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Abstract: Polyether ether ketone (PEEK) possesses excellent mechanical properties similar 

to those of human bone and is considered the best alternative material other than titanium for 

orthopedic spine and trauma implants. However, the deficient osteogenic properties and the 

bioinertness of PEEK limit its fields of application. The aim of this study was to limit these 

drawbacks by coating the surface of PEEK with nano-scaled hydroxyapatite (HA) minerals. 

In the study, the biological response to PEEK, with and without HA coating, was investigated. 

Twenty-four screw-like and apically perforated implants in the rabbit femur were histologically 

evaluated at 3 weeks and 12 weeks after surgery. Twelve of the 24 implants were HA coated 

(test), and the remaining 12 served as uncoated PEEK controls. At 3 weeks and 12 weeks, the 

mean bone–implant contact was higher for test compared to control (P,0.05). The bone area 

inside the threads was comparable in the two groups, but the perforating hole showed more 

bone area for the HA-coated implants at both healing points (P,0.01). With these results, we 

conclude that nano-sized HA coating on PEEK implants significantly improved the osteogenic 

properties, and in a clinical situation this material composition may serve as an implant where 

a rapid bone fusion is essential.
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Introduction
Few new materials are introduced to the medical device industry, partly because of 

the good quality of the existing ones and the extremely high cost for introducing 

new ones. Despite this, polyether ether ketone (PEEK) was introduced where metal-

lic implants such as Ti alloys and CoCr alloys experienced inferior outcomes due 

to their mechanical properties.1–5 One such potential shortcoming of conventional 

implant materials is the tenfold higher elastic modulus of titanium compared to bone 

that has been found to cause degeneration of adjacent segments via stress shielding. 

To overcome these problems, PEEK was introduced into the orthopedic field as an 

implant material due to its similar elastic modulus as that of human cortical bone.6 

For the past 2 decades, PEEK has become a common alternative to metal implants in 

several orthopedic applications.7,8

However, PEEK has shown both in vivo and in vitro studies to have low bioactive 

features due to the relatively bioinert surface.9–11 Therefore, many studies have been 

conducted to improve the biocompatible state of PEEK by incorporating bioactive 

substances into the substrate or onto the surface as a coating.12–14 The authors have 
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found that incorporation of hydroxyapatite (HA) into the 

PEEK compound substantially decreased the mechanical 

properties of the material.14,15 Instead, by altering the surface 

topography and chemical composition, the surface becomes 

more bioactive and an improved bone formation can be 

achieved owing to an increased surface area and higher sur-

face energy.3 Therefore, several techniques to coat the PEEK 

surface have been evaluated. Plasma sprayed deposition and 

electron beam deposition are two common methods to coat 

the surface with HA, which improved the bioactive potential 

of PEEK. However, the long-term effect of these techniques 

on titanium has been questioned after retrieved sections have 

demonstrated inflammation cells adjacent to detached coating 

fragments. The coating thickness and mechanical attachment 

to the substrate were hypothesized to be one reason to cause 

this incident.16–18

In this study, a liquid-based nano-sized HA solution was 

applied to a PEEK surface with a wet chemically based tech-

nique, and the excess was removed with pressurized gas and 

by spinning the implant. The final step in this coating method 

is a brief heat treatment, which is performed at a temperature 

just below the melting point of the PEEK polymer. This will 

create a sintering effect that adheres the crystals to the PEEK 

substrate. The end result is an extremely thin layer of ceramic 

coating where the risk of delamination becomes minimal. 

In other studies, this exceptional technique has been found 

to successfully increase the bone formation on titanium but 

it has never been applied on PEEK.9–21 Using HA in the form 

of nanoparticles increases not only the surface area but also 

the interaction and adhesion between the crystals and the 

PEEK surface. Another unique feature of this study was a 

perforating hole of the implant that permits evaluation of the 

osteoconductive effect of the surface modification. Osteo-

conductive ability is a decisive feature when bone fusion is 

requested, for instance, in several spinal applications.

The aim of this study was to evaluate the bone forma-

tion around and bone conductivity into the apical hole of 

the PEEK implant (Figure 1). One group was coated with 

nanocrystalline HA, and the comparison was made against 

an untreated PEEK implant. The experiment was carried out 

in a well-documented rabbit femur model.

Materials and methods
Implant surface preparation
Forty-eight noncutting PEEK implants (Invibio Ltd, 

Lancashire, UK) with a diameter of 3.5 mm and a length 

of 4 mm were prepared for the study. The implants were 

machined with a hole penetrating the apical parts to provide 

a fully intact coated surface, even after insertion, which allow 

evaluation of the bone ingrowth (Figure 1). This unique 

design permits evaluation of the surface osteoconductivity 

where the amount of newly formed bone within the hole 

can be measured. The surface of half the total amount of 

implants (n=24) was coated with the HAnano Surface pro-

vided by Promimic AB, Göteborg, Sweden (test), whereas 

the remaining implants (n=24) were used with their native 

surfaces (control). For the implants to be coated, 50 μL of 

coating solution was applied on top of each implant. The 

implant was then rotated at 2,700 rpm for 5 seconds, in 

order to create a homogenous layer of coating liquid onto 

the implant surface. The coating solution was a microemul-

sion, containing nano-sized HA crystals, 20–50 nm long and 

2–10 nm wide, dispersed with water, surfactants, and organic 

solvent. The coating solution is more thoroughly described in 

a patent description.22 After the coating procedure, the PEEK 

implant was put into an oven having an oxygen-enriched 

atmosphere at 325°C for 5 minutes. This heat treatment was 

done to remove the surfactants and to adhere the crystals 

onto the PEEK surface. The thickness of the resulting HA 

layer was 20–40 nm.

Morphological characterization
The surface morphology of the study’s assigned PEEK 

implants was performed with a scanning electron micros-

copy (LEO Ultra 55 FEG; ZEISS, Oberkochen, Germany) 

Figure 1 a 3D rendered image of the PeeK implant.
Abbreviations: 3D, three-dimensional; PeeK, polyether ether ketone.
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at an accelerating voltage of 2–4 kV. To make the surface 

conductive, the implants were sputtered with gold, using a 

JEOL JFC-1100E (JEOL Ltd, Tokyo, Japan) operating at 

10 kV for 90 seconds. The nano and micro topographies of 

the implants are described in a previous report.23

surgical procedure and implantation
The animal study was approved by the Malmö/Lund (Sweden) 

regional animal ethics committee and all experiments were 

performed following the institutional and national guidelines 

and regulations of the Board of Agriculture. Twenty-four 

Swedish lop-eared rabbits (mean weight 4.1 kg) received 

one HA and one control implant each, which were randomly 

inserted into the cancellous bone of the left and right distal 

femur. The rabbits were divided into two groups (n=12) 

for observation periods of either 3 weeks or 12 weeks 

after implant surgery. The healing times, 3 weeks and 

12 weeks, refer to the early stage of bone formation and a 

complete bone healing, respectively. An anesthetic dose of 

0.15 mL/kg medetomidine (1 mg/mL Domitor; Orion Pharma, 

Sollentuna, Sweden) and 0.35 mL/kg ketamine hydrochloride 

(50 mg/mL Ketalar; Pfizer Inc., New York, NY, USA) was 

administered. The implant site was disinfected (70% ethanol; 

Solveco AB, Rosersberg, Sweden, and 5 mg/mL chlorhexi-

dine; Fresenius Kabi AB, Uppsala, Sweden), and additional 

local anesthesia (lidocaine hydrochloride, Xylocaine; Astra-

Zeneca plc, Södertälje, Sweden) was injected subcutaneously 

before a skin incision was made to expose the bone. The bone 

was trephined with a series of drills up to a final diameter 

of 3.2 mm. Tapping and insertion was performed manually 

before the implant was installed within the femoral condyle 

(Figure 2A and B). This implant location provides bone with 

trabecular structure that covers the entire implant surface. 

The wound was cleaned and generously irrigated with sterile 

saline before the fascia and skin was closed separately with 

bioresorbable sutures (Ethicon, Norderstedt, Germany). 

Postsurgical analgesic buprenorphine hydrochloride (0.5 mL 

Temgesic; Reckitt Benckiser, Slough, UK) was administrated 

the next 3 days. The animals were euthanized with an over-

dose of sodium pentobarbital (60 mg/mL; Apoteksbolaget 

AB, Stockholm, Sweden). Bone–implant blocks (Figure 2A 

and B) were retrieved en bloc, immersed, and fixated in 4% 

buffered formaldehyde for 24 hours.

histomorphometry
The bone–implant blocks were increasingly dehydrated 

in graded ethanol up to 99.9% (Solveco AB). Gradually, 

the ethanol was cleared and the tissue was simultaneously 

infiltrated with resin without decalcification. Finally, the 

specimens were embedded in light-curing resin (Technovit 

7200 VLC; Heraeus Kulzer, Wehrheim, Germany).

The samples were cut and ground using a diamond blade 

and grinding system (Exakt; Apparatebau, Norderstedt, 

Germany) into a final thickness of ~20 μm and thereafter 

stained with toluidine blue. The cut was aligned along the 

apical hole in order to evaluate bone area (BA), bone–implant 

contact (BIC), and BA inside the hole on the same histo-

logical section. The evaluation was carried out under a light 

microscopy (Eclipse ME600, Nikon Corporation, Tokyo, 

Japan). The percentage of BIC and new BA in the threads 

Figure 2 clinical images of bone block (A) after retrieval demonstrating implant positioning and (B) with a magnified image of the implant in situ.
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and inside the hole were calculated with image analysis soft-

ware (ImageJ Version 1.43r; National Institutes of Health, 

Bethesda, MD, USA). Figure 3 shows a schematic illustration 

of the histomorphometric measurement areas.

statistics
The histological data were analyzed with a nonparamet-

ric Mann–Whitney test with a level of significance set at 

0.05. The analysis was performed using SPSS software 

(Version 20; IBM Corporation, Armonk, NY, USA).

Results
Morphological and topographical analyses
Scanning electron micrograph images of the two types of 

implant surfaces and their typical surface features are given 

in Figure 4A and B, for two magnifications. At a higher 

magnification (80K) of the coated surface, the HA miner-

als appear as rod-shaped particles fully covering the PEEK 

surface (Figure 4B). The rods are arranged in different 

directions with a size of ~10 nm width and 150 nm length. 

At a lower resolution (40K), there were no remarkable 

topographical differences between the two surfaces, with 

the possible exception that the HA particles have leveled 

out the striations from the turning procedure (Figure 4A).

histomorphometry
At the time of implant retrieval, there were no clinical signs 

of infection and all the implants were immobilized without 

any visible signs of marginal bone resorption. The qualitative 

histological evaluation revealed stained woven bone close 

to the implant surface and deeper stained lamellar bone in 

proximity to the implants (Figure 5A and D). A Haversian 

system can be seen within the thread of an HA-coated surface 

after 12 weeks of healing (Figure 5C). No immunological 

cells were seen in proximity to the implanted materials. In 

the perforated hole at 3 weeks, the bone had extended .50% 

of the diameter of the hole with irregular contact to the inner 

wall of the implant (Figure 5A and B).

The quantitative evaluation of the BIC revealed newly 

formed bone in contact with the implant surface. The BIC 

after 3 weeks was significantly higher for the test implants 

with a value of 14.1%±3.5% compared to 11.1%±3.5% for 

Figure 4 SEM photographs of hydroxyapatite-coated PEEK in two magnifications: 40K (A) and 80K (B).
Abbreviations: seM, scanning electron microscopy; PeeK, polyether ether ketone.

Figure 3 a schematic image of the area of interest in the quantitative histomorphometric analysis.
Notes: The measured area of interest is colored red and bone is colored tan. Bone area inside the perforating hole (left), bone–implant contact (middle), and bone area 
inside threads (right).
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the control. After 12 weeks, the BIC was also found to be 

significantly higher for the test group (P=0.038; Table 1 and 

Figure 6A–C). Comparing the BA in the threads of the two 

groups revealed no significant difference at any healing time 

point (3 weeks: P=0.478, 12 weeks: P=0.211). However, the 

BA in the apical hole demonstrated a significant difference 

for the test group (3 weeks: P=0.00, 12 weeks: P=0.01). At 

3 weeks healing, the mean BA in the hole for the test and 

control was 17.2%±7.8% and 4.52%±2.9%, respectively. 

The BA after 12 weeks demonstrated a significant difference 

with mean values for test implants of 21.3%±6.9% and for 

control implants of 10.8%±5.5%. Figure 7A shows a coated 

PEEK implant after 3 weeks of healing where the bone has 

managed to migrate through the entire hole. In Figure 7B, the 

line between old and new bones is clear to distinguish and the 

bone extends though the hole while making contact with the 

implant surface at regular intervals.

Figure 7A shows a coated PEEK implant after 3 weeks 

of healing where the bone has managed to migrate through 

the entire hole. In Figure 7B, the line between old and new 

bones is clear to distinguish and the bone extends through 

the hole while making contact with the implant surface at 

regular intervals.

Discussion
The aim of this experimental study was to evaluate the effect 

of a nano-sized HA coating on bone formation of PEEK 

implants after 3 and 12 weeks of healing in a rabbit femur 

model. We found that osseointegration of HA-coated PEEK 

was higher compared with uncoated PEEK implants. HA 

coating on PEEK significantly improved the BIC at both 

Figure 5 ground sections ×10 of ha-coated and pure PeeK implants.
Notes: Three weeks after insertion, the ha-coated PeeK (A) shows more osteocytes and lamellar bone compared to the pure PeeK (B). after 12 weeks of healing, the 
ha-coated PeeK (C) shows signs of vital and rapid bone formation with a haversian system inside the thread surrounded by large amounts of osteocytes. The uncoated 
PeeK implant after 12 weeks also demonstrates large amounts of osteocytes but with a lower extent of bone–implant contact (D).
Abbreviations: ha, hydroxyapatite; PeeK, polyether ether ketone.

Table 1 summary of the histomorphometric measurements

BIC (%, SD) BA-thread (%, SD) BA-hole (%, SD)

3 weeks
control 11.08 (3.49) 25.04 (7.64) 4.52 (2.9)
Test 14.07 (3.54) 27.68 (8.31) 17.21 (7.75)
P-value 0.034 0.478 0.000

12 weeks
control 11.39 (3.81) 44.48 (10.78) 10.80 (5.53)
Test 16.65 (6.74) 49.66 (13.56) 21.33 (6.94)
P-value 0.038 0.211 0.001

Note: Bold P-values show significant values.
Abbreviations: BIc, bone–implant contact; Ba, bone area; sD, standard deviation.
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Figure 7 Histological sections in two magnifications showing the apical perforation of HA-coated (A and B) and uncoated (C and D) PeeK implants, 3 weeks after 
insertion.
Notes: The HA-coated implant in lower magnification (A) shows bone growth through the entire hole. In the enlarged image (B), the line between the new bone and 
old bone can be tracked, and inside the hole, the bone approaches the implant surface with regular intervals through the hole. The uncoated PeeK implant demonstrates 
significantly less bone area at the entrance and inside the perforated hole compared to that of HA-coated PEEK (C). With the higher magnification, the bone structure was 
found to be located in the center of the perforation without having contact to the implant surface (D).
Abbreviations: ha, hydroxyapatite; PeeK, polyether ether ketone.

Figure 6 graphs presenting the bone–implant contact (A), bone area (B), and bone area inside the perforating hole (C) at 3 weeks and 12 weeks of healing.
Note: *Represents a statistical significance with a P-value ,0.05.
Abbreviations: BIc, bone–implant contact; Ba, bone area.
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healing times. However, the BA in the threads did not show 

any differences between the two groups at any healing point. 

Moreover, the perforating hole in the apical part of the implant 

revealed a clear and significant increased BA for the HA-

coated PEEK implants. There are several possible explana-

tions for these findings. One major difference was the direct 

contact with native bone for the threads after insertion, while 

the hole was only filled with blood without any initial bone 

contact. The regenerative process around mature bone next 

to the threads is different from the process inside the hole, 

which may affect the coating abilities. Furthermore, some 

of the coating may have been scraped off during insertion, 

despite failure to observe this in a previously conducted in 

vitro investigation.24 These results are consistent with the 

findings from several other studies that evaluated HA coat-

ing on various implant materials.8,25 Sandén et al evaluated a 

traditional HA coating on stainless steel in a goat model and 

found improved bone formation compared with untreated 

PEEK after 6 and 12 weeks of healing.26 However, their 

coating was deposited with a plasma spraying technique that 

provides a thicker coating without nanostructures. Similar 

results were published by Gu et al who demonstrated greater 

bone fusion for HA-coated intervertebral cages.27 Suska et al  

compared HA-coated PEEK and titanium with uncoated 

PEEK in a rabbit model and demonstrated that HA coating 

significantly enhances the bone response. Moreover, in the 

cortical bone (tibia) model, HA-coated PEEK showed signifi-

cantly higher bone values than those found with HA-coated 

titanium implants.28 Nakahara et al revealed improved BIC for 

HA-coated PEEK after 6 weeks and 12 weeks of unloaded 

healing. The authors indicate a correlation between BIC and 

shear strength, both of which were enhanced for HA-coated 

implants compared to noncoated implants.29 Our research team 

found a similar correlation as Nakahara et al with our previous 

study using an identical implant design. The increased removal 

torque for the HA-coated implants compared to uncoated 

controls is correlated to the higher BIC for test implants.23

Another previous study by our team evaluated the same 

implant design and surface modification inserted in the 

rabbit tibia. The results revealed a significantly higher BIC 

and BA after 3 weeks for HA-coated implants.24 However, 

after 12 weeks, the BIC in the 12-week group did not show 

any differences between the groups, but the mean BA values 

were still significantly higher on the HA-coated implants. 

The gathered results from the previous and the present 

studies indicate a pronounced effect of the HA at the early 

stages, even for the part of the implant inside the bone mar-

row where less BIC would be expected. In the femur, on the 

other hand, the entire implant surface was in contact with the 

bone resulting in a higher percent of BIC and BA compared 

to the tibia. The higher BIC in the femur may be due to its 

higher ductile properties compared to those of tibia, which 

minimize compression and stress around the implant. The 

HA-coated implants in tibia and femur show at the early 

stage (3 weeks) a clear advantage on the BIC, but after the 

longer evaluation time (12 weeks), the percent of contact has 

almost ceased in progression when compared to uncoated 

implants. However, the amount of BA in the thread for both 

tibia and femur has almost been doubled from 3 to 12 weeks 

and still shows significance for the HA-coated implants.

PEEK is today used in several orthopedic therapies, 

including spinal fusion where the implant replaces the 

disc and allows a fusion of bone between the vertebras. 

Therefore, in this study, the implant was designed with a 

hole, perforating the apical part of the implant that allows 

evaluation of bone fusion and the coated surface’s ability 

to induce osseointegration. As far as we know, no studies 

have previously been published with similar implant design 

and experimental model. However, some studies were 

performed with PEEK in different spine models of animals 

or humans. Pelletier et al compared uncoated PEEK and 

titanium in a sheep spine model and found that the bone 

fusion was similar for both groups. The authors concluded 

that PEEK may be a suitable replacement for titanium in 

spinal fusion procedures.30 Another study by Sinclair et al 

evaluated uncoated PEEK and porous tantalum in a cervi-

cal interbody fusion model in goat and found higher rate of 

fusion for tantalum.31

Conclusion
This study demonstrated that nano-sized HA coating on 

PEEK implants in rabbit femur significantly improved the 

BIC and demonstrated strong osseoconductive properties 

inside the perforated hole. In a clinical situation, this mate-

rial composition may improve the outcomes of different 

spinal procedures where a rapid bone fusion is essential.
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