it theoretically can also detect and identify mixed 
infections. Although the cultured mixed infection in one sample was not accurately 
identified by FISH, another sample culture-positive for Streptococcus spp. only was found 
positive for a mixed infection with Streptococcus pneumonia and Streptococcus agalactiae 
with FISH. Nonetheless, the present experiment was not designed to test the ability of the 
FISH kit to identify multiple bacterial strains in patient material. Hence, more research is 
required to examine the accuracy of FISH in identifying these mixed infections. 

In conclusion, the technique FISH is a promising candidate diagnostic tool for improving 
the routine microbial diagnosis of orthopaedic infections. The most prominent 
advantage is the time gain compared to culturing, which allows for a same-day diagnosis 
of infection.  In any case, bacterial culture will remain an important means to identify and 
characterise bacteria and will not be replaced in the near future by another technique. 
However, as some bacteria are difficult to cultivate despite optimal culture methods37, 
supplementing bacterial culture with a molecular technique that is not dependent on 
bacterial growth has promise to optimise diagnostic accuracy. 
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Abstract

Background
Implant-related infections represent one of the most severe complications in 
orthopaedics. A fast-resorbable, antibacterial-loaded hydrogel may reduce or prevent 
bacterial colonization and biofilm formation of implanted biomaterials. 

Questions/purposes
We asked: (1) Is a fast-resorbable hydrogel able to deliver antibacterial compounds in 
vitro? (2) Can a hydrogel (alone or antibacterial-loaded) coating on implants reduce 
bacterial colonization? And (3) is intraoperative coating feasible and resistant to press-
fit implant insertion?

Methods
We tested the ability of Disposable Antibacterial Coating (DAC) hydrogel (Novagenit Srl, 
Mezzolombardo, Italy) to deliver antibacterial agents using spectrophotometry and a 
microbiologic assay. Antibacterial and antibiofilm activity were determined by broth 
microdilution and a crystal violet assay, respectively. Coating resistance to press-fit 
insertion was tested in rabbit tibias and human femurs.

Results
Complete release of all tested antibacterial compounds was observed in less than 96 
hours. Bactericidal and antibiofilm effect of DAC hydrogel in combination with various 
antibacterials was shown in vitro. Approximately 80% of the hydrogel coating was 
retrieved on the implant after press-fit insertion.

Conclusions
Implant coating with an antibacterial-loaded hydrogel reduces bacterial colonization 
and biofilm formation in vitro.

Clinical Relevance 
A fast-resorbable, antibacterial loaded hydrogel coating may help prevent implant-
related infections in orthopaedics. However, further validation in animal models and 
properly controlled human studies is required.
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Introduction

Once a biofilm has been formed on an implant’s surface, it is difficult to treat the infection 
because the bacteria residing in the biofilm are protected from both phagocytosis and 
antibiotics. Evidence shows the role of biofilms as an impenetrable mechanical barrier 
against soluble agents1-3 and this explains why, over the last decades, systemic antibiotics 
have shown their limits in treatment and prevention of biofilm-related infections3-5. 

To prevent bacterial colonization of implanted biomaterials, various antibacterial 
surface coatings have been proposed, but current technologies are far from large-scale 
application in orthopaedics due to various limitations, including questionable long-
term effect on bacterial resistance and on bone ingrowth, regulatory issues, and costs6-11. 
In this evolving panorama, a fast-resorbable antibacterial-loaded hydrogel coating may 
theoretically offer (1) efficacy toward early bacterial colonization, providing complete 
protection of the implant for the time needed to win the ‘‘race to the surface’’, i.e., in the 
first hours after surgery; (2) safety, as high local concentration and fast and complete 
release of the antibacterial may avoid induction of antibiotic resistance and possible 
risks of long-term effects on bone healing; (3) versatility, through intraoperative 
mixing with a choice of different antibacterial agents; (4) ease of handling; and (5) 
reduced costs for large-scale application. 

In this preclinical multi-institutional study, we investigated (1) the ability of a fast-
resorbable hydrogel to deliver different antibiotic and antibiofilm compounds locally; 
(2) the ability of the hydrogel coating, alone and in combination with antibacterial 
agents, to reduce or prevent bacterial colonization and biofilm formation on biomaterials 
commonly used in orthopaedics in vitro; and (3) the feasibility of intraoperative coating 
of a standard joint prosthesis and the capability of the coating to resist press-fit 
intramedullary implant insertion. 

Materials and Methods 

All reported experiments were performed using the Disposable Antibacterial Coating 
(DAC) (Novagenit Srl, Mezzolombardo, Italy) hydrogel, a patented, Conformité 
Européene (CE)-marked medical device, intended to be used as a disposable, 
fast-bioresorbable antibacterial coating for implants such as joint prostheses or 
osteosynthesis. DAC hydrogel is not cleared for use in the United States by the FDA. 
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DAC hydrogel, previously shown to meet the UNI EN ISO 11137-10993-1, 10993-3, 10993-
5, 10993-6, 10993-9, 10993-10, 10993-11, 10993-13, ISO 13781:1997, ASTM F 1635-
11 standards for safety (Novagenit Srl, data on file), is composed of covalently linked 
hyaluronan and poly-D,L-lactide; complete hydrolytic degradation of the hydrogel is 
supposed to take place in vivo12. The hydrogel was delivered in a fully functional kit, 
comprising two separately packaged units: (1) a syringe containing the DAC® powder, 
ready for reconstitution with the active drug, and (2) a procedure pack containing three 
components for reconstitution and spreading of the resulting hydrogel (Fig. 1). 

The present research was conducted under the multi-institutional collaborative project 
‘‘Implant Disposable Antibacterial Coating (IDAC): A Novel Approach to Implant-
Related Infections in Orthopaedics and Trauma Surgery’’, funded by the European 
Commission, within the Seventh Framework Programme on Research Technological 
Development and Demonstration under Grant 277988. 

Antibiotic Delivery Ability 
Studies were performed to evaluate the ability of this hydrogel to release different 

figure 1. 

Spreading of the hydrogel on a titanium prosthesis through a suitable syringe spreader is shown.
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antibiotics and antibiofilm compounds. Double-packaged syringes containing sterile 
DAC® powder were provided by the manufacturer. The reconstituted hydrogel was 
studied with regard to its ability to deliver bactericidal levels of a selection of antibiotic 
and antibiofilm compounds (vancomycin, gentamicin, tobramycin, amikacin, 
N-acetylcysteine [NAC], and sodium salicylate). All of these compounds were purchased 
from Santa-Cruz Biotechnology Inc (Santa Cruz, CA, USA) in the form of powder, except 
for gentamicin, which was obtained in solution at a concentration of 50 mg/mL. 

Photometric measurements were performed by means of a Cobas Integra1 400 Plus 
analyser (Roche Diagnostics Ltd, Rotkreuz, Switzerland) at the Laboratory of Clinical 
Pharmacology of the University Hospital of Larissa (Larissa, Greece). Each release 
experiment was performed twice. 

Reconstitution of the gel was performed according to the manufacturer’s instructions. 
Briefly, syringes prefilled with 60 mg DAC® powder were reconstituted with 1 mL of 
sterile water containing the antibacterial or antibiofilm substances to obtain a hydrogel 
with a DAC1 concentration of 6% (w/v). 

The final concentration used for all agents mixed with 1 mL hydrogel was 20 mg/mL, 
except for tobramycin, which was used at a concentration of 10 mg/mL. Timepoints used 
in the in vitro release study were 2, 4, 6, 24, 48, and 96 hours. All release studies were 
performed in fetal calf serum (FCS) (Biowest SAS, Nuaillé, France) in Nunc1 six- and 
48-well culture plates (Thermo Scientific, Milano, Italy). Vancomycin release was also 
studied in human serum (HS) (Life Technologies Corp, Grand Island, NY, USA) at two 
starting concentrations of 20 mg/mL and 2 mg/mL. 

Hydrogel coating of different biomaterial surfaces (cobalt-chrome disks, polyethylene 
disks, titanium disks, and plastic culture well surfaces) was tested after loading with 
vancomycin, gentamicin, amikacin, tobramycin, NAC, and sodium salicylate, according 
to the same procedure. Briefly, a solution of the substance to be tested was prepared 
using water for injections, taking into account the indicated amount to be loaded in 
the hydrogel and assuming that the powder reconstitution was carried out directly 
with this solution. Then, 1000 µL solution containing the substance to be tested was 
taken with a syringe that was connected to a syringe containing DAC powder to allow 
the reconstitution according to manufacturer’s instructions. After complete hydration 
of the product, the disk simulating the surface of the orthopaedic implant under study 
was placed on an analytical balance to a weight of 200 mg (10% tolerance) of gel. This 
quantity of gel was then spread uniformly over the entire surface of each disk using the 
spreader supplied together with the other components. The disk with the gel was then 
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immersed in 6 mL FCS or HS and the container closed to prevent evaporation and stored 
at 37°C without shaking. Then, 1 mL release medium was removed with a precision 
pipette and sterile tips at 2, 4, 6, 24, 48, and 96 hours. The 1-mL aspired aliquot was 
placed in a 2-mL plastic vial and frozen at 20°C for subsequent analysis. The release 
medium collected was immediately replaced by 1 mL fresh FCS or HS, so that the volume 
was kept at 6 mL until the end of the study. 

Release data for the single experimental time points were calculated as follows: analytical 
raw data (expressed as µg/mL) normalised to the instrumental standard curve were 
multiplied with the total buffer volume (mL) used for incubation to determine substance 
quantity (µg). The incubation volume was kept constant throughout the experiment by 
integrating at the moment of sampling the volume with fresh buffer. This procedure 
unavoidably leads to dilution. As a consequence, the overall quantity (in µg) for a given 
time point was determined by adding the amount of substance taken away in sampling 
the previous time points. Finally, the substance release was expressed as the percentage 
of the total quantity initially loaded (i.e., concentration of the substance inside the 
hydrogel [µg substance/µg hydrogel] x quantity of hydrogel loaded on the disc [µg]). 

In a separate experimental procedure, vancomycin concentration was also tested on 
sand-blasted titanium and chrome-cobalt disks (AdlerOrtho Srl, Milano, Italy) by means 
of a microbiologic assay, using a methicillin-resistant Staphylococcus aureus strain 
(MRBP-2) from the collection of the IRCCS Galeazzi Institute (Milan, Italy). The biologic 
measure of the antibiotic concentration was performed on the basis of its inhibitory 
effect (measurement of the inhibition zone diameter). To this aim, the inhibitory effect 
of the sample was compared with the inhibitory effect of graded doses of a standard. By 
using a calibration curve of different concentrations of antibiotic and calculating the 
regression equation, antibiotic concentration in elution fluids can be calculated. The 
following algorithm was used to calculate the antibiotic concentration:

Log[antibiotic concentration µg/mL = intercept – slope[inhibition zone diameter (mm)]

Antibacterial Activity
The antibacterials tests were aimed at assessing the effects of the hydrogel coating, 
either pure or loaded with antibacterials, on bacterial growth and biofilm formation on 
common orthopaedic biomaterials. 

Minimum Inhibitory Concentration 
For the purpose of this study, minimum inhibitory concentration (MIC) was defined 
as the lowest concentration of antibacterial substance in the presence of which the 
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tested microorganism was not able to grow. MIC values were determined by the broth 
microdilution method. 

To evaluate any effect of the gel on the MIC values, the test was conducted for each strain 
and substance on the gel alone, on the antibacterial/antibiofilm substance alone, and on 
the gel supplemented with the antibacterial/antibiofilm substances.

Gentamicin, vancomycin, and NAC were mixed into the gel to assess MIC tests and 
antibiofilm activities. These compounds were selected because gentamicin and 
vancomycin are among the most used antibiotics for local administration and also have 
different steric and chemical properties, so they may behave differently when mixed 
with the hydrogel. NAC was chosen as this is one of the few antibiofilm agents that is 
safe for parenteral use in humans and also has an antibacterial effect7,10, although it is 
not cleared for local administration in orthopaedics. Starting concentration, further 
diluted to test MIC, was 256 µg/mL for gentamicin and vancomycin and 100 mg/mL for 
NAC. Concentrations of the tested antibacterial were the same when it was tested alone 
or in combination with the hydrogel. 

Clinical strains used in this study were selected from the Microbiology Laboratory 
collection (stored at 80°C) from patients of the Center for Reconstructive Surgery of 
Osteoarticular Infections of the IRCCS Galeazzi Institute. These strains were selected 
for their properties of resistance to antibacterial agents and for their high ability to 
produce biofilm on prosthetic materials in vitro. In particular, we used one clinical 
strain of methicillin-resistant S. aureus, one of methicillin-resistant Staphylococcus 
epidermidis, one of Escherichia coli, one of vancomycin resistant Enterococcus faecalis, one 
of Acinetobacter baumannii, and one of Pseudomonas aeruginosa. 

All bacterial strains were grown overnight in tryptic soy broth (TSB) (Biomerieux, 
Marcy l’Etoile, France) at 37°C under aerobic conditions, unless specified otherwise. 
Reconstitution of the gel was performed according to manufacturer’s instructions 
as described above. For each strain, a bacterial suspension with a density equal to 0.5 
McFarland (1x108 colony-forming units [CFU]/mL) was prepared and properly diluted 
to obtain a concentration of 1x104 CFU/mL; then 10 µL was inoculated in a 96-well 
microplate containing 100 µL TSB and a serial dilution of the tested substance. The last 
column of the plate was used as a positive control of growth. After incubation at 37°C 
for 24 hours, the MIC values were read, which corresponded to the last concentration 
in which there was visible bacterial growth by formation on the bottom. Assays were 
performed in duplicate for each strain, and if the MIC of two tests differed for more than 
one well, the assay was repeated.
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Antibiofilm Activity 
The same methicillin-resistant S aureus and S epidermidis strains as indicated above 
were used to evaluate the antibiofilm activity on mature biofilm of the gel reconstituted 
with vancomycin, gentamicin, and NAC. The hydrogel supplemented with vancomycin 
(20 mg/mL), gentamicin (20 mg/mL), or NAC (100 mg/mL) was compared to each 
antibacterial alone. 

Sand-blasted titanium, cobalt-chrome, and polyethylene disks were used as substrate 
for biofilm formation. Briefly, the disks were placed into six-well flat-bottomed sterile 
polystyrene microplates (Jet Biofil1; Guangzhou Jet Bio- Filtration Products Co, Ltd, 
Guangzhou, China) containing 5 mL TSB and 200 µL of the bacterial suspension. The 
microplates were incubated at 37°C aerobically. After 24 hours, the exhausted growth 
medium eventually containing the nonadherent bacteria was removed and replaced 
by 5 mL fresh medium. The plates were incubated for a further 48 hours to obtain the 
mature biofilm. Before the treatments, the remaining nonadhering bacteria, if any, were 
removed by washing three times with sterile saline solution. For each strain, several 
disks were prepared for monitoring the hydrogel activity at different time points: 2, 4, 6, 
24, and 48 hours after the biofilm-gel contact. Two hundred milligrams (10% tolerance) 
of gel was spread over the entire surface of each disk with mature biofilm and each disk 
was incubated under proper conditions with 5 mL fresh TSB. At each time point, disks 
were recovered and, after several washes, allowed to air dry. Subsequently, to evaluate 
the efficacy of the hydrogel supplemented with antibacterial or antibiofilm substances, 
the whole biomass present on each disk was determined after different incubation times 
by the method described by Christensen et al.13. Briefly, air-dried disks were immersed 
in a 5% crystal violet solution for 15 minutes and, after several washings, were air 
dried again. The estimation of biofilm biomass was performed by elution of the biofilm 
bound to crystal violet with 3 mL ethanol (96%) followed by the determination of the 
absorbance of 100 µL of eluted dye solution at 595 nm using a microplate photometer 
(Multiskan FCTM; Thermo Scientific). Measurements were carried out in triplicate. 
Percentage of biofilm reduction was calculated according to the following formula:

[(absorbance growth control – absorbance samples) / absorbance growth control] x 100

Two more S aureus and S epidermidis strains were tested at the University of Heidelberg 
to assess biofilm formation and bacterial growth inhibition on sand-blasted titanium 
at time intervals of 48 hours and 5 to 7 days, comparing the hydrogel alone to the gel 
supplemented with vancomycin (Calbiochem1; Merck KGaA, Darmstadt, Germany), 
gentamicin (Refobacin1; Merck KGaA), meropenem (Hospira; Hospira, Munich, 
Germany), rifampicin (Eremfat1; Fatol Arzneimittel GmbH, Schiffweiler, Germany), 
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ciprofloxacin (Ciprobay®; Bayer HealthCare AG, Leverkusen, Germany), daptomycin 
(Cubin®; Cubist Pharmaceuticals, GmbH, Nuremberg, Germany), diclofenac sodium 
(Sigma-Aldrich, Munich, Germany), and NAC (Sigma-Aldrich) in concentrations 
ranging from 0.2 mg to 100 mg/mL. 

Surgical Use Feasibility 
Experiments were performed to test the resistance of the hydrogel coating on an 
implant surface against removal after press-fit insertion in bone. These ‘‘drag tests’’ 
were performed in both an ex vivo animal model and human femurs. 

Rabbit Tibias 
Sixty milligrams of DAC powder was mixed with 1 mL water containing 1% methylene blue 
(Merck). The gel was then applied to a sand-blasted titanium rod (Adler- Ortho) (4.0-
mm diameter, 25-mm length, mean 5.6-lm surface roughness) until the implant was 
completely covered. A hole with a diameter of 4.1 mm was drilled in the tibial medullary 
canals in the tibial plateaus of six rabbit previously explanted tibias (New Zealand White 
rabbits) (the tibias were kindly provided by the Central Laboratory Animal Research 
Facility of the University Medical Center Utrecht, Utrecht, The Netherlands). Each rod 
covered with gel was inserted into one of the tibias. The tibias were sawed in half with an 
electrical saw. Photographs were taken of the implants and of both sides of the tibias. To 
calculate the amount of hydrogel that remained on the implants, the implant alone and 
the implant covered with hydrogel before and after implantation were weighed, as well 
as the amount of gel that was squeezed out of the canal after inserting the titanium rod. 

Human Femurs 
In 10 human femurs, the femoral head was removed with an oscillating saw and the 
femoral shaft reamed with dedicated instruments until the proper size for press-
fit implant of a straight, sand-blasted (mean 6-lm surface roughness) titanium 
standard femoral stem (Recta; Adler- Ortho Srl) was achieved. Before implantation, 
1% 300 mg DAC powder, reconstituted with 5 mL water for injections, containing 1% 
methylene blue (Merck) for further identification and also, in six femurs, vancomycin 
at a concentration of 2% w/v were applied on the prosthesis with a suitable spreader 
until the implant surface was completely covered. With 5 mL gel, it was possible to 
coat up to two medium-sized prosthetic stems. The spreading time ranged from 3 to 
5 minutes. The implant covered with gel was then inserted into the femoral canal. The 
blue substance that squeezed out after implantation was collected and weighed. After 
press-fit insertion of the prosthesis, the femur was sawed in half longitudinally on the 
medial and lateral aspects using an oscillating saw, allowing opening of the shaft for 
inspection of the inner surface in contact with the prosthesis. Photographs were then 

Chapter 5



9190

taken of the implant and the femur on both sides and surface coverage by the hydrogel 
stained with methylene blue was visually analysed. In the six femurs with vancomycin, 
the weight of the prosthesis before the coating and after explantation was compared to 
assess the amount of hydrogel on the prosthesis after insertion in the femoral canal. 

Statistical Analysis 
Statistical analysis was conducted with a two-way ANOVA followed by Bonferroni’s 
correction using statistical software from VassarStats (Poughkeepsie, NY, USA). 
Significance level was set at p values of less than 0.05. 

Results 

Antibiotic Delivery Ability 
Peak release was observed at 2 hours after submerging the coated disks into the serum, 
regardless of the compound, the surface, or the temperature at which incubation took 
place. The release patterns of gentamicin, amikacin, tobramycin, vancomycin, NAC, and 
sodium salicylate are reported on different substrates (Fig. 2). At 48 to 72 hours, the 
release of all tested compounds was almost complete or complete. The concentration 
at 96 hours was directly proportional to the initial concentration used to prepare the 
hydrogel. Thus, when 20 mg/mL was used as a starting concentration, the lowest level 
reached at 96 hours ranged from 200 to 300 µg/mL, while when an initial concentration 
of 2 mg/mL was used, the concentration at 96 hours was approximately 20 µg/mL.

Microbiologic assay showed, for vancomycin tested at an initial concentration of 20 mg/
mL or 50 mg/mL, peak concentrations were approximately 1800 µg/mL and 3500 µg/
mL, respectively, at 2 hours, with a gradual decline to 600 to 1000 µg/mL (polyethylene 
disks) or 350 to 540 µg/mL (cobalt-chrome disks) at 96 hours, respectively. Using the 
same approach and HS instead of FCS, peak concentration showed a slight delay (4 hours 
instead of 2 hours), while at 96 hours, final concentrations overlapped those measured 
in FCS. 

In summary, both photometric measurement and microbiologic assays showed that all 
tested compounds were completely or nearly completely released from the hydrogel 
within 96 hours, with a peak release varying between 2 and 4 hours, depending on the 
medium, with concentrations measured at each time interval directly proportional to 
the starting ones. 
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fig. 2 a–f
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(F) sodium salicylate from DAC hydrogel on different substrates (cobalt-chrome, polyethylene, titanium). Peak 

concentration was observed after 2 hours, regardless of the loaded compound and initial concentration.
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Antibacterial Activity Minimum Inhibitory Concentration 
The hydrogel alone did not show a measurable antibacterial activity, while the MICs for 
gentamicin, vancomycin, and NAC were unchanged or reduced up to four times when 
these compounds were tested in combination with the hydrogel (Table 1).

Antibiofilm Activity

Table 1. The heMOfish® MasTerpanel.

Microrganism

Staphylococcus

epidermis

Staphylococcus 

aureus

Enterococcus 

faecalis

Escherichia

coli

Acinetobacter

baumannii

Pseudomonas

aeruginosa

Minimum inhibitory

concentration µg/ml

Minimum inhibitory

concentration µg/ml

Minimum inhibitory

concentration µg/ml

vancomycin

4*

0.5

2*

>128

>128

>128

gentamicin

2*

2

>128

8

>128

>128

n-acetylcysteine

12.5

25*

25*

25*

12.5

25*

hydrogel

+ vancomycin

1*

0.5

0.5*

>128

>128

>128

hydrogel

+ gentamicin

0.5*

1

64

4

>128

>128

hydrogel

+ n-acetylcysteine

6.125

6.125*

6.125*

6.125*

6.125

6.125*

Minimum inhibitory concentration of DAC hydrogel coating on a titanium surface alone or in combination with 

various antibacterial agents

* A reduction of minimum inhibitory concentration of at least four times was observed using hydrogel + antibiotic in 

comparison to the antibiotic alone.

At different time points, the hydrogel supplemented with vancomycin, gentamicin, or 
NAC reduced the amount of mature biofilm to a larger extent that that measured for any 
antibacterial alone on sand-blasted titanium disks (Fig. 3). The difference was evident 
from the very first hours of incubation and was maintained until the latest observation 
point of 48 hours. Similar results were obtained on polyethylene disks and chrome-cobalt 
substrates at 2 and 48 hours (Table 2).
The hydrogel supplemented with various antibacterials showed a remarkable inhibition 
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fig. 3 a–f

Graphs show antibiofilm activity on titanium disks of (A, B) vancomycin alone and hydrogel + vancomycin, (C, D) 

gentamicin alone and hydrogel + gentamicin, and (E, F) NAC alone and hydrogel + NAC in (A, C, E) S aureus and 

(B, D, F) S epidermis. Hydrogel supplemented with the different substances shows a greater

antibiofilm activity when compared with the gel alone or with the substances alone (**p<0.001; *p<0.05).
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of biofilm formation and of planktonic bacterial growth of the tested strains, compared 
to the hydrogel alone (Table 3). Interestingly, pure antibiofilm agents, such as diclofenac 
sodium, only prevented biofilm formation but did not show any effect on planktonic 
bacteria growth. At the concentrations tested, NAC showed a progressively more 
effective bacterial growth inhibition and antibiofilm effect.

Surgical Use Feasibility 
Rabbit Tibias 
After implantation of the gel-covered titanium rod, the mean ± SD amount of hydrogel 
adhering to the rod was 0.08 ± 0.01 g (range, 0.07–0.09 g) (58%) and the mean amount 
extruded during implantation was 0.06 ± 0.01 g (42%). On average, 0.24 mg/mm2 
covered the surface of the rod after implantation. After cutting the tibia in half, the 
implant showed methylene blue staining by the gel on the entire rod surface. The most 
intense blue staining however could be seen on both halves of the tibia. Interestingly, 
the staining on the inside of the tibia was most intense at the bottom and the upper part 
of the implant site. The middle part was either less intensely stained or not at all. 

Human Femurs 
After implantation of the coated prosthesis and opening of the femurs, the implant 
appeared still completely covered with blue hydrogel. Furthermore, the inside of the 
femur was heterogeneously covered with blue hydrogel over the complete length of 
the implant (Fig. 4). Some of the bone marrow adhered to the corresponding place of 
the implant, which caused some absence of blue staining on the inside of the femur. 
Observing the residual traces of the dye on the inner side of the bone shafts, it was noted 
that most of the tissue staining appeared in areas of greater contact, i.e., in the apical 
zones, corresponding to areas just below the greater trochanter. In deeper distal areas, 
it was noticed that different portions of the spongy bone had remained adherent to the 
stem of the prosthesis, confirming the remarkable adhesion of the hydrogel and the 
complete absence of visible dragging. On visual inspection, no difference in staining 
intensity at the surface of the implant was noted, comparing different experiments or 
when the hydrogel was used alone or mixed with 2% vancomycin. 

Due to the mixing of the hydrogel with bone marrow, the substance that squeezed 
out during implantation together with the amount of gel covering the implant after 
implantation weighed more than the amount of gel applied before implantation. A mean 
of 78% ± 16% (range, 71%–85%) of the hydrogel initially applied to the prosthesis was 
retrieved on the explanted implants. 
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Table 3.

antibiotic

Gentamicin

Rifampicin

Vancomycin

Cibrofloxacin

Daptomycin

Meropenem

N-Acetylcysteine

Diclophenac

concentration

(mg/ml)

40

10

50

10

50

10

1

50

10

50

10

20

2

1

0.2

20

4

20

4

inhibition of biofilm growth 

compared to growth on

hydrogel-covered titanium

discs (%)

Measured after

48 hours

100

25

100

100

100

100

100

100

100

100

100

100

60

60

None

100

100

100

100

48 hours

100

None

None

None

100

100

100

100

100

100

80

100

100

100

None

20

None

20

None

5-7 days

None

None

100

100

100

100

100

100

100

100

100

100

50

50

None

100

100

100

100

5-7 days

None

None

50

40

100

100

100

100

100

100

100

100

100

100

None

None

None

None

None

Measured after

inhibition of growth

of planktonic

bacteria (%)

Staphylococcus aureus biofilm and planktonic bacterial growth inhibition of DAC hydrogel loaded with various 

compounds, compared to hydrogel alone*

* All experiments were carried out on titanium discs; data are the mean of triplicates
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figure 4 a-e. 

An implant (Size 6) was (A) covered with hydrogel and (B) implanted in a human femur. (C) Afterwards, the femur 

was cut into two halves. Note the blue staining heterogeneously distributed on the inner surface. (D, E) Both 

sides of the implant are completely covered with blue gel and some bone marrow (brown).
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Discussion

Implant-related infections represent one of the most severe complications in 
orthopaedics, with a reported incidence ranging from less than 1% to 3% after joint 
arthroplasty14-17 to 2% to 5% after spine surgery18,19 and even higher after severe trauma 
fixation20-22. To overcome this problem, various strategies to provide implants with an 
antibacterial coating have been proposed11. A first approach includes porous materials, 
loaded with antibiotics; among these, antibiotic-loaded polymethylmethacrylate 
(PMMA) is probably the oldest and the best known. However, PMMA is a resin not originally 
designed to act as a local drug delivery carrier, is not suitable to coat osteosynthesis 
or cementless implants, is nonbiodegradable, and is prone to microbial adhesion and 
biofilm formation. Also, it may only be loaded with a restricted range of antibiotics and 
the long-lasting release may induce antibiotic resistance23-25. Other solutions, such as 
cancellous bone26, collagen sponges27, or newer biodegradable elution systems28,29, share 
the goal of keeping the implant surface sterile and are biodegradable. Interestingly, 
most of these controlled release systems are powerful therapeutic tools, showing high 
local antibiotic concentrations over a short term. For example, in an allograft system, 
independent of initial concentrations and time of impregnation, approximately 75% of 
the adsorbed vancomycin and approximately 99% of netilmicin elute within only 120 
hours30. However, potential drawbacks of these elution systems when used as implant 
coatings include their limited antibacterial spectrum, possible exposure of the surviving 
bacteria to subinhibitory concentrations of antibiotics, unproven efficacy against 
biofilm-embedded bacteria or at preventing biofilm formation31, possible local tissue 
toxicity and interference with implant osteointegration, and high costs8,9,32,33. Another 
technologic approach, aimed at changing the physical/chemical composition of the 
implant surface permanently, such as silver-impregnated surfaces34 or antibiotics or 
antimicrobial peptides covalently attached to an implant surface6,35,36, raises still more 
concerns regarding long-term tissue toxicity, osteointegration, and bacterial-resistance 
induction, posing regulatory dilemmas that appear difficult to solve, as the implant 
becomes more and more similar to an active drug inserted into the body37,38. Moreover, 
given the fact that the implant coating should be applied during manufacture, any new 
coating (e.g., vancomycin instead of gentamicin) would require new investigations and 
approval by local regulatory bodies, with an exponential increase in time and costs. 

In an effort to overcome at least some of the limits of the current approaches and instead 
of looking at long-term release systems, we investigated whether a fast-resorbable 
hydrogel was able to be loaded and to deliver antibacterial compounds locally, thus 
providing local antibacterial and antibiofilm protection in vitro and, at the same time, 
being capable of resisting declothing when used as a press-fit implant coating. 
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Our in vitro data show that all of the tested compounds were delivered from the hydrogel 
within 96 hours, with a peak in the very first hours. The quick time to a complete release 
of the antibacterial reduces to a minimum the risk of induced antibiotic resistance. It 
also represents a change of paradigm, where most researchers look for prolonged or 
permanent antibacterial coatings11; contrary to this common vision, our in vitro results 
support the concept that the race to the surface is won in the very first hours after 
implant insertion in the body31 and that is the time when an antibacterial coating needs 
to exert its function, just as systemic prophylaxis has been shown to be necessary only 
in the short term perioperatively. 

In line with this premise, a second goal of this study was to assess the ability of the 
antibacterial-loaded hydrogel to reduce or prevent bacterial colonization and biofilm 
formation on a coated implant in vitro. This is, to our knowledge, the first demonstration 
that a fast-resorbable biodegradable hydrogel was able to reduce or prevent biofilm 
formation in combination with commonly available antibiotics and antibiofilm agents. 
Concerning this latter achievement, a number of antibiofilm compounds are currently 
under study, but only NAC and some anti-inflammatory drugs have shown antibiofilm 
activity and are cleared for human use, even if with different indications7. 

Furthermore, we addressed the ability of the hydrogel coating to resist press-fit 
insertion. Coatings of orthopaedic implants may in fact be detached, a problem both 
with controlled release and tethered systems. For all systems, the fragility is associated 
with the significant forces that are often applied to orthopaedic hardware during 
insertion11. In our experiments, we showed for the first time that a hydrogel coating 
may resist press-fit insertion in an animal model with a cylindrical nail and in a human 
femur model using a common press-fit femoral stem. 

Our study had several major limitations. First, concerning the release studies, in our 
experimental condition, a rate of fluid exchange of approximately 1/6 of the initial 
volume at any fixed interval time was simulated; however, this is not necessarily 
what is be found in vivo, where these values are not necessarily the same and can vary 
greatly from one patient to another. Our results suggest that the tested hydrogel does 
not behave as a classical sustained drug release system, as it was rapidly eluted in 
the serum, quickly releasing its content, i.e., within the first 2 to 4 hours. The release 
profile was not altered, regardless of the compound tested, the medium, the surface 
that the hydrogel was applied to, or the incubation temperature. Further decrease of 
concentration of loaded agents appears to be dependent on starting values and on the 
rate of fluid exchange. It should be noted though that, in all the experimental conditions 
tested, despite the rapid release, the concentration remained much higher than the MIC 
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(from 100 to 10 times higher) when 20 mg/mL was used. In the case of vancomycin, even 
when 2 mg/mL was tested as the starting concentration, the lowest levels obtained after 
96 hours of incubation were close to the recommended trough levels for vancomycin 
(15–20 µg/mL; MIC for vancomycin, ≤ 2–4 µg/mL). Obviously, the final concentration 
is directly related to the starting concentration, which thus seems to be critical for 
clinical applications. 

Concerning the antibacterial activity, a lower MIC for the antibiotic-loaded hydrogel 
compared to each substance tested alone gentamicin, vancomycin, or NAC) was 
observed. However, this phenomenon has only been tested on a limited number of 
microorganisms and at a single antibacterial concentration. As previously published 
observations are lacking, further studies are needed to confirm these data and to evaluate 
its clinical relevance. Moreover, the possible mechanism underlying this finding, which 
may theoretically include increased cell permeability or longer stability and action of 
the drug delivered, has not been determined. 

Hydrogel loaded with gentamicin, vancomycin, or NAC exhibited synergistic antibiofilm 
activity when compared with the activity of each agent alone against S aureus and S 
epidermidis. This finding is rather unique, since, although antifouling ability of hyaluronic 
acid has been previously reported, a possible synergistic effect of a hydrogel carrier and 
an antibacterial substance with regard to biofilm formation has not been described39,40. 
Once again, the mechanisms underlying this finding have not been investigated and may 
be due to chemical and physical reasons. For example, in the case of NAC, the hydrogel 
may prevent oxidation, maintaining its antibiofilm activity for longer periods of time. 
However, we showed a synergistic antibiofilm effect of the hydrogel only in vitro, on 
a limited number of microorganisms and compounds, and at only one concentration. 
Further studies are needed to confirm these data and to evaluate their clinical relevance. 

Utility in surgical situations is demonstrated by retention of hydrogel on coated implants 
during the implantation process. However, even if press-fit insertion in the diaphyseal 
canal of a sand-blasted titanium implant was not associated with declothing, both with 
or without vancomycin in the hydrogel coating, the ability of the hydrogel to coat other 
commonly used implants, such as acetabular cups, knee, or shoulder prostheses, plates, 
or nails, was not investigated and the effect of different surface finishing or composition 
is also open to further research. 

In conclusion, our study provides evidence for the first time that a resorbable hydrogel, 
composed of covalently linked hyaluronan and poly-D,L-lactide, is able to quickly 
deliver local antibacterial compounds, thus inhibiting biofilm formation on different 
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substrates and planktonic bacterial growth in vitro. Intraoperative coating of implants 
with the tested hydrogel appears safe and feasible, while resistance of the coating to 
scraping during press-fit implant insertion has been demonstrated. An antibacterial-
loaded hydrogel coating may represent a possible option to protect orthopaedic implants 
from bacterial colonization, provided that further studies will confirm its efficacy in 
vivo, as recently reported41, and in clinical trials. 

Acknowledgments 

The authors thank Dr. Anna Sacchetta MD and avide Bellini from Novagenit Srl for their 
technical advice concerning hydrogel chemical and physical aspects; Christian Vassena 
from Galeazzi Institute for data collection and statistical analysis; and Professor Charles 
Vogely PhD from Utrecht University for his support concerning the animal tests.

Chapter 5



107106

References

1 Barth, E., Myrvik, Q. M., Wagner, W. & Gristina, A. G. In vitro and in vivo comparative colonization of  

 Staphylococcus aureus and Staphylococcus epidermidis on orthopaedic implant materials. Biomaterials 10,  

 325-328 (1989).

2 Petty, W., Spanier, S., Shuster, J. J. & Silverthorne, C. The influence of skeletal implants on incidence of infection.  

 Experiments in a canine model. The Journal of bone and joint surgery. American volume 67, 1236-1244 (1985).

3 Zimmerli, W. & Moser, C. Pathogenesis and treatment concepts of orthopaedic biofilm infections. FEMS  

 immunology and medical microbiology 65, 158-168, doi:10.1111/j.1574-695X.2012.00938.x (2012).

4 Kurtz, S., Ong, K., Lau, E., Mowat, F. & Halpern, M. Projections of primary and  revision hip and knee  

 arthroplasty in the United States from 2005 to 2030. The Journal of bone and joint surgery. American volume 89,  

 780-785, doi:10.2106/JBJS.F.00222 (2007).

5 Lowy, F. D. Staphylococcus aureus infections. The New England journal of medicine 339, 520-532, doi:10.1056/ 

 NEJM199808203390806 (1998).

6 Tsuchiya, H., Shirai, T., Nishida, H., Murakami, H., Kabata, T., Yamamoto, N., Watanabe, K. & Nakase, J.  

 Innovative antimicrobial coating of titanium implants with iodine. Journal of orthopaedic science : official  

 journal of the Japanese Orthopaedic Association 17, 595-604, doi:10.1007/s00776-012-0247-3 (2012).

7 Romano, C. L., Toscano, M., Romano, D. & Drago, L. Antibiofilm agents and implant-related infections in  

 orthopaedics: where are we? Journal of chemotherapy 25, 67-80, doi:10.1179/1973947812Y.0000000045 (2013).

8 Antoci, V., Jr., Adams, C. S., Hickok, N. J., Shapiro, I. M. & Parvizi, J. Antibiotics for local delivery systems  

 cause skeletal cell toxicity in vitro. Clinical orthopaedics and related research 462, 200-206, doi:10.1097/ 

 BLO.0b013e31811ff866 (2007).

9 Arciola, C. R. New concepts and new weapons in implant infections. The International journal of artificial organs  

 32, 533-536 (2009).

10 Drago, L., De Vecchi, E., Mattina, R. & Romano, C. L. Activity of N-acetyl-L-cysteine against biofilm of  

 Staphylococcus aureus and Pseudomonas aeruginosa on orthopedic prosthetic materials. The International  

 journal of artificial organs 36, 39-46, doi:10.5301/ijao.5000135 (2013).

11 Hickok, N. J. & Shapiro, I. M. Immobilized antibiotics to prevent orthopaedic implant infections. Advanced drug  

 delivery reviews 64, 1165-1176, doi:10.1016/j.addr.2012.03.015 (2012).

12 Pitarresi, G., Palumbo, F. S., Calascibetta, F., Fiorica, C., Di Stefano, M. & Giammona, G. Medicated hydrogels  

 of hyaluronic acid derivatives for use in orthopedic field. International journal of pharmaceutics 449, 84-94, 

 doi:10.1016/j. ijpharm.2013.03.059 (2013).

13 Christensen, G. D., Simpson, W. A., Younger, J. J., Baddour, L. M., Barrett, F. F., Melton, D. M. & Beachey, E. H.  

 Adherence of coagulase-negative staphylococci to plastic tissue culture plates: a quantitative model for the  

 adherence of staphylococci to medical devices. Journal of clinical microbiology 22, 996-1006 (1985).

14 Bozic, K. J., Kurtz, S. M., Lau, E., Ong, K., Chiu, V., Vail, T. P., Rubash, H. E. & Berry, D. J. The epidemiology  

 of revision total knee arthroplasty in the United States. Clinical orthopaedics and related research 468, 45-51,  

 doi:10.1007/s11999-009-0945-0 (2010).

15 Cierny, G., 3rd & DiPasquale, D. Periprosthetic total joint infections: staging, treatment, and outcomes. Clinical  

References

5

 orthopaedics and related research, 23-28 (2002).

16 McPherson, E. J., Woodson, C., Holtom, P., Roidis, N., Shufelt, C. & Patzakis, M. Periprosthetic total hip infection:  

 outcomes using a staging system. Clinical orthopaedics and related research, 8-15 (2002).

17 Pulido, L., Ghanem, E., Joshi, A., Purtill, J. J. & Parvizi, J. Periprosthetic joint infection: the incidence, timing,  

 and predisposing factors. Clinical orthopaedics and related research 466, 1710-1715, doi:10.1007/s11999-008- 

 0209-4 (2008).

18 Collins, I., Wilson-MacDonald, J., Chami, G., Burgoyne, W., Vineyakam, P., Berendt, T. & Fairbank, J. The diagnosis  

 and management of infection following instrumented spinal fusion. European spine journal : official publication  

 of the European Spine Society, the European Spinal Deformity Society, and the European Section of the Cervical  

 Spine Research Society 17, 445-450, doi:10.1007/s00586-007-0559-8 (2008).

19 Weinstein, M. A., McCabe, J. P. & Cammisa, F. P., Jr. Postoperative spinal wound infection: a review of 2,391  

 consecutive index procedures. Journal of spinal disorders 13, 422-426 (2000).

20 Bonnevialle, P., Bonnomet, F., Philippe, R., Loubignac, F., Rubens-Duval, B., Talbi, A., Le Gall, C., Adam, P. &  

 Sofcot. Early surgical site infection in adult appendicular skeleton trauma surgery: a multicenter prospective  

 series. Orthopaedics & traumatology, surgery & research : OTSR 98, 684-689, doi:10.1016/j.otsr.2012.08.002 (2012).

21 Mody, R. M., Zapor, M., Hartzell, J. D., Robben, P. M., Waterman, P., Wood-Morris, R., Trotta, R., Andersen, R.  

 C. & Wortmann, G. Infectious complications of damage control orthopedics in war trauma. The Journal of  

 trauma 67, 758-761, doi:10.1097/TA.0b013e3181af6aa6 (2009).

22 Moriarty, T. F., Schlegel, U., Perren, S. & Richards, R. G. Infection in fracture fixation: can we influence infection  

 rates through implant design? Journal of materials science. Materials in medicine 21, 1031-1035, doi:10.1007/ 

 s10856-009-3907-x (2010).

23 Kluin, O. S., van der Mei, H. C., Busscher, H. J. & Neut, D. Biodegradable vs non-biodegradable antibiotic delivery  

 devices in the treatment of osteomyelitis. Expert opinion on drug delivery 10, 341-351, doi:10.1517/17425247.20 

 13.751371 (2013).

24 Neut, D., van de Belt, H., Stokroos, I., van Horn, J. R., van der Mei, H. C. & Busscher, H. J. Biomaterial- 

 associated infection of gentamicin-loaded PMMA beads in orthopaedic revision surgery. The Journal of  

 antimicrobial chemotherapy 47, 885-891 (2001).

25 Tan, H. L., Lin, W. T. & Tang, T. T. The use of antimicrobial-impregnated PMMA to manage periprosthetic  

 infections: controversial issues and the latest developments. The International journal of artificial organs 35,  

 832-839, doi:10.5301/ijao.5000163 (2012).

26 Buttaro, M. A., Pusso, R. & Piccaluga, F. Vancomycin-supplemented impacted bone allografts in infected hip  

 arthroplasty. Two-stage revision results. The Journal of bone and joint surgery. British volume 87, 314-319  

 (2005).

27 Humphrey, J. S., Mehta, S., Seaber, A. V. & Vail, T. P. Pharmacokinetics of a degradable drug delivery system in  

 bone. Clinical orthopaedics and related research, 218-224 (1998).

28 Billon, A., Chabaud, L., Gouyette, A., Bouler, J. M. & Merle, C. Vancomycin biodegradable poly(lactide-co- 

 glycolide) microparticles for bone implantation. Influence of the formulation parameters on the size, morphology,  

 drug loading and in vitro release. Journal of microencapsulation 22, 841-852, doi:10.1080/02652040500162790  

 (2005).

Chapter 5



109108

29 Kalicke, T., Schierholz, J., Schlegel, U., Frangen, T. M., Koller, M., Printzen, G., Seybold, D., Klockner, S., Muhr,  

 G. & Arens, S. Effect on infection resistance of a local antiseptic and antibiotic coating on osteosynthesis  

 implants: an in vitro and in vivo study. Journal of orthopaedic research : official publication of the Orthopaedic  

 Research Society 24, 1622-1640, doi:10.1002/jor.20193 (2006).

30 Witso, E., Persen, L., Benum, P. & Bergh, K. Release of netilmicin and vancomycin from cancellous bone. Acta  

 orthopaedica Scandinavica 73, 199-205, doi:10.1080/000164702753671812 (2002).

31 Costerton, J. W. Biofilm theory can guide the treatment of device-related orthopaedic infections. Clinical  

 orthopaedics and related research, 7-11 (2005).

32 Edin, M. L., Miclau, T., Lester, G. E., Lindsey, R. W. & Dahners, L. E. Effect of cefazolin and vancomycin on  

 osteoblasts in vitro. Clinical orthopaedics and related research, 245-251 (1996).

33 Isefuku, S., Joyner, C. J. & Simpson, A. H. Toxic effect of rifampicin on human osteoblast-like cells. Journal of  

 orthopaedic research : official publication of the Orthopaedic Research Society 19, 950-954, doi:10.1016/S0736- 

 0266(01)00022-5 (2001).

34 Fu, J., Ji, J., Fan, D. & Shen, J. Construction of antibacterial multilayer films containing nanosilver via layer- 

 by-layer assembly of heparin and chitosan-silver ions complex. Journal of biomedical materials research. Part  

 A 79, 665-674, doi:10.1002/jbm.a.30819 (2006).

35 Antoci, V., Jr., Adams, C. S., Parvizi, J., Ducheyne, P., Shapiro, I. M. & Hickok, N. J. Covalently attached vancomycin provides  

 a nanoscale antibacterial surface. Clinical orthopaedics and related research 461, 81-87, doi:10.1097/ 

 BLO.0b013e3181123a50 (2007).

36 Antoci, V., Jr., King, S. B., Jose, B., Parvizi, J., Zeiger, A. R., Wickstrom, E., Freeman, T. A., Composto, R. J.,  

 Ducheyne, P., Shapiro, I. M., Hickok, N. J. & Adams, C. S. Vancomycin covalently bonded to titanium alloy  

 prevents bacterial colonization. Journal of orthopaedic research : official publication of the Orthopaedic  

 Research Society 25, 858-866, doi:10.1002/jor.20348 (2007).

37 Campoccia, D., Montanaro, L. & Arciola, C. R. A review of the biomaterials technologies for infection-resistant  

 surfaces. Biomaterials 34, 8533-8554, doi:10.1016/j.biomaterials.2013.07.089 (2013).

38 Desrousseaux, C., Sautou, V., Descamps, S. & Traore, O. Modification of the surfaces of medical devices to prevent  

 microbial adhesion and biofilm formation. The Journal of hospital infection 85, 87-93, doi:10.1016/j. 

 jhin.2013.06.015 (2013).

39 Bongaerts, J. H., Cooper-White, J. J. & Stokes, J. R. Low biofouling chitosan-hyaluronic acid multilayers with  

 ultra-low friction coefficients. Biomacromolecules 10, 1287-1294, doi:10.1021/bm801079a (2009).

40 Garcia-Fernandez, L., Cui, J., Serrano, C., Shafiq, Z., Gropeanu, R. A., Miguel, V. S., Ramos, J. I., Wang, M.,  

 Auernhammer, G. K., Ritz, S., Golriz, A. A., Berger, R., Wagner, M. & del Campo, A. Antibacterial strategies  

 from the sea: polymer-bound cl-catechols for prevention of biofilm formation. Advanced materials 25, 529- 

 533, doi:10.1002/adma.201203362 (2013).

41 Giavaresi, G., Meani, E., Sartori, M., Ferrari, A., Bellini, D., Sacchetta, A. C., Meraner, J., Sambri, A., Vocale, C.,  

 Sambri, V., Fini, M. & Romano, C. L. Efficacy of antibacterial-loaded coating in an in vivo model of acutely highly  

 contaminated implant. International orthopaedics 38, 1505-1512, doi:10.1007/s00264-013-2237-2 (2014).

5

ReferencesChapter 5



06

Prophylaxis of 
implant-related 

infections by local 
release of vancomycin 

from a hydrogel
W Boot, 

HCh Vogely, 

PGJ Nikkels, 

B Pouran, 

MHP van Rijen, 

MB Ekkelenkamp, 

GM Hänsch, 

WJA Dhert, 

D Gawlitta

Submitted to eCM



113112

Prophylaxis of implant-related infections by local release of vancomycin 
from a hydrogel

6

Abstract

Background 
Local prophylaxis with antibiotic-loaded bone cement is a successful method to prevent 
post-operative infections in patients receiving orthopaedic implants. For uncemented 
implants no comparable method is currently available. Therefore, we evaluated a 
biocompatible coating as carrier material for antimicrobial agents to prevent early post-
operative infections.

Methods 
In the present study, DAC® (Defensive Antibacterial Coating), a hydrogel consisting 
of hyaluronic acid and polylactic acid, was evaluated as a carrier for local delivery of 
antimicrobial agents in an in vivo implant-related infection-model. Rabbits received 
a titanium rod intramedullary in the tibia after contamination with S. aureus. Prior to 
implantation, the rods were coated with unloaded hydrogel (Gel), or hydrogel loaded 
with 2% or 5% vancomycin (Van2 or Van5, respectively), bioactive glass (BAG), 
or N-Acetyl-L-cysteine (NAC). To analyse the severity of infection after 28 days, 
histopathological, bacteriological, micro-computed tomographic, and haematological 
analyses were performed. 

Results 
In the Van2 and Van5 groups, the number of infected animals was lower and the 
inflammatory symptoms were reduced compared to the control group. In contrast, the 
BAG and NAC groups showed no reduction of infection. 

Conclusion 
In conclusion, DAC® can be used as a local carrier of vancomycin for prophylaxis of 
implant-related infections. Local delivery of the antimicrobial agents BAG and NAC 
using the hydrogel as carrier did not prove to be successful.

Clinical relevance 
The present study shows promising results for local delivery of antibacterial agents to 
prevent implant-related infections, by the use of a hydrogel as delivery material. 

Keywords
Implant-related infection, prophylaxis, in vivo, hydrogel, local delivery, vancomycin

Introduction

Orthopaedic implant-related infection is a major complication which profoundly affects 
the patient’s quality of life and is a burden for the health-care system. These infections 
are typically caused by biofilm-forming bacteria. The biofilm forms a microenvironment 
that supports the bacteria and protects them from the host defence system and from 
antimicrobial agents. As the metabolic activity of biofilm-residing bacteria decreases, 
so does their susceptibility to most antimicrobial agents1-3 and higher antibiotic 
concentrations are required to inhibit their growth. Systemic antibiotic therapy, the 
standard for treatment and prophylaxis of infection, may not yield sufficiently high 
concentrations at the implant site4. Local administration of antibiotics allows for much 
higher antibiotic penetration in biofilm and tissue. This approach has been effectively 
adopted in antibiotic-loaded cemented implants, which have been shown to lower 
infection rates and improve implant survival when compared to bone cement without 
antibiotics5-7. 

In recent years, the number of implantation of uncemented prostheses has increased, 
especially in the younger patient population8-10. These prostheses do, however, lack 
the advantage of local infection prophylaxis that antibiotic-loaded bone cement 
offers. In the past years, various approaches have been tested to improve local 
infection prophylaxis in trauma and orthopaedic surgery11. A promising approach are 
antimicrobial delivery systems for local infection prophylaxis12. For example, Neut et 
al. developed a biodegradable gentamicin-hydroxyapatite coating on titanium alloy, 
covered with a protective, biodegradable poly(lactic-co-glycolic acid) overlayer13. 
This coating demonstrated infection prophylaxis for at least 7 days in an S. aureus 
contaminated rabbit model. Furthermore, ter Boo et al. tested a thermo-responsive 
hyaluronic acid-poly(N-isopropylacrylamide) hydrogel for infection prophylaxis14. The 
hydrogel, loaded with gentamicin, effectively prevented infection in a rabbit model for 
contaminated fracture treated with plating osteosynthesis. Nevertheless, few methods 
for local prophylaxis are currently available for uncemented orthopaedic implants. 

Ideally, local prophylaxis would consist of an easily applicable product that can be 
combined with the implants currently used in the clinic, and would offer the opportunity 
to tailor an individual antibacterial treatment strategy for patients. Furthermore, such a 
method should offer a controlled delivery of the loaded agent into the local environment 
of implants, achieving high local concentrations of the bacterial agent but avoiding 
systemic side-effects. In this light, a fast-resorbable hydrogel coating, that can be loaded 
with various antibacterial agents, may offer protection from early bacterial colonization 
of the implant in the critical period following surgery15. We hypothesized that a hydrogel 
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could be used as a versatile carrier for antimicrobial agents on uncemented implants for 
prophylaxis of infection. 

The commercially available, biodegradable DAC® (Defensive Antibacterial Coating), 
consisting of hyaluronic acid and polylactic acid, was designed as a resorbable 
hydrogel-coating for implants such as joint prostheses for protection of early post-
operative infections. Release studies showed that 2% (w/v) vancomycin-loaded DAC® 
released over 80% of the antibiotic within the first 24 hours of in vitro incubation16, 
demonstrating that DAC® can facilitate a fast delivery of the loaded agent. Furthermore, 
the hydrogel, when coated on titanium implants, had no effect on the volume or timing 
of bone growth near the implant and did not induce an inflammatory reaction in a rabbit 
implant-model17. Also, the hydrogel, loaded with antibiotics, has proven to provide a 
reduced rates of post-surgical site infections after internal osteosynthesis for closed 
fractures and early surgical side infections after hip or knee joint replacement in two 
clinical studies18,19.

The purpose of our study was to investigate a hyaluronic-acid based hydrogel as carrier 
for local delivery of antimicrobial agents for infection in an in vivo implant-related 
infection-model. The hydrogel was loaded with vancomycin, a commonly used antibiotic 
in the orthopaedic field20. Furthermore, in light of the emerging bacterial resistance for 
antibiotics21 and the decreased sensitivity for antibiotics of biofilm-residing bacteria22,23, 
two non-antibiotic agents were tested. Namely, bioactive glass (BAG), which is currently 
used for treatment of chronic osteomyelitis in long bones24-26 and has osteoconductive27, 
antibacterial28,29, and antibiofilm properties30, and N-Acetyl-L-cysteine (NAC), which 
has shown to have antibacterial properties31,32 and reduces biofilm formation in vitro33.

Materials and Methods 

Experimental Design
The present study consisted of a pilot experiment prior to a larger study. The pilot study 
was performed to assess the suitability of the in vivo model to test whether the hydrogel 
can act as local carrier for agents to prevent infection. Further, the pilot study was 
performed to confirm that the hydrogel has no antibacterial effect in vivo, as has been 
shown earlier in vitro33. In the animal experiment following the pilot, the hydrogel was 
evaluated as a carrier material for local delivery of antimicrobial agents for infection 
prophylaxis.

Animal model and study timeline
In both studies, an established implant-related infection-model in rabbits was used34. 
All animals received a sandblasted titanium rod in the medullary canal of the left tibia 
at day 0. To induce a local infection, 105 colony forming units (CFUs) of S. aureus were 
inoculated in the medullary canal prior to implantation of the rod. Blood was taken 
weekly for analysis of neutrophil counts and erythrocyte sedimentation rates (ESRs). 
Also, fluorochromes were injected to label calcium incorporation at various time points. 
After 28 days, euthanasia took place followed by histopathological and bacteriological 
analyses, micro-computed tomography (micro-CT), as well as histological analysis of 
fluorochrome deposition (see also Table 1 for an overview of events). 

Table 1.  experiMenTal TiMefraMe Of evenTs.

action

Implantation

X-ray

Blood drawings

Fluorochrome injections

Euthanasia

Time point in study (day)

0

0 (postop)

0 (postop), 7, 14, 21, 28

3 & 10 or 7 & 21

28

Pilot animal study
First, the pilot study with 18 animals was performed according to the timeline described 
above, except for the fluorochrome injections. To assess whether the in vivo model 
system can be used to show a prophylactic effect for infection of a local carrier on 
implants, a group with 5% (w/v) vancomycin mixed in the hydrogel was included. 
Further, to confirm that the hydrogel itself has no effect on the infection, a group with 
non-loaded hydrogel was included (see also Table 2 for an overview of the groups). As 
negative control, a group without hydrogel-coating was included. Power calculations 
were performed to estimate the required group size, taking the histological scores as 
the main outcome parameter. The calculation was estimated based on the outcomes of 
previous, similar studies34,35. With group sizes of six animals per group, we had 79% 
power to detect a difference of 25% in histologic scoring for infection and inflammation.
 
Main animal study
Hereafter, an animal study with 42 rabbits was performed. In the main study, the 

Chapter 6



117116

Prophylaxis of implant-related infections by local release of vancomycin 
from a hydrogel

6

hydrogel was evaluated as carrier for local delivery of antimicrobial agents for infection 
prophylaxis. As positive control for prevention of infection, a group with 5% (w/v) 
vancomycin loaded in the hydrogel was used. The negative control consisted of a group 
with a non-loaded hydrogel-coating. To determine whether a lower concentration of 
vancomycin could reduce infection as well, a group with 2% (w/v) vancomycin-loaded 
hydrogel was included. Also, the prophylactic efficacy of two alternatives for antibiotics 
were assessed. First, bioactive glass (BAG) has been proven to reduce bacterial growth in 
vitro25. Second, N-Acetyl-L-cysteine (NAC) has been shown to inhibit biofilm formation 
in vitro33. For the main animal experiment, a group size of 6 was used, except for the 
Gel group. As this latter group would be used for multiple comparisons, it included 12 
animals, increasing the likelihood of a representative outcome and thus decreasing the 
chance of a potential type I error. All experimental groups and the negative control were 
compared with the non-loaded hydrogel group. As it was not our goal to find the optimal 
prophylactic agent, the test groups were not compared with each other. 

Animals, welfare, housing
All experimental procedures were conducted with permission of the local Ethics 
Committee for Animal Experimentation at Utrecht University in Utrecht, The 
Netherlands (application number 2013.III.11.083). Female New Zealand White (NZW) 
rabbits (Charles River, L’Arbresle, France) were ordered at 16 weeks of age and allowed 
to acclimatize for 7 to 14 days prior to surgery. They were housed in pairs at all times, 
except for 2-3 days postoperatively until the surgical wounds were closed. The rabbits 
received 100 g food (Stanrab, SDS, Essex, England) per day and water was available 
ad libitum. The humane endpoint was defined as a weight loss exceeding 15% of their 
weight in 2 days or as sepsis or shock. 

Bacteria
S. aureus Wood 46 (ATCC 10832), a strain used in previous studies with this animal 
model34 was used to induce a local infection in the tibiae. For preparation of the stock 
suspension, a colony was grown overnight in Luria-Bertani (LB) medium at 37°C. 
Subsequently, the bacteria were grown until the logarithmic phase before aliquoting 
and were stored at -80°C in 8.5% glycerol until further use. The stock was cultured prior 
to the animal studies to assess the number of CFU/ml after thawing. On each day before 
surgery, an aliquot of the stock was diluted with sterile phosphate buffered saline (PBS) 
to obtain an inoculation dose of 50 µl bacterial suspension containing a total of 105 CFU.

Implants and hydrogel 
Cylindrical sand-blasted titanium implants (Ø 4mm, length 25 mm) with an average 
surface roughness of 5.6 µm were implanted (Adler Ortho SRL, Milan, Italy) (Figure 1, 
left panel). Prior to implantation, the implants were coated with hydrogel (Defensive 
Antibacterial Coating (DAC®), Novagenit®, Mezzolombardo, Italy; Patent no.: 
WO2010/086421 A1; CE-mark certified by notified body number 0426 as 349-00-00-
DM and 350-00-00-DM). DAC® consists of covalently linked hyaluronic acid and 
polylactic acid. The hydrogel was provided as a sterile powder in a syringe (60 mg) and 
was reconstituted during surgery by mixing 1 ml sterile demineralized water using the 
connector that was provided (Figure 1, middle panel), resulting in a hydrogel with a 
concentration of 6% (w/v) DAC®.

Antimicrobials 
All microbial agents were mixed with the demineralized water prior to the preparation 
of the hydrogel. In the experimental groups, DAC® was loaded with 2 or 5% (w/v) 
vancomycin (Hospira Benelux BVBA, Brussels, Belgium) (Van2 and Van5 groups, 
respectively) (Table 2). Bioactive glass (BAG) powder (S53P4, particle size of <45 µm, 
BonAlive Biomaterials Ltd, Turku, Finland) was loaded into the hydrogel with a weight/

Table 2.  The experiMenTal and cOnTrOl grOups included in The pilOT- 

  and aniMal sTudies.

group name

No Gel

Gel

Van5

No Gel

Gel

Van2

Van5

BAG

NAC

hydrogel

No

Yes

Yes

No

Yes

Yes

Yes

Yes

Yes

hydrogel 

loaded with

-

-

5% vancomycin

-

-

2% vancomycin

5% vancomycin

10% bioactive glass

0.5% N-acetyl cysteine

n

6

6

6

6

12

6

6

6

6

Pilot animal 

experiment

Follow-up 

animal experiment
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0.15-0.25 mg/kg dexdomitor (Orion Corporation, Espoo, Finland). Anesthesia was 
maintained by an intravenous line of dexdomitor and ketamine, 1:10 diluted with saline. 
To protect the eyes from dehydration, eye ointment was used (Added Pharma BV, Oss, 
The Netherlands). During surgery, the rabbits received additional oxygen (100%) via a 
mask.

The left leg was shaven and disinfected with 10% povidone-iodine (Betadine® solution, 
Meda Pharma B.B., Amstelveen, The Netherlands). After applying sterile draping, the 
knee joint was opened after a medial parapattelar incision. Anterior to the anterior 
crucial ligament on the tibia, the medullary canal was opened with an awl and reamed 
by hand with a drill with a 4.1 mm diameter. Subsequently, 50 µl bacterial suspension 
containing 105 CFU S. aureus was injected under otherwise sterile conditions into the 
cavity with a pipette. Next, the implant, with or without coating, was inserted into the 
medullary canal. The joint capsule was closed with Vicryl size 3-0 sutures (Ethicon, 
Johnson & Johnson, Peterborough, Ontario) and the skin with Monocryl size 3-0 sutures 
(Ethicon, Johnson & Johnson, Peterborough, Ontario). X-rays were made to verify the 
position of the implants in the proximal medullary tibial cavity, with an undamaged 
cortex (Figure 1, right panel). The anaesthesia was reversed using 0.5-1.0 mg/kg Atipam 
(Eurovet Animal Health B.V., Bladel, The Netherlands). Postoperative analgesia with 
subcutaneously administered 0.03 mg/kg buprenorphine hydrochloride was applied 
every 8 hours for 48 hours in total.

Euthanasia 
The rabbits were sacrificed 28 days after surgery with an overdose of sodium 
pentobarbital (Euthanimal 40%, Alfasan Nederland BV, Woerden, The Netherlands)) 
intravenously under general anaesthesia. 

Post mortem sample acquisition and analyses
After sacrificing the animals, the skin of both legs was shaven, disinfected with 10% 
povidone-iodine and covered with sterile drapes. After removing the skin and soft 
tissues, the anterior parts of the proximal tibiae were extracted under aseptic conditions, 
using a rotary saw with a saw-blade (Dremel, model 300, and Dremel Cut-Off Wheel 
No. 409, Breda, The Netherlands). The pieces of bone were placed into a sterile tube, 
weighed, and stored on ice to prevent further bacterial growth. This procedure was 
performed for both tibiae of all animals. The posterior parts of the left tibiae with the 
implant were sawed off and fixed in formalin. 

Bacteriology of anterior tibiae
The anterior bone fragments of the tibiae were weighed and homogenized in 10 ml PBS 

figure 1.

Surface, coating, and implantation of the titanium rod. Left panel: close-up of the rough surface of the titanium 

rod. Central panel: coating of the titanium rod with transparent hydrogel (arrow) using a spreader. Right panel: 

postoperative X-ray of the left rabbit tibia, showing correct positioning of the titanium implant in the proximal 

medullary tibial cavity. Diameter of the rod: 4 mm.

volume percentage of 10%. Earlier research on BAG has proven to reduce bacterial 
growth in vitro25. N-Acetyl-L-cysteine (A9165, Sigma-Aldrich, St. Louis, United States) 
(NAC) was loaded into the hydrogel with a weigh/volume percentage of 0.5%. In vitro 
studies were performed to determine the optimal concentration of NAC to be loaded into 
the hydrogel. First, inhibition of SAOS-1 cell proliferation by various concentrations of 
NAC was investigated by measuring 3H-thymidine incorporation. Using concentrations 
of 0.39 mg/ml, 0.78 mg/ml, or 1.56 mg/ml resulted in a 24%, 33%, and 40% reduced 
proliferation, respectively, compared to no NAC. Second, biofilm inhibition of NAC 
loaded in hydrogel was tested on Staphylococcus epidermidis biofilm growing on titanium 
discs for 24 hours. The amount of biofilm was determined by crystal violet staining, 
dissolving the crystal violet in propanol and measuring the absorbance of the solution 
at an OD of 540 nm. Compared to empty gel, 0.5 mg/ml, 5 mg/ml, and 9.4 mg/ml NAC 
in hydrogel resulted in a 24%, 56%, and 98% reduction of biofilm, respectively. A 
concentration of 0.5% (w/v) NAC, loaded in the hydrogel, was chosen to be used in the in 
vivo experiment as higher concentrations may be cytotoxic.

Surgery, analgesia, anaesthesia 
Surgery was performed using injection anesthesia and under aseptic conditions. The 
rabbits received preoperative subcutaneously administered analgesia with 0.03 mg/
kg buprenorphine hydrochloride (Temgesic®, RB Pharmaceuticals Limited, Slough, 
United Kingdom). Anesthesia was initiated by a subcutaneous injection of 10-15 mg/
kg ketamine (Narketan® 10, Vétoquinol BV, ‘s-Hertogenbosch, The Netherlands) and 
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using a tissue homogenizer (Polytron PT3100; Kinetica Benelux, Best, The Netherlands) 
at 2,500 rpm for 3 minutes and subsequently at 6,000 rpm for 5 minutes. Serial 10-fold 
dilutions from these homogenates were then plated onto 5% sheep blood agar plates 
(Becton Dickinson, Alphen aan den Rijn, The Netherlands). After an overnight incubation 
at 37°C, the S. aureus CFU on the plates were counted. For each tibia, the number of CFU 
of bacteria per gram of bone was calculated.

Bone-implant contact
The bone volume fraction percentage was measured within a distance of 180 μm 
from the implant surface using a micro-computed tomographic (micro-CT) scanner 
(Quantum FX, Perkin Elmer, USA) to analyse the bone apposition on the implant surface. 
The data were acquired under a tube voltage of 90 kV, a tube current of 180 μA, a scan 
time of 3 minutes per sample, and a voxel size of 60×60×60 μm3. Images were then 
reconstructed automatically in three dimensions using the in-built micro-CT software 
(Analyze 11.0). The same software was used to convert the 3D images into 512 2D slices in 
tiff format. To calculate the amount of bone at the implant surface, the images were first 
thresholded globally. Multiple regions of interest (ROIs) were generated to measure the 
bone-implant contact. The position of the implant in the bone was used to generate ROI1 
(Figure 2). ROI1 was then expanded by two pixels to eliminate the partial volume effects 
(ROI2). The region representing the bone-implant contact was defined as the volume 
sandwiched between ROI2 and the area created by radially enlarging ROI2 with 3 pixels 
(ROI3). The bone in ROI3 was then locally segmented and the bone volume within ROI3 
was calculated. The amount of bone volume compared with the total volume of ROI3 
yielded the percentage of bone-implant contact.

Histopathology
The posterior part of the left tibia, containing the implant, was embedded in methyl 
methacrylate (MMA). Briefly, the fixed samples were dehydrated through a graded ethanol 
series and embedded in MMA solution (0.8 ml/ml methyl methacrylate (Merck KGaA, 
Darmstadt, Germany), 28 mg/ml benzoyl peroxide (513474, Sigma-Aldrich, St. Louis, 
United States), and 0.2 ml/ml Plastoid-N (nonylphenyl-polyethyleneglycol acetate, 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany)). After MMA polymerization, 
sections (thickness 20-30 µm) along de transverse axis of the tibia were made using a 
sawing microtome (Leica SP1600, Nussloch, Germany). The MMA sections were stained 
with 0.3% basic fuchsin solution, and subsequently with 1% methylene blue solution. For 
semi-quantitative scoring of infection, the sections were scored for signs of infection 
and inflammation according to the scoring system by Vogely et al.34. The scoring system 
quantifies different parameters for infection and inflammation (cortical destruction, 
enlargement of Haversian canals, periosteal thickening, presence of leukocytes, micro 

abscesses, granulation tissue, and fibrosis in the cortex and medullary canal), which 
results in a score between 0 (no infection) and 56 (serious infection). One proximal and 
one distal section of each tibia including the implant were blindly examined together 
with a pathologist using a light microscope. 

Hematology
Blood samples were taken from an ear vein for measuring erythrocyte sedimentation 
rates (ESR) and neutrophil counts preoperatively and 1, 2, 3, and 4 weeks postoperatively. 

Fluorochromes
To visualize dynamic bone formation during the experimental period, rabbits were 
injected with fluorochromes36. In each experimental group, half of the rabbits were 
injected on days 3 and 10, and the other half of the rabbits were injected on days 7 and 
21 with xylenol orange (xylenol orange tetrasodium salt, 398187, Sigma-Aldrich, St. 
Louis, United States) and calcein green (calcein disodium salt, 21030, Fluka analytical, 
Sigma-Aldrich, St. Louis, United states), respectively. Unstained MMA sections were 
analysed for presence of fluorochromes in the bone directly adjacent to the implant to 
determine the time of bone deposition around the implant. A score of 1 was given if the 

figure 2.

Regions of interest (ROIs) were generated to enable measuring the amount of bone-implant contact. The implant 

was detected by global thresholding and defined ROI1 (inner yellow circle, 1). ROI1 was radially expanded 2 

pixels, which resulted in ROI2 (middle yellow circle, 2). ROI2 was then enlarged with 3 pixels (outer yellow circle, 

3). The enlarged region was defined as ROI3 and represented the region of bone-implant contact.
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label was present. A score of 0 was given if no bone or no label was present. The scores of 
all samples in a group were averaged per time point which resulted in a score between 0 
(bone deposition in none of the animals) and 1 (bone deposition in all animals).

Replacement of deceased animals
In the animal experiment, two rabbits died during the study period. One rabbit of the 
BAG group died on day 7. Autopsy showed a strong indication for septicaemia. This 
animal was replaced. One rabbit of the Gel group was found deceased on day 12. Autopsy 
was not conclusive for a cause of death. This animal was replaced, however, it also died, 
possibly of septicaemia. Results of the deceased rabbits were excluded from the study, 
leaving the Gel group with 11 animals instead of 12. 

Statistical analyses
In the pilot experiment, the No gel and Van5 groups were compared to the Gel group 
using a one-way ANOVA with Dunnett’s post-hoc test. In the main study, for evaluating 
the efficacy of the hydrogel as carrier for agents, the No gel, Van2, Van5, BAG, and NAC 
groups were compared to the Gel group using a one-way ANOVA with Dunnett’s post-
hoc test for all analyses and time points. All statistical calculations were performed in 
SPSS (Microsoft Windows version 20.0; SPSS, Inc., Chicago, Illinois). A p-value of <0.05 
was considered significant. Outliers were defined as cases that fall more than 1.5 box 
lengths from the lower or upper hinge of the box.

Results

Pilot study 
General
In the pilot study, one rabbit from the Gel group died of unknown cause on day 3 and was 
replaced. However, the replacement animal also died, with strong suspicion for sepsis 
due to infection. 

Histopathology
The semiquantitative scoring of the histological sections showed that the Van5 group 
had a significantly lower grade of infection compared with the Gel group (mean score 1 
± 1.6, p=0.000) (Figure 3a). Also, a lower score for infection and inflammation was seen 
in the No gel group compared to the Gel group (mean scores 9.5 ± 10.3 and 22.2 ± 18.9 
respectively, p=0.034). 
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Bacteriology
In 5 out of 6 rabbits in the No gel group and in 5 out of 5 rabbits in the Gel group, bacteria 
were found in the bone of the anterior tibiae (p=0.445) (Figure 3b). In contrast, none 
of the rabbits were positive for bacteria in the Van5 group (p=0.000, compared to Gel 
group), which indicates that no local infection was present at day 28. Bacterial culture 
resulted in average (± s.d.) CFU counts of 1.1x106 (± 1.1x106) for the No Gel group and 
1.4x106 (± 1.8x106) for the Gel group (p=0.699), whereas the Van5 group was culture 
negative (p=0.131) (Figure 3c). None of the cultures from the contralateral side were 
positive. 

Haematology
The rabbits in the Van5 group showed lower neutrophil counts than the Gel group on 
days 7, 14, 21, and 28 (p=0.007, 0.001, 0.003, and 0.024, respectively) (Figure 3d). The No 
gel group demonstrated lower neutrophil counts on day 14 compared to the Gel group 
(p=0.020) (Figure 3d). The No gel and Van5 groups exhibited lower ESR values compared 
to the Gel group on day 7 (p=0.000 for both groups) (Figure 3e).

Main study 
General
All rabbits recovered well from the surgical intervention. X-rays showed correct 
positioning of the implant in the left tibia of all rabbits.
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Histopathology
Microscopic analysis of the histological slides showed similar scores of infection in 
the Gel group compared to the No gel group (mean scores 17.7 ± 11.9 and 17.5 ± 9.9 
respectively, p=0.955) (Figure 4). The average histopathology scores of the rabbits in 
both vancomycin groups were lower compared to the Gel group (mean score 3.8 ± 3.9, 
p=0.001 for the Van2 group and mean score 2.7 ± 1.5, p=0.000 for the Van5 group). No 
differences were found between the BAG or NAC groups compared to the Gel group 
(mean score 22.2 ± 14.6, p=0.575 and mean score 21.8 ± 8.8 p=0.641, respectively). 

results as the Gel control group, as in both groups 1 out of 6 (p=0.997) rabbits had a 
negative culture. Bacterial culture resulted in average (± s.d.) CFU counts of 4.2x105 (± 
9.9x105) and 6.3x105 (± 1.2x106) (p=1.000) for the No gel and Gel groups, respectively 
(Figure 5b). For the Van2 and Van5 groups, average CFU counts were 2.6x105 (± 6.4x105) 
(p=0.989), and 2.9x101 (± 4.5x101) (p=0.962), respectively. The BAG group had similar 
averages of 4.2x105 (± 9.9x105) (p=0.996) compared to the Gel control group. The NAC 
group had a higher bacterial count of 6.6x106 (± 6.9x106) (p=0.033), compared to the Gel 
group.

Bacteriology
The bone samples from the anterior tibiae of both left (contaminated) and right (control) 
legs of the rabbits were cultured for presence and number of bacteria (Figure 5). All 
cultures of the right control tibiae were negative. In the No gel group and Gel group, 2 out 
of 6 and 1 of 11 rabbits (p=0.720) did not have positive cultures after 28 days, respectively. 
This suggests that some rabbits cleared the infection themselves (Figure 5a). In the Van2 
and Van5 groups, more rabbits had negative bacterial cultures, i.e. 5 out of 6 (p=0.006) 
and 4 out of 6 (p=0.044), respectively. The BAG and NAC groups demonstrated similar 
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Micro-computed tomographic analysis (micro-CT)
Infection induced destruction of the original cortex and increase in bone volume at the 
periosteal side, as can be observed in the images from the Gel, BAG, and NAC groups 
(Figure 6a), whereas the No gel group shows mild periosteal bone formation. Both 
groups with vancomycin exhibit an intact cortex and no increases in periosteal bone. 
All groups exhibited an average percentage of bone-implant contact between 40-60% 
(Figure 6b). The Gel group showed a similar average amount of bone-implant contact 
(42.4%) compared to the No gel group (45.4%, p=0.376). The Van2 and Van5 groups had 
higher average percentages of bone-implant contact (54.4% and 52.8%, respectively), 
although the difference was only significant for the Van2 group (p=0.009 and p=0.210, 
respectively). The BAG and NAC groups demonstrated similar bone-implant contact 
percentages (38.5% and 39.7%, respectively) compared to the Gel group (p=0.681 and 
p=0.598, respectively). 

Haematology
The Gel group demonstrated similar blood values compared to the No gel group for all 
the time points. The Van2 and Van5 groups showed lower ESR (p=0.015 and p=0.004, 
respectively) (Figure 7a) and neutrophil values (p=0.001 and p-0.000, respectively) 
(Figure 7b) on day 7 compared with the Gel group. The Van5 group exhibited also 

decreased neutrophil counts on day 28 compared with the Gel group (p=0.041). The 
blood values of the BAG and NAC groups did not differ from the Gel group at any of the 
time points. 

Histological analysis of fluorochrome deposition
One rabbit (Gel group) presented with bone apposition around the implant on day 3 
(Table 3). On later time-points, the number of animals with bone formation next to the 
implant increased. On day 7, the Van2 group exhibited increased bone growth around 
the implant compared to the Gel group (p=0.031).
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Blood values of the rabbits measured during the experimental period. a: Erythrocyte sedimentation rates. b: 

neutrophil counts. * indicates a significant difference compared to the Gel group for each time point (p<0.05). 
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0.00

0.33

day 10

0.50

0.42

0.50

0.50

0.50

0.00

day 21

0.83

0.60
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Discussion

The present study demonstrated that DAC® can successfully deliver vancomycin for 
local prophylaxis against implant-related S. aureus infections in a rabbit model. DAC® 
loaded with 2% or 5% reduced the severity and incidence of infection in an in vivo model 
of implant-related infection. Furthermore, the vancomycin-loaded hydrogel-coating 
improved bone-implant contact and demonstrated lower scores for infection and 
inflammation, and ESR and neutrophil counts on day 7 compared to unloaded hydrogel. 
Moreover, the Van2 group exhibited a higher bone-implant contact percentage, and a 
higher incidence for bone deposition around the implant than the Gel group. This trend 
was also observed for the Van5 group, although the differences were not significant. 
The BAG and NAC groups did not show reductions in any of the infection parameters 
compared to those of the Gel group. 

The pilot study was designed to test whether the group with 5% vancomycin loaded in 
the hydrogel was suitable as a positive control group, and to confirm that the hydrogel 
itself did not exert an antibacterial activity in vivo. Indeed, the Van5 group demonstrated 
a reduced infection compared to the Gel group, demonstrating that applying it to an 
implant could prevent infection in vivo, and that it could serve in the following animal 
experiment as a positive control.

As DAC® alone does not exert antibacterial activity in vitro33, the No Gel and Gel groups 
in the pilot experiment were expected to demonstrate similar outcomes. Surprisingly, 
the differences in histological scoring and the blood values between the No gel and the 
Gel group in the pilot study suggested that the presence of the hydrogel could lead to a 
more severe infection. Because this finding was unexpected, a group without hydrogel-
coating was included in the following animal experiment to investigate whether this 
effect could be reproduced. However, in the subsequent experiment no significant 
differences could be demonstrated between the group without hydrogel and the group 
with empty hydrogel-coating in any of the parameters. 

Loading the hydrogel with vancomycin did not completely eliminate the infection in 
all rabbits, as some bacterial cultures were positive in the Van-groups. The histological 
scores for infection and inflammation were lower when using vancomycin-loaded 
hydrogel, indicating in any way a mitigation of the severity of infection. Also, the animals 
did not receive systemic antibiotics in support of the local antibacterial prophylaxis, 
which are routinely applied in the clinics. Interestingly, the results of the Van2 group 
demonstrated towards a more positive trend compared to the Van5 group, suggesting 
that 2% vancomycin is a sufficient dose. However, as it was not the goal of this study to 

find the most optimal dose, these groups were not compared with each other. 

DAC was specifically designed as a coating-material for uncemented bone implants. 
Therefore, it would be interesting to further functionalize the hydrogel with 
osteoconductive materials that can stimulate bone growth towards the implant37-39. 
Bone-implant contact, which provides stability to the implant, is essential for the long-
term clinical success of uncemented implants40. In the present study, bone-implant 
contact was already observed by fluorochrome incorporation on day 3. Further, in most 
groups, more than half of the samples exhibited bone-implant contact on day 21. One of 
the antibacterial materials that we incorporated in this study, BAG, is also well-known 
for its bone regenerative potential24. Nevertheless, due to the persistence of infection 
which induces bone resorption41,42, the osteoconductive effects could not be studied for 
the BAG-group.

BAG has also been shown to exert an antibacterial effect28,29, which is thought to reside 
in the simultaneous increase in pH value and the rise in osmotic pressure caused by the 
release of ions, causing an unfavourable environment for bacteria43. Although BAG has 
been shown to inhibit bacterial growth in vitro at the similar concentrations for various 
aerobic bacteria, including S. aureus29, loading DAC® with BAG did not prevent infection 
in any of the animals. It may be possible that an insufficient absolute amount of BAG was 
locally available to facilitate an antibacterial effect, however, more research needs to be 
performed to confirm this theory.

Similarly, applying NAC-loaded hydrogel on the implant did not reduce the infection in 
our rabbit model. The concentration of NAC in the current study was proven effective 
in an in vitro setting for reduction of biofilm formation of S. epidermidis and S. aureus33. 
In congruence with the amount of BAG, the total amount of NAC might also have been 
too low to prevent infection in the in vivo environment. In addition, as NAC has shown 
to reduce proliferation in higher concentrations, it is inadvisable to increase the NAC 
concentration. Although NAC was ineffective in the present study, combining the 
antibiofilm properties of NAC with an antibacterial agent might hold promise for clinical 
applications. 

A hydrogel provides flexibility in the choice of the functional agent. A previous study 
has shown that the hydrogel used in the present study can be loaded with a large range 
of antimicrobial agents and can be applied on various implant surfaces33. Considering 
the risks of bacteria developing antibiotic resistance that is associated with the use of 
antibiotics44, application of alternatives has become very attractive. Different types of 
antibacterial agents may be combined for a more effective prophylaxis of infection. 
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Hydrogels can be rapidly reconstituted and can be easily applied on virtually every type 
of uncemented orthopaedic implant during the surgical procedure, eliminating the need 
for a variability of prosthetic implants with specific coatings45. 

In conclusion, this study demonstrated that DAC® can be used for local delivery of 
vancomycin for local prophylaxis of implant-related infections. The use of antimicrobial 
agents like BAG and NAC did not provide a prophylactic effect. 
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Abstract

Background 
Uncemented orthopaedic implants rely on the bone-implant interface to provide 
stability, therefore it is essential that a coating does not interfere with the bone forming 
processes occurring at the implant interface. In addition, local application of high 
concentrations of antibiotics for prophylaxis or treatment of infection may be toxic for 
osteoblasts and could impair bone growth.

Questions/Purposes
In this animal study, we investigated the effect of a commercially available hydrogel, 
either unloaded or loaded with 2% vancomycin. We asked, does unloaded hydrogel 
or hydrogel with vancomycin (1) interfere with bone apposition and timing of bone 
deposition near the implant surface; and (2) induce a local or systemic inflammatory 
reaction as determined by inflammation around the implant and hematologic 
parameters.

Methods
In 18 New Zealand White rabbits, an uncoated titanium rod (n = 6), a rod coated with 
unloaded hydrogel (n = 6), or a rod coated with 2% vancomycin-loaded hydrogel (n = 
6) was implanted in the intramedullary canal of the left tibia. After 28 days, the bone 
volume fraction near the implant was measured with microCT analysis, inflammation 
was semi-quantitatively scored on histologic sections, and timing of bone apposition 
was followed by semiquantitative scoring of fluorochrome incorporation on histologic 
sections. Two observers, blinded to the treatment, scored the sections and reconciled 
their scores if there was a disagreement. The hematologic inflammatory reaction 
was analysed by measuring total and differential leukocyte counts and erythrocyte 
sedimentation rates in blood. With group sizes of six animals per group, we had 79% 
power to detect a difference of 25% in histologic scoring for infection and inflammation.

Results
No differences were found in the amount of bone apposition near the implant in the 
No Gel group (48.65% ± 14.95%) compared with the Gel group (59.97% ± 5.02%; mean 
difference [MD], 11.32%; 95% CI, 3.89% to 26.53%; p = 0.16) or for the Van2 group 
(56.12% ± 10.06%; MD, 7.46; 95% CI, 7.75 to 22.67; p = 0.40), with the numbers available. 
In addition, the scores for timing of bone apposition did not differ between the No Gel 
group (0.50 ± 0.55) compared with the Gel group (0.33 ± 0.52; MD, 0.17; 95% CI, 0.86 to 
0.53; p = 0.78) or the Van2 group (0.83 ± 0.41; MD, 0.33; 95% CI, 0.36 to 1.03; p = 0.42). 
Furthermore, we detected no differences in the histopathology scores for inflammation 

in the No Gel group (2.33 ± 1.67) compared with the Gel group (3.17 ± 1.59; MD, 0.83; 95% 
CI, 0.59 to 2.26; p = 0.31) or to the Van2 group (2.5 ± 1.24; MD, 0.17; 95% CI, 1.26 to 1.59; 
p = 0.95). Moreover, no differences in total leukocyte count, erythrocyte sedimentation 
rate, and neutrophil, monocyte, eosinophil, basophil, and lymphocyte counts were 
present between the No Gel or Van2 groups compared with the Gel control group, with 
the numbers available.

Conclusion
The hydrogel coated on titanium implants, unloaded or loaded with 2% vancomycin, 
had no effect on the volume or timing of bone apposition near the implant, and did not 
induce an inflammatory reaction in vivo, with the numbers available. 

Clinical relevance
Antibiotic-loaded hydrogel may prove to be a valuable option to protect orthopaedic 
implants from bacterial colonization. Future clinical safety studies will need to provide 
more evidence that this product does not impair bone formation near the implant and 
prove the safety of this product.

Introduction

Numerous approaches for locally applying antibacterial agents are being considered to 
try to minimize the risk of implant-related infection in the clinic. For example, bone 
cement in patients receiving cemented THA or TKA often is loaded with antibiotics1. 
Furthermore, a tibia nail coated with gentamicin-loaded polymer poly(D,L-lactide) for 
surgical treatment in closed or open tibial fractures, and in revisions, was associated 
with good clinical, laboratory, and radiologic outcomes after 6 months of follow-up in 
patients2. However, cementless THA or TKA currently lack options for local application 
of antibiotics. As it is important to minimize the risk of infection, there is a need to 
research alternative strategies to decrease the risk of infection for uncemented implants. 

Ideally, a method for local prophylaxis of cementless implants should be biocompatible 
and should not interfere with bone apposition. One highly promising method for local 
prophylaxis of uncemented implants is using a resorbable, biocompatible hydrogel as a 
carrier for agents of interest3. Hydrogels generally offer easy application, flexibility in 
choice of antimicrobial agents, and complete resorption of the hydrogel4-7. 

In previous studies, the commercially available hydrogel DAC® (Defensive Antibacterial 
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Coating; Novagenit Srl, Mezzolombardo, Italy) was shown to exert an antibacterial 
effect when loaded with antibiotics in vitro and in vivo8,9. Various compounds, for 
example, vancomycin, gentamicin, or N-acetylcysteine, can be released from this 
hydrogel within 96 hours, with a release peak during the first 2 hours in vitro8. Further, 
the hydrogel loaded with 2% or 5% vancomycin was shown to be effective in reducing 
the local bacterial load in a rabbit implant-related infection model9. The hydrogel has 
been shown to be capable of resisting removal during implant insertion when used as a 
press-fit implant coating on uncemented femoral stems8. 

A local coating on uncemented implants should not interfere with the bone apposition 
near the implant surface, as this is an important feature for mechanical stability. 
In addition, local application of high concentrations of antibiotics may be toxic for 
osteoblasts and could impair bone growth10,11. In previous work, histomorphometric 
evaluations showed no differences between the hyaluronic acid-based hydrogel coating 
and HYALGAN® hydrogel (Fidia Farmaceulici s.p.a, Abano Terme, Italy) on cortical 
bone thickness, 12 weeks after application in a rabbit femur9. In the current study, we 
wished to investigate the effect of the hydrogel, either unloaded or loaded with 2% 
vancomycin, on bone apposition and timing of bone deposition near the implant surface 
and the effect on inflammatory parameters in a rabbit model. 

Therefore, in the current rabbit implant-model study, we asked whether a hyaluronic 
acid-based hydrogel coating, either empty or loaded with 2% (v/w) vancomycin: 
(1) interferes with bone apposition and timing of bone deposition near the implant 
surface; and (2) induces a local or systemic inflammatory reaction as determined by 
inflammation around the implant and hematologic parameters.

Materials and Methods

Experimental Design
An animal study with 18 rabbits was performed to evaluate the effect of implant 
coating on osseointegration and haematological parameters. For this purpose an 
established in vivo implant-model was used12. Briefly, all animals received a titanium 
implant unilaterally in the left tibial medullary canal (Figure 1). Fluorochromes were 
administered at Days 3, 7, and 21 to analyse the timing of bone formation. After 28 
days, the animals were euthanized and explantation of the tibia and rod was done for 
micro-CT and histopathological analyses. Blood was drawn preoperatively and weekly 
after implantation for haematological analyses. Three groups (n = 6) were included: the 

hydrogel alone or loaded with 5% vancomycin, coated on the implant, were compared 
to an uncoated implant. The antibiotic vancomycin was chosen because it is effective 
against Gram-positive bacteria such as Staphylococci and Streptococci13,14, which 
account for more than two-third of prosthesis-related infections15, and is a frequently 
used antibiotic in bone cement for local infection prophylaxis1.

Chapter 7

figure 1.

All animals received a titanium rod (diameter 4 mm; length 25 mm) in the intramedullary canal of the left tibia. 

Shown here is an AP radiograph of the knee obtained immediately after implantation of the implant.

Animals, welfare, and housing
The study was conducted with permission from the local Ethics Committee for Animal 
Experimentation in Utrecht, the Netherlands. Female New Zealand White (NZW, Charles 
River, L’Arbresle, France) rabbits were ordered at an age of 16 weeks and were allowed 
to acclimatize for 12 to 14 days before surgery. The rabbits were housed in pairs, except 
for 2 to 3 days postoperatively until the surgical wounds were properly closed. Water 
was available ad libitum and the rabbits received 100 g of food (Stanrab, SDS, Essex, 
England) daily. The humane endpoint was defined as when the rabbits would lose weight 
exceeding 15% in 2 days or when they would experience shock or sepsis.

Implants and hydrogel coating
The average surface roughness of the sandblasted titanium rods (Adler Ortho srl, 
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Milan, Italy), Ø 4 mm, length 25 mm) was 5.6 µm. The surface roughness of the rods 
was comparable to uncemented femoral stems used for clinical purposes (Recta; Adler 
Ortho srl). DAC®, a patented hydrogel (Novagenit®) was used as a local carrier for 
vancomycin on the implant. Before implantation, the implants were not coated (No 
Gel group), coated with hydrogel (Gel group), or with hydrogel loaded with 2% (w/v) 
vancomycin (vancomycin hydrochloride; Hospira Benelux BVBA, Brussel, Belgium) 
(Van2 group). The hydrogel was provided as a sterile powder (60 mg) in a syringe and 
was reconstituted during surgery by mixing the powder with 1 ml sterile demineralized 
water, resulting in a solution of (w/v) DAC®. In the Van2 group, the vancomycin was 
dissolved in the water prior to mixing with the hydrogel powder. The hydrogel was 
applied perioperatively on the surface of the titanium rods, using a spreader attached to 
the syringe with the hydrogel. The hydrogel was spread evenly on the complete surface 
of the titanium rod, after which the rod was immediately implanted.

Surgery, analgesia, and anaesthesia 
Surgery was performed under aseptic conditions. Preoperatively, the animals received 
s.c. buprenorphine hydrochloride (0.03 mg/kg, Temgesic®, RB Pharmaceuticals 
Limited, Slough, United Kingdom) for analgesia. Anaesthesia was initiated by s.c. 
injections of ketamine (10-15 mg/kg, Narketan® 10, Vétoquinol BV, ‘s-Hertogenbosch, 
the Netherlands) and Dexdomitor® (0.15-0.25 mg/kg, Orion Corporation, Espoo, 
Finland). Anaesthesia was maintained by an i.v. line of 1:10 Dexdomitor® and ketamine 
in NaCl. 

Before the first incision, the hair of the left hind leg was removed and the skin was 
disinfected with 10% povidone-iodine (Betadine® solution, Meda Pharma B.B., 
Amstelveen, the Netherlands). The knee was opened with a medial parapattelar incision. 
Anterior to the cruciate ligaments, the tibial intramedullary canal was opened with an 
awl and reamed with a drill (Ø 4.1 mm). Next, the implant, with or without hydrogel 
was implanted. The joint and skin were closed with Vicryl® size 3-0 (Ethicon, Johnson 
& Johnson, Peterbourough, Ontario) and Monocryl® size 3-0 (Ethicon), respectively. 
Radiographs were taken to verify the position of the implants in the proximal medullary 
tibial cavity, and to verify an undamaged cortex. Anaesthesia was reversed with Atipam 
(0.5-1.0 mg/kg, Eurovet Animal Health B.V., Bladel, the Netherlands). Postoperative 
analgesia with buprenorphine hydrochloride (s.c., 0.03 mg/kg) was administered every 
8 hours for 48 hours.

Fluorochrome Administration
Fluorochrome labels can be incorporated at sites of mineralization of bone and labels 
the front of mineralization at the time of administration16. By administering the 

labels at different times, bone formation can be followed with time. To observe bone 
apposition in the current study, rabbits were injected with two fluorochrome labels: 
xylenol orange (Xylenol Orange tetrasodium salt, 398187, Sigma-Aldrich, St. Louis, 
United States) and calcein green (Calcein disodium salt, 21030, Sigma-Aldrich). Two 
different administration schedules were used for analysis of early and late fluorochrome 
deposition. In each group, half of the animals were injected on Days 3 and 10 and the other 
half were injected on Days 7 and 21 with xylenol orange and calcein green, respectively. 

Post-operative follow-up and euthanasia 
Blood was collected preoperatively and weekly thereafter for analyses of total and 
differential leucocyte counts (neutrophils, monocytes, eosinophils, basophils, 
and lymphocytes), and erythrocyte sedimentation rates (ESRs). The analyses were 
performed by the Department of Clinical Chemistry and Haematology (UMC Utrecht, 
The Netherlands). The animals were euthanized 28 days after surgery with an overdose 
of i.v. sodium pentobarbital (Euthanimal 40%, Alfasan Nederland BV, Woerden, the 
Netherlands), after inducing general anaesthesia. This time was chosen to be able to 
detect differences between the groups during an early phase of bone formation.

Post mortem sample acquisition and analyses
The operative areas were depilated and disinfected with 10% povidone-iodine. The 
proximal tibiae were explanted under sterile conditions with a saw (Dremel, model 300, 
Breda, The Netherlands) and placed in 10% formalin. 

For micro-CT imaging for bone volume fraction analysis, all samples (six per group) 
were scanned after fixation with formalin using a micro-CT scanner (Quantum FX, 
Perkin Elmer, USA) with a voxel size of 60×60×60 μm3. The images were reconstructed 
automatically in three dimensions using the built-in micro-CT software (Analyze 11.0). 
Bone apposition near the implant was measured as the percentage of bone volume 
within a distance of 180 µm from the entirle cylindrical surface (excluding the ends) of 
the implant.
 
For histopathology and fluorochrome analyses, the tibia containing the implant was 
embedded after performing microCT. After fixation, the samples were dehydrated 
through a graded ethanol series and embedded in methyl methacrylate. Per ml, the 
methyl methacrylate solution consisted of 0.8 ml methyl methacrylate (Merck KGaA, 
Darmstadt, Germany), 0.2 ml Plastoid-N (nonylphenyl-polyethyleneglycol acetate, 
Sigma-Aldrich Chemie GmbH, Steinheim, Germany), and 28 mg benzoyl peroxide 
(Sigma-Aldrich, St. Louis, United States). After methyl methacrylate polymerization, 
sections of 20 to 30 µm were cut on a microtome (Leica SP1600, Leica Biosystems 
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Nussloch GmbH, Nussloch, Germany). Per animal, two sections (one distal and one 
proximal section) of the left tibia with the rod were made for histopathology and two 
sections for fluorochrome analysis.

For histopathology, the sections were stained with 1% methylene blue solution, 
and subsequently with 0.3% basic fuchsin solution. For semiquantitative scoring of 
inflammation, the scoring system by Vogely et al.17 was used. This system quantifies 
11 inflammation parameters, which results in a score between 0 (no reaction) and 56 
(serious reaction). Per animal, two sections (one distal and one proximal section) were 
scored. Two observers (WB and PGJN), blinded to the treatment, scored the sections and 
reconciled their scored if there was disagreement.

To examine the timing of bone apposition on the implant surface, unstained sections 
were analysed microscopically for the presence of fluorochromes adjacent to the 
implant. If a particular fluorochrome was present a score of 1 was given, if there was 
no bone or fluorochrome present around the implant, a score of 0 was given. Scoring 
was performed by two observers blinded to the treatment (WB and MHPvR), and they 
reconciled their scores if there was disagreement. Scores were averaged per group. As 
two different schedules were used for administering fluorochromes, three animals were 
included for each time. One proximal and one distal section were scored per animal. 
Results were incomplete as one rabbit from the No Gel group was not injected with 
xylenol orange on day 3. Furthermore, calcein green was not administered to six out of 
nine rabbits on day 10, therefore the results of these animals were excluded from further 
analysis.

Statistical analyses
With the group sizes used in our study, we had 79% power to detect a difference of 25% 
in histologic scoring for infection and inflammation at a probability less than 0.0512. 
This outcome parameter was used for the power calculation as no existing data for 
bone-volume fraction for this specific animal model were available. The results from 
the micro-CT, histopathological analyses, and the blood values for each time were 
compared by a one-way ANOVA with Dunnett’s post-hoc test, including the No Gel 
group as the control. All statistical calculations were performed using SPSS version 
20.0 (IBM Corp, Armonk, NY, USA). A probability value less than 0.05 was considered 
significant and results are presented as mean (± SD), mean difference (MD), and 95% CI. 

Results

Bone Apposition and Timing of Bone Deposition Near the Implant Surface
Bone Apposition
All three groups exhibited bone volume fraction percentages near the implant surface 
between 49% and 60% (Figure 2A). The bone volume fraction percentage in the No Gel 
group was 48.65% ± 14.95% (Figure 2B). With the numbers available, no differences 
were found in bone volume fraction percentages for the Gel group (59.97% ± 5.02%; MD, 
11.32%; 95% CI,-3.89% to 26.53%; p = 0.16) or for the Van2 group (56.12% ± 10.06%; 
MD, 7.46%; 95% CI,-7.75% to 22.67%; p = 0.40) compared with the No Gel group.
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figure 2 a-b.

The bone volume fraction percentages near the implant surface were measured for all groups using microCT. (A) 

The bone present within 180 µm from the implant surface is shown in blue-green. (B) No differences were found 

in the bone volume percentages near the implant of the Gel or Van2 groups compared with the No Gel group. 

Data are shown as mean and SD.
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Local and Systemic Inflammation
Histopathology 
Microscopic analysis of the histologic slides showed few signs of inflammation. The 
scores in the No Gel group (2.33 ± 1.67) did not differ, with the numbers available, from 
those of the Gel control group (3.17 ± 1.59; MD, 0.83; 95% CI, -0.59 to 2.26; p = 0.31), 
nor did the Van2 group (2.5 ± 1.24; MD, 0.17; 95% CI, -1.26 to 1.59; p = 0.95) (Figure 4A). 
In general, the Haversian canals were slightly enlarged and there was a mild periosteal 
reaction observed in all groups (Figure 4B–C). The similarities in histologic appearance 
of the groups was confirmed by the histopathology scores for inflammation that 
ranged from 0 to 56, with 0 representing no inflammation and 56 representing severe 
inflammation.

Haematology
The hydrogel coating did not result in a hematologic reaction based on the parameters 
we measured (Figure 5). No differences in total leukocyte count, ESR, and neutrophil, 
monocyte, eosinophil, basophil, and lymphocyte counts were present between the No 
Gel or Van2 groups com-pared with the Gel control group, with the numbers available. 
The only exception was the leukocyte count between the No Gel (7.52 ± 1.81x109/L) and 
Gel groups on Day 28 ((4.70 ± 1.21x109/L; MD, -2.48; 95% CI, -4.80 to -0.17; p = 0.04))

Histologic Analysis of Fluorochrome Incorporation for Timing of Bone Deposition
All animals showed similar fluorochrome incorporation patterns. Most animals showed 
mild periosteal bone formation, in some cases already by Day 3 (Figure 3A). None of 
the rabbits showed fluorochrome apposition around the implant on Day 3 (Table 1). No 
differences were found in averaged scores for active bone formation on Day 7 for the Gel 
group (0.33 ± 0.52) compared with the No Gel group (0.50 ± 0.55; MD, -0.17 95% CI,-
0.86 to 0.53; p = 0.78), nor for the Van2 group compared with the No Gel group (0.83 ± 
0.41; MD, 0.33; 95% CI,-0.36 to 1.03; p = 0.42), with the numbers available. On Day 21, 
bone growth around the implant was present in all animals (Table 1; Figure 3B)
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figure 3 a-b.

Fluorochrome incorporation was analysed microscopically, and bright-field and fluorescence pictures 

were taken from the same areas. The microscopic view of the fluorochrome signals was projected on the 

corresponding bright-field picture. Shown are representative examples of slides from an animal (Van2 group) 

injected with fluorochromes on (A) Days 3 and 10 and (B) Days 7 and 21. All animals showed similar fluorochrome 

incorporation in newly formed bone in the cortex (pink arrows), around the implant (blue triangles), and in 

periosteal bone (yellow star). In illustration B, the dark circle is an air bubble that got incorporated during the 

embedding process.

Timing of bone growth around the implant. Data are shown as mean ± SD; Van2 = hydrogel loaded with 2% 

vancomycin; the presence of a fluorochrome on a certain time would result in a score of 1, the absence in a 

score of 0. For each time, 6 sections were evaluated, except for the No Gel group on Day 3 where 4 sections were 

evaluated. 

a

b

Table 1.  

group

No Gel

Gel

Van2

day 3

0 ± 0

0 ± 0

0 ± 0

day 7

0.5 ± 0.5

0.3 ± 0.5

0.8 ± 0.4

day 21

1 ± 0

1 ± 0

1 ± 0
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figure 4 a-c.

(A) Semiquantitative scoring for inflammation parameters was performed on the basic fuchsin and methylene blue stained 

sections. The data are presented in boxplots with median and range. The circle and stars indicate an outlier and far outliers, 

respectively. (B) A representative microscopic image of a histologic slide is shown together with (C) a higher magnification 

image. All samples showed bone apposition (pink) on the surface of the implant (black). In most animals some Haversian 

canals were slightly enlarged (green arrows), and a mild periosteal reaction (green star) could be observed.

Blood values were measured preoperatively, and weekly during the study. Total (A) leukocyte,(B) neutrophil, (C) 

eosinophil, (D) lymphocyte, (E) basophil, and (F) monocyte counts, and the (G) erythrocyte sedimentation rate 

(ESR) for all three groups are shown. Data are shown as mean and SD. *p < 0.05 compared with the No Gel 

control group, at each time.

figure 5 a-g.
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Discussion

Currently, numerous approaches for locally applying antibacterial agents are being 
researched for prophylaxis of infection for uncemented implants3,18-20. As bone 
apposition at the implant surface allows for increased stability of these implants, local 
antibiotic coatings should not interfere with this process. Therefore, we asked: does a 
hydrogel or hydrogel loaded with vancomycin (1) interfere with bone apposition and 
timing of bone deposition near the implant surface; and (2) induce a local or systemic 
inflammatory reaction as determined by inflammation around the implant and 
hematologic parameters? In this study, we showed that the tested hydrogel, either 
unloaded or loaded with 2% vancomycin, did not interfere with bone apposition and 
timing of bone deposition near the implant surface, and did not induce inflammation 
around the implant or a systemic inflammatory reaction in a rabbit tibial intramedullary 
rod model. Only slight changes in morphologic features of the bone were observed, 
including a mild periosteal reaction and minimally enlarged Haversian canals. These 
changes might be a reaction to the presence of the implant as these were observed in all 
groups. 

This study had several limitations. First, this was a relatively small animal study, 
especially for proving the absence of an effect of the hydrogel on bone growth. In 
previous work with this product, histomorphometric evaluations showed no differences 
in cortical bone thickness between the hyaluronic acid-based hydrogel and HYALGAN® 
hydrogel application in a rabbit femur9. However, to show the clinical safety of using a 
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hydrogel as a local carrier of antibiotics for orthopaedic implants, this product will need 
to be validated in a more robust way, for example, a clinical safety study. Second, 28 
days follow-up seems a rather early time to evaluate bone formation. However, at a later 
time most bone apposition near the implant surface might be near completion which 
eliminates the possibility of finding differences. In all cases, bone formation around 
the implant was observed at Day 21, as has been shown by the fluorochrome labels. 
Therefore, we chose Day 28 as the end-point of the study. Third, the implant model 
used in this study does not involve a press-fit situation for the implant. Therefore, no 
conclusions can be drawn regarding stability of the implant. 

High local concentrations of antibiotics may be toxic for osteoblasts and could impair 
bone growth8,10. This would be an unwanted side effect for a local carrier for use in 
uncemented orthopaedic implants, as optimal bone deposition around the implant 
is needed for implant stability. In all animals, comparable bone apposition near the 
implant was observed. At Day 28, the empty hydrogel (59.97%) and the 2% vancomycin-
loaded hydrogel (56.12%) showed similar levels of bone volume fraction percentages as 
the group with uncoated implants (48.65%). Furthermore, all animals showed active 
bone formation around the implant by Day 21.These results suggest that, in this animal 
model, the hydro-gel, either empty or loaded with 2% vancomycin, does not impair 
bone formation and that 2% vancomycin was an acceptable concentration to be applied 
locally. 

Inflammation may compromise bone development and delay bone remodelling21,22. 
None of the animals showed severe signs of inflammation according to the results of the 
grading system of Vogely et al.12. Only slight changes in morphologic features of the bone 
were observed, including a mild periosteal reaction and minimally enlarged Haversian 
canals. These changes might be a reaction to the presence of the implant as these were 
observed in all groups. In addition, there were no meaningful differences in blood values 
during the study period. These findings suggest that the hydrogel does not induce an 
inflammation. 

One of the potential benefits of using a hydrogel for local delivery of agents is the 
flexibility in the choice of the functional agent, which possibly can provide personalized 
antibacterial prophylaxis. Especially for uncemented implants, it would be interesting to 
explore the possibilities of adding osteoinductive or osteoconductive components next 
to the antibacterial agents to further improve the bone-implant interface of uncemented 
implants. A combination of the bone-inducing molecule recombinant human BMP-2and 
the antibiotic teicoplanin loaded in the synthetic, degradable polymer poly(D,L-lactic 
acid)-p-dioxanone-polyethylene glycol resulted in controlled release of teicoplanin for 

up to 14 days, and critical-sized parietal cranial bone defects in rats were consistently 
filled with new-formed bone after implantation23.

An interesting property of hydrogels is that they can be adapted to create a material 
with specific characteristics that might improve the functionality, for example thermo-
reversibility, which means that the gels are liquid at lower temperatures and gelate at 
higher temperatures. In this manner, the hydrogel could be easily syringeable, which 
allows for easy application, and after gelation the loaded antibiotics could be released 
in a controlled manner24,25. The versatility of hydrogels and the possibilities to adapt a 
hydrogel with specific characteristics makes it an interesting candidate for use as a local 
carrier for agents of interest. Future research could provide more knowledge regarding 
the ideal properties of a local hydrogel coating for infection prophylaxis and the choice 
of agents to be loaded in a hydrogel. 

In the current animal study, we found that DAC® hydrogel could be applied as a coating 
on titanium implants without impairing bone formation near the implant surface or 
inducing an inflammatory reaction. Future clinical safety studies may provide additional 
evidence that this hydrogel does not hinder bone formation and prove the safety of this 
product. Antibiotic-loaded hydrogel may be a valuable option to offer local protection of 
orthopaedic implants from bacterial colonization.
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Abstract

Pathologic conditions associated with bone formation can serve as models to identify 
bone-promoting mediators. The inflammatory response to bacterial infections generally 
leads to osteolysis and impaired bone healing, but paradoxically, it can also have pro-
osteogenic effects. As a potential model to investigate pro-osteogenic stimuli, this study 
characterises the bone formation in an established rabbit tibia model of periprosthetic 
infection. Our hypothesis was that the infection with Staphylococcus aureus correlates with 
bone formation as a response to local inflammation. Fluorochromes showed excessive 
subperiosteal bone formation in infected tibiae, starting the first week and continuing 
throughout the study period. Despite the observed cortical lysis on micro-CT after 28 
days, infection resulted in a 2-fold higher bone volume in the proximal tibiae compared 
to uninfected controls. The ipsilateral fibulae, nor the contralateral fibulae or tibiae, were 
affected by infection. Next, we sought to confine the cause of stimulated bone formation 
to the isolated Staphylococcus aureus cell wall. In absence of virulent bacterial infection, 
the Staphylococcus aureus cell wall extract induced bone in a more favourable way without 
cortical lysis. This suggests that the sterile inflammatory reaction to bacterial antigens 
may be harnessed for bone regenerative purposes. Future investigations in this rabbit 
tibia model can lead to further identification of effective stimuli for clinical application.

Introduction

New strategies to induce local bone formation are of great interest1-3, considering the 
limitations of the autologous bone graft (autograft)4. Various synthetic grafts, particularly 
the calcium phosphates, hold a great potential to treat various bone defects due to 
their biocompatibility and osteoconductive properties5. However, they are not suitable 
as stand-alone graft in larger defects due to their limited bone-inductive capacity6. 
Traditionally, the performance of synthetic bone grafts is therefore enhanced with cells 
or growth factors2,7.

More recently, the incorporation of immunomodulatory factors is also being investigated 
as a way to enhance the efficacy of bone substitutes8,9. After tissue injury, the inflammatory 
response initiates the reparative cascade10. During this phase, the close interaction 
between bone cells and immune cells is a prerequisite for normal bone healing11. In 
line, macrophages appear to be involved in the bone formation induced by certain 
calcium phosphates12,13. These bone graft substitutes therefore are a potential target in 
immunomodulatory strategies. 

Studying pathologic conditions associated with bone formation can be helpful to identify 
pro-osteogenic mediators during inflammation14-16. To facilitate this, a reproducible and 
quantifiable animal model is needed. This model should allow easy induction of a local 
and orthotopic inflammation in an immune competent animal. Although several animal 
models are known in which bone formation is linked to an underlying inflammatory 
process, they involve heterotopic bone formation or systemic disease17-19. In contrast, 
new bone formation during osteomyelitis seems to be a localised orthotopic response 
and therefore may be a clinically interesting model to investigate bone-promoting 
stimuli20,21. Although virulent bacteria are likely unfavourable for any future therapies, 
investigating the phenomenon of bone formation in osteomyelitis can potentially lead 
to the identification of bacteria-derived components or downstream secreted cytokines 
which can be harnessed as a safer alternative for new bone formation. 

Bacterial infections are known to drastically affect bone tissue. The inflammatory 
response to bacterial antigens causes a misbalance between the number of osteoclasts 
and osteoblasts22-24, which generally leads to bone loss, impaired fracture healing and 
failure of spinal fusion23,25,26, Paradoxically, bacterial infections are occasionally also 
linked to new bone formation, suggesting that the local response to bacteria can stimulate 
osteogenic pathways. For example, subperiosteal bone formation is commonly observed 
in osteomyelitis of the long bones15,27, and bacterial infection is a potential risk factor for 
the development of heterotopic ossifications after soft tissue trauma28,29. Although the 
underlying mechanism of bacteria-induced osteogenesis has not been fully established, 
several observations point to the fact that local inflammatory factors may stimulate the 
process30-33. Furthermore, the activation of receptors important in the innate immune 
response, i.e. toll-like-receptors, affects osteoblast activity and bone formation34-36.

This study characterises a rabbit tibia model as a potential model to investigate 
bone-promoting mediators. This well-established model was originally developed to 
study periprosthetic infection and shows gross signs of both osteolysis and new bone 
formation37,38. To test the hypothesis that Staphylococcus aureus infection induces a 
localised pro-osteogenic response in this model, we studied (1) how infection affects 
the bone morphology and histology; (2) how infection locally and systemically affects 
the bone volume; and (3) what the onset is of bone formation during infection. To test 
the hypothesis that an inflammatory response induces bone formation in this model 
in absence of virulent bacterial infection, we studied (4) what the effect is of the 
Staphylococcus aureus cell wall extract on the bone volume and its histological appearance. 



165164

Inflammation-induced Osteogenesis in a Rabbit Tibia Model  Chapter 8

8

Materials and Methods

Design
In the first part of this study (‘Infection study’), the osteogenic response to Staphylococcus 
aureus infection was investigated in the tibiae of adolescent rabbits37. The animals underwent 
unilateral treatment and the bone response with or without infection was compared (n=6 per 
group). In the second part of this study (‘Cell wall extract study’), the osteogenic response to 
Staphylococcus aureus cell wall was investigated in the same model without an implant. For 
this study, the untreated contralateral tibia served as the control (n=4).  

Sample preparation 
Staphylococcus aureus (Wood 46, ATCC 10832) was cultured in LB medium at 37 ºC mid-log 
phase. The bacteria were aliquoted and stored at -80 ºC in PBS with 20% (v/v) glycerol. The 
number of colony forming units (CFU) was determined by plating on blood agar plates. The 
bacteria were washed with PBS before in vivo use. 
   
For the preparation of Staphylococcus aureus cell wall extract (CWE), the bacteria were 
resuspended in lysis buffer containing 300 mg raffinose (Sigma-Aldrich, Saint Louis, MO, 
USA) and 100 μg lysostaphin (Sigma) per ml of Tris/MgCl2 solution (50mM Tris-HCl pH 7.5; 
20 mM MgCl2), at a concentration of 1010 CFU Staphylococcus aureus/mL buffer. An EDTA-free 
protease inhibitor (200 μl/mL buffer, Roche, Basel, Switzerland) was added. After 2 h at 37 ºC, 
the samples were centrifuged, and the supernatant containing the cell wall extract was passed 
through a 0.4 μm syringe filter. This protocol yielded a total concentration of 800 μg/mL of 
Staphylococcus aureus-associated proteins (Pierce™ BCA Protein Assay Kit, Thermo Scientific, 
Waltham, MA, USA). 

Animal surgery
The animal experiments were performed after approval of the local Ethical Committee for 
Animal Experimentation (Utrecht University, The Netherlands). Animals were housed 
at the Central Laboratory Animal Institute (Utrecht University). The rabbits’ daily diet 
consisted of 100 g of pellet food (Stanrab, SDS, Essex, UK). Water was available ad libitum. 
As part of the surgery, animals received ketamine (15 mg/kg i.m.; Narketan®, Vétoquinol, 
‘s-Hertogenbosch, The Netherlands) and glycopyrrolate (0.1 mg/kg i.m.; Robinul®, Riemser 
Arzneimittel AG, Greifswald, Germany) preoperatively, and medetomidine (0.25 mg/kg s.c.; 
Dexdomitor®, Orion Corporation, Espoo, Finland) perioperatively. Anesthesia was reversed 
with atipamezole hydrochloride (0.5-1.0 mg/kg i.v., Atipam®, Eurovet Animal Health, Bladel, 
The Netherlands). Buprenorphine (0.03 mg/kg s.c.; Temgesic®, RB Pharmaceuticals Limited, 
Slough, UK) was given for 2 days to relieve pain. 

The left hind limbs were shaven and disinfected with povidone-iodine (Betadine). The stifle 
joint was opened through a medial para-patellar incision. In the infection study (female New 
Zealand White, 16 weeks old, 3.0-3.5 kg, Charles River, L’Arbresle, France), an opening was 
created in the tibial canal with a drill (4.1 mm Ø). After rinsing and draining, a cylindrical 
sandblasted titanium rod (4 mm Ø x 25 mm, roughness 5.6 μm, Adler Ortho SRL, Milan, 
Italy) was inserted. For the infection study 105 CFU of Staphylococcus aureus in 50 μl PBS were 
pipetted in the canal before implantation (n=6). The control group received PBS (n=6). The 
right limbs were left untreated. In the cell wall extract study (n=4, female New Zealand White, 
12-15 weeks old, 2.5-3.0 kg, Charles River), the same method was used to create a 1.0 mm Ø 
opening. After draining, 250 μl of the cell wall extract was injected into the tibial canal and 
the opening was immediately closed with 200-300 μl fibrin glue (Tissucol 500®, Baxter, 
Deerfield, IL, USA). The tissues and skin were closed (Monocryl®, Ethicon, Somerville, NJ, 
USA). 
   
The body weight was measured pre-operatively on the day of the surgery and every week 
thereafter. Blood was collected from the central auricular ear vein weekly (Infection study) or 
at day 7 (Cell wall extract study) to measure systemic markers of inflammation (Laboratory of 
Clinical Chemistry and Hematology, UMC Utrecht). 
   
Fluorochrome labels were injected to trace new bone formation39. In the infection study, 
xylenol orange (30 mg/kg s.c. in 1% w/v NaHCO3, Sigma) and calcein green (10 mg/kg s.c. in 
2% w/v NaHCO3, Sigma) were injected on days 3 and 7 in half of the animals, and on days 7 
and 21 in the other animals. In the cell wall extract study, all animals received fluorochromes 
on days 14 and 28. In these animals, in vivo micro-CT scans of the limbs were also made on day 
28 under the same anesthesia protocol as described above. 
   
The animals were euthanised with pentobarbital (i.v. Euthanimal®, Alfasan, Woerden, 
The Netherlands), after using the same anesthesia as the surgery. In Staphylococcus aureus 
contaminated tibiae, samples of the anterior tibiae were collected under sterile conditions 
and used for bacterial counting (see below). A distal 1 cm-thick cross-sectional bone sample 
was harvested for paraffin embedding and histological assessment (Dremel rotary saw, 
model 300, Breda, The Netherlands)(Figure. 1A). The remaining tissue was fixed in 4% 
(v/v) formaldehyde for micro-computed tomography (micro-CT) scanning and methyl 
methacrylate (MMA) sectioning. 

Bacterial count 
Bone samples harvested from the tibiae of Staphylococcus aureus-contaminated animals 
(Figure 1A) were weighed and homogenised (Polytron PT3100; Kinetica Benelux, Best, The 
Netherlands). Serial dilutions were cultured on blood agar plates. The CFU was counted and 
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normalised to the weight of the fragments (6.3 x 105 ± 1.2 x 106 CFU/g bone). 

Micro-CT analysis
Reconstructed images were acquired with a tube voltage of 90 kV and a tube current of 
180 μA (Quantum FX, PerkinElmer, Waltham, MA), and represented as a stack of 2D TIFF 
images (Analyze, version 11.0, AnalyzeDirect Inc, Overland Park, KS, USA). All analyses 
were performed with the BoneJ plugin (version 1.3.12) in ImageJ freeware version 1.48.40,41 
The intramedullary implant was first excluded from the data set using a customised 
macro that uses a global threshold to identify the implant. An adaptive threshold was 
applied based on the mean local greyscale distribution to precisely segment the bone for 
volume and porosity measurements.42

   
In the infection study (voxel size 60 μm3), several parameters were calculated on the 
proximal 300 cross-sectional slices (18 mm section) containing the implant: tibial and 
fibular volume (mm3), peri-implant volume (mm3), tibial porosity (%) and density (g/
cm3). Cortical segmentation was performed to measure the total bone volumes. For 
infected tibiae, this volume was corrected for the tissue removed for bacterial culture 
(calculation in Figure 1B). The right tibiae served as a within-subject control to determine 
the left-to-right ratio in total volume. The tibial bone volumes were calculated based 
on the product of their total volume and porosity (Figure 1C). The peri-implant bone 
volume was defined as the bone volume measured within a defined Region Of Interest 
(ROI). This ROI was a cylinder (5 mm Ø x 18 mm) selected around the centre of the (4 mm 
Ø x 18 mm) implant (Figure 1D). For bone density calculation, the average grey values 
were related to a calibrated series of samples, assuming a linear relationship between 
grey value and bone density.43 
   
In the cell wall extract study (voxel size 120 μm3), the bone volume measurement 
was performed on a tibial section of 250 slices (30 mm section) distal to the proximal 
tibiofibular joint. The right tibiae served as a within-subject control. 

Histology 
Undecalcified bones were fixed in 4% (v/v) formaldehyde, dehydrated in an enthanol 
series, and embedded in methyl methacrylate (MMA) containing 20% (v/v) plastoid 
N (Sigma) and 2.8% (w/v) benzoylperoxide (Luperox, Sigma). Transverse 40 μm-
thick sections (Leica microtome, Nussloch, Germany) were stained with basic fuchsin/
methylene blue for global histological assessment, or left unstained for fluorochrome 
detection (Olympus BX51 with DP70 camera, Olympus, Shinjuku, Tokyo, Japan). 
   
For stainings on paraffin sections, the bone samples were decalcified in 0.5 M EDTA for 

figure 1.

(A) Schematic representation showing the analyses performed on different tissue regions of the tibia (Infection 

study). (B–D) Bone volume calculations. (B) In infected tibiae, the volume of the removed anterior part (V2) was 

extrapolated by dividing the known weight (W2) by the density (r2). The density was assumed to be the same as 

the determined bone density (ρ1).This calculated volume V2 was added to the scanned volume (V1) to yield the 

TV. (C) A local threshold was applied to obtain the exact bone architecture and the bone porosity (Po). The bone 

volume was determined using the TV and Po values. (D) A peri-implant ROI was defined as a 0.5 mm layer of 

bone tissue around the 4 mm diameter implant, measured within a cylindrical ROI (gray region). ROI, region of 

interest; TV, total volume.
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a total of three weeks. The EDTA was replaced by formaldehyde for 2 d halfway, and for 
2 d at the end of the decalcification procedure. Samples were embedded in paraffin and 
cut into 6 μm-thick sections. A modified Gram stain was performed to localise Gram-
positive bacteria (Department of Pathology, UMC Utrecht). In short, samples were 
stained with Crystal Violet (Sigma, St. Louis, MO, USA) solution for 2 min and Lugol’s 
solution (Merck, Billerica, MA, USA) for 1 min. Sections were then decolorised with 
acetone and counterstained with 0.05% (w/v) Light Green SF (Sigma). To demonstrate 
the presence of osteoclasts, a staining for tartrate-resistant acid phosphatase (TRAP) 
activity was performed. Samples were pre-incubated with 0.2 M acetate buffer-tartaric 
acid for 20 min at 37 ºC. Naphtol AS-MX phosphate (0.5 mg/mL, Sigma) and Fast red TR 
salt (1.1 mg/mL, Sigma) were then added for another 2 h. Samples were counterstained 
with Mayer’s hematoxylin. 
  
Immunohistochemical staining for type II collagen was performed to identify 
cartilaginous tissue. Sections were treated with 1 mg/mL pronase for 30 min and 10 mg/
mL hyaluronidase for 30 min at 37 °C. Following a blocking step with 0.3% (v/v) H2O2 
in PBS, the sections were incubated with an antibody specific for type II collagen (1:100 
from ascites, II-II6B3, Developmental Studies Hybridoma Bank, University of Iowa, Iowa 
City, IA) overnight at 4°C. Incubation with the secondary goat-anti-mouse antibody 
conjugated to horse-radish peroxidase (HRP, 1:200, P0447, Dako) was done for 1 h at 
room temperature. Detection was performed by incubation with 3,3’-diaminobenzidine 
tetrahydrochloride hydrate (DAB, D5637, Sigma). Sections were counterstained with 
Mayer’s hematoxylin. 
   
Macrophages and activated neutrophils were stained with an antibody specific for 
calprotectin. The same blocking and detection steps were used as described above. 
Antigen retrieval was performed with 0.1% (w/v) proteinase K for 15 min. Sections 
were incubated with the primary antibody (5 μg/mL, mouse-anti-human, MAC387, 
Abd Serotec, Kidlington, UK) for 2 h at room temperature. A mouse IgG1 monoclonal 
antibody (X0931, Dako) served as an isotype-matched control. This was followed by 
incubation with the secondary antibody (1:200, RPN1001, sheep anti-mouse IgG-biotin, 
GE healthcare) for 30 min at room temperature. To enhance the signal, samples were 
incubated with streptavidin-HRP (2 μg/mL, FP0397, Dako) for 30 min. Sections were 
counterstained with Mayer’s hematoxylin. 

Statistical analysis
All data are presented as the mean ± standard deviation (SD). Statistical analyses were 
performed using SPSS version 20.0 (IBM, Chicago, IL, USA). One-way ANOVA was used 
to analyse the micro-CT results. One-way ANOVA with Bonferroni post-hoc correction 

was used to analyse the changes in haematological parameters. Differences were 
considered significant for p < 0.05. For the infection group, the Spearman correlation 
coefficient (ρ) with the two-tailed probability was calculated to assess the relationship 
between the bacterial load at day 28 (CFU/g bone) and the relative difference in tibial 
volume (left-to-right ratio). 

Results

Clinical signs of infection 
All rabbits completed the 4-week follow-up. In all animals, weight loss was seen in the 
first week after surgery. In the control group, the animals regained their weight during 
follow-up, while this was not the case in the Staphylococcus aureus-contaminated group 
(Figure 2A). Furthermore, only the control animals recovered to full weight bearing of the 
treated limb during the study. The erythrocyte sedimentation rate (ESR) and leukocyte 
counts were significantly higher in the Staphylococcus aureus-contaminated group at day 
7 compared to the control group (Figure 2B). Together, these data suggest that infection 
was successfully established in all contaminated animals. The bacterial count showed 
that two out of six bone samples from the infection group were negative for bacteria, 
indicating a low-grade, or absence of active infection at the end of the study (Table 1). 

fig. 2.
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(A) Bodyweight changes in the infection study. (B) The ESR and leukocyte counts were measured in blood 

samples. Mean ± SD, *p<0.05 using one-way ANOVA with Bonferroni post hoc test for comparison between non-

contaminated and contaminated animals (n=6 per group). ESR, erythrocyte sedimentation rate.
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Histological assessment of infected bones
Basic histology showed several morphological changes in the infection group (Figure 
3A), including thickening of the cortex, bone resorption, enlarged Haversian canals 
in the inner cortex, and new bone formation. Micro-abscesses were occasionally seen 
in the tibial canal. Gram-positive bacteria were occasionally encountered in infected 
specimens, but only in the original cortex and never in the newly formed bone tissue 
(Figure 3B). In sections of infected tibiae, numerous osteoclasts were found in the 
enlarged Haversian canals of the original bone and the mesenchymal stroma of the 
new bone (Figure 3C). In non-infected animals, osteoclasts were only observed in the 
endosteal and periosteal lining.
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Table 1. 

Bacterial count and tibial volume increase at day 28 in infection group. CFU, colony-forming units

sample 

number

1

2

3

4

5

6

bacterial count

(cfu/g bone)

0 (No CFU)

0 (No CFU)

320 (Low CFU)

61090 (Low CFU)

6.7 x 105 (High CFU)

3.1 x 106 (High CFU)

Tibial volume

(left - right ratio)

1.2

1.2

1.6

2.1

2.2

3.3
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Immunohistochemical staining for type II collagen did not show evidence of increased 
endochondral bone formation in the infection group (Figure 4A-C). First, type II 
collagen was seen in all samples in the original cortex, but never in newly formed 
bone tissue. Second, the collagen II matrix never contained cells. Staining for activated 
phagocytes with calprotectin was negative in tibiae of non-infected animals, while the 
treated tibiae of the infection group showed positive staining indicating the presence of 
active inflammation (Figure 4D-I). In these samples, staining was always observed in 
the medullary cavity (Figure 4D-F). Furthermore, the staining was localised to the inner 
bone cortex (Figure 4G-I), but only in tibiae associated with a bacterial burden at day 28 
(Low and High CFU, Table 1).

figure 3. figure 3.

Histological differences between treated tibiae from the control and infection group (Infection study). (A) MMA 

samples were stained with methylene blue/basic fuchsin to examine gross morphological differences. Infected 

tibiae were associated with bone resorption, cortical thickening, and subperiosteal bone apposition. (B) A Gram 

stain occasionally showed bacterial colonies (arrows) in the original bone tissue. A modified Gram stain was used 

(blue); samples were counterstained with Light Green SF.(C) In infected samples, TRAP staining demonstrated 

high osteoclast presence (arrows) within Haversian canals (original bone) and mesenchymal stroma (new bone). 

The representative images for each group are shown according to Table 1. 
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Quantitative bone changes in infected tibiae
Micro-CT images showed clear differences between tibiae treated with an implant in 
the control and infection group. Mild to extensive thickening of the cortex was found 
in all samples in the infection group with occasional subperiosteal extrusions. This was 
associated with an increased porosity of the bone structure (Figure 5A). The quantified 
data confirmed the macroscopic observations (Figure 5B-F). Tibiae of the infection 
group showed a more than 2.5-fold higher total volume (p=0.01) and a more than 
2-fold higher bone volume (p=0.01) compared to tibiae of the control group (Figure 
5B). Infected tibiae furthermore demonstrated a more than 3-fold higher bone porosity 
(p=0.01) with a 10% lower bone density (p=0.01) compared to the control group (Figure 
5C). There was a strong correlation (ρ=0.94, p=0.01) between the bacterial load at day 28 
and the relative increase in tibial volume compared to the contralateral sides (Table 1). 
Staphylococcus aureus-contaminated implants had a lower (p=0.04) peri-implant bone 
volume (Figure 5D). In the control group, the presence of the titanium implant alone did 
not affect the tibial volume when comparing the implant and non-implant side (Figure 
5E). Although the tibial infection did not affect the ipsilateral fibulae, the bone volume 
of the fibula was significantly lower in the treated limb compared to the untreated limb 
in both groups (Figure 5F).

figure 4.

Immunohistochemical staining performed on the treated tibiae from the control and infection group (Infection 

study). (A–C) Staining for collagen II. Patches of collagen II-positive tissue were observed in all samples (arrows), 

but never in newly formed bone tissue. Representative images are shown for the control group (A) and samples 

associated with a low (B) or high bacterial load (C) after 28 days according to Table 1. (D–F) The distribution of 

calprotectin in the medullary cavity of infected tibiae. Representative images are shown for samples associated 

with no (D), low (E), or high (F) bacterial load after 28 days according to Table 1. (G–I) The distribution of 

calprotectin in the cortex of infected tibiae. Representative images are shown for samples associated with no 

bacteria (G), or a low (H) or high (I) bacterial load after28 days according to Table 1. p, periosteum; e, endosteum.
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figure 5. figure 5.

Micro-CT analyses of the treated tibiae from the control and infection group (Infection study). (A) 3D-reconstructed 

images of infected tibiae demonstrated increased thickness of the cortex. (B–D) Staphylococcus aureus infection 

affected the tibial volume (B), morphological parameters (C), and the bone apposition around the implant (D). (E) 

The implant alone did not change the tibial bone volume. (F) In all animals, a lower fibular volume was measured 

in implant side compared to the contralateral side. Mean±SD, *p<0.05 using one-way ANOVA for comparison 

between the control and infection group (n=6 per group).
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Onset of bone formation 
Incorporation of fluorochrome labels at predetermined time intervals was used to 
determine the onset and location of bone deposition (Figure 6). Although subperiosteal 
bone formation was seen in both groups, the extensive incorporation of fluorochromes 
suggested increased bone apposition in the infection group (Figure 6C, 6D) compared to 
the control group (Figure 6A, 6B). Bone formation had an onset between day 3 and 7 and 
continued throughout the study period. In the infection group, two distinct layers with 
high fluorochrome incorporation were found, resembling an ongoing process of bone 
deposition and remodelling (Figure 6C, 6D). In the control group (Figure 6E), endosteal 
bone formation towards the implant was always observed, while this was only seen in 
one tibia in the infection group (Figure 6F).

Staphylococcus aureus cell wall-induced bone changes
The effect of a sterile inflammation on the bone parameters was studied by inoculating 
the rabbit tibiae with an Staphylococcus aureus crude cell wall extract (CWE). The animals 
increased in bodyweight after the first post-operative week (Figure 7) and returned to 
full weight bearing of the treated limb either in the second or third week after surgery. In 
the CWE-treated animals, the systemic markers of inflammation were analysed at day 
7, since they were found to peak at this time point (Figure 2B). Their ESR was the same 
at day 7 compared to the pre-operative value. Furthermore, their leukocyte counts only 
showed subtle increases compared to sham-treated controls (Table 2).
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figure 6. figure 7.

The incorporation of xylenol orange (red) and calcein (green), fluorochromes showing the onset and progression 

of bone de-position (Infection study); Dx represents the day of fluorochrome injection. Periosteal bone formation 

in the tibiae of control (A, B) and infection animals (C, D). Peri-implant bone formation in the tibiae of control (E) 

and infection (F) animals. p, periosteum; e, endosteum.

Change in body weight in rabbits treated with Staphylococcus aureus cell wall extract.
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Table 2.

ESR (mm/h)

Leukocytes (x109/L)

Monocytes (x109/L)

Neutrophils (x109/L)

implant implant + 

staphylococcus aureaus s. aureus cwe

Mean ± sd

2.0 ± 1.4

7.2 ± 1.4

0.3 ± 0.3

1.8 ± 0.9

Mean ± sd

67.5 ± 37.4

10.7 ± 1.4

2.3 ± 1.0

4.4 ± 0.3

Mean ± sd

1 ± 0

9.0 ± 1.4

0.4 ± 0.3

3.1 ± 0.4

fold changea

2

1

1

1

fold changea

54

1

9

3

fold changea

1

1

2

2

Nonspecific markers of inflammation measured at day 7. ESR, erythrocyte sedimentation rate; CWE, 

cell wall extract. 

a Fold change at day 7 compared to preoperative.
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Qualitative micro-CT assessment of Staphylococcus aureus CWE-inoculated tibiae showed 
cortical thickening and osteolytic bone changes in comparison to the contralateral 
tibiae (Figure 8A). In contrast to a Staphylococcus aureus infection, there was no cortical 
bone loss. Quantitative assessment showed a transient bone volume increase in 3 out 
of 4 treated tibiae (Figure 8B, 8C). The relative bone volume increase compared to the 
contralateral tibia was 6 ± 7% at week 4 (Figure 8B), and 2 ± 5% at week 8 (Figure 8C). 

An increased amount of fluorochrome markers were incorporated in CWE-treated 
tibiae compared to untreated tibia (Figure 8D). In addition, the week 2 label was more 
abundant than the week 4 label. Similar to the infected tibiae, the localisation of the 
fluorochromes indicated that subperiosteal bone apposition was the mechanism behind 
the bone volume increase.
   
Basic fuchsin/methylene blue staining on MMA-embedded samples showed mild 
morphological bone changes characteristic of a bacterial infection (Figure 8E), i.e. 
thickening of the cortex, new bone formation and enlargement of the Haversian canals. 
Micro-abscesses was not observed. Staining for calprotectin after 8 weeks showed 
the occasional presence of activated phagocytes in the medullary cavity in 3 out of 4 
tibiae treated with Staphylococcus aureus CWE, while the bone marrow had a normal 
appearance (Figure 8F). TRAP staining showed the sporadic presence of osteoclasts after 
8 weeks, with no differences between Staphylococcus aureus CWE-treated and control 
tibiae (not shown). 

figure 8.

figure 8.

Bone characteristics following a sterile inflammation (Staphylococcus aureus cell wall extract study). (A) Representative 

micro-CT images showing tibial cortical thickening after inoculation with Staphylococcus aureus CWE, together with the 

untreated contralateral tibia (control). Quantitative measurement of the tibial bone volume by micro-CT at week 4 (B) and 

week 8 (C). Each rabbit is represented by a unique colour. The percentages indicate the relative bone volume increases 

within each animal. Mean ± SD (n=4). (D) The incorporation of calcein (green, week 2) and xylenol orange (red, week 4), 

fluorochromes showing the dynamics of bone deposition. p, periosteum; e, endosteum. (E) MMA samples were stained 

with methylene blue/basic fuchsin to examine the tissue morphology. A representative image is shown of a tibia with 

cortical thickening 8 weeks after inoculation with Staphylococcus aureus cell wall extract, together with the untreated 

contralateral tibia (control). The arrows indicate the area of newly formed bone tissue. (F) The distribution of calprotectin 

in the medullary cavity. A representative image is shown of a tibia 8 weeks after inoculation with Staphylococcus aureus 

cell wall extract, together with the untreated contralateral tibia (control). CWE, cell wall extract.
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Discussion

This study characterises the osteogenic response in an established rabbit model of 
periprosthetic Staphylococcus aureus infection. As for many other infection models, there 
was an inconsistency in the current study to induce the same severity of infection in all 
animals. Despite this variation, all Staphylococcus aureus-contaminated tibiae showed 
pronounced bone formation leading to a net bone volume increase. This pro-osteogenic 
effect could be measured in terms of bone volume changes on micro-CT, since the 
intramedullary implant alone did not affect the bone volume in the control condition. 
This appeared to be a local response, since the volumes of the contralateral tibiae and 
even the ipsilateral fibulae remained unaffected in the infection group.
   
Fluorochrome analysis showed that bone apposition mostly occurred in the 
subperiosteal region. Since the periosteum can react to mechanical changes44, the 
induced osteogenesis in the periosteum may have occurred as an adaptive response to 
maintain the bone strength following endocortical bone resorption45,46. This however is 
unlikely, considering the early onset of bone formation (i.e. before 7 days), the substantial 
net bone increase in infected tibiae and the absence of an osteogenic response in the 
ipsilateral fibulae. Alternatively, periosteal bone formation can also be a direct response 
to inflammatory stimuli47. In agreement, we observed a strong correlation between the 
bacterial load at the study endpoint and the bone volume increase despite the relative 
small sample size. Also, there was a trend towards a higher local presence of activated 
phagocytes in the tibiae associated with most bone formation. 
   
The use of virulent bacteria as bone-stimulating agent is unfavourable due to the 
uncontrolled expansion, systemic effects, and/or severe osteolysis associated with 
infection23,35,48. Therefore, we hypothesised that a transient inflammatory response 
to isolated Staphylococcus aureus cell wall components could also induce new bone 
formation. The same tibia location was used to allow a close comparison between the 
inflammation-induced effects during infection and the Staphylococcus aureus cell wall-
induced effects. There were only small changes in the experimental design. First, the 
Staphylococcus aureus cell wall isolate could be delivered into the tibial canal in a less 
invasive approach without an implant. Furthermore, the untreated tibia served could 
serve as a within-subject control, since even the sham implants without infection did not 
affect the bone. In line with the hypothesis, bone changes were observed with an obvious 
pro-osteogenic response. Although the net bone volume change was less pronounced, 
the overall response was more favourable due to the absence of the severe osteolysis as 
observed in the infected tibiae. This finding further suggests that bone apposition in this 
model occurs as a direct response to inflammation, and uncoupled from osteolysis. This 

in agreement with other observations. For instance, the induction of inflammation with 
oncostatin M induces periosteal bone formation without increased osteoclast activity49, 
while inflammation in the spine can lead to ankylosis without higher bone resorption50. 
Although more detailed analyses are needed in future studies, the use of bacteria-derived 
products could be a potentially safe strategy, as shown by the minimal effect of the 
Staphylococcus aureus cell wall extract on systemic inflammation markers, bodyweight 
and general performance compared to sham-treated animals. Future research is 
needed to identify which clinical conditions (e.g. type of defect or patients) will benefit 
most from inflammation-induced bone formation. Considering the importance of the 
periosteum in callus formation and its responsiveness to inflammatory signals47,51, it 
can be speculated that such a strategy is particularly effective in defects which rely on 
periosteal-mediated bone regeneration.
    
These findings allow future studies to identify and characterise the most favourable 
stimuli for bone formation in this model. For example, different toll-like-receptor 
(TLR) agonists should be investigated since they play an important role in the 
response to bacterial antigens52, and could promote bone formation through different 
mechanims36,53. The bone stimulatory or resorptive effects of proinflammatory 
mediators is likely dependent on their local concentrations. In the current model, we 
never observed bacteria or activated phagocytes in newly formed bone, which is in 
line with other studies showing that bone apposition in response to an Staphylococcus 
aureus infection is usually not observed in direct vicinity of the bacteria, or within a 
subperiosteal abscess, but further away from the bacterial burden.20,21 The rabbit tibia 
model can be used to study inflammation-induced bone formation as a phenomenon, 
but the actual therapeutic use of bone-inductive mediators should be studied in a 
more translational approach, i.e. in functional models such as critical size defects or 
spinal fusion models, and as part of bone tissue engineering constructs. These studies 
should also include a more detailed assessment of adverse reactions and mechanical 
performance of the treated defects to verify their true therapeutic potential.
   
In conclusion, the rabbit tibia model is suitable to study the osteogenic response to local 
inflammation. After inoculation with Staphylococcus aureus, bone formation started 
within a week and was localised to the contaminated tibiae, suggesting a direct effect of 
inflammatory stimuli on osteogenesis. Since the Staphylococcus aureus cell wall extract 
induced a more favourable osteogenic response, the sterile inflammatory reaction to 
bacterial antigens may be harnessed for bone regenerative therapies. 
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Summary, discussion, future perspectives

This chapter summarises and discusses the results of the studies that were performed 
in light of the aims that were stated in the introduction. The main aim of this thesis was 
to investigate orthopaedic implant-related infections with an emphasis on diagnosis, 
prophylaxis, and local bone formation. This was addressed in in vitro experiments, in 
vivo implant-related infection studies, and a retrospective clinical study. 

Part 1: Diagnosis of infection

Summary part 1 A: 
To improve the diagnosis of infection by analysing the consequences of undiagnosed infections 
on implant survival
Antibiotic prophylaxis was shown to not only decrease the rate of revision due to infection 
but also to reduce the number of patients with aseptic loosening1,2. Furthermore, molecular 
techniques were shown to detect infections that were not found by the current gold standard 
of bacterial culture3. Taken together, these findings suggest that there are patients with 
undiagnosed infections. The consequences of these undiagnosed infections are unknown. 
Therefore, in chapter 3, we addressed the research question ‘Does missed implant-related 
infection influence long-term implant survival?’. 

In a previous study, 176 patients undergoing revision of a total hip arthroplasty, due to 
presumed aseptic loosening, were included3. However, the presence of an undiagnosed 
low-grade infection was detected in 4-13% of these patients by using broad-range PCR 
and reverse line blot hybridisation, in addition to the standard bacterial culture method. In 
chapter 3, we performed a multicentre follow-up study on this patient cohort, more than 7 
years after the initial study. We investigated the number of re-revisions between the group 
with diagnosed infections (2 out of 21) and the group in which no infection was diagnosed 
previously (13 out of 152). We did not find a significant difference in the number of re-
revisions between those groups, nor was there any difference in time to re-revision. Our 
interpretation of these results is that underdiagnosis of low-grade infection with presumed 
aseptic revision of a total hip arthroplasty may not affect long-term implant survival.

Discussion part 1 A
In the initial study3, there appeared to be no consequences of undiagnosed infections in 
the short term for the survival of the implant. In the present study (chapter 3), there were 
also no increased failure rates found in the mid to long term for patients with low-grade 
infections compared to patients without infection. However, these results do not imply 
that undiagnosed infections are not a problem. It is important to keep in mind that it is 
possible that no direct consequences of underdiagnosed low-grade infections could be 
proven as the numbers in the group with diagnosed infections were small. Also, to our 
knowledge, no other studies have been performed on the effects of misdiagnosed low-
grade infections within the orthopaedic field and therefore there are no studies available 
for direct comparison. The question of whether underdiagnosis of low-grade infections has 
any major implications that are disadvantageous for patients will remain a topic of debate 
until the current diagnostic methods are improved to the point where all infections are 
accurately diagnosed. 
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Summary part 1 B: 
To improve the diagnosis of infection by investigating a molecular method for rapid 
detection of bacteria in patient samples
Currently, bacterial culture is the gold standard method for the detection of infections 
in orthopaedics. The main disadvantage of this technique is that it takes 1 to 14 days 
to obtain the final culture results. Currently, no technique used in clinical microbial 
diagnostics provides fast results. As such, we investigated the fast sequencing-based 
method fluorescence in situ hybridization (FISH) for improving the diagnosis of low-
grade orthopaedic implant-related infections in chapter 4. For analysing the feasibility 
of using this technique as a diagnostic tool, a commercially available FISH kit was used, 
which was validated for detection of bacteria in blood infections. FISH was performed 
on sonication fluid from implants of 62 patients and time-to-result was a maximum 
of 60 minutes with the commercial FISH kit. Bacterial culture showed 27 positive 
and 35 negative cultures. Comparing FISH results for detection and identification of 
bacteria with culture results, 24 samples tested true positive and 32 samples were true 
negative. In addition, 3 samples tested positive with FISH while cultures were negative, 
and 3 samples tested negative with FISH while cultures were positive. This results in a 
sensitivity of 88.9%, a specificity of 91.4%, a positive predictive value of 88.9%, and 
a negative predictive value of 91.4% for FISH. Based on these findings, we concluded 
that FISH holds promise as a rapid diagnostic tool to detect orthopaedic implant-related 
infections.

Discussion part 1 B
Diagnostic tests should be easy to use and provide a rapid result to have a positive 
impact on care, ideally within hours rather than days. The commercial FISH kit that was 
used in our study is easy to use for people experienced in standard laboratory techniques 
and fluorescence microscopy. Furthermore, the time-to-result was a maximum of 60 
minutes, with the exact amount of time depending on the number of samples processed 
simultaneously. Another advantage of FISH is that the technique allows for direct 
visualisation of the bacteria in samples and, by the selective targeting of bacterial 16S 
rRNA, only intact bacteria are detected. This means that contamination with genetic 
material of dead bacteria, which could be present due to contamination, is not a problem 
with this method. 

For our study, we used a specific commercially available FISH kit. The advantages of 
using this approach are that the technique itself did not need to be validated and was 
also optimised for speed. The commercial FISH kit used in this study can detect all 
bacteria present in the sample due to a universal probe that targets a conserved region in 
the bacterial 16S rRNA. This is useful for the initial screening for the presence of bacteria 

in general. Furthermore, specific probes were available for identifying the following 
commonly isolated pathogens that are present in blood infections: 

 • Staphylococcus spp.
 • Staphylococcus aureus
 • Streptococcus spp.
 • Streptococcus pneumoniae
 • Streptococcus agalactiae
 • Enterococcus faecium
 • Enterococcus faecalis
 • Enterobacteriaceae
 • Escherichia coli
 • Klebsiella pneumoniae
 • Proteus mirabilis
 • Pseudomonas aeruginosa
 • Acetinobacter spp.
 • Stenotrophomonas maltophilia

In our study, identification of bacteria by FISH was dependent on the probes available 
in the kit. As it was not originally designed for detection of orthopaedic infections, 
the identification was limited to species involved in blood infections. The probes that 
were useful for identification of the patient samples included Staphylococcus spp, 
Streptococcus pneumoniae, Streptococcus agalactiae, and Enterococcus faecalis. In our 
study, Propionibacterium acnes, Staphylococcus epidermidis, Haemophilus parainfluenzae, 
and Burkholderia spp. were found by bacterial culture but could not be identified by 
FISH, as they were not included in the kit. To optimise the technique for the detection 
of orthopaedic infections, the available probes should be adapted to the species 
commonly encountered in this field. Besides specific probes for Propionibacterium acnes, 
Staphylococcus epidermidis, Haemophilus parainfluenzae, and Burkholderia spp., a probe 
for Staphylococcus haemolyticus4 should be included.

The FISH method used in this thesis requires the samples to be in liquid form, which 
might be a challenge for tissue samples from patients. Other, similar studies used 
fixed deparaffinised tissue samples mounted on glass slides for FISH analysis5,6, which 
have the advantage of histological localization of the bacteria. However, embedding 
in paraffin prior to FISH would increase the time-to-result considerably. Before FISH 
can be performed on tissue samples without paraffin embedding, the tissues could 
be liquified by homogenisation7. As this might result in a considerable amount of 
background staining, this will need to be tested and optimised.

Summary, discussion, future perspectives
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A general problem within this field is that there are no diagnostic methods that are 
perfectly accurate in detecting bacteria, not even the gold standard bacterial culture. 
Any study that aims to identify bacteria does not have the option to compare to a 
100% accurate result, so any false positives of a new technique might be true positives 
or contaminations. Other studies have shown that there is room for improvement of 
bacterial culture and molecular techniques. For example, studies focusing on optimising 
bacterial culture have shown that costs can be saved8,9 and sensitivity can be optimised10,11. 
Moreover, depending on the type of sample, different techniques may yield an optimal 
result, e.g. the molecular technique 16s rRNA PCR was shown to be more suitable for 
detecting bacteria in sonication fluid than in periprosthetic tissues12. 

Outlook part 1
My expectation for the near future is that bacterial culture will remain the gold standard 
for diagnosing infections. Bacterial culture is not perfect, but many years of development 
have increased its efficiency close to an optimum. It detects most infections within a 
few days and does not require expensive or elaborate techniques. Furthermore, after the 
bacteria are cultured, antibiotic resistances can be easily verified by culturing the bacteria 
in the presence of antibiotic-containing disks. Taken together, these characteristics 
make it difficult to find one technique that is superior in all areas. Therefore, I think 
that future research should focus on rapid techniques, including FISH, that can be used 
alongside bacterial culture and augment its capabilities.

Part 2: Prophylaxis of infection

Summary part 2: 
To investigate the release profile from and in vivo efficacy of a hydrogel carrying 
antimicrobial agents
The main disadvantage of systemic administration of antibiotics is the limitation of 
the maximum dose due to toxicity. As such, recent research has focused on the local 
application of antibiotics, as higher local concentrations can be achieved while the risk 
of systemic toxicity is decreased. In this thesis, a commercially available hydrogel, 
consisting of hyaluronic acid and polylactic acid, was evaluated as a carrier of prophylactic 
agents in vitro in chapter 5 and in vivo in chapter 6. Both studies were performed under 
the multi-institutional collaborative project “Implant Disposable Antibacterial Coating 
(IDAC)” together with Orthopaedic Institute Galeazzi, Italy; University Hospital 
of Larissa, Greece; Institute for Immunology, University of Heidelberg, Germany; 

Department of Orthopaedic Surgery, Leuven University, Belgium; and Department of 
Orthopaedics, University Medical Center Utrecht, The Netherlands.

In chapter 5, a hyaluronic acid-based hydrogel (named DAC: defensive antibacterial 
coating) was investigated as carrier material for local delivery of antimicrobial agents, 
specifically for the prevention of bacterial colonisation and reduction of biofilm 
formation in vitro, and the feasibility to coat the hydrogel on implants. The tested 
agents were shown to be delivered in vitro from the hydrogel with a burst release pattern 
within 96 hours. Furthermore, the hydrogel was shown to reduce and prevent biofilm 
formation in vitro, when combined with various antibacterial and antibiofilm agents. 
Moreover, the hydrogel remained on the titanium implants when press-fit inserted into 
a bone, in a rabbit model and in human femora. We concluded that the tested hydrogel 
is suitable as a delivery vehicle for various antibiotic and antibiofilm agents and can be 
used as an implant coating for uncemented titanium implants. 

In chapter 6, we evaluated the hydrogel as a carrier of antibacterial or antibiofilm 
agents in a rabbit model for implant-related infection. The animals received a titanium 
rod, placed intramedullary in the tibia, which was contaminated with Staphylococcus 
aureus. Prior to implantation, the titanium implants were coated with hydrogel, either 
unloaded or loaded with vancomycin, bioactive glass, or N-acetyl-L-cysteine. After 28 
days, the severity of infection was evaluated by histopathological, bacteriological, and 
haematological analyses. We concluded that the hydrogel was successful in local delivery 
of vancomycin for prophylaxis of implant-related Staphylococcus aureus infection. Local 
delivery of applied concentrations of bioactive glass or N-acetyl-L-cysteine from the 
hydrogel carrier did not reduce the severity of infection. 

Discussion part 2
Local antibiotics have been used successfully for treatment of infection, since the high 
local antibiotic concentrations resulting from local application cannot be achieved with 
systemic administration of antibiotics due to toxicity issues. Using local antibiotics as 
a prophylactic method reduces the risk of implant revision due to infection13-15 and the 
combination of systemic and local antibiotics leads to fewer revisions than systemic 
antibiotics only2,16. 

Bone cement has been used since a long time as a means to deliver antibiotics locally. 
However, the use of bone cement as a carrier for antibiotics is debatable. One concern 
is that the long-term elution of antibiotics from bone cement was shown to produce 
sub-inhibitory concentrations (i.e. below bacterial susceptibility)17, which may induce 
bacterial resistance. Another issue for antibiotic incorporation into the cement is its 

Summary, discussion, future perspectives



199198

Chapter 9

9

exothermic polymerisation process. Therefore, antibiotics loaded into bone cement 
must be heat sable, which limits the choice of antibiotic18. 

Until recently, antibiotic-loaded bone cement was the only option to administer local 
antibiotics to prosthetic joints. As such, biodegradable carriers for antibiotics, like 
the hydrogel tested in this thesis, are promising solutions for this problem. The most 
important feature of a biodegradable carrier material for prophylactic agents is a fast 
and complete degradation. This will prevent long-term elution at sub-inhibitory 
concentrations, thus decreasing the risk of invoking bacterial resistance.

Our aim was to test the hydrogel as a carrier of antimicrobial agents for local prophylaxis 
of infection. In our in vitro and in vivo studies it became clear that the hydrogel was 
a versatile carrier. The hydrogel was able to deliver an array of antibacterial and 
antibiofilm agents in vitro with good efficacy, and to deliver vancomycin locally for 
infection prevention in vivo. Our results were in line with those of another study using an 
osteomyelitis model. A thermo-responsive gentamicin-loaded hydrogel was evaluated 
for its efficacy in preventing infection in vivo19. This thermo-responsive hydrogel has 
liquid-like behaviour at room temperature, which enables its distribution through the 
contaminated surgical site. Once injected, the hydrogel gelates at body temperature. In 
vitro, the hydrogel showed an initial and rapid burst release of the antibiotic, followed by 
a complete release within 7 days. In a rabbit model for implant-related osteomyelitis, the 
gentamicin-loaded hydrogel provided adequate protection against infection, showing 
that local delivery is an effective prophylactic strategy. These results indicate that the 
use of hydrogels are promising to use as a carrier for local antibiotics. 

Outlook part 2
Local prophylaxis of infection focuses on killing bacteria, inhibition of bacterial 
adhesion, and/or inhibition of biofilm formation, while not interfering with or even 
improving host tissue functions. Currently, many novel therapeutic solutions other 
than antibiotic treatment are being researched20; however, the mechanism of action 
of many of these molecules are still unclear. Also, our results on bioactive glass and 
N-acetylcysteine show that promising in vitro data (chapter 5) does not directly 
translate to in vivo success (chapter 6). Future research should therefore focus on in 
vitro pharmacokinetic studies to investigate the mechanisms of promising agents, and 
preclinical studies on pharmacodynamics and synergistic properties of currently used 
antibiotics and alternative agents to show their real potential before new solutions can 
be applied for clinical application. A combination of agents will need to be used to reach 
this effect, for example, a combination of a wide-range antibiotic, combined with an 
agent that inhibits bacterial adhesion or biofilm formation.

Part 3: Osteolysis and osteogenesis 

Summary part 3 A: 
To analyse the in vivo impact of DAC on bone growth on a titanium surface
Orthopaedic implants rely on an adequate bone quality for their stability of placement. 
In the case of a biomaterial coating on implants, it is important that this coating does 
not interfere with the stability of the implant, i.e., with bone homeostasis around 
the implant. In orthopaedics, hydrogels are investigated as a delivery material for 
antibacterial agents for local prophylaxis or the treatment of infection. Therefore, 
in chapter 7, we investigated the effect of a commercially available, hyaluronic acid-
based hydrogel, with or without vancomycin, on its biocompatibility, focussing on bone 
apposition and timing of bone deposition near an implant, and signs of local or systemic 
inflammation. For this study, we implanted a titanium rod in the tibia of rabbits, 
without coating, with hydrogel coating, and with combined hydrogel and vancomycin 
coating. We showed that after 28 days, no differences were found in the amount of 
bone apposition near the implant surface, nor the timing of bone growth, between the 
group without coating compared to the groups with coating. Also, no differences in 
local or systemic inflammation were found between these groups. We concluded that 
the hydrogel coated on the implant surface, either with or without vancomycin, did not 
interfere with the volume or timing of bone growth near the implant. This hydrogel may 
therefore provide a valuable solution for local delivery of antibiotic agents as a coating 
on bone implants.

Discussion part 3 A
Biomaterials, particularly those utilised in the orthopaedics field, should have little 
or no local toxicity, or any other detrimental effects, on the bone tissue nor on bone 
growth. In recent years, researchers have tested novel and innovative approaches for 
implant surface modifications to inhibit bacterial adhesion and biofilm formation, 
to protect implanted biomaterials, such as the hydrogel DAC investigated in Part 2 of 
this thesis. At the same time, antibiotic-loaded biomaterials for local application in 
bone should be safe to use and not interfere with osseointegration. Therefore, newly 
developed biomaterials should always undergo appropriate testing.

In chapter 7, DAC was shown to not induce signs of local inflammation or interfere with 
bone apposition near an implant. These results were confirmed by two clinical studies 
performed with this hydrogel. One study applied the antibiotic-loaded hydrogel as a 
coating on primary hip or knee implants21. In a further study the hydrogel was applied 
on osteosynthesis material in patients treated for closed fractures22. In both studies, the 
hydrogel did not interfere with wound healing21,22. Therefore, it can be assumed that the 
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hydrogel is does not interfere with the local bone tissue around implants. 
Summary part 3 B: 
Characterise new bone growth during an active infection and analyse the effects of bacterial 
cell wall extract for its osteogenic properties
Finding novel strategies for bone regeneration is of great interest in the orthopaedic 
field. Investigating excessive bone formation in in vivo infection models can be useful to 
identify processes or factors that are pro-osteogenic. In our study with implant-related 
infection in a rabbit model (chapter 6), we observed localised bone formation in the 
form of periosteal bone growth at the site of infection. As close interactions between the 
cells in the bone and immune cells are important for bone healing, our hypothesis was 
that in the case of an active infection, immunological responses are present that induce 
bone formation. Therefore, in chapter 8, we characterised bone growth during an active 
infection in a rabbit model. Furthermore, we tried to identify whether osteogenesis also 
takes place without an active infection by stimulating bone growth with bacterial cell 
wall extract.

First, we analysed the induction of a localised pro-osteogenic reaction in response to an 
Staphylococcus aureus implant-related bone infection by examining bone morphology 
and histology, bone volume, and the onset of bone formation during infection in a rabbit 
model. Given the undesirable consequences of osteolysis during an active bacterial 
infection, we tried to identify whether osteogenesis also takes place without an active 
infection. Therefore, we investigated the osteogenic effect of Staphylococcus aureus cell 
wall extract on the bone volume in the rabbit model. We showed that in the Staphylococcus 
aureus infection group, the total bone volume was increased compared to the non-
infected control group. This appeared to be a localised response as the contralateral 
tibiae and ipsilateral fibulae remained unaffected. Also, bone apposition was mostly 
localised in the subperiosteal region near the implant and was already observed 7 days 
after implantation. Second, the group that received Staphylococcus aureus cell wall extract 
also showed an increased, localised net bone volume of their tibiae. Furthermore, there 
were no signs of severe osteolysis nor of infection in this group. We concluded that the 
inflammatory reaction to bacterial cell wall extract induces a more favourable osteogenic 
response in the absence of an infection. In the future, the inflammatory reaction to 
bacterial antigens might be harnessed for successful bone-inducing therapies. 

Discussion part 3 B
Staphylococcus aureus is the most frequent cause of orthopaedic implant-related infections 
and is known to induce severe osteomyelitis23. Therefore, it is almost counterintuitive to 
search for bone-inducing properties in this environment. In our study (chapter 8), active 
infection resulted in severe osteolysis, but also pronounced bone formation, mostly in 

the subperiosteal region. In contrast, there were minimal effects of the Staphylococcus 
aureus cell wall extract on osteolysis, systemic inflammation markers, bodyweight, and 
general health of the animals. Furthermore, an increased bone volume was observed, 
although this was less pronounced compared to the group with active infection. These 
findings suggest that in this model, bone growth occurred as a direct response to the 
inflammatory reaction to the bacterial cell wall extract. 

The animal model used in this study has proven to be useful for characterising 
inflammation-induced bone formation by bacteria-derived products. This model allows 
for future studies to identify the mechanisms leading to bone formation in response to 
the bacterial cell wall extract. Specifically, it would be useful to know whether specific 
bacterial components can induce the same increase in bone volume, or that downstream 
factors in inflammatory pathways could be identified that can induce the same result. 
Furthermore, the safety of the use of bacterial-derived products should be analysed, 
for example, whether it induces unwanted heterotopic ossification or unbridled bone 
growth. Also, the newly formed bone needs to be mechanically tested to prove its 
strength and functionality. As the induction of bone growth has been observed mainly in 
the subperiosteal region, the actual therapeutic use of bacteria-derived bone-inductive 
mediators should be investigated in a more translational approach in in vivo models 
such as critical size defects or spinal fusion models. Although in the early stages, these 
promising results may suggest that strategies involving bacterial antigens could provide 
a novel anabolic strategy for enhancing bone formation.

Future perspectives

Diagnosis of infections
Microbial diagnosis of infection has not been changed much in the past few decades, 
with the exemption of sonication of implants. New techniques are not always easy to 
implement as not all diagnostic departments have the resources or manpower. Any 
new technique should be relatively easy to be incorporated into the existing laboratory 
routines before it will be adopted. Furthermore, its ability in improving diagnostic 
efficacy and cost-effectiveness should be proven. Presently, I believe that FISH as a 
technique is not ready for that yet but the promising results in drastically improving 
time-to-result as well as its relative ease of use make it a good candidate in the near 
future.

Summary, discussion, future perspectives
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Antibiotic resistance
Infections caused by antibiotic-resistant pathogens are challenging to treat. They are 
a major concern, as antibiotic resistance is predicted to cause the number of deaths 
to rise more than 10-fold by 2050 if left unchecked (Source: Review on Antimicrobial 
Resistance: https://amr-review.org/). The reason for the development of resistance is 
probably the extended presence of subtherapeutic levels of antibiotics. Currently, many 
studies are undertaken to identify and test alternatives for antibiotics, like BAG and NAC 
in Chapter 6 of this thesis. Other promising agents include silver ions and antimicrobial 
peptides, as discussed in Chapter 2. It is difficult to predict which of these methods will 
be successful enough to become routinely used in clinical practice as there is insufficient 
preclinical evidence yet. Nevertheless, as bacteria can become easily resistant to 
therapeutic agents, it is important to keep searching for alternative methods and, at the 
same time, use them wisely to prevent resistance. 

Choice of antibiotic for prophylaxis of infection
For long, the only option for local infection prophylaxis for orthopaedic implants 
was the addition of a limited choice of antibiotics to bone cement, as they needed to 
be able to withstand the exothermic reaction of the cement. Bone cement was not 
designed as an antibiotic delivery material, therefore pharmacodynamic characteristics 
of the locally applied antibiotics were not taken into consideration. Although more 
than 40 years have passed by, pharmacodynamic principles of local antibiotics for 
infection prophylaxis are still not widely researched. With the emergence of alternative 
methods for local application of antibiotics and thus less restrictions to the choice of 
antibiotics, combinations, concentrations and alternative agents, we need to expand 
our knowledge on this topic. Extensive preclinical testing should be performed on 
local pharmacodynamics of antibiotics for optimizing prophylaxis of implant-
related infection in order to create evidence-based guidelines for local delivery of 
antibiotic agents. Ideally, local administration of antibiotics should result in high local 
concentrations at the location of the implant, and should exert a broad-spectrum 
antimicrobial activity. Furthermore, it should not rapidly induce bacterial resistance 
and have low toxicity for the surrounding tissues. 

Surface treatments for prophylaxis of infection
Various surface treatments for infection prevention have been described in Chapter 
2 of this thesis, such as polymeric carrier materials, hydroxyapatite combined with 
antibiotics, and nanotubes on titanium surfaces that can be loaded with antimicrobial 
agents. The main issue these surface treatments face is that they are an integral 
part of the implant, necessitating regulatory approval before they can be used in the 
clinic, which is costly and time consuming. In the near future, I expect many different 

antibacterial surface modifications for prophylaxis of infection to be investigated and 
developed. However, very few will probably make their way into clinics in the next 
few years because of the aforementioned regulatory problem. I think that the most 
promising approach for the foreseeable future is to focus on techniques that do not need 
extensive regulatory approval. For example, sprays or dip coatings with antibiotics or 
biomaterials that are already in use in the clinic for other purposes. Devices that are 
functionalised with antimicrobial properties that need approval from a regulatory 
body may come available in the clinic in the future, provided that they pass a thorough 
preclinical evaluation for prevention of infection.

Summary, discussion, future perspectives
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Orthopedische implantaat-gerelateerde infecties

Dit proefschrift focust zich op de diagnose en het voorkomen van implantaat-
gerelateerde infecties. Geïnfecteerde implantaten zijn een groot probleem binnen de 
orthopedische chirurgie, want wanneer een implantaat eenmaal is geïnfecteerd, is de 
kans groot dat deze vernieuwd moet worden. Vaak gebeurt dit via twee revisies. Tijdens 
de eerste revisie wordt het implantaat vervangen door een tijdelijk implantaat dat lokale 
antibiotica afgeeft, wordt het geïnfecteerde gebied schoongemaakt, en krijgt de patiënt 
systemische antibiotica. Tijdens de tweede operatie wordt het tijdelijke implantaat 
vervangen door een nieuw exemplaar. Deze procedure is niet enkel zwaar voor de 
patiënt, maar ook duur. Bovendien is in de toekomst de verwachting dat meer mensen 
een implantaat rondlopen door de toenemende vergrijzing, en zo dus meer mensen kans 
hebben op een geïnfecteerd exemplaar. Om het aantal infecties te verminderen, is het 
van belang om deze infecties goed te kunnen diagnosticeren en om te proberen deze te 
voorkomen.

Deel 1: Diagnose van infectie

In het verleden is aangetoond dat het gebruik van antibiotica als preventiemiddel niet 
enkel het aantal patiënten met een infectie vermindert, maar ook het aantal patiënten 
met een aseptische (steriele) loslating van hun implantaat. Het vermoeden ontstond 
dat niet alle patiënten met een infectie als zodanig gediagnosticeerd waren, wat later 
ook werd aangetoond door studies waarbij gevoelige technieken werden gebruikt. Om 
de gevolgen hiervan te onderzoeken, hebben wij hier in hoofdstuk 3 onderzoek naar 
gedaan. In een vorige studie werd een groep van 176 patiënten gevolgd die een totale 
heuprevisie ondergingen, en met een gevoelige techniek (polymerase-kettingreactie) 
werd onderzocht of er zich bacteriën in afgenomen weefsels bevonden. Het resultaat 
wees uit dat 4-13% van deze patiënten een infectie hadden die met standaard technieken 
niet was gevonden. Wij hebben onderzocht of deze patiënten na ruim 7 jaar hier nadeel 
van hebben ondervonden en vonden dat er geen significant verschil was tussen de groep 
patiënten die correct en incorrect gediagnosticeerd waren in het aantal extra revisies 
of de levensduur van hun implantaat. In hoofdstuk 4 is de techniek fluorescentie-in-
situ-hybridisatie (FISH) getest om bacteriën te detecteren in sonificatievloeistof van 
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wat het effect is van een hydrogel, met of zonder het antibioticum vancomycine, 
op zijn biocompatibiliteit, in het bijzonder de botafzetting rond een implantaat, en 
of dit tekenen van lokale of systemische ontsteking veroorzaakt. Voor deze studie 
implanteerden we een titanium staaf in de tibia van konijnen, gecoat zonder hydrogel, 
met hydrogel en met hydrogel en vancomycine. Na 28 dagen werden geen verschillen 
gevonden tussen deze drie groepen. We concludeerden dat de hydrogel gecoat op het 
implantaatoppervlak, al dan niet met vancomycine, niet interfereerde met het volume 
of de timing van botgroei in de buurt van het implantaat. Deze hydrogel kan daarom 
een   waardevolle oplossing bieden voor de lokale aflevering van antibiotica als een 
coating op botimplantaten. Het vinden van nieuwe strategieën voor botregeneratie is 
van groot belang in het orthopedische veld. Onderzoek naar overmatige botvorming 
in infectiemodellen in dieren kan nuttig zijn om processen of factoren te identificeren 
die botvorming stimuleren. In de studie met implantaat- gerelateerde infectie in een 
konijnenmodel (hoofdstuk 6), observeerden we gelokaliseerde botvorming in de vorm 
van periosteale botgroei op de plaats van infectie. Omdat nauwe interacties tussen de 
cellen in het bot en immuuncellen belangrijk zijn voor botgenezing, was onze hypothese
dat in het geval van een actieve infectie, immunologische reacties aanwezig zijn die 
botvorming induceren. Daarom karakteriseerden we in hoofdstuk 8 de botgroei tijdens 
een actieve infectie in de tibia’s van konijnen. Verder hebben we geprobeerd vast te stellen 
of botvorming ook plaatsvindt zonder een actieve infectie door botgroei te stimuleren 
met een bacterieel celwandextract. We hebben aangetoond dat in de dieren met een 
infectie het totale botvolume was verhoogd in vergelijking met de niet-geïnfecteerde 
controlegroep. Dit bleek een gelokaliseerde reactie te zijn, aangezien de contralaterale 
tibia en ipsilaterale fibulae geen verhoogd botvolume hadden. Ook werd botvorming 
meestal gezien in het subperiostale gebied nabij het implantaat en werd al 7 dagen na 
implantatie waargenomen. De dieren die geïnjecteerd waren met het celwandextract 
vertoonden ook een verhoogd, gelokaliseerd netto botvolume in de tibia’s. Daarnaast 
waren er geen tekenen van ernstige osteolyse of infectie in deze groep. We concludeerden 
dat de ontsteking als reactie op bacterieel celwandextract botgroei stimuleert, zonder 
de aanwezigheid van ongewenste bijwerkingen zoals ernstige osteolyse. In de toekomst 
kan de ontstekingsreactie op bacteriële componenten mogelijk worden gebruikt voor 
therapieën ter bevordering van botgroei.

Addenda

implantaten van patiënten waarvan orthopedische implantaten werden verwijderd om 
bacteriën te detecteren. Dit toonde aan dat de resultaten beschikbaar waren binnen een 
uur, wat sneller is dan de standaard kweektechnieken die minimaal 24 uur duren. FISH 
is hierdoor geschikt voor een snelle opsporing van bacteriën, echter zal deze techniek 
nog geoptimaliseerd moeten worden voor gebruik binnen de orthopedie voordat het 
geïmplementeerd kan worden voor de diagnose van infecties.

Deel 2: Profylaxe van infectie

Een groot nadeel van systemische toediening van antibiotica is de maximaal haalbare 
concentratie op de plaats van infectie, doordat zeer hoge systemische concentraties 
antibiotica toxisch kunnen zijn. Daarom wordt antibiotica, indien mogelijk, ook lokaal 
toegediend. In dit proefschrift werd een commercieel verkrijgbare hydrogel geëvalueerd 
als drager van antimicrobiële middelen in hoofdstuk 5 en 6. De studies met deze hydrogel 
werden uitgevoerd als onderdeel van het samenwerkingsproject ‘Implant Disposable 
Antibacterial Coating (IDAC). De hydrogel werd in het laboratorium getest voor het 
afleveren van een aantal antimicrobiële middelen waarbij werd aangetoond dat de 
antibiotica vrijkomen door middel van een burst-release patroon. Ook werd aangetoond 
dat de hydrogel met antimicrobiële middelen biofilmvorming vermindert en voorkomt.
We concludeerden dat de hydrogel geschikt is om verschillende antimicrobiële middelen 
af te leveren. In hoofdstuk 6 evalueerden we de hydrogel als drager van antibacteriële 
of antibiofilm middelen in een konijnenmodel voor implantaat-gerelateerde infectie. 
Na het injecteren van Staphylococcus aureus werd een titanium staafje bij de dieren in 
de tibia ingebracht. Voor implantatie werd het implantaat volledig ingesmeerd met de 
hydrogel, met of zonder het antibioticum vancomycine, of de antimicrobiële middelen 
bioactief glas of N-acetyl-L-cysteïne. Na 28 dagen werd de aanwezigheid en ernst van 
de infectie beoordeeld voor de verschillende groepen. De hydrogel bleek succesvol om 
vancomycine lokaal toe te dienen voor het voorkomen van een implantaat-gerelateerde 
infectie, de groepen met bioactief glas of N-acetyl-L-cysteine waren dat niet.

Deel 3: Osteolyse en osteogenese

Voor de stabiliteit van orthopedische implantaten is een goede botkwaliteit nodig. Een 
coating van hydrogel op een implantaat dat in het bot wordt geimplanteerd mag de 
stabiliteit ervan niet negatief beïnvloeden. Daarom hebben we in hoofdstuk 7 onderzocht 
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Implantatassoziierte Infektion in der Orthopädie 

Der Schwerpunkt dieser Dissertation liegt auf der Prävention und Diagnostik der 
implantatassoziierten Infektion der Orthopädie. Diese Komplikation stellt aktuell, auch 
im Hinblick auf die steigende Zahl der multiresistenten Keime, eine große Problematik 
dar. Kommt es zu einer implantatassoziierten Infektion, besteht ein hohes Risiko, 
dass eine Implantatentfernung notwendig wird. Zur Behandlung wird heute meist 
ein zweizeitiges Verfahren gewählt. In diesem wird das infizierte Gebiet chirurgisch 
gesäubert und der Patient erhält lokal und systemisch Antibiotika. Dieses, zwei 
Operationen umfassende, Vorgehen stellt sowohl eine hohe persönliche Belastung für 
den Patienten, als auch eine immense finanzielle Belastung für das Gesundheitssystem 
darstellt. Aufgrund der fortschreitenden Alterung unserer Gesellschaft steigt die Anzahl 
der Endoprothesen deutlich an. Bei gleichbleibender Infektionsrate steigt somit auch 
die absolute Zahl an Infektionen und somit auch der Revisionsoperationen und auch der 
Mortalität. Daher ist es von großer Bedeutung die Prävention sowie auch die frühzeitige 
Diagnostik zu verbessern.

Teil 1: Diagnostik einer Infektion

In der Vergangenheit zeigte sich durch einen präventiven Einsatz von Antibiotika nicht 
nur ein Rückgang der Infektionsrate, sondern auch ein Rückgang von sogenannten 
aseptischen Implantatlockerungen. Dies liess die Vermutung zu, dass die bisherigen 
diagnostischen Möglichkeiten eine zu geringe Sensitivität zur Erkennung von Infektionen 
aufweisen. Diese Vermutung konnte in Studien belegt werden. Eine dieser Studien 
untersuchte Gewebeproben von 176 Patienten, die sich aufgrund einer aseptischen 
Lockerung einem Hüftprothesenwechsel unterziehen mussten. Die Diagnose der 
aseptischen Prothesenlockerung wurde mit der herkömmlichen mikrobiologischen 
Standarduntersuchung gestellt. Bei all diesen Patienten wurden intraoperativ zusätzliche 
Gewebeproben entnommen, welche mittels PCR untersucht wurden. In 4-13% der 
Fälle konnte – je nach Definition einer Infektion – eine Infektion diagnostiziert werden. 
Interessanterweise gab es 7 Jahre nach Prothesenwechsel keinen signifikanten Unterschied 
zwischen infizierten und nicht- infizierten Patienten hinsichtlich weiterer Revisionen oder 
Standzeit der Prothese. In Kapitel 4 wird die Technik der Fluoreszenz-in-situ-Hybridisierung 
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Somit sollte eine Hydrogelschicht auf dem jeweiligen Implantat die Stabilität und 
biologische Interaktion mit dem Knochen nicht beeinträchtigen. Die Untersuchungen 
und Ergebnisse zu diesem Thema sind in Kapitel 7 beschrieben. Wir implantierten 
Kaninchen erneut einen Titannagel in die Tibia. Diesmal wurden drei Gruppen 
untersucht. Die erste Gruppe erhielt einen Titannagel ohne Hydrogel, die zweite mit 
Hydrogel und die dritte mit Hydrogel und Vancomycin. Nach 28 Tagen konnten keine 
Unterschiede bzgl. Knochenwachstum, Entzündungsreaktion des Knochengewebes und 
der systemischen Inflammation zwischen den drei Gruppen festgestellt werden. Daraus 
schlussfolgerten wir, dass weder das Hydrogel selbst, noch die Kombination Hydrogel 
und Vancomycin einen negativen Einfluss auf das Knochenwachstum um das Implantat 
haben. Daher sehen wir dieses Hydrogel als eine mögliche, wertvolle Lösung zur lokalen 
Infektionsprophylaxe bei Implantaten in der Orthopädie an. 

Bei großen Knochendefekten oder posttraumatischen Pseudoarthrosen ist die 
Knochenregeneration von großer Bedeutung. Häufig verursachen Infektionen des 
Knochens schwere Osteolysen. In manchen Fällen, wie in unseren Infektionsmodellen 
am Tier konnten wir, neben den Osteolysen, jedoch auch eine lokalisierte Osteogenese 
in Form von periostalem Knochenwachstum an der Infektionsstelle beobachten 
(Kapitel 6). Daraus entstand die Idee die dafür verantwortlichen Prozesse und Faktoren 
zu identifizieren. Die Wichtigkeit der Wechselwirkungen zwischen Osteoklasten, 
Osteoblasten und Immunzellen für das Knochenwachstum ist hinlänglich bekannt. Daher 
nahmen wir an, dass bei unserem Infektionsmodel einer aktiven Infektion des Knochens 
immunologische Reaktionen ablaufen, welche zu einer verstärkten Osteogenese führen. 
Deshalb haben wir in Kapitel 8 das Knochenwachstum während einer aktiven Infektion 
bei Kaninchenschienbeinen charakterisiert. Zusätzlich untersuchten wir die Wirkung 
von bakteriellem Zellwandextrakt ohne Infektion auf die Osteogenese. Wir konnten 
zeigen, dass bei Tieren das gesamte globale Knochenvolumen des infizierten Knochens, 
wie auch das lokale Netto-Knochenvolumen im Vergleich zur Kontrollgruppe erhöht 
wurde. Dies war jedoch nur auf den infizierten Knochen begrenzt, daher ist von einer rein 
lokalisierten Reaktion auszugehen. Zusätzlich konnten wir eine Knochenneubildung im 
subperiostalen Bereich der Umgebung des Implantats bereits 7 Tage nach Implantation 
beobachten. Interessanterweise zeigte sich, dass das bakteriellen Zellwandextrakt 
das Knochenwachstum stimuliert, ohne jedoch unerwünschte Nebenwirkungen wie 
schwere Osteolysen zu induzieren. In Zukunft könnte daher eine von bakteriellen 
Zellwandkomponenten künstlich ausgelöste Entzündungsreaktion als Therapie zur 
Förderung des Knochenwachstums genutzt werden.

Addenda

(FISH) zum Nachweis bakterieller Bestandteile aus der Sonikationsflüssigkeit beschrieben. 
Der Vorteil der FISH-Technik liegt in der beschleunigten Verfügbarkeit der Ergebnisse (ca. 
1h) im Vergleich zu den Standardkultivierungstechniken (mindestens 24h). Die Technik 
muss jedoch noch weiter für den Einsatz in der Orthopädie optimiert werden. 

Teil 2: Infektionsprophylaxe

Die systemische Antibiotikagabe stellt noch immer die am weitesten verbreitete 
Infektionsprophylaxe in der Orthopädie dar. Oft sind jedoch sehr hohe Dosen notwendig 
um an der gewünschten Lokalisation einen maximal wirksamen Medikamentenspiegel 
zu erreichen. Nicht selten ist dafür eine sehr hohe systemische Dosierung notwendig, 
welche toxisch sein kann. Aus diesem Grund sollten Antibiotika möglichst lokal appliziert 
werden. Diese Dissertation bewertete ein kommerziell erhältliches Hydrogel als Träger 
unterschiedlicher antimikrobieller Wirkstoffe in den Kapiteln 5 und 6. Die Studien mit 
diesem Hydrogel wurden im Rahmen des Kooperationsprojektes „Implant Disposable 
Antibacterial Coating (IDAC)“ durchgeführt. Das Hydrogel wurde mit einer Reihe von 
antimikrobiellen Wirkstoffen im Labor auf Wirksamkeit und Verträglichkeit getestet. 
Dabei konnte gezeigt werden, dass die Freisetzung der Antibiotika durch ein Burst-
Release-Muster erfolgt. Des Weiteren konnte die Biofilmbildung auf Implantaten durch 
antimikrobielle Substanzen des Hydrogels reduziert und teilweise sogar verhindert 
werden. In Kapitel 6 wird beschrieben wie wir das Hydrogel als Trägersubstanz für 
unterschiedliche antibiotische Substanzen im Kaninchenmodell untersucht haben. Wir 
injizierten Staphylococcus aureus-Kulturen in die Tibia von Kaninchen und implantierten 
anschließend einen Titannagel. Dieser wurde zuvor vollständig mit dem besagten 
Hydrogel überzogen. Je nach Studiengruppe wurde dem Hydrogel das Antibiotikum 
Vancomycin, ein antimikrobielles bioaktives Glas oder N-Acetyl-L-Cystein beigesetzt. 
Nach 28 Tagen beurteilten wir die Schwere der Infektion durch Auswertung der 
laborchemischen Infektparameter und der Bakterienlast in dem Umgebungsgewebe 
des Implantats. Dabei konnten wir zeigen, dass Vancomycin eine Implantat-assoziierte 
Infektion verhindern konnte. In den beiden anderen Gruppen konnte die Infektion nicht 
unterbunden werden.

Teil 3: Osteolyse und Osteogenese

Eine gute Knochenqualität ist Voraussetzung für die Stabilität von Endoprothesen. 
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Er wordt weleens gezegd dat promoveren een eenpersoonshuwelijk is. Ik heb 
ondervonden dat dit voor een groot gedeelte klopt: tijdens zo’n promotietraject kom je 
jezelf tegen op een hobbelige weg met valkuilen en tegenslagen. Aan de andere kant zijn 
er ook fantastische ervaringen en vrienden voor het leven. Promoveren doe je immers 
nooit in je eentje. Je hebt een team van begeleiders die je in de goede richting proberen 
te duwen en een warm nest met collega’s die je vaker ziet dan je partner. Daarom is het 
absoluut nodig om in dit dankwoord een groot aantal personen te benoemen. 

Mijn team
Beste prof. dr. Dhert, beste Wouter, 
Tijdens het begin van mijn promotie was je nauw betrokken bij mijn project. Je toonde 
een enorme interesse in het infectieonderzoek en schroomde niet om kritische vragen te 
stellen waardoor ik weleens met mijn mond vol tanden stond. De laatste paar jaar was je 
wat afgeleid door je nieuwe roeping, maar je enthousiasme voor infectieonderzoek bleef 
aanstekelijk. 

Beste prof. dr. Castelein, beste René, 
Ondanks dat je pas recentelijk tot mijn team van begeleiders bent toegetreden, heb ik 
altijd het gevoel gehad dat je geïnteresseerd en betrokken was bij mij persoonlijk en bij 
het infectieonderzoek. Je zorgt ervoor dat ik me altijd weer welkom voel bij de afdeling 
als ik op bezoek ben. Ook ben je mijn grote voorbeeld wat betreft netwerken: binnen een 
uurtje en 2 glazen wijn weet jij precies wie er zich in een volle zaal bevinden en dan krijg 
je het ook nog voor elkaar om een goed woordje voor mij te doen bij mijn huidige baas.

Beste dr. Vogely, beste Charles. 
Je bent niet iemand die ergens te veel woorden aan vuil maakt, maar als je iets te 
zeggen hebt luistert iedereen naar je. Op persoonlijk vlak heb ik je leren kennen als 
een warm en persoonlijk betrokken persoon. Je bent altijd een fijne, soms wat strikte 
begeleider geweest en ik heb ontzettend veel van je geleerd, onder andere effectief 
communiceren met clinici die altijd te weinig tijd hebben en overlopen van ideeën. Ik 
kon alle ‘domme’ vragen over de kliniek of patiënten bij je kwijt en je gaf altijd geduldig 
en uitgebreid antwoord. Je inzet bij de EBJIS liet mij zien hoe belangrijk het is om clinici 
en onderzoekers samen te brengen om onderzoek te doen en de zorg te verbeteren. Dat 
je niet altijd zo serieus bent, werd mij wel duidelijk toen je de polonaise inzette tijdens 
de OrthoSki. Bedankt dat je mij de kans gaf om promotieonderzoek te komen doen bij de 
infectiegroep! 

Addenda
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weten dat je niet alleen in zo’n schuitje zit. En we konden natuurlijk samen onze zorgen 
wegdrinken op de vrijdagmiddagborrels! Het is heel fijn om je straks achter me te hebben 
staan en om op mijn (en niet veel  later ook op jouw) feestje te proosten op het afronden 
van onze promotietrajecten! Aangezien we naast het labwerk ook veel andere gedeelde 
interesses hebben, kijk ik ernaar uit om nog vele liters thee en muffins bij de Starbucks 
weg te werken, liefst in gezelschap van jullie schattige mini-minion!

Afdeling Orthopedie 
Secretariaat 
Het secretariaat van de Ortho biedt altijd een warm welkom en een luisterend oor. Geen 
meeting was te gek om in te plannen en er werd altijd met mij meegedacht. Ook was 
er altijd tijd voor een gezellig praatje. Antoinette, Brenda, Simone, Andrea, Irene, jullie 
waren en zijn de draaiende spil achter de afdeling!

Collega’s 
De afdeling Orthopedie in het UMC kent een zeer goede -en in mijn ogen belangrijke- 
samenwerking tussen de clinici en de onderzoekers. Voor mij is het een persoonlijke 
drijfveer om een klinisch probleem om te zetten naar een onderzoeksproject, om zo te 
proberen een heel klein stukje van de puzzel op te lossen. Deze connectie tussen clinici 
en onderzoekers was niet alleen op de werkvloer terug te vinden, maar ook tijdens 
kerstfeestjes en OrthoSki uitjes.

Harrie, het was altijd verfrissend om je visie te horen tijdens meetings en fijn om zo nu 
en dan begeleidend advies te krijgen. Prof. Öner, dank voor je stimulans om samen met 
Michiel de raakvlakken van onze projecten op te zoeken. Moyo, je bent een van de meest 
veelzijdige onderzoekers die ik ken en je hebt geen angst om je grenzen te verleggen of 
om je huis open te stellen voor het organiseren van een groot feest. Mechteld, ik hoop 
van harte dat we nog veel kopjes cappuccino kunnen drinken (volgende keer trakteer 
ik!) en ik weet niet wat ik gedaan zou hebben zonder jouw oog voor detail en enorme 
talent voor het opzoeken van regeltjes en feitjes. Prof. Jos, ik heb jou en je onderzoek 
zien groeien sinds ik (met veel plezier) als student bij Kim liep en vraag me af waar je 
plafond is. Daan, bedankt voor het introduceren van ‘happy socks’ in mijn garderobe. 
Bart, je bent met veel enthousiasme en out-of-the-box-ideeën binnen het infectieteam 
gekomen en ik denk dat je op de juiste plaats zit. Saber, ik hoop nog veel gezellige 
discussies met je te hebben over onderzoek of random andere onderwerpen. Lucienne, 
succes met je veelbelovende carrière en je bent altijd welkom om te komen kaasfonduen! 
Laura, Jacqueline, Roel, JJ: bedankt voor jullie persoonlijke interesse en de scherpe 
vragen tijdens meetings. 
Analisten

Addenda

Beste dr. ing. Gawlitta, beste Debby. 
Als er iemand binnen het onderzoek is waar ik tegenop kijk, dan ben jij het wel. Je hebt 
door heel erg hard werken en ondanks veel tegenslagen een heel mooie onderzoeksgroep 
gerealiseerd. Je beste eigenschap vind ik je humor, wat iedere meeting weer tot een klein 
feestje maakte. Ook je persoonlijke aanpak in begeleiding is bewonderenswaardig, omdat 
je altijd weer kijkt welke hulp iemand nodig heeft en je je begeleiding daarop aanpast. Ik 
heb heel veel van je geleerd en je enorme berg commentaar heeft mijn proefschrift erg 
goed gedaan. Ook naast het werk ben je het zonnetje in huis. Je bent heel erg grappig, 
warm, ongelofelijk intelligent en je kan een hele nacht onvermoeid dansen. We hebben 
ontzettend veel lol gehad op congressen (pizza op bed!) en ik hoop nog vele cappuccino’s 
met je te kunnen drinken. Ik ben ontzettend blij voor jou en Richard dat jullie nu een 
mini-Debby hebben!

Beste dr. Moojen, beste Dirk Jan,
Je behoort officieel niet tot mijn team, maar je hebt me wel het infectie-model bijgebracht 
in een crash-course. Ook heb je het TIARA-onderzoek opgezet, waardoor ik een follow-
up onderzoek kon starten. Het was altijd gezellig om je te spreken bij congressen en ik 
vind het mooi om te zien dat je na je promotie nog steeds betrokken bent bij infectie-
onderzoek naast het drukke bestaan als orthopedisch chirurg. 

Mijn paranimfen
Beste dr. Benders, beste dokter Kim,
Tijdens mijn stageperiode met jou als begeleider heb ik je leren kennen als iemand 
die altijd de handen uit de mouwen heeft. Je bent een MD in hart en nieren, maar 
door je onderzoekend talent schuilt er in jou een zeldzame combinatie van arts en 
wetenschapper. Je hebt me weten te overtuigen om toch te gaan promoveren, ondanks 
dat ik om me heen zag dat dat niet altijd over rozen gaat. Je hebt me veel bijgebracht; 
ik weet nu bijvoorbeeld alles van paardenknieën en kan met stokjes eten. Maar je hebt 
me ook geleerd dat als je iets goed gedaan wilt hebben, je het zelf moet doen. Ik heb 
bovendien veel steun aan je gehad de afgelopen tijd. Iedereen die jou kent, weet hoe ze op 
je kunnen bouwen en ik weet ook uit persoonlijke ervaring dat je altijd te bereiken bent 
voor een luisterend oor en goed advies. Ik ben blij dat je straks achter me staat! 

Beste (bijna dr.!!!) ing. Krouwels, beste Anita,
Als de dag van gisteren weet ik nog dat je ging solliciteren voor een promotieplek. 
Keurig gekleed met een enórme bos dreads netjes bij elkaar gebonden op je hoofd. Je 
zegt weleens dat je het fijn vond dat ik je op sleeptouw nam in je eerste week, maar dat 
was vooral uit eigenbelang omdat ik je zo gezellig vond. Het was erg fijn om vanaf de 
start parallel met iemand een promotietraject te doorlopen, omdat het goed is om te 
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alle cappuccino’s! Linda, we waren maar kort collega’s maar ik ben heel erg blij dat ik 
er een goede vriendin aan over heb gehouden! Bruce, van student naar promovendus, 
heel fijn dat ik via jou nog een beetje betrokken kan blijven bij het infectieonderzoek! 
Ik zie uit naar jou proefschrift. Maaike, bedankt dat je me de rode piste afkreeg. Ferry, 
Ruud, Maurits, Huub, Chella, Jonneke, WP, Said, Razmara, Parisa, Imke, Joao, Riccardo, 
Miguel, Vivian, Renée, Sebastiaan, Koen, Rob, Jelle, Flor, Mylene, Irina, Alessia, Barbara, 
Iris, Luuk: bedankt voor alle collegialiteit en gezelligheid!

Studenten
Gedurende mijn promotietijd heb ik een aantal studenten mogen begeleiden: Els, 
Emiel, Mariëlla, Rukiye, Sanne, en Willemijn. Jullie hebben mij enorm geholpen met de 
praktische kant achter dit proefschrift. Bedankt!

Bij dezen bedank ik ook alle patiënten die hebben bijgedragen aan het onderzoek in dit 
proefschrift. 

Medische Microbiologie
De kennis van de microbiologen is essentieel in het orthopedisch infectieonderzoek. 
Reindert, bedankt voor je begeleiding in het lab en je aanstekelijke enthousiasme voor de 
microbiologie en biofilms. Ondanks dat ik het jammer vond dat je bij het UMC wegging, 
ben ik blij voor je dat je een mooie kans kreeg in Wageningen! Hans, bedankt voor je 
pragmatische blik en fijne samenwerking. Marc, bedankt voor het geduldig bijbrengen 
van je praktische kennis in de microbiologie. Judith, bedankt voor de zeer prettige en 
efficiënte samenwerking; je snelle communicatie zorgde ervoor dat ik nooit langer dan 
een kwartier op antwoord hoefde te wachten. Miquel, bedankt voor je input bij mijn 
onderzoek en de vele antwoorden op mijn vragen. 

GDL
Anja, wat hebben wij veel uren samen doorgebracht en wat was het fijn om met je samen 
te werken. Zonder jou had ik al die operaties niet kunnen doen. Je startte altijd vroeg om 
de dag voor te bereiden en je enorme hoeveelheid energie was aanstekelijk en zorgde 
ervoor dat ik de lange dagen door kwam. Je hebt overal een oplossing voor en doordat je 
je hart op je tong draagt, hadden we een zeer effectieve communicatie. Jeroen, Danielle, 
en alle andere collega’s van het GDL: bedankt voor het meedenken, jullie adviezen, alle 
praktische hulp en begeleiding.

Addenda

Mattie, je hebt een prominente plek in ieder dankwoord en dat heeft een aantal 
goede redenen: je onvermogen om nee te zeggen, je tolerantie voor mensen en je 
relativeringsvermogen. Ik ga er niet nog meer veren bij steken, maar kijk wel uit naar 
onze volgende borrel! Saskia, Yvonne, Angela en Kim: zonder analisten komen we 
nergens en ontploft het lab.

De lichting ‘voor mij’:
Ik heb de eer gehad om met een aantal van jullie overlap te hebben tijdens jullie laatste 
loodjes. Jullie hebben voor mij de standaard gezet binnen de groep: een hoge lat. Hard 
werken, elkaar een helpende hand toereiken waar nodig, niet zeiken, de connectie met 
de kliniek, en niet te vergeten: vrijdags borrelen. HY, good friend, thanks for the dinners 
and good conversations, I hope to enjoy more of those in the future! Anika, bedankt 
voor het aanbieden van een plek om te crashen in mijn eerste week. Michelle, bedankt 
voor de gezelligheid, buurvrouw! Rhandy, jij bent voor mij het goede voorbeeld van 
een andere carrière inslaan na het onderzoek! Ruth, bedankt voor het warme welkom. 
Diyar, bedankt voor de gezelligheid en de shotjes tijdens de OrthoSki. Joris, je was altijd 
vrij luid aanwezig en zorgde voor levendigheid in het lab. Beekie, Iron Man, ik kom je 
vast nog een keer tegen in een random trein. Wouter S., bedankt voor het niet heel hard 
lachen toen ik me voor de tweede keer voorstelde. Fiona, je was de eerste niet-medische 
promovendus bij de Ortho en mede dankzij jou volgden er meer! 

Tom & Tommy, gouden duo om samen mee in een kantoor te zitten! Ik heb ongelofelijk 
veel respect voor jullie talent voor hard werken en de enorme hoeveelheid snoep die 
jullie om 16:00 weg kunnen werken. En hoe gaaf jullie hoofden op een bonbon staan. 
Croes! Inderdaad, wat hebben wij veel konijnen geopereerd samen, maar dat was vooral 
door jouw briljante planning die ervoor zorgde dat we (bijna) dag en nacht aan de 
operatietafel stonden. Het was fijn samenwerken! Anne, je hebt een aantal tegenslagen 
gehad en ik vind het buitengewoon hoe jij je er iedere keer weer doorheen slaat. Je staat 
heel pragmatisch in het leven en zit boordevol energie. Bedankt dat ik zo nu en dan in 
je huis kan crashen en ik hoop nog vele pistes met je te overwinnen! Behdad, bedankt 
voor de fijne samenwerking en de open deuren! Dino, ik heb een hele tijd naar jouw kuif 
mogen kijken die net boven mijn scherm uitkwam. Je bent een fantastische collega en 
zit altijd vol avontuur. En ik geloof er niks van dat die grap met de koekjes in de trein 
echt gebeurd is. Jetze, je Friese nuchterheid was een frisse wind door het lab. Ik ben nog 
steeds geshockeerd van de keer dat je in je wielrentenue het kantoor binnenkwam en ik 
me omdraaide op mijn bureaustoel… Loek, ik zal nooit vergeten dat je me aansprak met 
‘Hé, chickie’ de eerste keer dat we elkaar ontmoetten in het lab. Ondanks dat ik op dat 
moment not amused was, heb ik je humor en onverminderde vrolijkheid altijd enorm 
gewaardeerd! Marianne, bedankt dat ik mocht crashen na het NOV feest en bedankt voor 
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Creatief team
Marco, ik vind het heel fijn dat je bijgedragen hebt aan een belangrijk onderdeel van mijn 
proefschrift: de cover.  Bedankt voor je inspiratie en de ondersteuning gedurende mijn 
tijd in het UMC. Carolien, je hebt me ontzettend veel werk en stress uit handen genomen. 
Je hebt mijn persoonlijke wensen gebruikt om er een samenhangend geheel van te maken 
en ik ben heel erg blij met het eindresultaat. Keith, thanks for correcting my summary & 
discussion, Leo & Nina, vielen Dank für eure Hilfe mit der deutschen Zusammenfassung, 
Stefan, bedankt dat ik je talent voor de Nederlandse taal mocht benutten!

Davos
It might be a bit strange to acknowledge a place, but Davos is often called ‘a magical 
place’. Any time I was stuck or frustrated, I could go outside, calm down in the mountains, 
get fresh air and fresh inspiration. Not only Davos was helpful, also my neighbours at 
the Landwasserhaus were a great support: Charlotte, Nina, Leo, and Domi; thanks for 
the fun, cooking, and alcohol to drown my sorrows in. I also thank my colleagues at the 
AO Research Institute for their support and listening ears. 

Familie
Lieve broers: Eddy, Nico en Gert Jan, en natuurlijk alle extra gezelligheid die er de 
afgelopen jaren bij is gekomen: Rian, Jeannet, Gerdien, en de kinderen: Catootje, Hugo, 
Olivier, en Milan. Ik mag dan straks de tweede dr. in de familie zijn; gelukkig neemt 
niemand dat heel erg serieus. Bij jullie hoef ik even niet na te denken over onderzoek en 
kan ik heerlijk mezelf zijn en mijn accent weer oppikken.

Lieve mama en papa. Jullie hebben mij altijd gestimuleerd om verder te leren, maar mij 
ook vrijgelaten in mijn keuzes. Jullie hadden er een rotsvast vertrouwen in dat ik er wel 
zou komen, ook al was ik vaak onzeker over mijn toekomst. Daarbij stonden jullie altijd 
voor mij klaar, dag en nacht. Die vrijheid heeft er uiteindelijk voor gezorgd dat ik mag 
promoveren. Helaas kan papa er niet bij zijn, ik had graag ook samen met hem dit mooie 
feestje willen vieren.

Lieve Marcus. Dankzij jou heeft dit boekje vertraging opgelopen, al ontken je dat het 
jouw schuld is dat ik in het weekend leuke dingen met jou deed in plaats van te schrijven. 
Maar behalve afleiding heb je mij alle ondersteuning gegeven om de laatste loodjes af te 
maken. Je was tijdens het afronden van mijn boekje niet alleen een steun op emotioneel 
gebied, maar ook praktisch: wanneer nodig deed je de was, zorgde je voor eten en reed je 
mij ‘s nachts naar Nederland. Ik ben blij dat we dit feestje samen kunnen vieren en hoop 
dat er nog vele volgen! 
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Willemijn Boot was born in the small village of Daarle, The Netherlands, on the 25th of 
July 1986, as a little sister of three brothers. She graduated from high school in Almelo 
in 2005.

After graduation, she was unsure of what direction to take as there were many exciting 
options. After a moment of consideration, she decided last-minute to go to Utrecht to 
study Biomedical Sciences. A decision based on the broad education the program offered 
as well as a keen interest in biology, diseases, and the human body. In 2009 she obtained 
her Bachelor of Science. 

After her undergraduate degree, Willemijn pursued the master ‘Biomedical Sciences’ 
with internships at the Virology department at the Faculty of Veterinary Sciences, 
and the Orthopaedic department at the University Medical Center, both in Utrecht. 
The internships sparked her interest, however, during the time at the Orthopaedic 
department she realized that the strong connection between research and clinic was a 
strong motivator for her. She obtained her Master of Science degree in 2012. 

After the research internship at the Orthopaedic department, she was happy to receive 
the opportunity to start her Ph.D. at the same department, under the supervision of Prof. 
dr. W.J.A. Dhert, Prof. dr. R.M. Castelein, dr. H.Ch. Vogely, and dr. ir. D. Gawlitta. The 
results of this research are described in this thesis.

In March 2016 she started to work as a research fellow at the AO Research Institute in 
Davos, Switzerland. During this period, she also met her partner Marcus. She continued 
to work at the AO Research Institute as a postdoctoral researcher starting in 2017.




