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Abstract

The aim of this study was to evaluate the osseointegration of titanium implants (Ti-6Al-4V, noted
here TA6V) and poly(etheretherketone) PEEK implants induced by a BMP-2-delivering surface
coating made of polyelectrolyte multilayer films. The in vitro bioactivity of the polyelectrolyte
film-coated implants was assessed using the alkaline phosphatase assay. BMP-2-coated TA6V and
PEEK implants with a total dose of 9.3 pug of BMP-2 were inserted into the femoral condyles of
New Zealand white rabbits and compared to uncoated implants. Rabbits were sacrificed 4 and 8
weeks after implantation. Histomorphometric analyses on TA6V and PEEK implants and
microcomputed tomography on PEEK implants revealed that the bone-to-implant contact and bone
area around the implants were significantly lower for the BMP-2-coated implants than for the bare
implants. This was confirmed by scanning electron microscopy imaging. This difference was more
pronounced at 4 weeks in comparison to the 8-week time point. However, bone growth inside the
hexagonal upper hollow cavity of the screws was higher in the case of the BMP-2 coated implants.
Overall, this study shows that a high dose of BMP-2 leads to localized and temporary bone
impairment, and that the dose of BMP-2 delivered at the surface of an implant needs to be
carefully optimized.
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1 Introduction

In the field of dentistry and orthopedics, the long-term success of implant-supported
prostheses largely depends on rapid healing with safe integration into the bone. Additionally,
achieving a solid and rapid osseointegration is necessary for early or immediate loading of
the devices, which has strong implications for decreased patient morbidity, patient
psychology and health care costs. The surface properties of the implant material are key
factors for rapid and stable bone tissue integration.

Titanium and its alloys, such as Ti-6Al-4V (noted hereafter TA6V), are widely used
materials to manufacture dental and joint prostheses, in view of their desirable mechanical
properties, chemical stability and biocompatibility [1, 2]. Several physical and chemical
surface treatments have already been proposed to improve and/or speed up a reliable
osseointegration of titanium implants with the aim of enhancing clinical performances [3-7].
Chemical modifications rely on acid etching [8], anodization [9] or chemical grafting [10]
and physical treatments aim at changing the micrometer or nanometer scale surface
roughness with a high degree of precision [11, 12].

Synthetic polymers are increasingly used as alternatives to titanium in view of their lower
mechanical properties and highly tunable properties in terms of molding, processing and /in
vivoimaging [13, 14]. Poly(etheretherketone) (PEEK) is commonly used in orthopedics and
spine surgery in the form of cages and screws [15]. In terms of biocompatibility and
osseointegration, PEEK is considered as a bioinert material [15, 16] with a low surface
energy and limited cellular adhesion [17] in comparison to titanium [18]. Besides, /in vivo
studies performed using spine cages have shown that the direct contact between PEEK
implants and bone was lower than with titanium cages [19]. Several strategies have been
attempted to improve the biocompatibility and osseointegration properties of PEEK, by
forming bulk composites with hydroxyapatite (HAP) [20, 21], applying chemical treatments
such as plasma [16, 22] or coating implants with HAP [23, 24], titanium [25], gold [26] or
diamond [27]. Indeed, they were successful in improving bone growth at the PEEK surface.

Improving the surface bioactivity in an active manner via delivery of an osteoinductive agent
is an even more challenging goal. Bone morphogenetic proteins (BMPs) have been
introduced in human clinical practice in 2003 to induce bone formation by recruiting stem
cells [28]. In particular, bone morphogenetic protein 2 (BMP-2) has been widely studied [14,
29] and is currently used in clinical devices such as collagen sponges or pastes due to its
high osteoinductivity. Recently, several concerns have been raised regarding the occurrence
of adverse effects of BMP-2 such as ectopic ossification, inflammatory reaction and pain
[30]. The main reason for these effects is the use of a supraphysiological dose of BMP-2 (e.g
several milligrams). There is a need to engineer new delivery systems for BMP-2 [14, 29].
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Coating the surface of implants was thus considered in order to localize the protein at the
material surface [31].

Unfortunately, both TA6V and PEEK have a low affinity for BMP-2 and direct grafting or
adsorption of BMP-2 at the implant surface leads to very low delivery of the protein or
protein denaturation. In order to increase the affinity between BMP-2 and TA6V surfaces,
biomimetic coatings made of HAP [32] or of biopolymers [33, 34] were developed. To date
strategies to deliver BMPs from the PEEK surface are still rare. Recently, Koh and
coworkers [35] created a nanoporous TiO» surface coating to immobilize BMP-2 at the
PEEK surface in the nanopores.

These formulations are promising because of the similarity of HAP and biopolymers with
bone tissue constituents. The underlying strategy is that a biomimetic or a nanoporous
matrix can trap, retain, and deliver BMPs locally in a more efficient manner.

The layer-by-layer technique appears to be an alternative strategy because it allows to build
thin polyelectrolyte multilayer films (PEM) on any kind of material substrate with precise
control of various parameters such as film chemical composition, architecture, thickness
(from few nm to several um) [36]. BMP-2 can be alternately assembled with hydrolytically
degradable synthetic polymers to form a degradable PEM film releasing tunable doses of
BMP-2 [37]. Recently, we have developed an osteoinductive PEM film coating made by
assembly of poly(L-lysine) (PLL) and hyaluronan (HA), which is post-loaded with BMP-2
[38]. BMP-2 is trapped in the micrometer thick film and is locally delivered to cells [38].
Our preliminary studies showed that the PEM films deposited on tricalcium phosphate/HAP
granules and on TAGV cylinders induced bone formation /n vivoin a rat ectopic model [39,
40]. Furthermore, the film coating can be sterilized using gamma-irradiation and the shelf-
life stability of BMP-2-containing films is preserved for at least one year [40].

The objective of the present study was to assess the osseointegration of BMP-2-coated
TA6V and PEEK screws implanted in rabbit femoral condyles compared to uncoated - bare -
implants. Since screw implantation is a common implant model to assess implant
osseointegration[12, 41], we custom-designed the screws for rabbits, based on commercially
available dental screws, then coated them with the BMP-2-loaded PEM films and implanted
them for 4 and 8 weeks in the rabbit femoral condyle. The bone-to-implant contact and bone
volume around the TA6V and PEEK screws were quantified using both histomorphometry
and microcomputed tomography (UCT) analyses.

2 Materials and Methods

2.1 Implant preparation

Titanium alloy (TA6V ELLI, Extra Low Interstitials for clinical grade, according to norm I1SO
5832-3 from HEPTAL, Neuilly-sur-Seine, France) and PEEK (TECAPEEK classix, medical
implantable grade, Ensiger, Beynox France) implants were custom-made by PorteVet
(France). They were specially designed for this study based on existing dental implants for
clinical use in humans (Fig 1A,B). Screw shaped implants with an upper diameter of 3.8 mm
and a length of 7 mm were machined (PorteVet, France). A central hole was drilled along
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the vertical axis of the implant, below the hexagonal hollow cavity, to allow the screwing.
Furthermore, two transversal holes were drilled along the width to assess bone formation
inside the implant. These axial and transversal holes were 800 pm in diameter. All implants
were cleaned using ethanol and sterilized by steam autoclave. For bare implants, no
additional process was applied. For polyelectrolyte multilayer film-coated implants, after the
film-coating and BMP-2 loading (see part 2.2), the film-coated implants were additionally
sterilized by UV-irradiation under a cell culture hood for 20 min.

2.2 Polyelectrolyte multilayer film deposition on TA6V and PEEK implants

PEM film deposition was performed using polyethyleneimine (PEI, Sigma, France) at 2
mg/mL, poly(L-lysine) hydrobromide (PLL, 55 kDa Sigma, France) at 0.5 mg/mL, and
hyaluronic acid (HA 360 kDa, Lifecore, USA) at Img/mL dissolved in a buffered saline
solution (0.15 M NaCl, 20 mM HEPES pH 7.4, called hereafter HEPES-NaCl buffer). The
(PLL/HA)4 films (i.e. made of 24 pairs of layer, each pair containing a PLL layer and a HA
layer) were built up using an automatic dipping machine (Dipping Robot DR3, Kierstein
GmbH, Germany) [40]. One layer pair of (PEI/HA) was used to enhance the PEM film
adhesion onto the implant surface and the subsequent cross-linking was performed. The
film-coated implants were incubated overnight at 4°C in a cross-linking solution containing
10 mg/mL of carbodiimide hydrochloride (EDC, Sigma, France) and 11 mg/mL of N-
hydroxysulfosuccinimide (sulfo-NHS, Chemrio, China) in a 0.15 M NaCl solution of pH 5.5
[38, 39]. After crosslinking, the implants were roughly rinsed with HEPES-NaCl buffer and
sterilized under UV.

The BMP-2 was loaded in the (PLL/HA),4 films as previously described [39], the coated
implants being incubated with the BMP-2 solution at 100 pg/mL for 90 min at 37°C. The
amount of BMP-2 adsorbed in the film and then released from it after immersion in the
HEPES-NaCl buffer was quantified by fluorescence spectroscopy using fluorescently
labeled BMP-2 [39]. Films were dried after washing twice with the HEPES-NaCl buffer for
30 s and once in ultrapure water for 5 s. The film-coated implants were further dried for 2 h
under laminar airflow and were stored at 4°C until cell culture experiments or /n vivo
implantation. In total, 6 different experimental conditions with 8 implants per condition were
studied (Table 1): at time point 4 weeks (two different materials TA6V and PEEK that were
either bare or film-coated) and at time point 8 weeks (for PEEK only with bare of film-
coated implants).

2.3 In vitro BMP-2 bioactivity assay

Murine C2C12 skeletal myoblasts (< 25 passages, obtained from the American Type Culture
Collection, ATCC) were cultured in tissue culture Petri dishes, in a 1:1 Dulbecco’s Modified
Eagle Medium (DMEM):Ham’s F12 medium (Gibco, Invitrogen, France) supplemented
with 10% fetal bovine serum (FBS, Hyclone, USA) and 100 UI/mL penicillin G and 100
mg/mL streptomycin (Gibco, Invitrogen, France) in a 37°C, 5% CO» incubator. This
medium is named hereafter C2C12 Growth Medium (GM). The bioactivity of BMP-2 on
C2C12 cells was determined by assaying the BMP-2-induced alkaline phosphatase (ALP)
expression, which is an early marker of osteogenic differentiation [42]. To do so, 90,000
C2C12 cells were suspended in 1 ml of GM and loaded on each implant deposited in a 48-
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well cell culture plate (1 implant per well). After 3 days of culture, the implants were
removed from the wells, washed with PBS, and cells were lysed by sonication over 5 s in
500 mL of 0.1% Triton-X100 in PBS. The ALP activity of these lysates was then quantified
using standard protocol [38] and normalized to the corresponding total protein content,
which was determined using a bicinchoninic acid protein assay kit (Interchim, France). 3
samples (triplicate) were used for each tested condition or control and the experiment was
reproduced two times.

2.4 Surgical implantation

TAG6V or PEEK implants with or without BMP-2 were inserted into the left and right femur
of rabbits in a blind manner. Each rabbit received one type of implant (TA6V or PEEK) and
one implant per leg (with and without BMP-2). The veterinarian carried out the surgery
without knowing which leg contained the BMP-2-coated implant. The animal
experimentation was performed under the authorization of the ethical committee of Vetagro
Sup (C2EA - 18, reference n° 1343) in accordance with European legislation. Twenty-four
male adult New Zealand rabbits (5 months of age, 3.7 kg on average) were provided by
Centre Lago (Vonnas, France), kept 2 weeks for acclimation in individual boxes with a
hiding spot, a biting block and hay. Based on their age, these rabbits can be considered as
adult rabbits with mature bones [50, 51]. One hour before surgery, the animals received sub-
cutaneous (SC) injection of Borgal® (sulfadoxine and trimethoprime) 30 mg/kg, morphine 1
mg/kg and MeloxidyI® (meloxicam) 0.4 mg/kg. The anaesthesia was induced by Ketamine
1000® 40 mg/kg intra-muscularly (IM), Domitor® (medetomidine) 80 pg/kg IM and
maintained with isoflurane 1-3.5% in oxygen. After careful shaving and disinfection
(Vetedine® solution and soap), the distal femoral metaphysis was surgically exposed by
incisions through the skin, fascia lata (IT band) and periosteum elevation (Fig 1C). The
periosteum is elevated by performing a full-layer incision in the periosteum with a #11-blade
then using a periosteal elevator the periosteum is gently dissected from the bone. The flat
surface on the lateral condyle of the femur was selected for implant placement. The implants
were manually screwed after drilling a hole of 2.7 mm diameter and 8 mm depth using a low
speed drill and profuse saline irrigation and specific taping. Before suturing the fascia lata,
subcutaneous tissues and skin were flushed with sterile 150 mM NaCl solution. Just after the
surgery, an X-ray scan was performed to control the position of the implant (Fig 1C’). Two
hours after the surgery, injections of buprenorphine at 0.01 mg/kg (Schering-Plough,
Belgium) were administrated and continued at 0.005 mg/kg for three days. Borgal® 15
mg/kg IM bid. was also injected for three days. Anaesthesia recovery was performed in a
quiet room (29°C) under clinical control. After the surgery, the rabbits were kept in separate
cages. They had free access to tap water and were fed with pellets and hay. At 4 or 8 weeks,
the rabbits were sacrificed via injection of lethal doses of sodium pentobarbital (Sanofi-
Aventis, Paris, France) and the rabbit condyles were explanted and fixed in 10 % neutral
formalin buffer (0.05 M phosphate buffer at pH 7.2 containing 4% w/v formaldehyde).

2.5 Macroscopic examination of explants

After sacrifice of the rabbits, the gross morphology of the implantation site as well as the
macroscopic bone formation were examined in a blind manner by one observer, the
veterinarian. The bone around the TA6V and PEEK implants was photographed using a
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digital camera. The veterinarian assessed whether the implant was still visible (ie
“uncovered” implants) if it was coated by the newly grown bone (so-called “covered
implants™). He also assessed whether the implant had bone tissue forming in the upper
hexagonal cavity of the implant. If that was the case, the implants were considered as “filled
implants”. At the end of the analysis part, once we unraveled which implant was in which
experimental group, we counted to total number of “covered” implants and “filled” implants
in each of the six experimental groups (with 7= 8 implant in each group).

In addition, a score for the new bone formation (bone formation score) on the lateral part of
the femoral trochlear was calculated using Osirix software (Pixmeo, Geneva, Switzerland):
0) no periarticular bone nodule ; 1) presence of small osteophytes no larger than the half of
the trochlear ridge; 2) medium size osteophytes, whose size varied between the half and the
full length of the trochlear ridge; 3) presence of large osteophytes, larger than the size of the
trochlear ridge. For each experimental group, the bone formation scores of each implant of
the group were added, giving a total score for each group.

2.6 Microcomputed analysis (LCT) on PEEK implants

Explanted rabbit condyles were imaged by uCT (VivaCT 40; ScancoMedical, Britisselen,
Switzerland), which is a well-established technique [43], using a bone-dedicated high-
resolution acquisition mode (145 pA current; 55 kV voltage, 200 ms exposure time, and a 19
um isotropic voxel size). This commercial apparatus has a polychromatic X-Ray source and,
as a consequence, there are strong scattering effects from the metallic surfaces causing the
so-called inherent halation artefacts. For this reason, pCT quantification was only done on
PEEK screws (with 8 implant per experimental condition, see Table 1). The bone-to-implant
contact (BIC) was defined as the percentage of the external screw surface in contact with the
bone tissue over the screw implant surface. It was measured by a manufacturer’s algorithm
(IPL© _titan2, ScancoMedical) using 290 and 1252 mgHA/cm3 as thresholds for bone and
PEEK, respectively. To evaluate the bone formed inside the implant cavity, a 293 mgHA/cm3
threshold was applied and the bone volume fraction (BV/TV) was measured for the total
volume of the screw cavity and also for a core (1x1x3 mm) in the upper part of the cavity
(bone biopsy-like) (Fig. SI1). All the analyses were performed in a blind manner to the
specific experimental conditions.

2.7 Histomorphometric analysis

The retrieved implants were processed for undecalcified histology [44]. After fixation, the
implants were rinsed in water, dehydrated in ethanol, cleared in xylene, and embedded in
methyl methacrylate as previously described [45]. Each implant was cut along its vertical
axis giving 5-6 sections per implant (300 um of section thickness + 300 um of cutting blade
thickness, leading to a distance between two sections of 600 pm). The three most central
sections from each specimen, which correspond to full-length sections, were kept for
grinding to 100 um thickness, polishing, staining and histological analysis. We chose to
analyze three sections per implant to improve the representativity of the histomorphometric
analysis for the whole implant as well as to minimize the influence of the section plane on
the BIC value [46]. Selected sections were ground to a thickness of 100 um, polished and
stained with Stevenel blue and van Gieson Picrofuschin. The stained sections were then
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imaged using a slide scanner (ScanScope, Aperio, France). The images were collected using
the 7ribvn /cs software (Tribvn, Chatillon, France) and the histomorphometry analysis was
done with the NIS-Elements BR 2.30 software (Nikon). The analysis was performed blindly
to the specific experimental conditions. Histological examination was performed under
digital microscopy (Keyence/VHX-2000F, Keyence, France).

The different parameters extracted from the images are shown in Fig. SI1. Bone-to-implant
contact (BIC) and bone areas (BA) were measured in the cancellous bone compartment. The
BIC-Thread (%) represents the available implant perimeter in contact with bone normalized
over the implant perimeter length (both of them measured only within the thread area).
Cancellous BA per tissue area was measured both in a region adjacent to the implant (BA-
Thread) and within a distance of 100 um of the implant (BA-Periph).

2.8 Imaging by scanning electron microscopy (SEM)

One implant per time point and per group was used for SEM imaging (see Table 1).
Following the euthanasia, an injection of 2.5% glutaraldehyde in 0.1 M sodium cacodylate
pH 7.2 was performed in the femoral artery. Then the femoral condyles were trimmed and
fixed in 2.5% glutaraldehyde in 0.1 M sodium cacodylate pH 7.2 (cacodylate buffer) at room
temperature during 20 h. After three rinses with cacodylate buffer, the samples were post-
fixed with 1% osmium tetroxide and 1.5% potassium hexacyanoferrate (1) trihydrate
(P9387, Sigma) in water at 4°C during 24 h [47]. For dehydration, the samples were
immersed in a series of ascending concentrations of ethanol (20%, 30%, 40%, 50%, 70%,
90%, 95%), incubating for at least 30 minutes in each concentration and then three times in
ethanol 100%. Afterwards, samples were infiltrated with increasing concentrations (25%,
50%, 75%) of epoxy resin, incubating for 12 h in each concentration. Three exchanges with
pure epoxy resin were done in 1 to 2 h steps. The specimens were embedded in epoxy resin
and polymerized in a 60°C oven. The embedded tissues were cut to ~500 um slices along the
screw longitudinal axis using a diamond saw (Escil). Selected central cross-sections were
glued to a piece of silicon wafer, ground and polished to remove all the damage done by the
diamond saw using a grinding system (ESC 300 GTC, Escil) and diamond grinding papers.
Before imaging the surface of the implants, the samples were air-dried and then carbon-
coated. A high contrast backscatter detector (vCD) was used to image the samples at 5 keV
at a working distance of 7.3 mm and dwell time of 60 ps [48] using a Quanta 250 Field
emission gun (FEG) SEM (FEI Company).

2.9 Statistical analysis

Numerical results were reported as mean + standard error of the mean. Statistical analyses
were conducted using the SigmasStat function of Sigma Plot 12.5 software. Statistical
comparisons were based on an analysis of variance (ANOVA, Tukey Test) for pairwise and
multiple comparisons in order to compare the groups two-by-two. The number of samples
are described in 83.3. for /n vitro assays and in Table 1 for the /n vivo experiments. For all
analyses, differences were accepted to be statistically significant at p < 0.05.
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3 Results

3.1 Deposition and bioactivity of BMP-2-containing PEM films coated on TA6V and PEEK

SCrews

In this study, we used a screw model to assess osseointegration, which is a very common
implant model [12, 41]. The screws were exactly of the same shape and dimensions but were
made either with titanium or PEEK. These screws were implanted in rabbit femoral condyles
(Fig. 1) in order to evaluate the osseointegration of surfaces coated with a BMP-2-loaded
PEM film, compared to bare surfaces. We selected a loading concentration of BMP-2 (100
pg/mL) and one concentration of film crosslinking (EDC10) based on our previously
published studies showing the osteoinductive properties of the film (loaded at this BMP-2
dose) in a rat ectopic site [39] [40]. In our previous studies, the PEM films were deposited
on ceramic granules [39] and on titanium [40] and have been dried and sterilized by -y-
irradiation[40]. We hypothesized that such a dose would also be sufficient to trigger bone
formation locally at the implant surface in a bone site. BMP-2 loading and release from the
polyelectrolyte films was quantified as previously described [40]. The initial amount of
BMP-2 adsorbed within the film was I'y = 11.3 + 0.3 pg/cm? and 91.0 + 1.5 % of the protein
was released within the first half day. Here, the total surface of the implanted screw
determined by pCT was 0.8 cm?. Thus, the total amount of loaded BMP-2 was 9.1 + 0.3 ug
and the dose of BMP-2 released over the first half day was about 8.2 ug.

The SEM images of the film-coated TA6V and PEEK implants (Fig. 2A,A’,B) confirmed
that the film was uniformly coating and smoothening the implant surface. For the PEEK
implant (Fig. 2B), in view of its poor contrast by SEM, the presence of the film was best
evidenced by scratching the film. The retention of the bioactivity of the BMP-2-loaded film
onto the implants was assessed /n vitro by quantifying the ALP activity of BMP-2-
responsive cells (C2C12 skeletal myoblasts), ALP being an early marker of bone
differentiation. C2C12 cells are a widely acknowledged cellular model to assess the
bioactivity of BMP proteins [42] [49]. They exhibit a very clear response to BMPs with
absolutely no ALP activity when there is no BMP-2 present. A clear dose response to
BMP-2 can be measured using an ALP activity assay after 3 days of culture [38]. Freshly
coated implants, and implants coated then stored for one week on the shelf were compared,
as this storage corresponded to the conditions for the /n vivo tests. The BMP-2-mediated
ALP activity was similar for fresh and dry films regardless of the underlying TA6V or PEEK
material tested (Fig. 2C). To note, the ALP signal for the bare material was null for both
TAGBV [40] and PEEK (data not shown). These results confirmed that the bioactivity of the
BMP-2-coated implants was maintained upon drying and storage for one week.

3.2 Preliminary experiment to define the experimental time points

A preliminary experiment was performed with 2 rabbits and 2 implants per rabbit (bare or
film-coated, with TA6V in one rabbit and PEEK in the other one) and 6-week implantation
time. We chose 5 month-old rabbit in order to have adult rabbit with mature bones [50, 51].
We observed using microcomputed analysis on PEEK, histomorphometric analysis and SEM
analysis that the osseointegration of TA6V was already very high (of the order of 70% for
the BIC) and much lower for PEEK (as observed by SEM). Beside, we verified the presence
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of the polyelectrolyte film at the implant/tissue interface both at the external and internal
sides of the screw (Fig SI2), the film thickness being around 4 um. We hypothesized that the
effect of the polyelectrolyte multilayer surface coating may be more visible on PEEK, which
was a less osteointegrated material. Therefore, we selected 2 time points (4 and 8 weeks) for
this material. For TA6V, having in mind the cost of the /n vivo experiments in rabbits and the
ethical issues involved, we estimated that the 8-week time point would not bring useful
information regarding osseointegration as the implant was already highly osteointegrated at
6 weeks, Therefore, we selected one single time point (4 week). The ethical committee
validated our choices.

3.3 Gross morphological analysis of bone formation at the implantation site

Four or eight weeks after implantation, the condyles were collected, grossly examined and
scored by a veterinarian (Fig. 3). All implants were still in place and well-fixed in the lateral
femoral condyles. For some implants, bone formation occurred on top of the implant and
sometimes fully covered the implant and even filled the hexagonal cavity. The number of
implants fully covered with bone tissue was higher in the presence of BMP-2 (ratio of

136 %) than for bare implants (Table 2). The number of implants with the filled hexagonal
cavity (“filled” implants) was also systematically higher for the BMP-2 conditions (ratio of
129 %) and there was no significant difference between the materials (TA6V or PEEK)
(Table 2). For the PEEK implants, the number of filled implants increased between 4 and 8
weeks. The bone production score at 4 weeks was slightly higher for titanium in comparison
to PEEK. For PEEK, this score increased between 4 and 8 weeks. Globally, when the data
were pooled together for both TA6V and PEEK implants independently of the nature of the
material (Table 2 and Fig. 3B), the percentage of covered implants and of filled implants
were respectively 36% and 29 % higher for the BMP-2 conditions than for bare materials.
The bone formation score was also 19 % higher in the BMP-2 conditions. Altogether, these
results showed that the presence of BMP-2 on the implants led to an overgrowth of bone
tissue at the implantation site.

3.4 Quantification of bone formation in and around TA6V and PEEK screws using
histomorphometry and puCT

Bone formation was quantified in all the experimental conditions by histomorphometry.
Representative whole cross-sections of each type of implant stained with Stevenel blue and
van Gieson Picrofuschin (to stain for cells, extracellular components as well as mineralized
tissue) are shown for bare and BMP-2 film-coated screws (Fig. 4 and Fig S13). Higher
magnification images taken inside the thread area are also shown (Fig. 5).

For bare TA6V and PEEK screws, new bone formation around the implant was observed at 4
weeks post-implantation with a maturation process reached between 4 and 8 weeks for
PEEK implants (Fig. 4, upper row). Around the implant at a distance of ~ 500 um from the
threads, the woven bone tissue appeared homogeneous and dense with thick trabeculae (Fig.
4, upper row). When observed at higher magnification, each thread of both types of material
was nearly entirely filled with bone tissue that was in close contact with the material surface
(Fig. 5, upper row). Numerous osteoblasts were laying down osteoid tissue, indicating a high
bone-forming activity.
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In contrast, an altered bone tissue with a disorganized trabecular structure was observed
around the BMP-2-loaded film-coated implants after 4 weeks (Fig. 4, lower row). The bone
structure exhibited a loss of normal anisotropy and the number of trabeculae increased while
their thickness decreased. However, a noticeable bone tissue maturation was observed
around the film-coated PEEK implants at 8 weeks post-implantation (Fig. 4, lower row).
Observations at higher magnification confirmed the immature and spongy aspect of the bone
tissue that partly filled the threads with the absence of active osteoblasts laying down osteoid
tissue (Fig. 5, lower row). The contact points with the implant surface were scarce.

All these qualitative observations were confirmed by histomorphometric quantification (Fig.
6). The BIC within the thread area (Fig. 6A) as well as the bone areas within both the thread
(Fig. 6B) and the periphery (Fig. 6C) were significantly lower with the BMP-2 film-coated
implants as compared to the bare implants (p < 0.05). The differences were even more
pronounced with TAGV (8.1 £ 1.5 versus 50.0 + 4.6 at 4 weeks for BIC-thread) as compared
to PEEK (14.6 £ 4.1 versus 40.0 £ 4.0 at 4 weeks for BIC-thread). Besides, in the case of
PEEK, the difference between the BMP-2 film-coated and bare materials tended to decrease
over time (34.5 + 2.0 for bare versus 20.3 + 2.6 for BMP-2 at 8 weeks for BIC-Thread). BA-
thread values were of the order of 54 to 69 % in the case of bare and 18 to 34% in the case
of BMP-2 coating. BA-periph values were of the order of 58 to 68 % in the case of bare and
23 t0 41% in the case of BMP-2 coating. Similar observations were made for the BIC total
(Fig. S14). In contrast, the upper cavity of the screw, (“biopsy” location, Fig. SI1), which is
an open space, was filled with new bone tissue in significantly higher amounts with BMP-2-
coated implants in comparison to the bare implants (Fig. 6D) (10.2 £ 1.1 (no BMP-2) versus
1.6 + 0.4 (with BMP-2) for TA6V at 4 weeks; 6.7 £ 1.0 versus 2.3 + 0.5 for PEEK at 4
weeks and 13.8 + 2.1 versus 9.8 + 3.4 for PEEK at 8 weeks).

Only the explanted PEEK specimens were examined using UCT (Fig. 7) as the strong scatter
effects from the TA6V implants (causing the so-called inherent halation artefacts) precluded
quantitative measurements. The BIC increased over time regardless of the presence of
BMP-2 and it was systematically lower in the presence of BMP-2 in comparison to the bare
PEEK (26% and 16%, respectively, at 4 and 8 weeks post-implantation) (Fig. 7 A,A’),
although these differences were not significant. To note, the total volume of bone tissue
formed inside the hollow cavities of the screws was similar in the presence or absence of
BMP-2 (Fig. SI5). However, when considering only the analysis in the upper hexagonal
cavity of the screw (biopsy, see Figure SlI1), the bone volume was 2-fold higher in the
presence of BMP-2 compared to the control at 4 weeks post-implantation (Fig. 7B, B”). This
effect was almost completely abolished at 8 weeks post-implantation.

3.5 SEM imaging of bone contact with TA6V and PEEK implants using SEM

Finally, explanted TA6V and PEEK samples were observed by SEM (Fig. 8). In agreement
with the histological observations, for bare TA6V and PEEK screws, we observed that the
bone tissue was directly in contact with the implants (Fig. 8 A,B,C). In contrast, in the case
of the BMP-2-coated implants, bone tissue was not in so close contact with TA6V or PEEK
surfaces (Fig. 8 D,E,F).
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4 Discussion

Osseointegration, defined as a direct structural and functional connection between ordered,
living bone and the surface of a load-carrying implant, is critical for implant stability, and is
considered as a prerequisite for implant loading and long-term clinical success of endosteous
implants [52]. However, such an achievement is still a clinical issue, especially in patients
with impaired bone regeneration potential [5]. In the present study, we immobilized BMP-2
onto the surface of implants of two different materials using a biomimetic PEM film and
examined the effect of such surface modification on implant osseointegration in a rabbit
model. Screws made of TA6V or PEEK were implanted in rabbit femoral condyles, a
validated model for evaluating the osseointegration potential of implants [12, 41].

We found that TA6V implants were better osseointegrated than PEEK implants (Fig 4,5):
BIC values were between 30 and 50% for the bare implants, being slightly higher for the
TA6V in comparison to PEEK (Fig. 6) and BA values were similar for both materials
(50-60%) (Fig. 6). Our BIC values for TA6V implants were similar to those of TA6V
implanted for 4 weeks in the tibia of osteoporotic rats [53] or implanted for 4 weeks in rabbit
condyles [12]. The BIC values for bare PEEK were higher than those of nanoHAP-coated
PEEK implanted in the femoral metaphysis of rabbits [41]. However, the BA values found in
the latter study were of the same order of magnitude (40-60%) as our data. In addition, both
the macroscopic morphological observations (Fig 3 and Table SI1) as well as the
quantitative histomorphometry (Fig 4-6) showed that TA6V implants promoted higher bone
ingrowth than the PEEK ones. However, histological observations of PEEK explants did not
show any sign of inflammatory reaction at the tissue level (Fig 5). Higher resolution SEM
observations confirmed that the bone tissue was in contact with the TA6V implant surface
uniformly, but was partially at a distance from the PEEK implants (Fig. 8). Taken all
together, our findings are consistent with /n vitro and /n vivo results obtained recently by
other groups [18, 54, 55]. A recent /n vivo study in rabbits showed that PEEK resulted in a
mild inflammatory response but did not elicit an aggressive immune response [55]. Boyan
and coworkers in their recent comparative /n vitro studies of TA6V and PEEK surfaces [18,
54] concluded that a TA6V surface promoted osteoblastic differentiation and fostered a
specific cellular environment that favored bone formation. In contrast, PEEK led to a
reduced differentiation of mesenchymal stem cells and to the production of an inflammatory
environment that favored fibrosis [54].

The osteoinductive properties of BMP-2 loaded into a biopolymeric film coating either
ceramic granules [39] or TA6V porous cylinders [40] were previously demonstrated in a rat
ectopic model. In these previous studies, BMP-2-coated materials were prepared in the same
manner as in the present study and, when implanted subcutaneously, promoted consistent
new bone tissue. Here, we found that the osseointegration potential was systematically
higher for both bare TA6V and PEEK implants than for the BMP-2-coated implants (Fig
4,5). Thus, surprisingly, the present results provided evidence of an impaired early
osseointegration of BMP-2-coated implants compared to bare implants. Bright field (Fig.
4,5) and electron microscopy (Fig. 8) imaging indicated that bone tissue was always farther
from the TA6V and PEEK implant surfaces for the BMP-2 conditions in comparison to bare
implants, independently of the material. The newly formed bone also appeared of lower
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quality with a disorganized trabecular structure around the BMP-2-loaded film-coated
implants (Fig. 4,5), in quite a contrast with the homogeneous and dense bone tissue with
thick trabeculae around bare implants 4 weeks post-implantation. Data showed that the
amounts of new bone tissue formed around the implants and in contact with the implants
were significantly lower for all the implants coated with the BMP-2-loaded film, regardless
of the substrate material, TA6V or PEEK (Fig. 6). The uCT data were also consistent with a
lower BIC for the BMP-2-coated implants, although the differences were not significant
(Fig. 7). Notably, a higher bone volume was found solely at the macroscopic level around
(Fig 3) as well as inside the upper hexagonal cavity (Fig. 7) of the BMP-2-coated implants,
in comparison to bare implants.

It should be noted that the number of covered and filled implants, bone production score
(Fig 3) as well as the BIC, BA-Thread and BA-Periph (Fig. 6) all increased for BMP-2-
coated PEEK between 4 and 8 weeks, suggesting that this bone impairment was only
transient. The differences in BA-Thread and BA-Periph between BMP-2-coated and bare
PEEK implants also decreased at 8 weeks compared to 4 weeks post-implantation (Fig. 6).

In this study, neither TAGV nor PEEK implants coated with the film alone (without BMP-2)
were tested. In fact, we reasoned that the important controls were the implants (e.g. bare
TAGV and PEEK implants without a film coating) as they are currently used clinically.
Besides, the polyelectrolyte film itself did not contain any bioactive ingredient as it was not
loaded with BMP-2. It is unlikely that the polyelectrolyte components of the film itself
would lead to the drastic effects observed here. In our initial studies, the (PLL/HA) films
themselves elicited neither osteoinductive properties nor an inflammatory response [39, 40].
In addition, the presence of the PEM film did not affect the osteoconductive properties of
TAG6V implants [40]. Recently, Zankovych et al. [56] studied the effect of polyelectrolyte
multilayers films containing chitosan (CHI) and gelatin (GEL), respectively (CHI/HA) and
(CHI/GEL) PEM films, on the osseointegration of TA6V screws in a rat condyle model.
There was no significant difference in BIC and no decrease of osseointegration for film-
coated implants compared to bare implants. In all groups, there was a dynamic increase in
bone area from 3 to 8 weeks. The authors also found that the polyelectrolyte coating had a
positive effect on the mechanical anchorage of the implant in bone [56].

Recent studies in animals showed that BMP-2 displays numerous dose-dependent properties,
especially on osteoclastic activity. In fact, an osteolytic effect of BMP-2 delivered from the
clinically approved collagen sponge combined with a soft tissue oedema have already been
reported in the literature in clinical studies [57, 58]. Here, no marker of osteolysis has been
assessed but histological observation provided evidence of a clearly altered bone tissue when
BMP-2 was coated on the implants (Fig. 4,5). These observations suggest an impaired
modeling process, involving a resorptive activity higher than the bone formation activity.

In our experimental conditions, a rough estimation of the local concentration of BMP-2 at
the vicinity of the implant can be made. The volume of the empty space around the implant
in which BMP-2 diffuses can be calculated by assuming that diffusion occurs over a certain
distance. Taking an estimate of ~ 100 to ~ 300 um for this diffusion distance gives values of
12.5 to 37.5 L for the total diffusion volume of BMP-2 around the whole screw. Knowing
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the amount of BMP-2 released (~8.2 pug), this leads to an equivalent BMP-2 local volumic
concentration on the order of ~220 to 680 ug/mL. Thus, the observed impaired bone
formation induced by the BMP-2-coated implants likely results from a too high local dose of
BMP-2. Indeed, recent studies in animals showed that the bone resorption effect is dose-
dependent and transient [59-61]. Inflammation occurrence and abnormal bone formation
have been observed in rats after 2 weeks in critical-sized femoral bone defects treated with
high doses of BMP-2 (> 150 pg/mL) [59] but healing improved after weeks. These effects
were only observed at high concentrations with cyst-like bony shell formation and an
increased number of osteoclast-like cells. Similar initial observations were made in rat
calvarial defects with subsequent complete bone resolution in 4 weeks [60] and in a femoral
defect in sheep using hyper-concentrated BMP-2 solutions on a collagen sponge [61]. In the
latter case, the effect was also transient and progressive healing took place over the 8-week
survival period. It may also be that the recovery toward a normal bone formation, which is
observed here as a function of time with PEEK, could be a result of the clearance of BMP-2
from the implant surface.

Bone loss in the presence of too high BMP-2 dosages has been attributed to the activation of
osteoclasts [62]. BMP-2 is known to play an important role in bone remodeling [63] by
acting as a mediator of osteoblast-osteoclast interactions and by inducing osteoclast
differentiation [64, 65]. The dose of BMP-2 appears thus to be a determinant parameter.
Despite the apparent low dosage of BMP-2 loaded within the film (~8.2 pg), this local
concentration was revealed here to be still above the threshold of BMP-2 concentration to
promote optimal bone formation without inducing adverse effects. Besides, the trabecular
bone architecture was found modeled over time (between the 4th and 8th week post-
implantation), proving the transient aspect of the BMP-2-mediated bone formation
impairment. In future studies, we envision to decrease the amount of BMP-2 loaded in the
film by decreasing the initial concentration of BMP-2 in the loading solution. We will also
control the released amount by tuning the EDC crosslinking extent [40], and study a more
stringent /n vivo model such as a bone critical size defect.

Conclusions

In this study, bone formation at the surface of PEEK and TA6V implants was compared for
implants coated with a BMP-2-containing film and for bare implants after 4 and 8 weeks in
rabbit femoral condyles. The bone-to-implant contact and bone area around the coated
implants were systematically lower than around bare implants. However, these values
increased between 4 and 8 weeks for PEEK implants, indicating that this initial impairment
effect on the local bone formation was only transient. In contrast, significantly more bone
was formed at 4 weeks in an empty space, inside the upper hexagonal cavity of the screws
for the BMP-2-coated implant. This was observed independently of the material, TA6V or
PEEK. This study highlights that the local dose of BMP-2 delivered around an implant via a
surface-coating is an important parameter that needs to be carefully optimized for the
induction of bone growth, and therefore optimal osseointegration. It also suggests that
BMP-2 may rather be indicated for the repair of large bone defects, as BMP-2 initiated bone
growth in the empty space formed by the upper hexagonal cavity of the screw.
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Figure 1. Experimental design of the in vivo experiments.
(A) Images of the PEEK and TA6V screws taken with a digital camera ; (B) uCT images of

the PEEK screw with a center view showing hollow cross-section and top view showing the
hollow hexagonal cavity in the upper part of the screw and side view showing the 2 lateral
holes. (C) Different steps of the surgical procedure and (C’) final placement of the implant
in the rabbit condyle as imaged by X-ray.
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Figure 2. Characterization of the PEM coating on TA6V and PEEK implants and in vitro film
bioactivity.

(A-A’) Surface of the bare and PEM-coated TA6V implant imaged by SEM. (B) SEM image
of the film-coated PEEK implant that was deliberately scratched in order to visualize the
film and the underlying PEEK surface. (C) In vitro bioactivity assay of BMP-2-loaded PEM
films coating TA6V and PEEK surfaces as assessed by ALP activity. The ALP test was
performed on implant surfaces coated with either freshly prepared film or dry BMP-2-loaded
film stored for one week on the shelf in comparison to a control implant (TA6V or PEEK
with the film coating but without BMP-2). 3 samples were used for each condition and
controls.
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Figure 3. Morphological observations following implantation of the screw in the rabbit femoral
condyle.

(A) Representative images of the condyles taken right after explantation for TA6V and
PEEK implants (either bare or film-coated); (B) Quantification of tissue formation and bone
production around the implants. The data represent the % of increase for the BMP-2-coated
implants (whatever the nature of the supporting implant, TA6V or PEEK) in comparison to
the bare implants (see Table 2 for full details of the calculations).
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Figure 4. Images of histological sections along the screw length.
Representative longitudinal sections of each type of implant tested after 4 and 8 weeks of

implantation and stained with Stevenel blue and van Gieson Picrofuschin. The implants
appears in black, bone in pink, extracellular components and cells in blue. Differences in
osseointegration between the bare and the film-coated implants can be observed: a
homogeneous trabecular bone tissue was formed within the threads of both bare TA6V and
PEEK implants after both 4 and 8 weeks. In contrast, an altered bone tissue with a
disorganized trabecular structure was observed around the film-coated implants after 4
weeks. Bone tissue maturation was noticeable around the BMP-2 film-coated PEEK
implants after 8 weeks. Scale bar: 1 mm.

Acta Biomater. Author manuscript; available in PMC 2016 November 01.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Guillot et al.

)
o
=
a1]
+
£
L

Figure 5. Representative images of histological sections focused on a thread.
The conditions are the same as for Figure 4. Dense woven bone entirely filled the thread of

bare TA6V implants without fibrosis interposition between bone and implant as soon as 4
weeks post-implantation. Bone tissue also filled the thread of PEEK implants over time. In
contrast, bone tissue within threads of BMP-2 film-coated implants appeared immature and
displayed a high bone-forming activity as shown by the presence of numerous embedded
osteocytes and osteoblasts laying down osteoid tissue. (scale bare 100 um). (B) bone tissue;
(v) blood vessel; (BM)bone marrow tissue; (white arrowhead) osteoid osteoblasts; (red
arrows) lining osteoblasts. (scale bare 100 um).
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Figure 6. Quantitative analysis of histomorphometry.
(A) Bone-to-implant contact along the thread (BIC-Thread). Bone area (BA) inside the

thread (B), at the periphery (C) and in the biopsy (D). These parameters are explained in
Figure SI1. Data represent 8 samples per experimental condition for the 4-week time point
for PEEK and for TAGV (bare or with BMP-2), and 3 samples per condition for the 8-week
time point for PEEK (bare or with BMP-2).*: indicates significant difference (*p < 0.05, **
p < 0.001, Pairwise comparison Tukey test).
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Figure 7. uCT analysis of bone around and inside the cavity of the bare and film-coated PEEK
SCrews.

(A) Representative images of the bare and BMP-2-loaded film-coated screws taken at 4 and
8 weeks. (A”) Corresponding quantitative analysis of the BIC. (B) Representative images of
bone formation in a core of the upper part of the screw cavity (bone biopsy-like, see Fig SI1
for the schematic). (B’) Corresponding quantitative analysis of BV/TV (%). Data correspond
to 8 samples per condition.
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Figure 8. SEM imaging of the bare and film-coated TA6V and PEEK screws.
Backscattered electron (BSE) images of a transverse section of TA6V after 4 weeks and

PEEK implants after 4 and 8 weeks for bare implants (A, B, C) and for the film-coated
implants (D,E,F). For bare implants, the bone was directly in contact with the implant
(A,B,C). The formation of osteons with haversian canals (hc) in circular shape corresponded
to new bone formation (C). Note the difference in mineralization level as can be observed by
the different grey levels indicating a mature bone. In the presence of BMP-2-loaded film, the
bone was further away from the implant (D,E,F).
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