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I N T R O D U C T I O N  

The osseointegration of titanium implants was discovered by chance and described by Brånemark and colleagues 

in the 1960s [1]. This is characterized by a firm mechanical anchorage of the implant within the bone achieved 

by bone apposition on the implant surface without connective tissue formation at the bone-implant interface [2]. 

Accordingly,  in the field of dentistry,  for example, dental implants in their function as artificial  tooth roots 

enable the firm anchoring of dentures in the jaw [3]. 

The osseointegration of titanium implants is based on long-term evidence and is made possible by the titanium 

oxide layer on the implant surface, which due to the strong reactivity of titanium is basically present on the 

surface of the implant and allows the bone to grow towards it [4]. In general, the largest possible bone-to-

implant contact is desired [5]. 

Nowadays,  titanium  is  also  critically  evaluated  as  implant  material,  suspected  to  cause  problems  post-

operatively. This is not least due to the fact that titanium can also corrode, particularly in acidic environments 

[6,7], like in the presence of inflammatory processes [8]. Titanium implants can also corrode in combination with 

precious metals such as gold for dental application [9]. In principle, the higher the corrosion resistance of a 

metal, the more biocompatible it is [7].  Corrosion is even more problematic in the presence of intolerance 

against titanium [10]. This is characterized by the fact that tissue macrophages react with excessive secretion of 

the inflammation mediators TNF-α and IL-1β [11] after phagocytosis of TiO2 particles. This leads to osteoclast 

activation with resulting bone resorption and collagenolysis and thus affecting osseointegration.

In addition, high stresses can occur at the implant-bone interface in dentistry [12,13], which is based on the 

difference  in  stiffness  between titanium implants  and peri-implant  bone  in  combination  with  the  ankylotic 

anchoring of the implants in the bone and the simultaneous absence of a shock-absorbing periodontal fiber 
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apparatus as in natural teeth. Titanium has a modulus of elasticity of 110 GPa [13]. Instead for cortical bone the 

literature gives a modulus of elasticity of 13.8 GPa and for cancellous bone a modulus of elasticity of 1.38 GPa 

[14].  Based  on  these  facts,  there  is  a  risk  of  overloading  the  bone,  which  may  lead  to  its  damage  and 

consequently to bone resorption [15-18]. 

In  the  fields  of  orthopaedics  and  traumatology,  the  high  stiffness  of  titanium  implants  in  the  form  of 

osteosynthesis plates, spinal fusion implants and endoprostheses causes the so-called "stress shielding effect", 

which leads to an underloading of the neighbouring bone and consequently to its resorption [19,20].

In  addition,  as  in  the  field  of  dentistry,  there  is  an  increasing  desire  for  metal-free  reconstructions  [21]. 

Therefore, implants made of zirconium oxide ceramics have been developed as a metal-free alternative for this 

area [21]. However, there still seem to be no studies reporting of long-term results that would confirm the use 

of these implants as a safe form of therapy [22,23]. A disadvantage of this material is that the quality is strongly 

dependent  on  the  manufacturing  process.  For  example,  they  may  be  susceptible  to  fracture  already  after 

manufacture. If instead of the tetragonal phase, which converts into the monoclinic phase to suppress crack 

propagation within the ceramic, parts of the monoclinic phase are already present on the surface. From there 

small cracks may then develop [22]. With regard to the theory of overloading the peri-implant bone, it should 

also be emphasized that zirconium oxide ceramic with a modulus of elasticity of 210 GPa is almost twice as stiff 

as titanium [24].

For this reason, the high-performance polymer PEEK (polyether ether ketone) is considered an alternative metal-

free implant material due to its positive mechanical and biocompatible properties [25]. It has a low density of 1.3 

g/cm3 with a modulus of elasticity of approximately 4 GPa, which can be adjusted by adding (carbon) fibers 

depending on their degree of filling, length and orientation [25]. For example, a PEEK composite with more than 

55 vol-% parallel aligned continuous carbon fibers showed E-moduli in the direction of fiber orientation up to 

more than 100 GPa [26]. PEEK is frequently used as an implant material in spinal surgery in the form of spine 

cages [27]. In the field of orthopaedics, the use of PEEK in artificial joints is being researched [28] and in the field 

of traumatology this material is used as osteosynthesis plates [29]. PEEK implants are also used to reconstruct 

defects of the bony skull [30] and also interest in dental implants made of PEEK in the field of dentistry was 

raised [31].

However, a disadvantage of this material is its poor osseointegration potential due to its hydrophobic surface 

[32]. Accordingly, various surface modification techniques exist to increase the osseointegration of PEEK. Based 

on the biocompatibility of titanium as an implant material, the surface coating of PEEK implants with titanium is 

a common procedure [33]. However, such an implant is then not metal-free. Other surface modifications include 

coating with (nano-) hydroxyapatite (HA) [34] and plasma treatment [35]. However, these showed only slight 

improvements of osseointegration in animal models. Furthermore, the question arises to what extent a coating 

with HA remains permanently stable.

Another method is the compounding of PEEK, for example with HA powder [36]. This has the disadvantage, 

however, that this material can only be processed by milling, as otherwise the incorporated HA particles would 

not be freely available on the surface and thus the corresponding positive effect on osseointegration would not 
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occur.  Furthermore,  it  is  questionable  whether  the powder introduced might  have a  negative effect  on the 

mechanical properties of the PEEK compound. It must also be ensured that the HA powder is homogeneously 

distributed in the PEEK matrix.  However,  such a material  is  commercially  available from Invibio Ltd.  (PEEK-

OPTIMA™ HA Enhanced LT120HAR20, Invibio Ltd.,  Thornton-Cleveleys, UK),  which is said to have improved 

osseointegrative properties [37].

For  the  development  of  a  metal-free  implant  system  based  on  PEEK,  a  promising  method  for  surface 

modification seems a covalent binding of certain molecules to the PEEK surface. These molecules are found in 

proteins of the extracellular matrix (ECM) including bone and serve as binding sites for bone-forming cells. An 

example is the RGD peptide (amino acid sequence Arg-Gly-Asp), which is found in fibronectin, vitronectin [38] 

and the family of small  integrin-binding ligand N-linked glycoprotein (SIBLING),  which includes osteopontin 

(OPN), bone sialoprotein (BSP (IBSP)), dentin matrix protein 1 (DMP1), dentin sialophosphoprotein (DSPP) and 

matrix  extracellular  phosphoglycoprotein  (MEPE)  [39].  The  RGD-motif  binds  to  a  large  number  of  cellular 

transmembrane integrin receptors, whereas the binding to αvβ1 and α5β1 leads to osteogenic differentiation of 

mesenchymal stem cells (MSC) [40] and promotes cell adhesion and metabolic activity of osteoblasts [41]. In this 

respect,  RGD  is  ascribed  the  ability  to  promote  the  osseointegration  of  metallic  implants  [42].  PEEK  with 

covalently  bound  RGD coating  showed  increased  cell  proliferation,  osteogenic  differentiation,  and  bonelike 

apatite formation in cell culture tests with mouse osteoblasts [43] and promoted the adhesion and proliferation 

of human osteoblasts [44].

The KRSR peptide (amino acid sequence Lys-Arg-Ser-Arg) is a heparin-binding peptide and acts somewhat more 

specifically than RGD on bone-forming cells, being present in five bone-related adhesive proteins - also in 

addition  to  fibronectin,  bone  sialoprotein,  vitronectin,  osteopontin  and  thrombospondin  -  and  specifically 

promotes osteoblast adhesion and osteogenic differentiation [45].

Another promising new method for surface modification appears to be the covalent bonding of a thin 

layer of hyaluronic acid, which is subsequently mineralized with calcium phosphate to mimic calcified 

ECM of bone [46]. This is a commercial procedure with ISO 13485:2016 certification called "Mimicking 

Bone Technology"  (MBTv,  stimOS GmbH,  Konstanz,  Germany),  whereby the  "v"  in  the  abbreviation is 

intended to indicate the use of a hyaluronic acid of vegan (bacterial) origin. 

In this respect, the aim of the present study was to assess the osseointegration of PEEK implants to whose 

surfaces RGD peptide, KRSR peptide and hyaluronic acid were covalently bound compared to implants made of 

titanium and HA-filled PEEK as control groups in the sheep model. 
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M A T E R I A L  A N D  M E T H O D S  

Implant manufacture

Initially,  a total of 36 cylindrical implants with an external thread (diameter: 3.55 mm, length: 8 mm) were 

produced by turning from round rods of the following three implant materials:

pure PEEK (i4 R, Evonik Industries, Essen, Germany), for the experimental groups (n=24)

Titanium grade IV (Zapp Precision Metals GmbH, Schwerte, Germany), for the control group 1 (n=6)

PEEK  compound  filled  with  20%  HA-powder  (PEEK-OPTIMA™  HA  Enhanced  LT120HAR20(Batch  Number:    

SSR0402), Invibio Ltd., Thornton-Cleveleys, UK), for the control group 2  (n=6).

Subsequently, the 36 experimental implants made of pure PEEK were divided into 4 groups of n=6 implants each 

according to their respective surface modifications:

RGD: The immobilization of RGD peptide on the PEEK surface was achieved according to the investigation by 

Becker et al. [44]. In brief, after washing with iso-propanol, the implants were treated with neat ethylene diamine 

(EDA) for 3 h at 120 °C and rinsed with water and alcohol afterwards. The resulting aminated polymer (PEEK-

NH2) was then reacted with 5% (v/v) diethylene glycol diglycidyl ether (Polysciences, Hirschberg, Germany) in 50 

mM carbonate buffer (pH 9) for 2 h. Grafting of the peptide was accomplished by incubating the specimens in 

0.2 mg/ml RGD (Sigma Aldrich, Munich, Germany) in carbonate buffer for at least 3 h or overnight, followed by 

washing with water and alcohol.

KRSR: For the covalent coupling of the KRSR-peptide, another immobilization procedure had to be used, as the 

first amino acid (lysine, K) was involved in binding, but contains two free amino groups preventing defined 

conjugation.  Thus,  the  peptide  extended  with  a  few  amino  acids  and  a  C-terminal  cysteine  was  used  in 

combination  with  the  heterobifunctional  crosslinker  3-maleimidopropionic  acid  N-hydroxysuccinimide  ester 

(NHS-Prop-Mal).  PEEK-NH2   (prepared  as  described  above)  was  reacted  with  0.5  mg/ml  NHS-Prop-Mal  in 

phosphate buffer saline (PBS, pH 7.4) containing 50% dimethylformamide  for  3  h  and  washed  copiously  with 

water.  The custom-synthesized and purified to 95 % peptide KRSRGYC (GeneCust,  Ellange, Luxemburg) was 

dissolved  in  50  mM carbonate  buffer  (0.5  mg/ml,  pH  9.0)  and  subsequently  reacted  with  the  crosslinker 

activated material for additional 3 h. Washing was carried out with water and alcohol.

MBTv: This procedure was carried out by stimOS GmbH (Konstanz, Germany), 

after cleaning the PEEK implant surfaces in a series of liquid baths and subsequent drying, they were activated by 

oxygen plasma treatment. Directly after the activation, the implants were dip-coated with a solution containing 

an  azidoaniline  functionalized  polysaccharide.  This  modification  comprised  the  coupling  of  a  photoactive 

azidoanilin-linker onto the -COOH side-chains of the polysaccharide with the help of carbodiimide coupling 

chemistry. After drying, the PEEK surfaces were illuminated with UV-light, coupling the polysaccharide to the 

surface. In the next synthesis step, the polysaccharide-layer was mineralized with Calcium phosphate. For this, 

the PEEK implant surfaces were immersed  in  a  Calcium  containing  solution.  A  Phosphate-containing 

solution was added under controlled conditions to the Calcium-solution: constant addition rate, constant 
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temperature, constant pH and stirring. After the mineralization was completed, the implants were washed and 

dried under mild conditions.

Additionally,  another  group  of  n=6  implants,  which  were  surface-modified  according  to  MBTg,  were  also 

installed within the frame of the present animal study. This is also a commercial surface modification with ISO 

13485:2016  certification  based  on  gelatin  instead  of  hyaluronic  acid  and  was  also  carried  out  by  stimOS 

(Konstanz, Germany). However, the results of these are presented in the first part of this white paper „Bone 

Mimetic Implant Coating Facilitates Early Osseointegration“ and will be published separately. 

Subsequently, all  implants were packed in double peel bags and subjected to industrial gamma sterilization 

using 25-50 kGy radiation.

A N I M A L S  A N D  S U R G I C A L  M O D E L  

Three adult female Swiss Alpine sheep were used for the experiment. They 

were born on the same day, 4 years old and their average weight was 91.7 kg 

(88–98 kg). The animal experiment was carried out according to the Swiss 

laws of animal protection and welfare (TSchG 455) and were authorized by 

the local federal authorities (approval no. ZH132/18). The well described and 

reliable  pelvic  sheep  model  was  used  for  the  study  because  of  the 

transferability to humans [47,48]. The implants were installed in the cranial 

part of the left (n = 6) and right (n = 6) pelvis of each animal (Fig.1), whereas 

their position alternated on either side of the linea glutea of the iliac bone. 

The animals were sacrificed 8 weeks postoperatively and the n = 6 implants 

of each implant group were examined histologically.

Fig.1: Implantation scheme on a left pelvis.

A N A E S T H E S I A  

Sheep were adapted to their new environment 2 weeks prior to surgeries. Sheep were sedated with xylazine (0.1 

mg/kg BW Rompun® 2%, Bayer Health Care, Provet AG Lyssach, Switzerland) and buprenorphine (0.01 mg/kg BW 

Temgesic®,  Essex Chemie AG, Luzern,  Switzerland).  Anesthesia was induced with diazepam (0.1 mg/kg BW 

Valium®, Roche Pharma AG, Reinach, Switzerland), ketamine (3–5 mg/kg BW Narketan 10®, Vetoquinol AG, Belp-

Bern, Switzerland) and propofol (0.2 mg/kg BW 1% MCT Fresenius®, Fresenius Kabi AG, Stans, Switzerland). 

Anesthesia  was  maintained  with  inhalation  anesthesia  with  1–1.5%  isoflurane  (Forene®,  Abbott  AG,  Baar, 

Switzerland) under constant intravenous fluid application (Lactate Ringer 10 ml/kg BW/h) and propofol infusion 

(1 mg/kg BW/h) using an injection pump and monitoring (pulse oxymetry, capnography, EKG, invasive blood 
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pressure monitoring). Analgesia was achieved with an additional epidural anesthesia (morphine-HCL 0.1 mg/10 

kg  BW,  Sintetica  SA,  Mendrisio,  Switzerland)  at  the  foramen  lumbosacrale  during  surgery  and  injection  of 

carprofen (4 mg/kg BW Rimadyl®, Pfizer AG, Zurich, Switzerland) for 4 days. Buprenorphine (0.01 mg/kg BW 

Temgesic®, Essex Chemie AG, Luzern, Switzerland) was given perioperatively and continued three times in 4 h 

intervals.  Tetanus  serum  (3000  IE  Intervet®,  Veterinaria  AG,  Zurich,  Switzerland)  and  antibiosis  (Penicillin 

Natrium  Streuli®,  Streuli  Pharma  AG,  Uznach,  Switzerland  30,000  IE/kg  BW  and  Gentamycin-Vetagent®, 

Veterinaria AG, Zurich, Switzerland 4 mg/kg BW) were given prophylactically.

S U R G I C A L  P R O C E D U R E  A N D  P O S T O P E R A T I V E  C A R E  

Sheep were placed in lateral recumbency with the pelvis slightly inclined toward the surgeon. The surgery was 

conducted according to the technique described before.

Briefly,  access  to  the  pelvis  was  achieved  via  a  15-  to  20-cm-long  slightly  curved  skin  incision  in  the 

longitudinal direction of the iliac bone at the mid-pelvis line. The fascia was cut, and the middle gluteal muscle 

and tensor  fasciae  latae  were  carefully  separated.  The  tendinous  insertion  of  the  deep and middle  gluteal 

muscles was separated close to the iliac wing in the lower third of the muscle insertions at the iliac crest. For a 

full  exposure  and  access  to  the  entire  iliac  wing,  Langenbeck  retractors  were  applied.  During  surgery,  a 

prefabricated bendable template visualized the implantation scheme. Implant sites were prepared according to a 

standard and approved drilling protocol under cooling with sterile saline solution (0.9 %) using rotating pilot and 

twist  drills  made of  ceramic  (CeraDrill,  Gebr.  Brasseler  GmbH & Co.  KG,  Lemgo,  Germany)  completed with 

adjustable PEEK depth stops in ascending diameter (2.0, 2.8, 3.5 mm). To prepare the apical third of the implant 

bed a drill with the final diameter of 3.5 mm was customized with a flat drill tip to avoid any major mismatches 

between the implant and its bed. 

Three implants were inserted dorsally and three ventrally to the linea glutea in the right (R) and left (L) pelvis, 

where position 1 was the most caudal and position 6 the most cranial (Fig.1). Afterwards, the triangle-shaped 

recess for the insertion tool of the implants was closed with PEEK caps which had a clamping fit. Muscles were 

repositioned, and the tendinous insertion resutured to its origin with cross sutures. Fascia and subcutis were 

closed with synthetic resorbable sutures (Polyglactin, Vicryl 2–0, Johnson&Johnson Int., Brussels, Belgium), while 

the skin was closed with staples (Davis+Geck Appose ULC1, Braun Aesculap AG, Tuttlingen, Germany). Gauze 

was applied as wound protection before the animal was turned over to the other side. The surgical procedure 

was repeated in an identical manner on the contralateral pelvis. Postoperatively, sheep were kept in small boxes 

for 2 weeks and then transferred to larger stalls for the remaining time of the study. After 8 weeks, the sheep 

were sacrificed.
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I N T R AV I T A L  F L U O R E S C E N C E  M A R K E R S  

To reveal dynamic calcium deposition over time, fluorescence dyes were applied. These bind to calcium in the 

blood  stream,  which  is  incorporated  into  newly  deposited  and  mineralized  bone  matrix  12–72  h  after 

application.

Fluorescence labeling was performed via subcutaneous injections of calcein green (1 ml/kg; Fluka AG, Buchs, 

Switzerland),  xylenol  orange (1 ml/kg;  Fluka AG) and oxytetracyclin (20 mg/kg KGW s.c.,  Engemycin® 10%; 

Intervet  ad us.  Vet.,  Veterinaria  AG,  Freienbach,  Schweiz,  Switzerland)  at  2,  4  and 8 weeks (=72 h before 

sacrifice) after surgery, respectively.

Fluorescent dyes were detected in histological sections using a fluorescence microscope (LeicaDM6000B, Camera 

DFC350 FX; Leica Microsystems, Glattbrugg, Switzerland) with the appropriate filters (L5 for calcein green, N3 

for xylenol orange and D for oxytetracyclin).

H A R V E S T I N G  O F  T H E  S P E C I M E N S  

Immediately  after  sacrifice,  the pelvis  was harvested and the implants  were identified through scraping off 

partially overgrown periosteal  bone from the implant caps. The implants were checked for clinical  stability, 

respectively, loosening. Surrounding tissues were assessed macroscopically for any visible signs of inflammation 

or other changes. Radiographs (2 views, 55 kV/12 s, 60 kV/12 s) of each iliac wing were taken using a specimen 

radiography system (Faxitron® LX-60 Cabinet X-ray System, Faxitron X-Ray LLC, Lincolnshire, IL, USA). With a 

band saw (KOLBE Nirotechnik Maschinenbau, Riniker AG, Rupperswil, Switzerland), the wings of the pelvis were 

cut into bone blocks, in the middle of which were the implants. 

H I S T O L O G Y  

The specimens were then fixed in 40% ethanol at 4°C and further dehydrated in an ascending series of ethanol 

(50%, 70%, 80%, 90%, 96% and 100%). 

Afterwards,  they were defatted in xylene under vacuum [49].  Two outer  surfaces of the samples were cut 

parallel to the implant axis to allow serial cuts and an exact splitting of the implants along the long axis after 

embedding. Specimens were infiltrated with methylmethacrylate (Methacrylic acid methyl ester, Sigma-Aldrich 

Chemie GmbH, Buchs, Switzerland), dibutyl phthalate (Merck KGaA, Darmstadt, Germany) and perkadox 16 (Dr. 

Grogg Chemie AG, Stettlen-Deisswil, Switzerland) in the proportion 89.5 : 10 : 0.5 and embedded in the same 

solution  using  customized  Teflon  molds,  which  were  placed  in  a  water  bath  at  30°C  for  7  days.  After 

polymerization, the samples were mounted on plastic frames and cut with a precision diamond band saw (EXAKT 

300 CL, EXAKT Advanced Technologies GmbH, Norderstedt, Germany). One section of 400 mm thickness was 

used for normal bone histology, applying a toluidine blue surface staining. A thinner, native section (150–200 

mm) was used for fluorescence microscopy and wrapped in aluminum foil to prevent photobleaching. Both were 
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ground to ca. 200µm, resp. 50µ before being mounted on acrylic sections for conventional and on glass sections 

for fluorescence microscopy.

The stained thicker sections were then digitally recorded with a macroscope (Leica M420, Camera DFC 320, Leica 

Microsystems, Heerbrugg, Switzerland; magnification 0.5 X 8) using a specialized software (Leica, IM 1000 Image 

manager)  for  semiquantitative  evaluation of  the BIC,  peri-implant  bone remodeling,  and the presence of  a 

fibrous encapsulation.

H I S T O M O R P H O M E T R Y  

For  the  evaluation  of  old  and  new  bone 

around  the  implants,  zones  around  the 

implants  in  the  digitized  pictures  of  the 

histologic sections were framed using Adobe 

Photoshop Elements 8 (Adobe Photoshop 3.0) 

(Adobe  Systems,  Inc.  San  Jose,  California, 

United States), such that the area of new bone 

or fibrous tissue formation could be measured 

in  an  area  around  the  implant  that 

corresponded to twice the thread depth. The 

various tissues were detected manually using 

the  Adobe  Photoshop  program  giving  each 

fraction  a  different  color  (new bone = dark 

green,  old  bone  =  turquoise,  granulation/

fibrous  tissue  =  light  brown;  Fig.2).  These 

fractions were then measured with a special 

analysis software software using a specialized 

image  analysis  software  program  (Fiji, 

University  of  Wisconsin)  and  the  colored 

fractions  were  automatically  detected  and 

measured in number of pixels. Afterwards the 

pixels within the area of interest (exclusion of 

background and screw) were set as 100% and the percentage of the different tissues was quantified. Results 

were exported into a spreadsheet (Excel, Microsoft Office 2010) where the percentage of each fraction/total 

tissue volume and zone was calculated.
Fig.2: Processed image to evaluate the areas of old and new bone at a titanium implant. The turquoise bone areas around the implant 
(purple)  represent old bone areas and the dark green bone tissue,  which are mainly present in the areas closer to the implant, 
represent newly formed bone.



For the BIC, the percentage of the implant surface in direct contact with mineralized bone was determined by 

intersection counting within the thread area. Per sample, six thread pitches were counted. The evaluation was 

performed at calibrated digital pictures at 10-fold magnification (Leica Z6 APOA, Leica DFC 420C, Glattbrugg, 

Switzerland). Two pictures covered the full threaded part in high resolution. 

Then, the length of the total implant surface on both  longitudinal surface segments, divided in a cortical and a 

cancellous portion, was measured using a specialized software offering a tool to follow the lines (Fiji, University 

of Wisconsin). This was followed by measurement of the actual contact line between bone and implant separately 

on each side, which was then presented as total BIC or divided in its cortical and cancellous portions. The BIC 

percentage was then calculated as the portion of implant surface with a direct bone-to-implant connection 

divided through the total implant surface length  (Fig.3). Means of thread counts per implant were calculated

Fig.3: Evaluation of the BIC of a titanium implant. The red lines along the implant surface represent the areas of the implant surface 
with no bone contact, whereas the green lines represent direct contact areas to the surrounding bone.

S T A T I S T I C S  

For the graphical illustration of the results the commercial software Origin-Pro 7.5G SR2 (OriginLab Corporation, 

Northampton, MA, USA) was used. 

Statistical analysis was carried out with the commercial software SPSS (SPSS Statistics 20, Mac OS X, Version 13.0, 

Chicago, IL, USA). One-way factorial analysis of variance (ANOVA) was used to assess overall differences between 

groups,  followed by Bonferroni  post  hoc comparisons to evaluate differences between individual  groups.  A 

significance level was set at P<0.05.



R E S U LT S  

S U R G E R Y  A N D  P O S T O P E R A T I V E  P E R I O D  

Surgery  and  anaesthesia  were  uneventful.  All  three  sheep  showed  normal  food  and  water  intake  2  days 

postoperatively. After harvesting the samples, no implant exhibited clinical instability. Ventro-dorsal and latero-

lateral  radiographs  demonstrated  that  all  implants  were  correctly  in  place  and  there  were  no  signs  of 

inflammation, osteolysis or fracture lines.

H I S T O L O G I C A L  E VA L U A T I O N  A N D  B I C  

Basically, the thickness of the cortical bone decreased from position 1 to 6. At position 6 and partly also at 

position 5, it was difficult to distinguish a cortical bone from cancellous bone, since the cortex was thinnest 

there.

All implant groups showed more or less newly formed extraossary woven bone tissue around the sealing caps. 

Also around the bone-implant  interface all  implants  showed newly  formed woven bone,  although this  was 

somewhat more pronounced in the presence of a broad cortical bone. In Fig.4 are representative histological 

images of the thick sections presented. In the area of the threads, especially in the cortical region, newly formed 

woven  bone  was  visible,  which  seemed  to  fill  the 

threads  on  the  MBTv,  RGD  and  KRSR  modified 

implants slightly more than on the titanium and HA-

PEEK  implants.  In  the  presence  of  a  wide  cortical 

bone,  the  KRSR and HA-PEEK implants  still  showed 

direct contact between the outer flanks of the threads 

and the old cortical bone. In these areas, the titanium 

implants generally showed contact with newly formed 

woven bone that was located between the old cortical 

bone and the implant surface, whereas the RGD and 

MBTv implants showed in principle direct contact of 

the outer flanks of the threads with the old cortical 

bone  (Fig.5).  There  were  also  resorption  lacunae 

predominantly visible in the area of the cortical bone 

around the implants, which were most pronounced on 

the titanium, HA-PEEK and KRSR implants, so that the 

original  implant  bed  could  no  longer  be  clearly 

defined by the old cortical bone (Fig.4 and 6).

Fig.4: Representative histological images with the BIC values within the cortical (BICcor) and cancellous bone (BICcan). Old bone areas 
are stained lighter blue and the darker blue bone areas, predominantly in the areas closer to the implants and in the implant threads, 
represent newly formed bone. For the titanium implant, the BIC is limited to contact with newly formed bone.





H I S T O M O R P H O M E T R Y  

The results of new bone and old bone formation and the BIC are summarized in Table 1.

The results for the area shares of old and newly formed bone in the area of twice the thread depth around the 

implants are shown in Fig.7 and 8.

The  area  percentages  of  old  bone  did  not  differ  significantly,  with  MBTv  implants  showing  the  highest 

percentage of old bone in cortical bone at 79.7 ± 9.8% and HA-PEEK implants showing the lowest percentage of 

old bone at 60.2 ± 12%. In the area of cancellous bone, the HA-PEEK implants showed the highest proportion of 

old bone and the titanium implants the lowest (HA-PEEK implants: 24 ± 3.5 %; titanium implants: 19.6 ± 3.9 %). 



There were also no significant differences between the groups with regard to the proportion of newly formed 

bone. In the cortical bone region, HA-PEEK implants showed the highest percentage of newly formed bone with 

26.9 ± 12.8 % and MBTv implants the lowest percentage of newly formed bone with 14.6 ± 6 %. These implants 

also showed the lowest proportion of new bone in the cancellous bone area with 26.1 ± 2.2 %, with the KRSR 

implants showing the highest proportion of new bone in this area with 34.1 ± 3.5 %.

After 8 weeks, the titanium implants showed the 

lowest average BIC in both cortical and cancellous 

bone  (cortical  bone:  40.7  ±  23.2  %;  cancellous 

bone:  31.5  ±  12.3  %).  These  values  differed 

significantly from the BIC values of the RGD group, 

which  showed  approximately  twice  as  high  BIC 

values in both bone regions and the highest BIC 

values  overall  (cortical  bone:  80  ±  18.8  %; 

cancellous bone: 59.6 ± 12.2 %; Fig.9).

Fig.9: Box plots of the BIC-values of the different groups 
(*significant difference between the titanium- and the RGD-
implants).

F L U O R E S C E N C E  L A B E L I N G  

Based on the fluorescence calcein green staining, the highest 

bone formation could be shown at two weeks postoperatively, 

which took place in the area of the bone-implant interface 

and extraossary around the sealing caps of the implants (Fig.

10).  On  the  basis  of  the  fluorescent  markings  the  bone 

apposition in the area of the threads could be reconstructed 

(Fig.11), whereby in the area of the bone-implant interface of 

the  titanium  implants  the  proportion  of  newly  formed, 

oxyteracycline-stained  (blue)  bone  tissue  seemed  to  be 

somewhat  larger  compared  to  the  other  implants  after  8 

weeks  of  healing.  In  addition,  the  extraosseous  bone  in 

particular  showed  proportions  of  blue  fluorescent  tissue, 

which indicated bone apposition at this time.

Fig.10: Fluorescence images of the same samples like Fig.5. Due to the calcein green stained areas, the highest rate of bone formation 
could be observed after 2 weeks around the implants. Afterwards bone was formed towards the implant surface and in the areas of the 
threads  after  4  weeks  (xylenol  orange)  and  8  weeks  (oxytetracyclin  (blue)).  Additionally,  due  to  the  oxytetracyclin  staining  new 
extraossary bone seemed to be predominantly formed after 8 weeks. Also new bone formation at the implant-bone interface of the 
titanium implant seemed to be more pronounced after 8 weeks compared to the other groups.



Fig.11: Close-ups of the images of Fig.11. Due to the stained areas after 2 (green), 4 (orange) and 8 weeks (blue) the pattern of bone 
apposition can be traced back.

D I S C U S S I O N  

After a healing period of 8 weeks in the pelvic bone of sheep, all PEEK-based implants showed on average a 

higher BIC value than the titanium implants of the control group. Since titanium is still considered the gold 

standard for implant materials, sufficient osseointegration of the PEEK-based implants can be assumed.

 

In the present study, only machined implants were 

used in order to be able to assess only the chemical 

influence  of  the  surfaces  on  osseointegration,  as 

rough  implant  surfaces  generally  have  a 

significantly positive effect on osseointegration. 

Therefore, titanium implants with a sandblasted and 

acid-etched surface  generally  showed a  BIC  value 

above  50% after  8  weeks  of  healing  in  the  same 

animal model (approx. 80% [47]; 57.64 ± 14.12 % 

[48]; 53.3 ± 9 % [50]). The results of the BIC of the 

machined  titanium  implants  in  the  present  study 

seem  valid  as  a  reference,  since  such  implants 

showed  comparable  values  after  8  weeks  of 

implantation in other studies using the same animal 

model (36.5 ± 23.5 % [51]; 51.7 ± 6.2 % in cortical 

bone and 27.2 ± 4 % in cancellous bone [52]).

In comparison of the PEEK-based implants, implants with surface modifications showed higher BIC values on 

average than HA-PEEK implants, while the BIC values of RGD implants in cortical and cancellous bone were 

significantly higher than those of titanium implants. Such surface modifications in the nanometer range have the 

advantage that they do not affect the properties of the bulk material, whereas compounding the PEEK matrix 

with HA particles makes PEEK more brittle [53]. This is because the elastic modulus increases with the degree of 

filling of HA particles due to the elastic modulus of HA (85 GPa) and the tensile strength decreases [54]. In this 

respect, Ma et al. considered a filling level of 30% HA in the PEEK matrix to be ideal [54], whereby only the 

particles on the surface have an influence on osseointegration and the particles in the inner area can detach 

from the PEEK matrix under load, which leads to a weakening of the composite [53]. In this respect, the material 

is only suitable for processing by machining, since it  cannot be guaranteed that a sufficient number of HA 

particles will be freely available on the implant surface, for example, when processing by injection molding. 



The HA-filled PEEK compound in this study had an HA content of 20 %. In the cortical bone area in particular, a 

relatively wide range of BIC values was found in comparison with the other implant groups. This could possibly 

be attributed to an uneven distribution of the HA particles within the matrix and thus on the implant surfaces.

One limitation of the present study was that no untreated PEEK implants were included as negative controls. This 

was omitted because pure PEEK is generally considered to be poorly osseointegrative [32]. In a study in the 

literature using the same sheep model, pure PEEK cylinders showed a BIC value of 65 ± 48 % in cortical bone and 

34 ± 8 % in cancellous bone after 2 weeks [55]. These values increased to 78 ± 27 % and 66 ± 9 % respectively 

after 12 weeks [55]. However, these results can be compared to a very limited extent because the implants had a 

cylindrical shape without thread and therefore sat completely gap-free in the bony implant site, i.e. significantly 

less newly formed bone was required for the BIC. Furthermore, the healing periods are not comparable, since it 

must be assumed that new bone formation also takes place beyond a healing period of 8 weeks. For example, 

cylindrical PEEK implants implanted in the tibia and femur of sheep showed increasing BIC values over a period 

of 26 weeks (28.4 % after 6 weeks; 41.7 % after 12 weeks; 53.8 % after 26 weeks) [56]. In another sheep model, 

machined PEEK cylinders showed a similar pattern for the BIC in cortical bone of the tibial diaphysis (≈ 38% at 4 

weeks; ≈ 45% at 12 weeks; ≈ 55% at 26 weeks), with the BIC in cancellous bone of the proximal tibia initially 

increasing from ≈ 22% at 4 weeks to ≈ 29% at 12 weeks and decreasing slightly to ≈ 25% at 26 weeks [35].

An increase in the BIC over a longer period of time can also be assumed for the machined titanium implants of 

the present study. In the above-mentioned study by von Salis-Soglio et al., the machined titanium implants 

showed a BIC value of 48.6 ± 5.4 % after 52 weeks, as was the case at least in cancellous bone, which was higher 

than after healing periods of 2 (36 ± 4.8 %) and 8 weeks (27.2 ± 4 %) [52]. In any case, these implants in cortical 

bone showed an opposite trend with respect to the BIC, so that it fell from 67.3 ± 8.2 % after 2 weeks, via 51.7 

± 6.2 % after 8 weeks to 42.3 ± 3.7 % after 52 weeks [52].

The blue bone areas stained with oxytetracycline, which were more or less pronounced in the area of the bone-

implant interfaces at the end of the present study after 8 weeks, indicate that the bone remodeling was not yet 

completed. Based on the example of the titanium implant in Fig.11, where these areas appeared somewhat more 

pronounced compared with the other implant groups, it can be concluded that the BIC would have increased 

further at this one. Conversely, it could be assumed that the bone remodeling or formation of the experimental 

PEEK implants was probably largely completed at the end of the present study period. In combination with the 

higher BIC values of the experimental PEEK implants, it can be concluded that they were osseointegrated by 

earlier bone formation [57].

In an animal experiment with New Zealand rabbits, the positive influence of an RGD coating on osseointegration 

was demonstrated [41]. After 3 weeks RGD-coated titanium implants showed a significantly higher BIC value 

compared to unmodified titanium implants (63 ± 2.4 % vs. 49 ± 5.5 %). 

In a study with miniature pigs, no influence of a titanium implant coating with KRSR peptide (BIC: 38.45 ± 22.62 

%) or a combination of KRSR and RGD peptides in two different concentrations (20 pmol/cm2 KRSR/0.05 pmol/

cm2 RGD, BIC: 35.22 ± 22.57 %; 20 pmol/cm2 KRSR/1.26 pmol/cm2, BIC: 35.61 ± 15.12 %) on osseointegration 

could be demonstrated in comparison to unmodified titanium implants (BIC: 41.49 ± 27.43 %) [58]. The implants 



with KRSR peptide coating showed a slightly lower proportion of new bone in comparison with unmodified 

implants (28.58 ± 9.94 % vs. 30.61 ± 7.11 %).

After implant placement, a certain amount of bone resorption generally occurs initially as response to surgery, 

which is accompanied by a drop in the implant stability quotient (ISQ) in the period from the first to the third 

and  fourth  week  [57],  whereby  the  formation  of  new  bone  causes  secondary  implant  stability  via 

osseointegration [59].

In  this  respect  the  lowest  possible  resorption  of  the  old  local  bone  is  desirable,  not  least  because  bone 

resorption also occurs due to foreign body reactions [60]. At the same time, as little new bone as possible 

should be formed in the course of osseointegration, since otherwise sclerosing tends to occur, which may be 

later associated with implant loss [61]. At the same time, the titanium implants in this study showed that much 

newly formed bone cannot be equated with a high BIC. 

C O N C L U S I O N  

Compared  to  titanium as  the  gold  standard  of  implant  materials,  all  PEEK-based  implant  types  appeared 

promising with regard to osseointegration. Surface-modified PEEK implants should possibly be preferred over 

HA-filled PEEK compounds, since corresponding PEEK implants can also be manufactured by injection molding, 

for example, and the surface modification does not impair the mechanical properties of the bulk material.

In this respect it can be assumed that the characteristics of the ideal osseointegration of an implant is 

based on the (a) highest possible BIC value in combination with the (b) highest possible proportion of old 

bone and the (c) lowest possible proportion of new bone, which would put titanium as the ideal implant 

material in a different light. In this respect, the coating with KRSR peptide may also have to be assessed 

critically against this background due to the pronounced bone remodeling as shown in Fig.6. 

MBTv implants however showed an (a) overall high BIC in combination with the (b) highest proportion of 

old  cortical  bone  and the  (c)  lowest  proportion  of  newly  formed bone  and therefore  met  the  three 

characteristics of stable osseointegration. 

Compared to titanium as conventional evidence-based implant material in general, theoretically all tested 

implant types could be used. For RGD and KRSR, this would have to be verified in the future by long-term 

results of in-vivo studies also under mechanical loading of the implants.
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