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Coating Ti6Al4V implants

with nanocrystalline diamond
functionalized with BMP-7
promotes extracellular matrix
mineralization in vitro and faster
osseointegration in vivo

Ivana Nemcakova?, Andrej Litvinec?, Vaclav Mandys?, Stepan Potocky?, Martin Plencner?,
Martina Doubkova'*?, Ondrej Nanka*, Veronika Olejnickova’*, Barbora Sankova®*,
Martin Bartos®, Egor Ukraintsev®, Oleg Babéenko®, Lucie Bacakova?, Alexander Kromka3,
Bohuslav Rezek® & David Sedmeral“™

The present study investigates the effect of an oxidized nanocrystalline diamond (O-NCD) coating
functionalized with bone morphogenetic protein 7 (BMP-7) on human osteoblast maturation

and extracellular matrix mineralization in vitro and on new bone formation in vivo. The chemical
structure and the morphology of the NCD coating and the adhesion, thickness and morphology of
the superimposed BMP-7 layer have also been assessed. The material analysis proved synthesis of

a conformal diamond coating with a fine nanostructured morphology on the Ti6Al4V samples. The
homogeneous nanostructured layer of BMP-7 on the NCD coating created by a physisorption method
was confirmed by AFM. The osteogenic maturation of hFOB 1.19 cells in vitro was only slightly
enhanced by the O-NCD coating alone without any increase in the mineralization of the matrix.
Functionalization of the coating with BMP-7 resulted in more pronounced cell osteogenic maturation
and increased extracellular matrix mineralization. Similar results were obtained in vivo from
micro-CT and histological analyses of rabbit distal femurs with screws implanted for 4 or 12 weeks.
While the O-NCD-coated implants alone promoted greater thickness of newly-formed bone in direct
contact with the implant surface than the bare material, a further increase was induced by BMP-7.

It can be therefore concluded that O-NCD coating functionalized with BMP-7 is a promising surface
modification of metallic bone implants in order to improve their osseointegration.

Metallic alloys are the most widely used materials for the fabrication of load-bearing orthopaedic and dental
implants that require outstanding mechanical properties such as excellent ductility, fatigue life and strength!~>.
Titanium-based Ti6Al4V alloy possesses significantly lower density and stiffness (elastic modulus), matching the
properties of cortical bone much more closely than stainless steel or Co-Cr-based alloys>*. Moreover, Ti6Al4V
has superior biocompatibility, the highest rate of integration with the host bone and the greatest corrosion resist-
ance of these three implant alloys, thanks to the spontaneous formation of an adhesive titanium dioxide layer
at its surface with the highest rate of spontaneous recovery after mechanical disruption®*°. Although Ti6Al4V
is one of the most favourable metallic implant materials, many patients have experienced increasing local pain,

lnstitute of Physiology of the Czech Academy of Sciences, Videnska 1083, 142 20 Prague 4, Czech
Republic. 2Department of Pathology, Charles University, Third Faculty of Medicine, Ruska 2411, 100 00 Prague
10, Czech Republic. 3Institute of Physics, Czech Academy of Sciences, Cukrovarnicka 10, 162 00 Prague 6, Czech
Republic. “Institute of Anatomy, Charles University, First Faculty of Medicine, U Nemocnice 3, 128 00 Prague 2,
Czech Republic. *Institute of Dental Medicine, Charles University, First Faculty of Medicine, U Nemocnice 2, 1280
00 Prague 2, Czech Republic. ®Faculty of Electrical Engineering, Czech Technical University in Prague, Technicka 2,
166 27 Prague 6, Czech Republic. “email: martina.doubkova@fqu.cas.cz; david.sedmera@fgu.cas.cz

Scientific Reports |

(2022) 12:5264 | https://doi.org/10.1038/s41598-022-09183-z nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-09183-z&domain=pdf

www.nature.com/scientificreports/

swelling, allergic reactions, and inflammation resulting in implant migration, aseptic loosening, and osteolysis.
These reactions increase the need for painful and expensive revision surgeries. Human life expectancy has
been increasing, but a recent study has concluded that only about half of hip replacements last for 25 years in
patients with osteoarthritis®. Many patients nowadays outlive their implant. There is therefore great interest in
the innovation and optimization of promising biomaterials such as Ti6Al4V with a view to eliminating factors
responsible for implant failure.

The most common causes of implant failure are an accumulation of wear debris (i.e. metallic ions from
Ti6Al4V), insufficient implant integration into the host bone (osseointegration), or a bacterial infection”. Vari-
ous types of functional coatings for metallic implants, such as hydroxyapatite-based coatings®’, ceramic-based
coatings'®!!, carbon-based coatings, such as diamond-like carbon (DLC)'*"* or fullerene coatings'*'>, and silver-
containing nanocomposite coatings'® are therefore currently under investigation to address some or all of these
issues. Another promising material for coating metallic implants, due to its superior properties, is a nanocrystal-
line diamond (NCD) coating. The main advantages of an NCD coating over other carbon-based coatings are that
NCDs are optically transparent, chemically inert, highly biocompatible, and can easily be functionalized in many
ways according to their intended application'”. In addition, NCDs exhibit excellent mechanical hardness as well
as high chemical, thermal and wear resistance'®!®, which should limit their decomposition or transformation
into materials with potential toxicity and accumulation of wear debris near the implant site. A publication by
Papo et al. has indeed shown that an NCD coating markedly improved the wear resistance of Ti6Al4V alloy after
simulated loading mimicking two years of clinical use?®. Moreover, NCD-coated metallic implants should also
lower the risk of post-surgical problems associated with a bacterial infection. A considerable number of studies
have demonstrated strong antibacterial activity of NCD coatings against various Gram-negative and Gram-
positive bacteria, including Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus* =,

In addition, the nanostructured morphology of NCD coatings better imitates the nanoscale architecture of
natural bone, and this should promote better osseointegration of an implant into the surrounding bone tissues
of a patient. Several studies have shown that NCDs deposited on various substrates, or diamond nanocrystal-
lites added into hydrogels, stimulated osteogenic maturation (evaluated by increased expression of osteogenic
markers, e.g., osteocalcin, collagen type I, increased activity of alkaline phosphatase, or increased mineralization
of extracellular matrix) of various bone-derived cells in vitro?>-?°. Usually, however, not all osteogenic markers
were elevated but only some of them, depending on the type of cell that was used, or depending on the form of
the NCD material that was used. Although these in vitro data are quite promising, in vivo studies evaluating the
osseointegration of diamond-coated implants are quite scarce and the results are ambiguous. While Kloss et al.
reported enhanced new bone formation promoted by Ti6Al4V implants coated with oxygen terminated NCD
coatings®, and Jaatinen et al. reported enhanced new bone formation promoted by Ti implants coated with
amorphous diamond coatings®!, studies by Rupprecht et al. and by Metzler et al. have failed to show a positive
effect of NCD coatings on the osseointegration of Ti6Al4V implants in vivo*>?3,

Improvements to the early stages of healing after an implant placement are very important because they can
greatly enhance the clinical outcome. Implants that are osseointegrated more rapidly can be loaded sooner, and
this is increasingly favoured by patients®. A possible way to improve the osteoconductive properties of NCD-
coated implants in vivo is by functionalizing NCD coatings with a biomolecule inducing bone formation and
regeneration.

Bone morphogenetic protein 7 (BMP-7), also known as osteogenic protein-1, has been recognized as a key
modulator of bone and cartilage formation and repair, mainly through the SMAD pathway®. It has been reported
that BMP-7 protein not only enhances osteogenic maturation of osteoblasts**~*® but also induces osteogenic dif-
ferentiation of various stem cells**-*! and fibroblasts*>* in vitro. Moreover, various animal studies have proved
the positive effect of BMP-7-coated implants**~*°, or of an administration of BMP-7 into an implant site*’*%, or
into a wound site without the use of any implant*->? on the regeneration and formation of new bone in vivo.
Because of its great osteoinductive effect, BMP-7 protein has been approved by the FDA for clinical application
in the healing of fracture non-unions®**%.

The present study set out to assess the benefits of the NCD surface functionalization with BMP-7 protein
in vitro and in vivo. The NCD coating deposited on Ti6Al4V alloy plates and screws used for experiments is
modified by a plasma oxidation process to create an oxidized NCD (O-NCD) surface. The plasma oxidation
process is known to clean a surface from organic residues and to provide a hydrophilic surface with various
oxygen-related chemical groups, such as carboxyl and anhydride®. The oxidation process is therefore expected
to improve both the physisorption of BMP-7 proteins and also the adhesion of human osteoblasts (compared to
the hydrogenated surface), as has been observed in our previous studies®>*’. The surface functionalization with
BMP-7 has a potential to further enhance the osteogenic properties of the material both in vitro and in vivo.
We therefore hypothesized that the surface modification of titanium alloy with O-NCD would increase its bio-
compatibility, manifesting as increased cell adherence, and faster osteogenic cell differentiation, and that these
properties would be further enhanced by functionalization with BMP-7. To assess the benefits of this modifica-
tion, firstly the effect of O-NCD surface with or without BMP-7 coating on phenotypic maturation of osteoblasts
and on mineralization of the extracellular matrix is evaluated in vitro. Secondly, the effect of these coatings on
osseointegration in vivo is evaluated by micro-CT and histology analyses after implantation into the femurs of
New Zealand white rabbits for a period of 4 or 12 weeks. Standard material and morphological analyses of NCD
coating and BMP-7 adhesion, thickness and morphology are also included.
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Materials and methods

Materials. A conventional Ti implant alloy (Ti6Al4V) was used for the experiments in the form of thin plates
(10x10x3 mm; BEZNOSKA Ltd., Czech Republic) and in the form of self-cutting screws (HA 3.5x8 mm;
Medin Inc., Czech Republic).

Sample preparation and characterization—nanocrystalline diamond coating. The Ti6Al4V
plates and screws were coated with a thin nanocrystalline diamond (NCD) film. The samples were first pre-
treated in a suspension of ultra-dispersed detonation nanodiamonds (DND, nominal size of 5 nm; New Metals
and Chemicals Corporation Ltd., Japan). The diamond thin film growth was performed in the low-temperature
low-pressure linear antenna microwave plasma (LAMWP) chemical vapour deposition (CVD) system (AK 400,
Roth & Rau, Germany)*® for 60 h at a total gas pressure of 10 Pa, microwave power of 2x 1.7 kW and a gas
mixture of 3.3% CH, and 13.3% CO, to H,. The substrate temperature was kept at 450 °C by resistive heating of
the substrate holder. The deposition was repeated twice to overcoat the top and the bottom part of the screws.
Surface hydrogenation of the sample was carried out in the LAMWP system by microwave hydrogen plasma.
The surface of the diamond-coated samples was further modified by an oxidizing process using radio frequency
oxygen plasma (100 W, 4 min). The resulting material coating was characterized by standard analytical methods:
optical microscopy, scanning electron microscopy (SEM; Maia 3, TESCAN, Czech Republic) and Raman spec-
troscopy (WITec alpha300 RAS, Germany).

Sample preparation and characterization—BMP-7 functionalization. The Ti6Al4V plates and
screws with an NCD coating were sterilized in an autoclave (Tuttnauer Co. Ltd., Israel). A part of the samples
coated with oxidized NCD was further functionalized with human bone morphogenetic protein 7 (BMP-7;
BioLegend, Cat. No. 595602, USA) to promote phenotypic maturation of osteoblasts in vitro or to promote bone
formation and thus to improve the osseointegration of the implants in vivo. The samples were functionalized
with BMP-7 by incubating them in a BMP-7 solution with a concentration of 10 ug/mL in phosphate-buffered
saline (PBS) for 24 h at room temperature (RT). The samples were subsequently washed in PBS (Sigma-Aldrich,
Merck, Germany) and were immediately used for in vitro or in vivo experiments.

In order to study the adsorption of BMP-7 on the diamond surfaces and the interaction of BMP-7 with
these coatings, an atomic force microscopy (AFM; Dimension ICON, Bruker, US) analysis was performed. For
the AFM analysis, BMP-7 protein was deposited on flat monocrystalline diamond samples with hydrogenated
(H-NCD) and oxidized (O-NCD) surfaces that were prepared by the same technology (microwave hydrogen
plasma and radio-frequency oxygen plasma) as described above. BMP-7 solution droplets of 30 uL were applied
on both samples for 24 h to allow the BMP-7 molecules to adsorb. Then the samples were rinsed with water
and were dried by airflow. The thickness of the BMP-7 adsorbed layer was measured by the contact mode
(CM) nanoshaving method®. Four 2 x 2 pum? images were scanned in CM-AFM. Next, a 5x 5 um? overscan was
performed in PeakForce Quantitative Nanomechanical mode (PFQNM), which reveals details of the surface
morphology and also differences in the adhesion and deformation of the surface layer after adsorption of BMP-7.

In vitro experiments—phenotypic maturation of human osteoblasts hFOB 1.19. The human
non-tumour osteoblast cell line (hFOB 1.19; ATCC CRL-11372™, USA) was used to evaluate the phenotypic
maturation of osteoblasts cultured on the investigated materials (Ti6Al4V alloy plates coated with O-NCD films
with or without BMP-7 functionalization; unmodified Ti6Al4V plates were used as a reference control mate-
rial). hFOB 1.19 cells were induced to proliferate when cultured at a permissive temperature of 33.5 °C and were
induced to differentiate into mature osteoblasts expressing the normal osteoblast phenotype when cultured at a
restrictive temperature of 39.5 °C%*¢!. The samples, inserted into polystyrene 12-well tissue culture plates (well
diameter 21 mm; TPP, Switzerland), were seeded with hFOB 1.19 cells and were cultured in a 1:1 mixture of
Ham’s F12 medium and Dulbecco’s modified Eagle’s medium (Gibco, Cat. No. 11039, USA) supplemented with
10% foetal bovine serum (Sebak GmbH, Germany) and geneticin G418 (0.3 mg/mL; Gibco, USA) at 33.5°Cina
humidified air atmosphere containing 5% of CO,. When the cells reached confluence (3 days after seeding), the
temperature was set to 39.5 °C (labelled as day 0 of differentiation) and the cells were cultured for an additional
period of 21 days with the medium exchanged every 2-3 days. The metabolic activity of hFOB 1.19 cells cultured
on the investigated materials was evaluated on days 0, 3, 10 and 21 of differentiation, while the phenotypic matu-
ration (osteogenic differentiation) of the cells was assessed on days 3, 10 and 21. Three independent samples for
each experimental group and time interval were used. The quantitative data were presented as the mean+S.E.M.
(Standard Error of the Mean).

The metabolic activity of the cells (the activity of the mitochondrial enzymes) was assessed by incubation of
the samples in a final concentration of 40 uM Resazurin (Sigma-Aldrich, Merck, Germany) in the fresh complete
cell culture medium mentioned above. After 1.5 h of incubation at 39.5 °C, the fluorescence of the solution was
measured (Ex/Em=530/590 nm) by a Synergy™ HT Multi-Mode Microplate reader (BioTek, USA). A solution
without cells was used as a blank control.

The activity of alkaline phosphatase (ALP, a marker of early/mid-term osteogenic differentiation) was assessed
on days 3, 10 and 21 of differentiation after 10-min incubation of samples in a solution of 1 mg/mL of p-nitro-
phenyl phosphate in a substrate buffer (50 mM glycine, 1 mM MgCl,, pH 10.5; Sigma-Aldrich, Merck, Germany)
at RT. The resulting solution was then mixed with the same volume of 1 M NaOH solution, and the absorbance
was measured at 405 nm by a Synergy™ HT Multi-Mode Microplate reader (BioTek, USA). A solution without
cells was used as a blank control. The absorbance of the known concentrations of p-nitrophenol diluted in
0.02 M NaOH (9-90 puM; Sigma-Aldrich, Merck, Germany) was measured as a standard.
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Gene Forward primer sequence Reverse primer sequence Product length (bp)
BGN 5'-CAG CCC GCC AAC TAG TCA-3’ 5'-GGC CAG CAG AGA CAC GAG-3’ 93

COLIA1 5'-CAG CCG CTT CAC CTA CAG C-3' 5-TTT TGT ATT CAA TCA CTG TCT TGC C-3'| 83

DCN SGGA GAC TTT AAG AAC CTG AAG AAC C.3 | 2-CGT TCC AACTTC ACC AAA GG-3' 104

GAPDH 5'-TGC ACC ACC AAC TGC TTA GC-3’ 5'-GGC ATG GAC TGT GGT CAT GAG-3’ 87

0OsX 5'-GGC ACA AAG AAG CCG TAG TC-3’ 5'-CAG GTG AAA GGA GCC CAT TA-3’ 106

RUNX-2 5'-GCC TTC AAG GTG GTA GCC C-3’ 5’-CGT TAC CCG CCA TGA CAG TA-3’ 67

SPARC 5'-GTA CAT CGC CCT GGA TGA GT-3’ 5-CGA AGG GGA GGG TTA AAG AG-3’ 124

Table 1. Oligonucleotide primers used for qPCR amplification. BGN biglycan, COLIAI collagen type I, DCN
decorin, GAPDH glyceraldehyde 3-phosphate dehydrogenase, OSX osterix, RUNX-2 runt-related transcription
factor 2, SPARC osteonectin.

The extracellular matrix mineralization (a late marker of osteogenic differentiation) was evaluated on days 10
and 21 of differentiation by Alizarin Red S staining. The cells cultured on the samples were fixed in 4% paraform-
aldehyde (PFA; Sigma-Aldrich, Merck, Germany) for 15 min at RT. The samples with fixed cells were incubated in
40 mM Alizarin Red S in dH,O (pH 4.1; Sigma-Aldrich, Merck, Germany) for 20 min at RT with gentle shaking.
The unbound dye was washed away by dH,O (5 times for 10 min with gentle shaking) and the samples were then
left to dry and were stored at -20 °C until the quantification was performed. To extract the dye, the samples were
incubated in 10% acetic acid for 1 h at RT with gentle shaking. The solution that was obtained, together with the
layer of cells (detached by a cell scraper), was transferred to a 1.5 mL tube, was vortexed for 30 s and was heated at
85 °C for 10 min. The tubes were then incubated on ice for 10 min and were subsequently centrifuged at 20,000g
for 15 min. The pH of the supernatant was adjusted by 10% NH,OH (Sigma-Aldrich, Merck, Germany) to 4.2,
and the absorbance of the solution was measured at 405 nm by a Synergy™ HT Multi-Mode Microplate reader
(BioTek, USA). A solution without cells was used as a blank control.

The real-time gPCR method was used to evaluate the expression of other markers of phenotypic maturation
of hFOB 1.19 cells cultured on the investigated materials. RNA from the cells was extracted using a Total RNA
Purification Plus Micro Kit (Norgen BioTek, USA), according to the manufacturer’s instructions. An amount
of 300 ng/uL mRNA was used for reverse transcription into cDNA using the ProtoScript First Strand cDNA
Synthesis Kit (New England Biolabs, USA) with oligo-dT primers. The reaction ran in a T-Personal Thermocy-
cler (Biometra GmbH, Germany). The relative mRNA expression was quantified using SYBR Green (FastStart
Universal SYBR Green Master; Roche Diagnostics GmbH, Switzerland) and primers from Generi Biotech, as
presented in Table 1. The cDNA was amplified in the iCycler iQ™ 5 Multicolor Real-Time PCR detection system
(BioRad, USA) in a total reaction volume of 20 pl, under the following conditions: 10 min incubation at 95 °C,
followed by 40 cycles of 15 s at 95 °C and 1 min at 60 °C. The data were analysed using the 2~24Ct method, were
normalized against the GAPDH housekeeping gene, and are plotted as mean + standard deviation (SD).

A statistical analysis was performed using SigmaStat (Jandel Corporation, USA). A comparison between the
groups was analysed with the ANOVA, Student-Newman-Keuls method. Values of p <0.05 were considered
statistically significant.

In vivo experiments on rabbits. The animal experiments were approved by the Animal Care and Use
committee of the Institute of Physiology in compliance with the current national legislation. The experiments
conformed with all the international and EU ethical standards and also with the ARRIVE guidelines (https://
arriveguidelines.org/arrive-guidelines).

New Zealand white rabbits were supplied by an accredited supplier (Velaz, Prague, Czech Republic) and
were provided with food and water ad libitum. Animals of either sex were used (total N: 44), with a minimum
body weight of 3.4 kg. After a habituation period of at least one week, the animals were weighed, and their body
weights were recorded. Anaesthesia was initiated by an intramuscular (IM) injection of diazepam (5 mg/kg).
The surgery was performed under antibiotic cover of marbofloxacin (5 mg/kg IM). Deep anaesthesia (surgical
plane) was induced by ketamine (50 mg/kg, IM) with xylazine (5 mg/kg, IM). After the cessation of reaction to
painful stimuli, a dab of antiseptic ointment (Ophtalmo-Septonex) was applied to both eyes to prevent corneal
drying, and the limb to be operated on was shaved from ankle to groin. The surgical field was then thoroughly
disinfected by povidone iodine and the animal was placed onto an operating table, where the surgical plane of
anaesthesia was maintained by continuous administration of 2% halothane (Narcotan) with oxygen applied via
a face mask. Pulse and blood oxygen saturation were continuously monitored by a pulse oximeter.

After the field had been covered with sterile wraps, a skin incision was performed in the area of the lateral
condyle of the femur, followed by blunt dissection of all the layers up to the bone. After finding and marking the
appropriate place on the lateral aspect, a hole 2.7 mm in diameter was drilled by an orthopaedic drill (Acculan
3Ti, B.Braun), followed by the implantation of O-NCD-coated, O-NCD + BMP-7-coated or uncoated control
Ti6Al4V screws (HA 3.5 x 8 mm) via a hand screwdriver. To reduce the necessary number of animals (3R), both
sides were operated consecutively, i.e., 12 and 4 weeks before sampling, to obtain 2 samples at different time
points from each animal. The minimum size for each group was 5 implants for each type of coating and sampling
interval. The wound was then closed in layers with a PDS II 4-0 absorbable suture.
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After the surgery, the animals received a depot dose of 0.5 mg/kg of non-steroidal anti-inflammatory analgesic
meloxicam by a subcutaneous injection (SC), and the suture was smeared with Betadine to prevent infection of
the wound. During the recovery period, the animals were monitored continuously until complete awakening.
For at least 10 days after surgery, the animals were checked several times a day with emphasis on their general
well-being and on wound healing. For a period of 5 days, a combination of an antibiotic (marbofloxacin 5 mg/
kg, IM) and an analgesic (meloxicam 0.5 mg/kg, IM) was administered daily. The diet was enriched with fresh
vegetables and hay for faster healing. Food and water intake were monitored daily by a veterinarian for the entire
duration of the experiment.

At the time of sampling, i.e., 4 or 12 weeks after implantation, the animals were sacrificed by an approved
method (rendering them unconscious by a spring-loaded device followed by exsanguination), and the distal
femurs containing the implants were extracted. The samples were sawed down to a size that fitted the fixation
vials, and were subsequently fixed for 48 h in 4% paraformaldehyde in PBS at 4 °C. After rinsing in PBS, the
samples were scanned and evaluated by micro-CT (see 2.6), as in our previous studies®*®. After imaging, the
samples were decalcified with a hydrochloric acid solution (Histolab Products, Sweden) and the screws were
carefully removed after slicing the decalcified bone in half with a scalpel. The bone samples were then processed
for paraffin histology (see below), while the screws were imaged using SEM to confirm the integrity of the coating.

Micro-CT evaluation of the tissue samples. Each specimen was placed in a plastic tube with PBS and
was scanned using a SkyScan 1272 micro-CT device (Bruker micro-CT, Kontich, Belgium) with the following
scanning parameters: pixel size 10 pm, source voltage 100 kV, source current 100 pA, 0.11 mm Cu filter, frame
averaging 3, rotation step 0.2°, rotation 360°. The scanning time was approximately 6 h for each specimen. The
flat-field correction was updated before each acquisition. Image data were reconstructed and were processed
using NRecon SW (Bruker, Belgium). Standardized cross-section images were acquired using DataViewer
(Bruker, Belgium).

Histological analysis of the tissue samples. PFA-fixed, paraffin-embedded tissue samples were cut in
series at 10 um and were stained alternately with Hematoxylin-Eosin and van Gieson/Orcein staining protocol.
The stained sections were photographed using an Olympus DP80 CCD camera (Olympus, Tokyo, Japan) fitted
on an upright BX51 compound Olympus microscope at different magnifications (2x-20x). The thickness of
newly formed bone was measured in the mid-shaft region taking care to exclude any attached trabeculae. Digital
images were processed using Adobe Photoshop (background and levels adjustment, Unsharp Mask filtering—
always performed on the entire image) and were arranged in plates with the same software.

Results and discussion

Characterization of the NCD layer and BMP-7 adhered on NCD. Raman spectroscopy and surface
mapping show uniform coating by NCD with the typical diamond peak and G band in the spectrum (Fig. 1).
The SEM image of the coated screw surface along the thread and in the screw tip area exhibits a corrugated
morphology conformal to the screw surface finish and fine nanostructures related to the NCD grains in both
critical areas.

The BMP-7 morphology, the adhesion map and the thickness profile observed by AFM in PFQNM regime
O-NCD and H-NCD surfaces are shown in Fig. 2. The square in the centre corresponds to the area from which
the molecules were removed (nanoshaved) by scanning on contact mode AFM. The BMP-7 adsorbed thickness
on the O-NCD surface, as determined from the mean heights in the central and outside area, was 1.8+ 1.3 nm.
From the profile across the nanoshaved area, the thickness was also 1.8+ 1.3 nm. The BMP-7 adsorbed thickness
on the H-NCD surface was 1.9+ 1.2 nm in area and 2.3 £ 1.2 nm from the line profile.

The thickness of the adsorbed BMP-7 was similar on the H-terminated and O-terminated nanocrystalline
diamond surfaces. The BMP-7 surface morphology also appeared qualitatively similar, comprised of a uniform
conformal coating and a high density of larger (brighter) dots. This is a noteworthy finding, as H-NCD is
hydrophobic and O-NCD is hydrophilic. The adsorbed BMP-7 thickness was on average only 2 nm. The three-
dimensional structure of BMP-7 exhibits an open boomerang-shaped conformation with dimensions of 13x9 x5
nm?, as deduced from transmission electron microscopy (TEM) measurements and from Small Angle X-ray
scattering (SAXS) measurements®. Thus, in our case, the BMP-7 molecules must be lying on the diamond sur-
face, forming a uniform primary layer coating, on which the BMP-7 molecules, adsorbed in a more native form,
correspond to the observed brighter dots. The relatively small and similar thickness of the BMP-7 primary layer
on the hydrogenated and oxidized diamond surfaces may be explained by a tight interaction with the diamond
surface dipoles (C-H or C-O) via hydrogen bonding. The BMP-7 could also be collapsed (as observed by compar-
ing the AFM data in air and in solution on other biomolecules*’. However, the BMP-7 dimensions given above
were determined from the TEM in vacuum condition®, so this effect can be excluded.

However, the conformation of BMP-7 in the primary layer on H- and O-terminated NCD can differ, as was
observed above for adsorbed FBS proteins®®°. This effect may be due to different polarity of the surface dipoles,
different protein parts forming hydrogen bonds and/or interacting with the diamond surface via hydrophobic
or hydrophilic interactions. This assertion is supported by the PFQNM adhesion data (tip-molecule adhesion
forces in the range of 10 nN). There is a uniform background of the adhesion force due to the thin BMP-7 layer,
which is lower than on the bare (nanoshaved) diamond in the central area of the adhesion images. The differ-
ence in the adhesion force between BMP-7 and bare diamond is greater on H-NCD than on O-NCD. This again
hints at a slightly different conformation of the BMP-7 molecules lying on the surface. On both types of surfaces,
there are also smaller and larger dark dots in the adhesion map, obviously corresponding to the native form of
BMP-7. From the adhesion image, it is evident that these BMP-7 aggregates are larger and more pronounced
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Figure 1. Material and morphological characteristics of the nanocrystalline diamond-coated cortical screws:
(a) a photograph of a coated screw, (b) bright-field optical microscope image, (c) Raman spectrum showing
characteristic nanocrystalline diamond features, (d) a Raman diamond peak intensity map, (e) SEM image of
the coated screw surface along the thread and (f) in the screw tip area.

on H-NCD, while they are fine and more homogeneously distributed on O-NCD. This again suggests that the
BMP-7 interaction with H-NCD and O-NCD is different, despite the similar surface morphology and a similar
thickness of approximately 2 nm.

Phenotypic maturation of hFOB 1.19 cells in vitro. To investigate the effect of the O-NCD coating
and the O-NCD coating functionalized with BMP-7 (O-NCD + BMP-7) on the maturation of human osteoblasts
in vitro, confluent hFOB 1.19 cells were cultured for another 21 days at a restrictive temperature of 39.5°, induc-
ing their differentiation into the mature osteoblast phenotype. Figure 3a shows that the values of the metabolic
activity (which are usually proportional to the cell numbers) of hFOB 1.19 cells were comparable among all
sample groups on days 0 and 3 of differentiation. The cells exhibited the greatest metabolic activity on day 10 of
differentiation, with values 2-times higher than on the other evaluated days. Slightly higher metabolic activity of
cells cultured on the O-NCD +BMP-7 coating was observed with increasing time of cultivation (from day 10 of
differentiation); however, these differences were not proven to be significant (Fig. 3a). The results of metabolic
activity at all assessed time intervals did not show any significant differences among the investigated materials.
The evaluation of the activity of alkaline phosphatase (ALP), which is one of the main markers of early/mid-
term phenotypic maturation of osteoblasts, showed that on day 3 of differentiation, the activity of ALP in cells
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Figure 2. BMP-7 morphology (a,c), adhesion maps (b,d), and thickness profiles (insets) observed by AFM
in the PFQNM regime on oxidized (a,b) and hydrogenated (c,d) NCD surfaces. The square in the centre
corresponds to the area from which the molecules were removed (nanoshaved) by scanning in contact mode
AFM. The Z scale is 20 nm for 5x 5 pm? topography images, 10 nm for 0.5x 1 pm? topography images (insets)
and 10 nN for 5x 5 pm? adhesion images.

on both O-NCD-based coatings was lower than in cells on uncoated Ti6 Al4V (Fig. 3b), while the gene expres-
sion of other early and mid-term markers of osteogenic differentiation, namely RUNX-2, osterix, biglycan and
decorin, was usually increased (Fig. 4). However, it should be pointed out that the enzymatic activity cannot be
always proportional to the expression of a given enzyme at mRNA and protein level, because enzymes, includ-
ing ALP, can be present in their immature, pro-enzymatic form. The correlation between the gene expression of
ALP, amount of its molecules and its activity in cells on O-NCD-based coatings should be further investigated.

A lower activity of ALP on O-terminated NCD surfaces might also be explained by a certain inhibitory effect
of these surfaces on the enzymatic activity. On the one hand, O-NCD surfaces are hydrophilic, and thus they pro-
mote the adsorption of cell adhesion-mediating proteins in an appropriate geometric conformation for binding
cell adhesion receptors, and by this mechanism, these surfaces support the adhesion, spreading and subsequent
proliferation of cells. On the other hand, oxygenated surfaces can also have some adverse effects on cells. It is
known that oxygen radicals can inhibit the activity of various enzymes, including ALP. For example, treatment
of ALP with oxidizing agents, such as p-nitrophenyl phosphate, beta-glycerophosphate or ascorbic acid/Fe?*,
resulted in the inhibition of the enzyme activity, due to generation of oxygen radicals, e.g., .OH radicals®. Other
examples are inhibition of ALP by H,0,% or low activity of serum ALP in patients with Wilson s disease, where
the enzyme is inhibited by ROS induced by elevated Cu?* ions®. Oxygen-containing radicals might be present
on the surface of NCD after oxygen plasma treatment, especially in relatively early culture intervals, when the
cultivation substrate is not fully covered with cells and their newly formed extracellular matrix.

It is also known that ALP activity is inversely correlated with the concentration of calcium®. Ca?* ions can
be attracted to oxygen-containing chemical functional groups on O-NCD surface, which are usually negatively
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Figure 3. The metabolic activity (a) and the activity of alkaline phosphatase (ALP) (b) of hFOB 1.19

cells cultured on bare Ti6Al4V samples (Ti6Al4V), on Ti6Al4V samples coated with the O-terminated
nanocrystalline diamond coating (O-NCD), or on Ti6Al4V samples coated with the O-terminated
nanocrystalline diamond coating functionalized with BMP-7 (O-NCD +BMP-7) under differentiation
conditions (a restrictive temperature of 39.5 °C) for 3 weeks. Mean + S.E.M. * indicates a significant difference
from the reference Ti6 Al4V, while # shows a significant difference from the O-NCD coating; p <0.05.

charged (-COOH’, OH"). Last but not least, as every protein, ALP can be adsorbed to the O-NCD surface, which
can inhibit its activity. For example, ALP activity was deactivated by adsorption on quartz slides™.

Nevertheless, in the following culture intervals (days 10 and 21 of differentiation), the ALP activity of hFOB
1.19 cells cultured on the O-NCD-based coatings increased in comparison with the value on the uncoated
Ti6Al4V, especially on O-NCD functionalized with BMP-7. The cells cultured on the O-NCD coating functional-
ized with BMP-7 revealed the highest ALP activity with significant differences from the reference Ti6Al4V alloy
(days 10 and 21) and from the O-NCD coating (day 21). Nevertheless, after 21 days of differentiation, even the
O-NCD coating without BMP-7 induced greater ALP activity of the cells than the reference Ti6Al4V. Similarly
to the metabolic activity, the ALP activity of the hFOBI1.19 cells was also about two times higher on day 10 than
on days 3 and 21 (Fig. 3b).

The mineralization of the extracellular matrix, which is a typical marker of late osteogenic differentiation, was
assessed by Alizarin Red S staining on days 10 and 21 of differentiation. The extracellular matrix mineralization
by hFOB 1.19 cells was about 2 times higher on the O-NCD coatings functionalized with BMP-7 than on the
reference Ti6Al4V and on O-NCD without BMP-7 at both evaluated time intervals (Fig. 4a).

The qPCR analysis performed on days 3, 10 and 21 of differentiation revealed that the gene expression of all
monitored osteogenic markers (except for OSX) was significantly higher in cells growing on the O-NCD coat-
ings functionalized with BMP-7 than on the other materials (Fig. 4b). The expression of both early osteogenic
factors (RUNX-2, OSX), evaluated on day 3 of differentiation, showed a similar trend. The expression of RUNX-2
in cells cultured on O-NCD + BMP-7 was significantly higher than in cells grown on the reference Ti6Al4V
and on O-NCD without BMP-7. This is in agreement with the fact that BMP proteins are known to stimulate
RUNX-2 expression through the SMAD protein signalling pathway**”!. Moreover, even the O-NCD coating
without BMP-7 induced a higher RUNX-2 expression than the reference Ti6Al4V. The expression of OSX, despite
following a similar trend to RUNX-2, was not found to be significantly increased due to a big data spread. On
day 10 of differentiation, the mid-term osteogenic markers BGN and DCN, which are associated with matrix
mineralization in vitro’>”?, also showed a significantly increased expression in cells cultured on O-NCD + BMP-7
in comparison with other materials. These results correspond with the matrix mineralization results on day 10
assessed by Alizarin Red S staining. The expression of late osteogenic markers, such as COL1A1 and SPARC",
measured on day 21 of differentiation, followed the same expression profile, with higher values found on the
O-NCD-BMP-7 samples than on the reference Ti6Al4V and on the O-NCD coating without BMP-7 (Fig. 4b).

In summary, the osteogenic maturation of hFOB 1.19 cells in vitro was slightly enhanced by the O-NCD
coating, which promoted a greater expression of an early osteogenic factor RUNX-2 and greater activity of
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Figure 4. Mineralization of the extracellular matrix, assessed by Alizarin Red S staining, induced by hFOB 1.19
cells (a), and their relative gene expression (b). The cells were cultured on bare Ti6Al4V samples (Ti6Al4V),

on Ti6Al4V samples coated with the O-terminated nanocrystalline diamond coating (O-NCD), or on

Ti6Al4V samples coated with the O-terminated nanocrystalline diamond coating functionalized with BMP-7
(O-NCD +BMP-7) under differentiation conditions (a restrictive temperature of 39.5 °C) for 3 weeks. Graph (b)
compares the gene expression of osteogenic markers RUNX-2 and OSX (osterix; both early markers), BGN and
DCN (biglycan and decorin; mid-term markers) and COL1A1 with SPARC (collagen type I and osteonectin;
late markers). The relative mRNA expression was quantified by the 2724 method. The data are expressed
relative to GAPDH, normalized to gene expression on the reference Ti6Al4V sample (calibrator). Mean + S.E.M.
(a). Mean+SD (b). * indicates a significant difference from the reference Ti6Al4V, while # shows a significant
difference from the O-NCD coating; p <0.05.

alkaline phosphatase than the reference uncoated Ti6 Al4V alloy. However, O-NCD coating of the Ti6 Al4V alloy
did not increase matrix mineralization in the case of hFOB 1.19 cells. Our results are in accordance with results
reported in other publications, where various NCD coatings (including O-NCD) promoted increased ALP activ-
ity in SAOS-2 osteoblastic cells in comparison with a reference polystyrene culture dish?”?%. Moreover, other
researchers also did not observe increased expression of collagen type I, osteocalcin or osteopontin in SAOS-2 or
MG-63 osteoblastic cells cultured on O-NCD samples**’4, whereas neonatal human dermal fibroblasts formed an
extracellular matrix with collagen both on O-NCD and on H-NCD”>. Matrix mineralization or other osteogenic
markers investigated in our study were not evaluated in the study by Kalbacova et al.””. In contrast to our results,
Liskova et al.?® reported increased matrix mineralization in the case of SAOS-2 cells grown on O-NCD coatings.
There are various possible explanations for this discrepancy, e.g., the use of different analysing methods, or more
likely the use of different reference controls (the polystyrene culture dish vs. the Ti6Al4V alloy) or different cell
lines. Unlike non-tumour osteoblast cell line hFOB 1.19, the SAOS-2 cell line is derived from a malignant bone
tumour and has various chromosomal abnormalities and gene mutations®®’¢, resulting in different cell behav-
iour in response to the same culture substrate or in response to the same culture conditions, with SAOS-2 cells
expressing the most mature osteoblastic phenotype””. The differences between non-tumour and tumour-derived
osteoblast cell lines have been thoroughly discussed in a recent publication by Nemcakova et al.”®.

Functionalization of the O-NCD coating with BMP-7 markedly improved the osteogenic maturation of
hFOB 1.19 cells in vitro, which was confirmed by the elevation of all osteogenic markers evaluated in the present
study. In complete agreement with our results, other studies have also reported improved osteogenic properties
of various Ti-based materials with immobilized BMP-7 molecules on their surfaces. Rat primary osteoblasts,
human bone marrow mesenchymal stem cells and mouse MC3T3-E1 pre-osteoblasts cultured on these materials
showed increased ALP activity, increased osteocalcin and osteopontin expression, as well as increased matrix
mineralization in vitro®*7*%.
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Figure 5. The morphology of distal rabbit femur one year after implantation. Complete embedding of the
screw by the bone is visible (top row). The tissue in the contact with the head is partly cartilaginous (middle
row), while the tip is covered by newly-formed bone (bottom row). Van Gieson/orcein staining (top row) and
hematoxylin-eosin staining, scale bars 1 mm (top row) and 200 pum (remaining panels). Control = unoperated
side.

In vivo tissue response to various implant surfaces. The tissue reaction in the vicinity of an implant
is a multifactorial and multistep process. Its morphological appearance is closely related to the character, com-
position and structure of the implant surface and to the duration of implantation®#2. The granulation tissue and
the formation of the woven bone around the implant are present soon after implantation - after approximately
3 weeks®®3. Remodelling processes characterized by the formation of the mature lamellar bone surrounding the
implant are observed after 4 weeks®%,

SEM analysis of explanted screws showed over 95% of the surface coating intact (confirmed by element analy-
sis, Ti vs. C, data not shown here), confirming the long-term stability of the NCD coating under in vivo condi-
tions. Our preliminary experiments with a healing period of 6 and 12 months showed excellent osseointegration
with a continuous rim formed of trabeculae of lamellar bone (mean thickness 130 um, range 24-152 um) in the
vicinity of the screw in all groups (Fig. 5) with no differences (both for Ti6Al4V and for stainless steel screws,
with and without the O-NCD coating).
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Further attention was therefore focused on earlier time points (4 and 12 weeks). Three groups of animals
(N'=7 per group) received implants first to the right femur, and 8 weeks later received implants from the same
investigated group (either the control Ti6 Al4V, O-NCD-coated Ti6Al4V, or O-NCD + BMP-7-coated Ti6 Al4V)
to the left femur, thus reducing the experimental variation and also the numbers of animals in the experiment.
After an additional period of 4 weeks, a non-destructive ex vivo whole specimen 2D/3D visualization and analysis
was performed by micro-CT. Another advantage of micro-CT 3D visualization is that it may also improve the
preparation of subsequent histological sections (i.e., the position and the orientation of the section). The micro-
CT results (Fig. 6) showed clear temporal progress in osseointegration. The extent of trabecular bone in contact
with the O-NCD-coated implants was clearly and consistently higher than in the bare Ti6Al4V implants. A
further increase in the extent of bone formation and in the thickness of the newly-formed bone in direct contact
with the implant surface was observed in the O-NCD + BMP-7 implants at both 4-week and 12-week time points.

Serial histological sections (Fig. 7) also confirmed the observation from the micro-CT revealing greater
thickness of the newly-formed bone on the O-NCD with a further increase on the O-NCD + BMP-7 surface at
both time intervals. There was no foreign body reaction on the surface of the coated implants, and we did not
observe any coating detachment with loose parts containing nanodiamonds on or in the bone. Similarly to our
observations, good agreement between the micro-CT results and the histology results in the evaluation of the
bone-implant contact analysis has also been reported in other studies®-*". The more detailed histology results
(Fig. 7) also showed that the mineralization of the connective tissue progressed from the head of the screw
towards the tip. The tissue found around the head was histologically hyaline cartilage (from the joint cartilage),
with the cavity in the screw head often filled by newly-formed fibrocartilage, which was also formed in the joint
capsule that came into contact with the implant. At 4 weeks, the discontinuous rim of the lamellar bone-forming
trabeculae and areas of the bone marrow circumscribed by a thin layer of collagen connective tissue was present
around the screw. A thin rim of fibrous tissue continuing to the bone marrow covered the tip of the screw. A
downward arrangement of osseointegration of this type has also been observed in other publications®*. At
12 weeks, the continuous rim of the newly-formed lamellar bone was present in most of the implants, including
the area of the tip.

We quantified the thickness of newly-formed bone in all three experimental groups by measuring, for
consistency, the region of the mid-shaft of the screw (illustrated by green circles in Fig. 7). In all groups, the
thickness increased between 4 and 12 weeks (paired t-test, p <0.05, Fig. 8). There was a significant difference
between bare metal and coated implants at 4 weeks, while at 12 weeks, the difference was only significant for
the O-NCD + BMP-7 group (Fig. 8). At both time points, the layer of the newly-formed bone was significantly
thicker in the O-NCD + BMP-7 implants compared to the O-NCD group.

The faster bone formation promoted by the O-NCD coating observed in our study was also reported by Kloss
et al. After 4 weeks of implantation in sheep calvarias, O-NCD-coated Ti dental implants showed a thicker layer
of mineralized osseous tissue than uncoated Ti implants®. By contrast, two other studies investigating the effect
of NCD coatings on the osseointegration of Ti6 Al4V implants in domestic pigs or in New Zealand white rabbits
failed to show any positive effect of NCD coatings®***. Moreover, the NCD-coated implants became osseointe-
grated at a later time point than the uncoated implants®. This discrepancy with our results can be explained by
the use of NCD coatings without the post-deposition oxygen plasma treatment that was applied in our study.
The as-deposited NCD diamond coatings are generally hydrogen-terminated. A comparison of the wettability
of NCD coatings with various post-deposition treatments showed that both the as-deposited NCD coatings and
the hydrogenated NCD coatings were less hydrophilic than the oxygen plasma-treated O-NCD coating®**°. The
hydrophilic O-NCD films improved the adsorption of cell-adhesion-mediating proteins, and showed two times
higher biological activity and better cell adhesion, proliferation and osteogenic differentiation in vitro than the
H-NCD films**®. An oxidized NCD coating should therefore also better promote osseointegration in vivo than
an as-deposited NCD coating or an additionally hydrogenated NCD coating. Indeed, the study by Kloss et al.
confirms this explanation. While the O-NCD-coated implants promoted new bone formation better than the
uncoated implants, the H-NCD-coated implants showed even less bone formation than the uncoated implants.
Moreover, although the O-NCD-coated implants were overlaid with a thick layer of mineralized osseous tissue,
the H-NCD-coated implants were covered with accumulating fibrous tissue®.

The functionalization of O-NCD-coated implants with BMP-7 protein further increased the thickness of
the newly-formed bone, as was confirmed by both micro-CT and histological analysis in our study. A recent
publication has also shown accelerated new bone formation induced by calcium phosphate + BMP-7-coated Ti
implants in goats with osteoporotic-like bones within the first month after implantation®. Similar results have
been reported in some other publications, where BMP-7-modified Ti or Ta implants promoted faster new bone
formation in dog jaws or in rabbit femurs, respectively, than the control metallic implants without BMP-7%4-6,
These results suggest that biological functionalization of bone or dental implants with a strong osteogenic fac-
tor such as BMP-7 protein can markedly accelerate the post-surgical healing process. This can be especially
important in patients with a hostile bony environment caused by a disease like osteoporosis. However, it is
important to mention that the osseointegration process depends on the selected animal model, and this affects
the extrapolation of healing dynamics from animal studies to humans. Botticelli et al. have reported that bone
healing occurred much faster in smaller mammals such as rabbits than in humans®.

Conclusions and further perspectives

Material and morphological analyses have shown the conformal nanocrystalline diamond coating of Ti6Al4V
plates and Ti6Al4V screws with a fine nanostructured diamond morphology. AFM confirmed the homogene-
ous coating and the tight binding of BMP-7 molecules on diamond surfaces. It also revealed the nanostructured
morphology of the adsorbed BMP-7 layer, where molecules lie on the surface and form nanoscale aggregates. A
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Figure 6. Micro-CT images of implants after 4 and 12 weeks. Two representative cases from each group are
shown in longitudinal sections. Increased bone coverage progressing from the screw head towards its tip is
evident in all groups. There is clearly more implant coverage in the O-NCD-coated group than in the reference
uncoated Ti6Al4V group, and the thickness of the newly-formed bone in contact with the surface of the screw
is enhanced in the O-NCD + BMP-7-coated group, especially the tip of the screw. Note also the less mineralized
cartilage filling the head of the screw. Scale bar 1 mm.
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Figure 7. The histology of the implant site 4 and 12 weeks after the procedure. In contrast to bare metal
implants, both coatings promoted bone formation at the screw tip at 4 weeks. Increased thickness of the newly-
formed bone is evident in the O-NCD-coated group with a further increase in the O-NCD + BMP-7-coated
group in both time intervals, confirming the micro-CT data (Fig. 6). The panel on the left shows the whole
implant in elastin staining at low magnification, and the panel on the right shows higher power views from the
region of the head and the tip (hematoxylin-eosin staining). Empty spaces correspond to fat cells in the bone
marrow. Boxes indicate the approximate position of the high-power views taken on the sister sections. Green
circles indicate points of measurements for quantification. Scale bars 1 mm (overview images), 100 um (high
power views).

combination of in vitro and in vivo data has shown (1) no adverse effect of an oxidized nanocrystalline diamond
coating with good long-term stability and tolerance and (2) the possibility of functionalizing this O-NCD coating
with BMP-7 protein, resulting in a considerable increase in mineralization of the matrix in vitro and significantly
faster osseointegration in vivo. Implants coated by nanocrystalline diamond, especially with further function-
alization with bioactive molecules, such as BMP-7, can provide significant added value and medical benefits in
clinical applications such as orthopaedic or dental implants (1) by promoting faster osseointegration resulting
in better bone healing with the possibility of earlier loading, and (2) by limiting allergic reactions to the metal
by shielding it from the immune system, which can also be expected (and which could be an interesting topic
for further studies).
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Figure 8. Quantification of newly formed bone at mid-shaft at 4 and 12 weeks after the implantation.
Mean+S.E.M., *p<0.05 vs. Ti6AL4V, #p <0.05 vs. O-NCD (unpaired two-tailed t-test).
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Received: 15 November 2021; Accepted: 18 March 2022
Published online: 28 March 2022

References

1.

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Katti, K. S. Biomaterials in total joint replacement. Colloids Surf. B Biointerfaces 39, 133-142. https://doi.org/10.1016/j.colsurfb.
2003.12.002 (2004).

Geetha, M., Singh, A. K., Asokamani, R. & Gogia, A. K. Ti based biomaterials, the ultimate choice for orthopaedic implants - A
review. Prog. Mater. Sci. 54, 397-425. https://doi.org/10.1016/j.pmatsci.2008.06.004 (2009).

Navarro, M., Michiardi, A., Castano, O. & Planell, J. A. Biomaterials in orthopaedics. J. R. Soc. Interface 5, 1137-1158. https://doi.
org/10.1098/1sif.2008.0151 (2008).

. Hanawa, T. Metal ion release from metal implants. Mater. Sci. Eng. C-Mater. Biol. Appl. 24, 745-752. https://doi.org/10.1016/j.

msec.2004.08.018 (2004).

. Jinno, T., Goldberg, V. M., Davy, D. & Stevenson, S. Osseointegration of surface-blasted implants made of titanium alloy and

cobalt-chromium alloy in a rabbit intramedullary model. J. Biomed. Mater. Res. 42, 20-29. https://doi.org/10.1002/(sici)1097-
4636(199810)42:1%3c20::aid-jbm4%3e3.0.co;2-q (1998).

. Evans, J. T. et al. How long does a hip replacement last? A systematic review and meta-analysis of case series and national registry

reports with more than 15 years of follow-up. Lancet 393, 647-654. https://doi.org/10.1016/S0140-6736(18)31665-9 (2019).

. Quinn, J., McFadden, R., Chan, C.-W. & Carson, L. Titanium for orthopedic applications: An overview of surface modification to

improve biocompatibility and prevent bacterial biofilm formation. iScience 23, 101745. https://doi.org/10.1016/j.isci.2020.101745
(2020).

. Bral, A. & Mommaerts, M. Y. In vivo biofunctionalization of titanium patient-specific implants with nano hydroxyapatite and

other nano calcium phosphate coatings: A systematic review. J. Cranio-Maxillofac. Surg. 44, 400-412. https://doi.org/10.1016/j.
jems.2015.12.004 (2016).

. Arcos, D. & Vallet-Regi, M. Substituted hydroxyapatite coatings of bone implants. J. Mater. Chem. B 8, 1781-1800. https://doi.org/

10.1039/c9tb02710f (2020).

Mohammadi, H., Muhamad, N., Sulong, A. & Ahmadipour, M. Recent advances on biofunctionalization of metallic substrate
using ceramic coating: How far are we from clinically stable implant?. J. Taiwan Inst. Chem. Eng. 118, 254-270. https://doi.org/10.
1016/j.jtice.2021.01.013 (2021).

Doubkova, M., Nemcakova, I, Jirka, I, Brezina, V. & Bacakova, L. Silicalite-1 layers as a biocompatible nano- and micro-structured
coating: An in vitro study on MG-63 cells. Materials 12, 3583. https://doi.org/10.3390/ma12213583 (2019).

Kopova, 1., Kronek, J., Bacakova, L. & Fencl, J. A cytotoxicity and wear analysis of trapeziometacarpal total joint replacement
implant consisting of DLC-coated Co-Cr-Mo alloy with the use of titanium gradient interlayer. Diamond Relat. Mater. https://
doi.org/10.1016/j.diamond.2019.107456 (2019).

Orrit-Prat, J. et al. Bactericidal silver-doped DLC coatings obtained by pulsed filtered cathodic arc co-deposition. Surf. Coat.
Technol. https://doi.org/10.1016/j.surfcoat.2021.126977 (2021).

Kopova, I., Bacakova, L., Lavrentiev, V. & Vacik, J. Growth and potential damage of human bone-derived cells on fresh and aged
fullerene C-60 films. Int. J. Mol. Sci. 14, 9182-9204. https://doi.org/10.3390/ijms14059182 (2013).

Kopova, I, Lavrentiev, V., Vacik, J. & Bacakova, L. Growth and potential damage of human bone-derived cells cultured on fresh
and aged C60/Ti films. PLoS ONE 10, e0123680. https://doi.org/10.1371/journal.pone.0123680 (2015).

Thukkaram, M. et al. Investigation of Ag/a-C: H nanocomposite coatings on titanium for orthopedic applications. ACS Appl. Mater.
Interfaces. 12, 23655-23666. https://doi.org/10.1021/acsami.9b23237 (2020).

Szunerits, S., Nebel, C. E. & Hamers, R. J. Surface functionalization and biological applications of CVD diamond. MRS Bull. 39,
517-524. https://doi.org/10.1557/mrs.2014.99 (2014).

Bacakova, L. et al. Bone cells in cultures on nanocarbon-based materials for potential bone tissue engineering: A review. Phys.
Status Solidi A 211, 2688-2702. https://doi.org/10.1002/pssa.201431402 (2014).

Erdemir, A. & Martin, J. M. Superior wear resistance of diamond and DLC coatings. Curr. Opin. Solid State Mater. Sci. 22, 243-254.
https://doi.org/10.1016/j.cossms.2018.11.003 (2018).

Papo, M. J., Catledge, S. A. & Vohra, Y. K. Mechanical wear behavior of nanocrystalline and multilayer diamond coatings on
temporomandibular joint implants. J. Mater. Sci. - Mater. Med. 15, 773-777. https://doi.org/10.1023/B:JMSM.0000032817.05997.
d2 (2004).

Scientific Reports |

(2022) 12:5264 | https://doi.org/10.1038/s41598-022-09183-z nature portfolio


https://doi.org/10.1016/j.colsurfb.2003.12.002
https://doi.org/10.1016/j.colsurfb.2003.12.002
https://doi.org/10.1016/j.pmatsci.2008.06.004
https://doi.org/10.1098/rsif.2008.0151
https://doi.org/10.1098/rsif.2008.0151
https://doi.org/10.1016/j.msec.2004.08.018
https://doi.org/10.1016/j.msec.2004.08.018
https://doi.org/10.1002/(sici)1097-4636(199810)42:1%3c20::aid-jbm4%3e3.0.co;2-q
https://doi.org/10.1002/(sici)1097-4636(199810)42:1%3c20::aid-jbm4%3e3.0.co;2-q
https://doi.org/10.1016/S0140-6736(18)31665-9
https://doi.org/10.1016/j.isci.2020.101745
https://doi.org/10.1016/j.jcms.2015.12.004
https://doi.org/10.1016/j.jcms.2015.12.004
https://doi.org/10.1039/c9tb02710f
https://doi.org/10.1039/c9tb02710f
https://doi.org/10.1016/j.jtice.2021.01.013
https://doi.org/10.1016/j.jtice.2021.01.013
https://doi.org/10.3390/ma12213583
https://doi.org/10.1016/j.diamond.2019.107456
https://doi.org/10.1016/j.diamond.2019.107456
https://doi.org/10.1016/j.surfcoat.2021.126977
https://doi.org/10.3390/ijms14059182
https://doi.org/10.1371/journal.pone.0123680
https://doi.org/10.1021/acsami.9b23237
https://doi.org/10.1557/mrs.2014.99
https://doi.org/10.1002/pssa.201431402
https://doi.org/10.1016/j.cossms.2018.11.003
https://doi.org/10.1023/B:JMSM.0000032817.05997.d2
https://doi.org/10.1023/B:JMSM.0000032817.05997.d2

www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Budil, J. et al. Anti-adhesive properties of nanocrystalline diamond films against Escherichia coli bacterium: Influence of surface
termination and cultivation medium. Diam. Relat. Mater. 83, 87-93. https://doi.org/10.1016/j.diamond.2018.02.001 (2018).
Jakubowski, W., Bartosz, G., Niedzielski, P., Szymanski, W. & Walkowiak, B. Nanocrystalline diamond surface is resistant to bacte-
rial colonization. Diam. Relat. Mater. 13, 1761-1763. https://doi.org/10.1016/j.diamond.2004.03.003 (2004).

Medina, O. et al. Bactericide and bacterial anti-adhesive properties of the nanocrystalline diamond surface. Diam. Relat. Mater.
22, 77-81. https://doi.org/10.1016/j.diamond.2011.12.022 (2012).

Rifai, A. et al. Engineering the interface: Nanodiamond coating on 3d-printed titanium promotes mammalian cell growth and
inhibits Staphylococcus aureus colonization. ACS Appl. Mater. Interfaces. 11, 24588-24597. https://doi.org/10.1021/acsami.9b070
64 (2019).

Amaral, M. et al. Nanocrystalline diamond: In vitro biocompatibility assessment by MG63 and human bone marrow cells cultures.
J. Biomed. Mater. Res. Part A 87A, 91-99. https://doi.org/10.1002/jbm.a.31742 (2008).

Ivanova, L. et al. Nanocrystalline diamond containing hydrogels and coatings for acceleration of osteogenesis. Diam. Relat. Mater.
20, 165-169. https://doi.org/10.1016/j.diamond.2010.11.020 (2011).

Kalbacova, M., Rezek, B., Baresova, V., Wolf-Brandstetter, C. & Kromka, A. Nanoscale topography of nanocrystalline diamonds
promotes differentiation of osteoblasts. Acta Biomater. 5, 3076-3085. https://doi.org/10.1016/j.actbio.2009.04.020 (2009).
Liskova, J. et al. Osteogenic cell differentiation on H-terminated and O-terminated nanocrystalline diamond films. Int. J. Nanomed.
10, 869-884. https://doi.org/10.2147/ijn.s73628 (2015).

Steinerova, M. et al. Human osteoblast-like SAOS-2 cells on submicron-scale fibers coated with nanocrystalline diamond films.
Mater. Sci. Eng. C-Mater. Biol. Appl. https://doi.org/10.1016/j.msec.2020.111792 (2021).

Kloss, F. R. et al. The role of oxygen termination of nanocrystalline diamond on immobilisation of BMP-2 and subsequent bone
formation. Biomaterials 29, 2433-2442. https://doi.org/10.1016/j.biomaterials.2008.01.036 (2008).

Jaatinen, J. J. P. et al. Early bone growth on the surface of titanium implants in rat femur is enhanced by an amorphous diamond
coating. Acta Orthop. 82, 499-503. https://doi.org/10.3109/17453674.2011.579522 (2011).

Metzler, P. et al. Nano-crystalline diamond-coated titanium dental implants - A histomorphometric study in adult domestic pigs.
J. Craniomaxillofac. Surg. 41, 532-538. https://doi.org/10.1016/j.jcms.2012.11.020 (2013).

Rupprecht, S. et al. The bone-metal interface of defect and press-fit ingrowth of microwave plasma-chemical vapor deposition
implants in the rabbit model. Clin. Oral Implants Res. 16, 98-104. https://doi.org/10.1111/j.1600-0501.2004.01079.x (2005).
Smeets, R. et al. Impact of dental implant surface modifications on osseointegration. Biomed. Res. Int. 2016, 6285620. https://doi.
0rg/10.1155/2016/6285620 (2016).

Cecchi, S., Bennet, S. J. & Arora, M. Bone morphogenetic protein-7: Review of signalling and efficacy in fracture healing. . Ortho-
paed. Transl. 4, 28-34. https://doi.org/10.1016/j.jot.2015.08.001 (2015).

Maliakal, J. C., Asahina, L., Hauschka, P. V. & Sampath, T. K. Osteogenic protein-1 (BMP-7) inhibits cell proliferation and stimulates
the expression of markers characteristic of osteoblast phenotype in rat osteosarcoma (17/2.8) cells. Growth Factors 11, 227-234.
https://doi.org/10.3109/08977199409046920 (1994).

Sampath, T. K. et al. Recombinant human osteogenic protein-1 (hOP-1) induces new bone formation in vivo with a specific activ-
ity comparable with natural bovine osteogenic protein and stimulates osteoblast proliferation and differentiation in vitro. J. Biol.
Chem. 267, 20352-20362 (1992).

Zhang, F. et al. The optimal dose of recombinant human osteogenic protein-1 enhances differentiation of mouse osteoblast-like
cells: An in vitro study. Arch. Oral Biol. 57, 460-468. https://doi.org/10.1016/j.archoralbio.2011.10.008 (2012).

Al-Jarsha, M. et al. Engineered coatings for titanium implants to present ultralow doses of BMP-7. ACS Biomater. Sci. Eng. 4,
1812-1819. https://doi.org/10.1021/acsbiomaterials.7b01037 (2018).

Lee, H., Min, S. K., Song, Y., Park, Y. H. & Park, J. B. Bone morphogenetic protein-7 upregulates genes associated with osteoblast
differentiation, including collagen I, Sp7 and IBSP in gingiva-derived stem cells. Exp. Ther. Med. 18, 2867-2876. https://doi.org/
10.3892/etm.2019.7904 (2019).

Sun, H. L. et al. Osteogenic differentiation of human amniotic fluid-derived stem cells induced by bone morphogenetic protein-7
and enhanced by nanofibrous scaffolds. Biomaterials 31, 1133-1139. https://doi.org/10.1016/j.biomaterials.2009.10.030 (2010).
Chen, F. G. et al. Bone morphogenetic protein 7-transduced human dermal-derived fibroblast cells differentiate into osteoblasts
and form bone in vivo. Connect. Tissue Res. 59, 223-232. https://doi.org/10.1080/03008207.2017.1353085 (2018).

Chen, F G. et al. Bone morphogenetic protein 7 enhances the osteogenic differentiation of human dermal-derived CD105(+)
fibroblast cells through the Smad and MAPK pathways. Int. J. Mol. Med. 43, 37-46. https://doi.org/10.3892/ijmm.2018.3938 (2019).
Leknes, K. N. et al. Alveolar ridge augmentation using implants coated with recombinant human bone morphogenetic protein-7
(rhBMP-7/thOP-1): Radiographic observations. J. Clin. Periodontol. 35, 914-919. https://doi.org/10.1111/j.1600-051X.2008.01308.x
(2008).

Susin, C. et al. Alveolar ridge augmentation using implants coated with recombinant human bone morphogenetic protein-7
(rhBMP-7/rhOP-1): Histological observations. J. Clin. Periodontol. 37, 574-581. https://doi.org/10.1111/j.1600-051X.2010.01554.x
(2010).

Wang, Q. et al. Application of combined porous tantalum scaffolds loaded with bone morphogenetic protein 7 to repair of osteo-
chondral defect in rabbits. Int. Orthop. 42, 1437-1448. https://doi.org/10.1007/s00264-018-3800-7 (2018).

Schierano, G. et al. Role of hBMP-7, fibronectin, and type I collagen in dental implant osseointegration process: An initial pilot
study on minipig animals. Materials. https://doi.org/10.3390/ma14092185 (2021).

Terheyden, H., Jepsen, S., Moller, B., Tucker, M. M. & Rueger, D. C. Sinus floor augmentation with simultaneous placement of dental
implants using a combination of deproteinized bone xenografts and recombinant human osteogenic protein-1 - A histometric
study in miniature pigs. Clin. Oral Implant Res. 10, 510-521. https://doi.org/10.1034/j.1600-0501.1999.100609.x (1999).
Cloutier, M. et al. Calvarial bone wound healing: A comparison between carbide and diamond drills, Er:YAG and Femtosecond
lasers with or without BMP-7. Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 110, 720-728. https://doi.org/10.1016/j.
tripleo.2010.04.003 (2010).

Girard, B. et al. Microtomographic analysis of healing of femtosecond laser bone calvarial wounds compared to mechanical instru-
ments in mice with and without application of BMP-7. Lasers Surg. Med. 39, 458-467. https://doi.org/10.1002/1sm.20493 (2007).
Hoellig, M. et al. Mesenchymal stem cells from reaming material possess high osteogenic potential and react sensitively to bone
morphogenetic protein 7. J. Appl. Biomater. Funct. Mater. 15, E54-E62. https://doi.org/10.5301/jabfm.5000333 (2017).
Westhauser, E et al. Bone formation of human mesenchymal stem cells harvested from reaming debris is stimulated by low-dose
bone morphogenetic protein-7 application in vivo. J. Orthop. 13, 404-408. https://doi.org/10.1016/j.jor.2016.08.002 (2016).
Desmyter, S., Goubau, Y., Benahmed, N., De Wever, A. & Verdonk, R. The role of bone morphogenetic protein-7 (osteogenic
protein-1 (r)) in the treatment of tibial fracture non-unions - An overview of the use in Belgium. Acta Orthop. Belg. 74, 534-537
(2008).

Singh, R., Bleibleh, S., Kanakaris, N. K. & Giannoudis, P. V. Upper limb non-unions treated with BMP-7: Efficacy and clinical
results. Injury-Int. J. Care Injured 47, S33-S39. https://doi.org/10.1016/s0020-1383(16)30837-3 (2016).

Kozak, H. et al. Chemical modifications and stability of diamond nanoparticles resolved by infrared spectroscopy and Kelvin force
microscopy. J. Nanopart. Res. 15, 1568. https://doi.org/10.1007/s11051-013-1568-7 (2013).

Rezek, B., Michalikovd, L., Ukraintsev, E., Kromka, A. & Kalbacova, M. Micro-pattern guided adhesion of osteoblasts on diamond
surfaces. Sensors 9, 3549-3562 (2009).

Scientific Reports |

(2022) 12:5264 | https://doi.org/10.1038/s41598-022-09183-z nature portfolio


https://doi.org/10.1016/j.diamond.2018.02.001
https://doi.org/10.1016/j.diamond.2004.03.003
https://doi.org/10.1016/j.diamond.2011.12.022
https://doi.org/10.1021/acsami.9b07064
https://doi.org/10.1021/acsami.9b07064
https://doi.org/10.1002/jbm.a.31742
https://doi.org/10.1016/j.diamond.2010.11.020
https://doi.org/10.1016/j.actbio.2009.04.020
https://doi.org/10.2147/ijn.s73628
https://doi.org/10.1016/j.msec.2020.111792
https://doi.org/10.1016/j.biomaterials.2008.01.036
https://doi.org/10.3109/17453674.2011.579522
https://doi.org/10.1016/j.jcms.2012.11.020
https://doi.org/10.1111/j.1600-0501.2004.01079.x
https://doi.org/10.1155/2016/6285620
https://doi.org/10.1155/2016/6285620
https://doi.org/10.1016/j.jot.2015.08.001
https://doi.org/10.3109/08977199409046920
https://doi.org/10.1016/j.archoralbio.2011.10.008
https://doi.org/10.1021/acsbiomaterials.7b01037
https://doi.org/10.3892/etm.2019.7904
https://doi.org/10.3892/etm.2019.7904
https://doi.org/10.1016/j.biomaterials.2009.10.030
https://doi.org/10.1080/03008207.2017.1353085
https://doi.org/10.3892/ijmm.2018.3938
https://doi.org/10.1111/j.1600-051X.2008.01308.x
https://doi.org/10.1111/j.1600-051X.2010.01554.x
https://doi.org/10.1007/s00264-018-3800-7
https://doi.org/10.3390/ma14092185
https://doi.org/10.1034/j.1600-0501.1999.100609.x
https://doi.org/10.1016/j.tripleo.2010.04.003
https://doi.org/10.1016/j.tripleo.2010.04.003
https://doi.org/10.1002/lsm.20493
https://doi.org/10.5301/jabfm.5000333
https://doi.org/10.1016/j.jor.2016.08.002
https://doi.org/10.1016/s0020-1383(16)30837-3
https://doi.org/10.1007/s11051-013-1568-7

www.nature.com/scientificreports/

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Rezek, B. et al. Adsorption of fetal bovine serum on H/O-terminated diamond studied by atomic force microscopy. Diam. Relat.
Mater. 18, 918-922. https://doi.org/10.1016/j.diamond.2009.02.009 (2009).

Domonkos, M. et al. Diamond nucleation and growth on horizontally and vertically aligned Si substrates at low pressure in a linear
antenna microwave plasma system. Diam. Relat. Mater. 82, 41-49. https://doi.org/10.1016/j.diamond.2017.12.018 (2018).
Ukraintsev, E., Rezek, B., Kromka, A., Broz, A. & Kalbacova, M. Long-term adsorption of fetal bovine serum on H/O-terminated
diamond studied in situ by atomic force microscopy. Phys. Status Solidi (B) 246, 2832-2835. https://doi.org/10.1002/pssb.20098
2257 (2009).

Harris, S. A., Enger, R. ., Riggs, B. L. & Spelsberg, T. C. Development and characterization of a conditionally immortalized human
fetal osteoblastic cell-line. J. Bone Miner. Res. 10, 178-186. https://doi.org/10.1002/jbmr.5650100203 (1995).

Subramaniam, M. et al. Further characterization of human fetal osteoblastic hFOB 1.19 and hFOB/ER alpha cells: Bone formation
in vivo and karyotype analysis using multicolor fluorescent in situ hybridization. J. Cell. Biochem. 87, 9-15. https://doi.org/10.
1002/jcb.10259 (2002).

Bohuslavova, R. et al. HIF-1 alpha is required for development of the sympathetic nervous system. Proc. Natl. Acad. Sci. U.S.A.
116, 13414-13423. https://doi.org/10.1073/pnas.1903510116 (2019).

Kubikova, T. et al. Comparison of ground sections, paraffin sections and micro-CT imaging of bone from the epiphysis of the
porcine femur for morphometric evaluation. Ann. Anat.-Anat. Anzeiger 220, 85-96. https://doi.org/10.1016/j.aanat.2018.07.004
(2018).

Wohl, A. P, Troilo, H., Collins, R. E, Baldock, C. & Sengle, G. Extracellular regulation of bone morphogenetic protein activity by
the microfibril component fibrillin-1. J. Biol. Chem. 291, 12732-12746. https://doi.org/10.1074/jbc.M115.704734 (2016).

Kozak, H. et al. Infrared absorption spectroscopy of albumin binding with amine-containing plasma polymer coatings on nano-
porous diamond surfaces. Langmuir 35, 13844-13852. https://doi.org/10.1021/acs.langmuir.9b02327 (2019).

Ohyashiki, T. et al. Oxygen radical-induced inhibition of alkaline phosphatase activity in reconstituted membranes. Arch. Biochem.
Biophys. 313(2), 310-317. https://doi.org/10.1006/abbi.1994.1393 (1994).

Lee, D. H. et al. Effects of hydrogen peroxide (H202) on alkaline phosphatase activity and matrix mineralization of odontoblast
and osteoblast cell lines. Cell Biol. Toxicol. 22(1), 39-46. https://doi.org/10.1007/s10565-006-0018-z (2006).

Hoshino, T. et al. Low serum alkaline phosphatase activity associated with severe Wilson’s disease. Is the breakdown of alkaline
phosphatase molecules caused by reactive oxygen species?. Clin. Chim. Acta 238(1), 91-100. https://doi.org/10.1016/0009-8981(95)
06073-m (1995).

Farley, J. R., Hall, S. L., Tanner, M. A. & Wergedal, J. E. Specific activity of skeletal alkaline phosphatase in human osteoblast-line
cells regulated by phosphate, phosphate esters, and phosphate analogs and release of alkaline phosphatase activity inversely regu-
lated by calcium. J. Bone Miner. Res. 9(4), 497-508. https://doi.org/10.1002/jbmr.5650090409 (1994).

Ball, V. Activity of alkaline phosphatase adsorbed and grafted on “polydopamine” films. J. Colloid Interface Sci. 429, 1-7. https://
doi.org/10.1016/j.jcis.2014.05.002 (2014).

Phimphilai, M., Zhao, Z., Boules, H., Roca, H. & Franceschi, R. T. BMP signaling is required for RUNX2-dependent induction of
the osteoblast phenotype. J. Bone Miner. Res. 21, 637-646. https://doi.org/10.1359/jbmr.060109 (2006).

Carvalho, M. S., Cabral, J. M. S., da Silva, C. L. & Vashishth, D. Bone matrix non-collagenous proteins in tissue engineering: Creat-
ing new bone by mimicking the extracellular matrix. Polymers Basel. https://doi.org/10.3390/polym13071095 (2021).

Kram, V. et al. Biglycan in the skeleton. J. Histochem. Cytochem. 68, 747-762. https://doi.org/10.1369/0022155420937371 (2020).
Grausova, L. et al. Molecular markers of adhesion, maturation and immune activation of human osteoblast-like MG 63 cells on
nanocrystalline diamond films. Diam. Relat. Mater. 18, 258-263. https://doi.org/10.1016/j.diamond.2008.10.023 (2009).

Kratka, M. et al. Gamma radiation effects on diamond field-effect biosensors with fibroblasts and extracellular matrix. Colloids
Surf. B 204, 111689. https://doi.org/10.1016/j.colsurtb.2021.111689 (2021).

Al-Romaih, K. et al. Chromosomal instability in osteosarcoma and its association with centrosome abnormalities. Cancer Genet.
Cytogenet. 144, 91-99. https://doi.org/10.1016/S0165-4608(02)00929-9 (2003).

Pautke, C. et al. Characterization of osteosarcoma cell lines MG-63, Saos-2 and U-2 OS in comparison to human osteoblasts.
Anticancer Res. 24, 3743-3748 (2004).

Nemcakova, I, Jirka, I., Doubkova, M. & Bacakova, L. Heat treatment dependent cytotoxicity of silicalite-1 films deposited on
Ti-6Al-4V alloy evaluated by bone-derived cells. Sci. Rep. https://doi.org/10.1038/s41598-020-66228-x (2020).

Chen, S. et al. Adenovirus encoding BMP-7 immobilized on titanium surface exhibits local delivery ability and regulates osteoblast
differentiation in vitro. Arch. Oral Biol. 58, 1225-1231. https://doi.org/10.1016/j.archoralbio.2013.03.019 (2013).

Zhou, L., Wu, J., Wu, D. & Yu, J. Surface functionalization of titanium with BMP-7/RGD/hyaluronic acid for promoting osteoblast
functions. J. Biomater. Tissue Eng. 9, 32-39. https://doi.org/10.1166/jbt.2019.1938 (2019).

Franchi, M. et al. Osteogenesis and morphology of the peri-implant bone facing dental implants. Sci. World J. 4, 1083-1095. https://
doi.org/10.1100/tsw.2004.211 (2004).

Witek, L. et al. Assessing osseointegration of metallic implants with boronized surface treatment. Med. Oral Patol. Oral Cir. Bucal.
25, e311-e317. https://doi.org/10.4317/medoral.23175 (2020).

Soto-Penaloza, D. et al. Effect on osseointegration of two implant macro-designs: A histomorphometric analysis of bicortically
installed implants in different topographic sites of rabbit’s tibiae. Med. Oral Patol. Oral Cir. Bucal. 24, ¢502-¢510. https://doi.org/
10.4317/medoral.22825 (2019).

Karazisis, D. et al. The role of well-defined nanotopography of titanium implants on osseointegration: Cellular and molecular
events in vivo. Int. J. Nanomed. 11, 1367-1382. https://doi.org/10.2147/ijn.s101294 (2016).

Bissinger, O. et al. Comparative 3D micro-CT and 2D histomorphometry analysis of dental implant osseointegration in the maxilla
of minipigs. J. Clin. Periodontol. 44, 418-427. https://doi.org/10.1111/jcpe.12693 (2017).

Gabler, C. et al. Quantification of osseointegration of plasma-polymer coated titanium alloyed implants by means of microcom-
puted tomography versus histomorphometry. Biomed. Res. Int. 2015, 103137. https://doi.org/10.1155/2015/103137 (2015).
Schouten, C., Meijer, G. J., van den Beucken, J. J., Spauwen, P. H. & Jansen, J. A. The quantitative assessment of peri-implant bone
responses using histomorphometry and micro-computed tomography. Biomaterials 30, 4539-4549. https://doi.org/10.1016/j.
biomaterials.2009.05.017 (2009).

Linder, L. Osseointegration of metallic implants. I. Light microscopy in the rabbit. Acta Orthop. Scand. 60, 129-134. https://doi.
0rg/10.3109/17453678909149239 (1989).

Yang, J. H. C. & Teii, K. Mechanism of enhanced wettability of nanocrystalline diamond films by plasma treatment. Thin Solid
Films 520, 6566-6570. https://doi.org/10.1016/j.ts£.2012.06.041 (2012).

Grieten, L. et al. Real-time study of protein adsorption on thin nanocrystalline diamond. Phys. Status Solidi (A) 208, 2093-2098.
https://doi.org/10.1002/pssa.201100122 (2011).

Hunziker, E. B. et al. The slow release of BMP-7 at a low dose accelerates dental implant healing in an osteopenic environment.
Eur. Cell Mater. 41, 170-183. https://doi.org/10.22203/eCM.v041al12 (2021).

Botticelli, D. & Lang, N. P. Dynamics of osseointegration in various human and animal models - A comparative analysis. Clin.
Oral Implants Res. 28, 742-748. https://doi.org/10.1111/clr.12872 (2017).

Scientific Reports |

(2022) 12:5264 | https://doi.org/10.1038/s41598-022-09183-z nature portfolio


https://doi.org/10.1016/j.diamond.2009.02.009
https://doi.org/10.1016/j.diamond.2017.12.018
https://doi.org/10.1002/pssb.200982257
https://doi.org/10.1002/pssb.200982257
https://doi.org/10.1002/jbmr.5650100203
https://doi.org/10.1002/jcb.10259
https://doi.org/10.1002/jcb.10259
https://doi.org/10.1073/pnas.1903510116
https://doi.org/10.1016/j.aanat.2018.07.004
https://doi.org/10.1074/jbc.M115.704734
https://doi.org/10.1021/acs.langmuir.9b02327
https://doi.org/10.1006/abbi.1994.1393
https://doi.org/10.1007/s10565-006-0018-z
https://doi.org/10.1016/0009-8981(95)06073-m
https://doi.org/10.1016/0009-8981(95)06073-m
https://doi.org/10.1002/jbmr.5650090409
https://doi.org/10.1016/j.jcis.2014.05.002
https://doi.org/10.1016/j.jcis.2014.05.002
https://doi.org/10.1359/jbmr.060109
https://doi.org/10.3390/polym13071095
https://doi.org/10.1369/0022155420937371
https://doi.org/10.1016/j.diamond.2008.10.023
https://doi.org/10.1016/j.colsurfb.2021.111689
https://doi.org/10.1016/S0165-4608(02)00929-9
https://doi.org/10.1038/s41598-020-66228-x
https://doi.org/10.1016/j.archoralbio.2013.03.019
https://doi.org/10.1166/jbt.2019.1938
https://doi.org/10.1100/tsw.2004.211
https://doi.org/10.1100/tsw.2004.211
https://doi.org/10.4317/medoral.23175
https://doi.org/10.4317/medoral.22825
https://doi.org/10.4317/medoral.22825
https://doi.org/10.2147/ijn.s101294
https://doi.org/10.1111/jcpe.12693
https://doi.org/10.1155/2015/103137
https://doi.org/10.1016/j.biomaterials.2009.05.017
https://doi.org/10.1016/j.biomaterials.2009.05.017
https://doi.org/10.3109/17453678909149239
https://doi.org/10.3109/17453678909149239
https://doi.org/10.1016/j.tsf.2012.06.041
https://doi.org/10.1002/pssa.201100122
https://doi.org/10.22203/eCM.v041a12
https://doi.org/10.1111/clr.12872

www.nature.com/scientificreports/

Acknowledgements

Kind technical assistance with SEM by Rajisa Jackivova (Institute of Physics) and Jarmila Svatunkova with the
in vivo protocols (Institute of Physiology) is gratefully appreciated. This study was initially supported by the
Czech Health Research Council, Ministry of Health of the Czech Republic (grant No. 15-32497A). Then the work
continued with partial support from Operational Programme Research, Development and Education project No.
SOLID21-CZ.02.1.01/0.0/0.0/16_019/0000760 (Solid21) and CZ.02.1.01/0.0/0.0/16_019/0000778 (CAAS), which
are financed by the European Structural and Investment Funds and the Ministry of Education, Youth and Sports
of the Czech Republic. The study was also supported by the Ministry of Education, Youth and Sports of the Czech
Republic (Progres Q29/LF1) and by the Grant Agency of the Czech Republic (grant No. 21-06065S). We also
acknowledge CzechNanoLab Research Infrastructure supported by MEYS CR (LM2018110), and a project for
International Mobility of Researchers at CTU No. CZ.02.2.69/0.0/0.0/16_027/0008465 (O.B.). Mr. Robin Healey
(Czech Technical University in Prague) is gratefully acknowledged for his language revision of the manuscript.

Author contributions

LB., AK, B.R, D.S.: conception and design of the study. LN., A.L., V.M., M.B,, E.U,, O.B.: methodology. LN,
M.P,, M.D., M.B., E.U., O.B.: acquisition of data. LN., M.D., V.M., M.B., E.U,, O.B., D.S.: data analysis and inter-
pretation. ILN., M.D.: statistics. LN., M.D., M.B,, E.U,, O.B., A.K,, B.R,, D.S.: visualization. A.L., O.N,, V.O., D.S.:
in vivo experiments, surgery. M.P., M.D., B.S.: assistance in in vivo experiments. LN., M.D., M.B., VM., B.R.:
manuscript preparation. M.P,, M.D., L.B., B.R,, D.S.: manuscript review and editing. L.B., D.S., A.K,, B.R.: fund-
ing acquisition. L.B., A.L., AK,, B.R., D.S.: supervision. All authors have contributed to this research, revised it
critically, and approved the final version of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.D. or D.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:5264 | https://doi.org/10.1038/s41598-022-09183-z nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Coating Ti6Al4V implants with nanocrystalline diamond functionalized with BMP-7 promotes extracellular matrix mineralization in vitro and faster osseointegration in vivo
	Materials and methods
	Materials. 
	Sample preparation and characterization—nanocrystalline diamond coating. 
	Sample preparation and characterization—BMP-7 functionalization. 
	In vitro experiments—phenotypic maturation of human osteoblasts hFOB 1.19. 
	In vivo experiments on rabbits. 
	Micro-CT evaluation of the tissue samples. 
	Histological analysis of the tissue samples. 

	Results and discussion
	Characterization of the NCD layer and BMP-7 adhered on NCD. 
	Phenotypic maturation of hFOB 1.19 cells in vitro. 
	In vivo tissue response to various implant surfaces. 

	Conclusions and further perspectives
	References
	Acknowledgements


