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Arfidf—’ history: The rise of additive manufacturing has provided a paradigm shift in the fabrication of precise, patient-
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logical response from such materials for rapid bone integration remains a challenge. Here we propose for
the first time a one-step ion-assisted plasma polymerization process to create bio-functional 3D printed
titanium (Ti) implants that offer rapid bone integration. Using selective laser melting, porous Ti implants

Keywords: with enhanced bone-mimicking mechanical properties were fabricated. The implants were functional-
Multi-functional biomaterials ized uniformly with a highly reactive, radical-rich polymeric coating generated using a unique combi-
Metal 3D printing nation of plasma polymerization and plasma immersion ion implantation. We demonstrated the perfor-
Plasma polymer films mance of such activated Ti implants with a focus on the coating’s homogeneity, stability, and biological

Bone morphogenetic proteins
Bone integration
Scaffolds

functionality. It was shown that the optimized coating was highly robust and possessed superb physico-
chemical stability in a corrosive physiological solution. The plasma activated coating was cytocompatible
and non-immunogenic; and through its high reactivity, it allowed for easy, one-step covalent immobiliza-
tion of functional biomolecules in the absence of solvents or chemicals. The activated Ti implants bio-
functionalized with bone morphogenetic protein 2 (BMP-2) showed a reduced protein desorption and
a more sustained osteoblast response both in vitro and in vivo compared to implants modified through
conventional physisorption of BMP-2. The versatile new approach presented here will enable the develop-
ment of bio-functionalized additively manufactured implants that are patient-specific and offer improved
integration with host tissue.

Statement of Significance

Additive manufacturing has revolutionized the fabrication of patient-specific orthopedic implants. Al-
though such 3D printed implants can show desirable mechanical and mass transport properties, they
often require surface bio-functionalities to enable control over the biological response. Surface covalent
immobilization of bioactive molecules is a viable approach to achieve this. Here we report the devel-
opment of additively manufactured titanium implants that precisely replicate the physical properties of
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native bone and are bio-functionalized in a simple, reagent-free step. Our results show that covalent
attachment of bone-related growth factors through ion-assisted plasma polymerized interlayers circum-
vents their desorption in physiological solution and significantly improves the bone induction by the
implants both in vitro and in vivo.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

The choice for current metallic implants such as titanium
(Ti), stainless steel, and cobalt chromium is based on their high
resistance to mechanical stress and corrosion [1], while their
bio-inert nature circumvents possible toxicity and undesired im-
mune/foreign body responses [2]. However, in addition to the pos-
sibility of metal wear particle release causing gradual implant loos-
ening [3], the poor bone-mimicking properties of current metallic
implants do not facilitate rapid tissue surface bonding and physio-
logically relevant cellular interactions required for optimal integra-
tion with bone [4]. Consequently, the gradual loosening of metal-
lic implants and a loss of biomechanical support remains the most
significant factor limiting their longevity [5]. To illustrate, approx-
imately 25% of all prosthetic implants exhibit loosening even in
the absence of infection (aseptic loosening) during their lifetime
[6]. The revision surgery needed to correct the aseptic failure is
associated with a longer hospital stay, higher cost of treatment,
and increased chance of complications as compared to the primary
surgery, making it a huge socioeconomic burden [7]. The inade-
quate performance of metallic implants imposes an even bigger
challenge when complex-shaped and porous metallic implants are
clinically used as bone replacement materials [8,9]; that is, where
substantial bone ingrowth is required and implant loosening must
be avoided.

The current progress in additive manufacturing (AM) techniques
provides an unprecedented opportunity to produce implants with a
unique combination of mechanical [10], physical [11] and patient-
specific [12] properties. For example, metallic 3D-printed implants
with great potential as improved bioactive implants due to their
ability to promote and sustain tissue ingrowth at the bone-implant
interface have emerged in recent years [8]. In particular, porous
titanium structures, that mimic the bone architecture and me-
chanical properties, are known to promote bone ingrowth [13,14].
Moreover, their Young’s modulus can be precisely adjusted through
rational designs to optimize the load transfer at the bone-implant
interface and to reduce stress-shielding and bone resorption, pro-
viding better long-term bone bonding [9,15]. Additionally, the
fully-interconnected porous structures of these implants have
shown to provide the “guided” bone formation required to serve
as bone substitute materials [8,9,16].

An ideal orthopedic implant not only supports enhanced bone
ingrowth (osteoconduction), but also promotes rapid cell over-
growth by uncommitted progenitor cells and their osteogenic dif-
ferentiation (osteoinduction) [4,17]. Although porous structures
provide a powerful general platform for the design of tunable im-
plants with improved long-term bone integration, they still do not
possess the intrinsic surface functionalities to direct the crucial
cell osteogenic functions in the early post-operative stage. The in-
corporation of bone-inductive growth factors, peptides, inorganic
nanoparticles, chemokines and other biomolecules [4], not only
supports the initial rigid fixation, but also favors the attachment
of host cells to the material surface in “the race for the surface”
against microbial colonization and biofilm formation [18,19].

Biomolecule surface functionalization of metallic surfaces has
been most often carried out through physical adsorption [20,21].
However, for most clinical applications, physical adsorption is

inappropriate, because non-covalently attached biomolecules are
susceptible to desorption or competitive replacement by other
molecules in vivo [20,22-24]. Because the bioactivity of a given
biomolecule depends on its local concentration rather than on the
overall dose applied, desorption of surface adsorbed therapeutic
proteins leads to inefficient treatment in terms of cost effective-
ness, clinical outcomes and side effects [25,26]. To illustrate, even
though the bone morphogenetic protein (BMP)—-2 growth factor is
the single most potent bone-inductive factor identified to date, its
widespread clinical use has been hampered. Its conventional ap-
plication method, that is adsorption to a collagen scaffold, results
in its desorption and leakage into surrounding tissue, hence a sup-
raphysiologic dosage of protein is needed for efficacy in vivo [27].
This in turn raises concerns about high treatment costs [25] and
potentially severe complications such as abnormal bone growth
outside of the intended site [28,29].

Covalent immobilization onto a biomaterial surface offers local-
ized, controlled and cost-effective use of clinically-applied thera-
peutic proteins and other macromolecular therapeutics. Covalent
attachment through chemical linkers is an effective approach, but
the chemistry involved usually demands a complex and cumber-
some multi-step process, the success of attachment is dependent
on the chemical nature of the substrate and biomolecule, and un-
desirable residual chemical compounds may be retained [20,30,31].
Plasma polymerization is a simple, alternative surface functional-
ization approach to wet-chemistry methods for the deposition of
nano- to micrometer-thick polymer films on almost any solid ma-
terial regardless of its shape, chemistry and geometry. This dry, en-
vironmentally friendly process is carried out at room temperature
and produces almost zero waste [20,32]. Ion-assisted plasma poly-
merization (IAPP), in particular, offers the formation of highly ro-
bust polymeric films that contain a high concentration of radicals
[33,34]. IAPP films are fabricated using a combination of plasma
polymerization and plasma immersion ion implantation where the
substrate is negatively biased in a pulsed manner during the depo-
sition process [35,36]. This combination allows for enhanced ion
bombardment during the film growth, thus increasing both the
film-substrate adhesion and the concentration of radicals within
the film structure.

The reactive radicals embedded in the coating gradually mi-
grate to the surface from reservoirs beneath and facilitate direct
covalent attachment of biomolecules through reactions with amino
acid side chains [37]. This strategy allows for the immobilization
of a wide range of bioactive molecules such as peptides [33,34]
and proteins [38] that come into contact with the surface. Another
important advantage of this technology is that this mechanism of
biomolecule immobilization permits control of the density and ori-
entation of molecules on the surface by simply applying an exter-
nal electric field and/or tuning the solution pH [34].

Here, for the first time, we apply IAPP technology to produce
biomimetic porous implants that show strong physical and chemi-
cal stability in biological media. This strategy addresses the clinical
need of orthopedic implants that better resemble the native bone
structure for improved long-term integration, but at the same time
promote the rapid overgrowth by bone (progenitor) cells to pro-
vide rigid fixation. The first aim of this study was to design and
validate the bone-mimicking mechanical and structural properties
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Table 1
Parameters used for porous Ti implant design.
Design name Mathematical equation Solid volume Wall/strut Wall/strut
fraction (%) thickness (pm) distance (um)
Diamond sin(x). sin(y). sin(z) + sin(x). cos(y) . cos(z) + cos (x) sin(y). 27 570 1150
sin(z) + cos(x) sin(y). cos(z) + cos(x) cos(y). sin(z) = 0.48
Cell gyroid sin(x). cos(y) + sin(y). cos(z) + sin(z). cos(x) = 0.65 27 790 1600
Sheet gyroid sin(x). cos(y) + sin(y). cos(z) + sin(z). cos(x) = 0 27 370 1500
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Fig. 1. Porous implant design and mechanical properties. (a) Images of the generated 3D surfaces and the fabricated implants according to the sheet gyroid, gyroid cell and
diamond designs. (b) Average compressive stress-strain curves (n = 5 samples) of different designs of Ti porous implants. The representative stress-strain curves of human

bone were adapted from literature [50].

of porous Ti implants fabricated by rational design principles and
additive manufacturing. The second aim was to demonstrate the
effectiveness of the IAPP approach to functionalize the porous Ti
implants through a highly reactive and robust polymeric interlayer
suitable for immobilization of bioactive molecules. A comprehen-
sive in vitro study was performed to investigate the homogeneity,
reactivity, and stability of the IAPP surfaces. The third aim was
to determine whether covalent biomolecule immobilization onto
the implants through IAPP resulted in an improved osteogenic re-
sponse as compared to physical biomolecule adsorption. The bio-
compatibility and bioactivity of the newly functionalized implants
were investigated both in vitro and in vivo.

2. Materials and methods
2.1. Rational design and printing of porous TI implants

2.1.1. Design

We used three topological designs based on triply periodic
minimal surfaces (TPMS) which have zero mean surface curva-
ture to mimic the curvature of trabecular bone [39]. These highly
biomimetic designs were developed based on the mathematical
equations shown in Table 1. The surfaces of these designs were
generated using a 3D surface generator program (K3DSurf, http:
/[k3dsurf.sourceforge.net/), as seen in Fig. 1A. The surfaces were
exported so as to be compatible with Magics software (material-
ize, Leuven, Belgium). Using Magics, thickness/volume was created
and smoothened until porous structures were achieved. The final
implants used for in vitro and in vivo experiments had a cylindri-
cal porous geometry (diameter ~ 10 mm and height ~ 4 mm).

2.1.2. Selective laser melting (SLM)
The 3D files were sliced into 30 um layers by materialize Mag-
ics software and used to build 3D metal components using the Se-

lective Laser Melting (SLM) technique from commercially pure Ti
powder (CP-Ti, grade 1, LPW Ltd, Widnes, UK) with a particle size
range of 10 - 45 yum. The SLM was carried out using an Mlab cus-
ing machine (Concept Laser, Lichtenfels, Germany) equipped with
a 100 W continuous fiber laser with a wavelength of 1.06 pm. The
spot size was 50 pum and the process was carried out under inert
argon atmosphere, ensuring an oxygen concentration < 0.3%. For
SLM, a laser power of 42 W and a scanning speed of 180 mmy/s
were used. The laser paths were specifically generated to only pro-
vide non-overlapping contours with hatch distances of 77 pm in
order to create the most consistent scanning parameters.

2.1.3. Morphological characterization

The nominal porosity was measured through dry weighing of
three Ti implants (diameter ~ 10 mm, height ~ 4 mm). The total
porosity of each specimen, ¢, was defined by measuring the appar-
ent density, papp, using the volume and weight of the specimens
and the known density of solid Ti (i.e., Py = 4510 kg/m3) as
@=1- papp | Pbuk- Micro-computed tomography (micro-CT; Quan-
tum FX, PerkinElmer, Waltham, US) using a tube voltage of 90 kV,
a tube current of 180 mA, and a field of view of 10 mm was also
carried out to assess the porosity. Afterwards, the data were anal-
ysed using Bone] plugin (version 1.4.3) in Fiji [39,40].

2.1.4. Mechanical characterization

Compression tests according to ISO 13314:2011 standard
[41] were carried out to assess the mechanical properties of the
printed implants. For this reason, Ti samples different than those
for in vitro and in vivo tests were used, i.e. cubic in shape with di-
mensions of 17 x 17 x 17 mm. A universal Instron machine with
a maximum load of 30 kN and a crosshead displacement speed of
0.5 mm/min was used. The experiments were repeated five times
in order to give a reliable calculation for the quasi elastic gradient
and first maximum compressive strength.
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2.2. lon-assisted plasma polymerization (IAPP)

2.2.1. IAPP procedure

IAPP deposition was carried out using a custom-made device as
described in detail in our previous publications [33,35]. Ti implants
were suspended in an RF plasma discharge, powered at 50 W with
an OEM ENI radio frequency generator (frequency: 13.56 MHz),
while they were electrically connected to a pulsed bias (RUP6,
GBS-Electronik, GroBerkmannsdor, Germany). A mixture of acety-
lene, argon and nitrogen with flow rates of 5, 15, and 10 standard
cubic cm per min (sccm), respectively, was used as the precursor
gas, and the working pressure was adjusted to 110 mTorr by ad-
justing the pumping speed. The base pressure was always lower
than 5.0 x 10~2 mTorr. The bias voltages (V},) with pulse width of
20 ps were applied at a frequency of 3 kHz, while gas flow rates,
working pressure and RF power were kept constant.

Samples were initially cleaned with argon plasma (RF power:
75 W, duration: 10 min, Ar flow rate: 40 sccm, working pressure:
~ 70 mTorr, Vi,: - 500 V). To elucidate the role of ion bombard-
ment on the stability of IAPP coatings, bias voltages of 0, - 500
and —1000 V were applied, while the plasma power drawn from
the RF source was kept constant at 50 W. The deposition time was
adjusted to achieve a constant thickness of 30 + 5 nm for all sam-
ples. Polished silicon wafer pieces (boron doped, p-type) were also
coated together with the Ti implants for spectroscopic ellipsome-
try measurements. To evaluate the stability of the IAPP coatings,
the coated Ti implants were incubated at 37 °C for two months
in Tyrode’s simulated body fluid (SBF) solution with a composition
described previously [42].

2.2.2. Surface characterization

X-ray photoelectron spectroscopy (XPS) measurements were
carried out using a SPECS FlexMode XPS system equipped with
a monochromatic X-ray source operating at 10 kV and 20 mA
and a hemispherical analyzer. Survey spectra were collected in the
range 15 to 1000 eV with a pass energy of 30 eV and resolu-
tion of 0.5 eV, while high resolution Cls spectra were recorded
at a pass energy of 20 eV and resolution of 0.1 eV. CasaXPS (Ver-
sion 2.3.14) was used for spectra calibration, elemental composi-
tion calculation and curve fitting of Cls spectra. A variable an-
gle M2000 V spectroscopic ellipsometer (JA Woollam, NE, USA)
was used to measure the thickness and refractive index of the
IAPP coatings deposited on silicon wafers. The ellipsometry de-
vice was equipped with an XLS-100 light source and control mod-
ule (EC-400). Three angles of incidence (65°, 70°, and 75°) were
used for measurements in the visible and near-UV spectral regions
(wavelength range: 200 — 1000 nm, 5 nm steps). A Cauchy model
was applied to fit the obtained data using WVAESE32 software
(JA Woollam). The average values of thickness and refractive in-
dex (at 630 nm) obtained from at least 3 measurements per sam-
ple are reported. A Phenom XL Scanning Electron Microscope (Phe-
nomWorld, Eindhoven, The Netherlands) was used in secondary
electron (SE) mode to obtain images of IAPP-coated implants be-
fore and after incubation in SBF at 37 °C for two months. Im-
ages were obtained at a voltage of 15 kV. The working distance
was 7 mm.

2.3. Covalent protein immobilization and its bioactivity

2.3.1. Protein loading and binding strength

For BMP-2 (Inductos®, Medtronic BioPharma B.V, Maastricht,
the Netherlands) immobilization, bare and IAPP-coated implants
were incubated in a BMP-2/MilliQ water solution for 24 h at 4 °C.
The concentration of BMP-2 in the solution varied within the range
of 1 - 75 pg/ml, as indicated in the figures. Control samples with-
out BMP-2 were prepared by incubation in MilliQ water. Samples

were washed 3 x 5 min with MilliQ water and air-dried overnight
prior to experiments. The amount of BMP-2 deposited onto the
disks was determined using the NanoOrange® Protein Quantifica-
tion Kit (Invitrogen, Carlsbad, CA, USA), according to the manufac-
turer’s instructions.

To determine the BMP-2 release profile, BMP-2 immobilized im-
plants were submerged in 500 pul PBS in 48-well plates and incu-
bated in a humidified incubator at 37 °C with 5% CO,. The super-
natant was collected at days 1, 5, 10, 20, 30, and 40 and stored
at —80 °C. The supernatant was replaced with fresh PBS at each
time point. The concentration of eluted BMP-2 in the release sam-
ples was measured using an enzyme-linked immunosorbent assay
(ELISA) kit according to the manufacturer’s protocol (BGK8CO060,
Peprotech Ltd., London, UK).

To further confirm the covalent attachment and to demonstrate
the homogenous distribution of covalently attached biomolecules
onto IAPP-coated implants, we used Alexa Fluor 594-conjugated
IgG protein (8 pg/ml, Abcam, Cambridge, UK) as a model molecule.
The implants were incubated in IgG/PBS solution for 1 h at room
temperature. The samples were then individually transferred into
50 mL falcon tubes filled with 5% sodium dodecyl sulfate (SDS) in
sterile MilliQ water and allowed to rotate for 4 h at room tempera-
ture to desorb non-covalently bound IgG from the implant surface.
The samples were then imaged using an upright fluorescence mi-
croscope (Zeiss Z1, Oberkochen, Germany) using 5x objective tiles
stitched together to visualize the fluorescence profile of the entire
implants.

2.3.2. BMP-2 bioactivity testing

Samples were UV-sterilized on each side for 30 min
(7 mW/cm?) prior to the culture experiments. The bioactivity of
the BMP-2 coating was measured using ATDC5 cells as a reporter
cell line (ATCC, Manassas, VA, USA), as they produce high levels of
alkaline phosphatase (ALP) upon BMP-2 stimulation [43]. ATDC5
culture medium consisted of DMEM/F12 (Gibco, Grand Island, NY)
supplemented with 10% FBS (Hyclone, Thermo Scientific, Waltham,
MA, USA) and 100 units/ml penicillin/streptomycin (Invitrogen,
Carlsbad, CA, USA). The cells were seeded onto the implants at
2 x 10° cells in 500 pl medium in each well of a 48-well plate.
After 72 h, the cells were lysed in 0.2% (v/v) Triton X-100/PBS
for 15 min at room temperature. The ALP activity in the lysate
was determined by conversion of the p-nitrophenyl phosphate
liquid substrate system (Sigma, St. Louis, MO, USA), measured at
405 nm and corrected at 655 nm (Bio-Rad, Hercules, CA, USA). To
normalize for the number of cells, the ALP activity was divided
by the DNA content as measured by the Quant-It PicoGreen kit
(Invitrogen), according to the manufacturer’s instructions. The
seeded implants were transferred to a new well plate before
performing further analyses.

2.3.3. Cell cytocompatibility and osteoblast differentiation

The pro-inflammatory activity of the functionalized IAPP im-
plants with or without BMP-2 was tested by measuring the induc-
tion of NF-kB/AP-1 activity in RAW-Blue macrophages (InvivoGen,
San Diego, CA, USA). An excessive activity of NF-«B due to the IAPP
surfaces should be ruled out, since this could lead to uncontrolled
osteoclast activity and inflammation-associated bone loss around
implants [44]. The cells were seeded at a density of 1 x 10° cells
in 500 pul medium in a 48-well plate, using DMEM/F12 (Gibco)
supplemented with 10% FBS (Hyclone) and 100 units/ml peni-
cillin/streptomycin (Invitrogen). The supernatant was collected af-
ter 24 h and the AP-1 activity was measured according to the man-
ufacturer’s instructions. Implants pre-soaked in lipopolysaccharide
(LPS, 1 pg/ml, L5418, Sigma) for 24 h were used as positive controls
for NF-kB/AP-1 activity. The metabolic activity of the RAW-Blue
macrophages after 24 h was measured using the AlamarBlue Cell
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Viability Reagent (Thermo Scientific). Fluorescence was detected
utilizing the Fluoroskan Ascent FL multiplate reader (Thermo Lab-
systems, Helsinki, Finland) after 2 h incubation with AlamarBlue
reagent.

Human mesenchymal stem cells (MSCs) were seeded onto
the implants to investigate cell attachment, proliferation, and
differentiation. For MSC isolation, bone marrow was obtained
from the calcaneus bone of an adolescent female undergoing
orthopedic surgery (University Medical Center Utrecht, Utrecht,
the Netherlands) after written informed consent and approval of
the local medical ethical committee. The MSC isolation method,
culture conditions and cell characteristics are described elsewhere
[45]. Cells were seeded onto the discs at 2 x 10° cells in 500
ul medium in a 48-well plate and cultured in growth medium,
consisting of a-MEM (Invitrogen) supplemented with 10% FBS
(Hyclone), 100 units/ml penicillin/streptomycin (Invitrogen), and
0.2 mM L-ascorbic acid 2-phosphate (Sigma). The seeded implants
were transferred into a new well plate before performing the anal-
yses. To determine the bioactivity of covalently attached BMP-2 on
MSCs, samples were treated with 5% (v/v) Tween-20/MilliQ for 2 h
at 37 °C, and washed 3 x 5 min with MilliQ water, prior to MSC
seeding.

The adherence and proliferation of MSCs on uncoated and func-
tionalized implants were determined qualitatively using a live/dead
cell viability kit, as described by the manufacturer (Molecular
Probes, Thermo Scientific). Live (green) and dead cells (red) were
imaged using a fluorescence microscope (IX53, Olympus, Tokyo,
Japan). The MSC metabolic activity and DNA content were mea-
sured using aforementioned AlamarBlue and Picogreen assays, re-
spectively.

The ALP activity normalized per DNA was measured as an early
marker of osteoblast differentiation. MSCs were cultured in growth
medium for a total of 5 days. The growth medium was refreshed
on the third day of culture. The ALP activity and DNA content of
MSCs lysed in 0.2% (v/v) Triton X-100/PBS were quantified using
the same protocol used for the ATDC5 cells.

2.4. In vivo subcutaneous implantation study

2.4.1. Subcutaneous implantation model

The in vivo study was performed with approval of the lo-
cal Ethics Committee for Animal Experimentation (Utrecht Uni-
versity, the Netherlands) and the Central Authority for Scientific
Procedures on Animals (approved protocol no. AVD115002016445).
Eight male Fisher rats (F344/IcoCrl, 16-week old, Charles River,
L'Arbresle, France) were housed in groups at the Central Laboratory
Animal Institute (Utrecht University). Food and water were avail-
able ad libitum.

Surgery was performed under anesthesia with 2 - 3% isoflu-
rane. The animals were given Buprenorphine (0.03 mg/kg s.c.;
Temgesic®, RB Pharmaceuticals Limited, Slough, UK) for pain re-
lief once pre-operatively and for two days post-operatively, twice
daily. After shaving and disinfecting the skin, subcutaneous pock-
ets were created in the dorsum by incision of the skin and blunt
dissection of the subcutaneous tissue. For the in vivo study, im-
plants were used identical to those used for the in vitro study
(diameter ~ 10 mm and height ~ 4 mm). The implants were
allocated to one of the eight predefined subcutaneous implan-
tation locations in the dorsum using an online randomizer tool.
The animals received the conditions listed in Table 2, thus each
animal received seven to eight implants (i.e. groups 1-2 im-
planted in half of the animals, groups 3-8 implanted in all ani-
mals). The skin was closed with resorbable sutures (Monocryl®,
Ethicon, NJ, USA). The rats were euthanized with CO, after
8 weeks.

Table 2
Groups included in the rat study.

Group  Implant  BMP-2 @ (ug/ml)  Number of samples per group
1 Ti 0 4
2 Ti/IAPP 0 4
3 Ti 5 8
4 Ti/IAPP 5 8
5 Ti 15 8
6 Ti/IAPP 15 8
7 Ti 75 8
8 Ti/IAPP 75 8

3 Concentration of solution used for immobilization.

2.4.2. Histological assessment

The explanted discs were fixed in 4% (w/v) formaldehyde, de-
hydrated in an ethanol series, and embedded in methyl methacry-
late (MMA, Merck Millipore, MA, USA). The discs were completely
sectioned with a diamond saw microtome (Leica, Nusslochh, Ger-
many) with a blade thickness of 300 pm, resulting in 6-8 sec-
tions per sample. The 50 pm-thick sections were stained with basic
fuchsin (0.3% in water) and methylene blue (1% in 0.1 M sodium
borate, pH 8.5), both for 1 min. Each disk was scored for the
presence of bone (i.e. bone incidence). In addition, the sections
containing bone were pseudocoloured in Adobe Photoshop (Adobe
Systems, San Jose, CA, USA) using a standardized method [46]. The
bone volume is expressed as the percentage of bone tissue in the
available pore space (i.e. bone area%). The mean bone area% is used
when multiple sections from a disk contained bone.

2.5. Statistical analysis

All data are presented as the mean + standard deviation. One-
way ANOVA was performed to compare the means of the group in
SPSS (v24, IBM, Armonk, NY). Single factor ANOVA was performed
in Microsoft Office Excel (Professional Plus 2016) to compare the
means of values reported for deposition rates and refractive in-
dices. The Mann-Whitney U test was performed when there was
no homogeneity of the variance. The significance of differences in
bone incidence between groups was analyzed with a linear mixed-
model approach with binary outcome measure (i.e. bone or no
bone). The Pearson Chi-Square test was performed to test the pos-
sible association between the BMP-2 concentration and bone inci-
dence. Bonferroni post-hoc corrections were applied for multiple
comparisons.

3. Results and discussion
3.1. AM and mechanical properties of porous titanium

An ideal orthopedic implant should provide both bone osteo-
conduction and osteoinduction, optimally [4,17]. Considering the
impaired osteogenic response in different clinical scenario’s, such
as in the case of patients with poor bone quality or compromised
immune system [47], we followed a multifaceted approach in the
design and bio-functionalization of a porous Ti implant to tackle
the problem of aseptic loosening.

Mimicking the topology and curvature of trabecular bone to
generate a zero mean surface curvature has been seriously con-
sidered as a prerequisite for tissue regeneration [48,49]. Therefore,
three TPMS structures, namely sheet gyroid, gyroid cell and dia-
mond, have been designed and fabricated for this study. As ob-
served from Table 1, the sheet gyroid porous implant, for example,
had a sheet thickness of ~ 370 um and a pore size (wall to wall
distances) of ~ 1500 um. This resulted in a solid volume fraction
of 27% (i.e., 73% open porosity) and a total surface area of about
5 times larger than that of an equally sized solid cylinder. As per
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Table 3
Mechanical properties of the Ti designs.
Structure First maximum Quasi elastic
compressive strength (MPa) gradient (MPa)
Sheet gyroid 69.4 + 2.8 1713 +£ 198
Gyroid cell 536 £+ 1.4 1539 + 35
Diamond 389 + 1.8 1325 + 304

AM, the SLM process produced porous structures whose morpho-
logical characteristics closely matched those of the CAD designs
(Fig. 1A). Based on micro CT measurements, the relative density
of the porous structure as well as the strut thickness and distance
were within 10% of their designed values, verifying a successful ap-
plication of the SLM process.

This porous implant allowed 1) a pore size exceeding 300 pm
to enable cell migration, nutrition, and oxygenation, leading to en-
hanced tissue regeneration [51], 2) and an increased surface area
to amplify the effects of surface bio-functionalization. Neverthe-
less, the mechanical compatibility of printed implants and bone
plays a more significant role towards the development of an ideal
implant. Thus, the bone-mimicking mechanical properties of dif-
ferent porous implants were investigated via the compression test
(Fig. 1B). The sheet gyroid structure has only walls with no sharp
nodes. Yang et al. showed that additively manufactured Ti scaffolds
with this structure have zero surface curvatures [52]. Therefore, al-
though the main deformation mechanism of the cells is bending
[53], gyroid structure does not collapse by going through succes-
sive failure of the walls [54,55]. This can be an advantage of gy-
roid in comparison with more traditional structures such as di-
amond which may show a fluctuation in the compressive stress-
strain curve [56]. This behavior is because sharp nodes and struts
in diamond structure can cause successive failure and crush of the
struts one after another, fluctuating the compressive stress-strain
curve.

Accordingly, quasi-elastic gradients (as apparent stiffness of the
porous implants) and the first maximum strengths (as the demon-
stration for mechanical strength) were measured according to the
ISO 13314:2011 standard [41]. As shown in Table 3, amongst di-
amond, cell gyroid and sheet gyroid structures, the sheet gyroid
structure demonstrated the highest mechanical performance with
a quasi-elastic gradient of 1713 £ 198 MP and first maximum
strength of 69.4 + 2.8 MPa.

These mechanical properties favorably lie in between the prop-
erties of cortical and cancellous bone (Fig. 1B) [57]. Therefore, from
a mechanical compatibility point of view, a sheet gyroid structure
is the best candidate to replace the total bone structure. Further
tests in this work were, therefore, only carried out using implants
with a sheet gyroid structure.

3.2. Deposition of ion-assisted plasma polymer films

Following orthopedic implant placement, a rapid matrix pro-
duction is required to minimize the micromotions of the implant
relative to the bone and to reduce the possibility of implant rejec-
tion by means of fibrous capsule formation [58], This is particu-
larly of relevance in patients that start their load-bearing activities
on orthopedic implants relatively soon post-operation [47,59,60],
or when they suffer an impaired osteogenic response [47,61].

To allow for the direct covalent attachment of bone-promoting
biomolecules, we investigated the feasibility of creating a homo-
geneous and stable IAPP coating on the porous 3D-printed Ti
implants. To achieve a homogenous IAPP layer all around and
throughout the implants, a unique plasma polymerization configu-
ration was employed, wherein the implants were suspended in the
RF plasma while they were electrically connected to a bias volt-

age (V}) source to enhance the ion bombardment during the film
growth (Fig. 2A). As shown previously on 2D Ti surfaces [35], this
strategy allows for a high flux of ionized species penetrating the
surface, to enhance the interfacial adhesion strength between the
coating and the Ti substrate and to create a high concentration of
reactive radicals within the IAPP structure as it grows.

The role of the applied bias, Vj, in the production of homoge-
nous and stable IAPP coatings on the Ti implants, was investigated.
XPS surface chemical analyses showed the absence of Ti signals ir-
respective of the V}, (Fig. 2B), which indicates that the IAPP lay-
ers were all thicker than 8-10 nm, i.e. the sensitivity depth of XPS
[62]. Moreover, ellipsometry measurements showed that a constant
IAPP layer thickness of 30 & 5 nm was achieved for all samples by
adjusting the deposition time for various V,, values. The compo-
sition of carbon, oxygen and nitrogen elements in the IAPP layer
depended on the applied V,,. When increasing the V, from 0 to
—1000 V, the carbon and oxygen atomic concentrations increased
from 74.3% and 3.3% to 85.7% and 6.3%, respectively, while that of
nitrogen decreased from 22.3% to 8.1% (Fig. 2B). The presence of
oxygen in the coating structure, despite the fact that the precursor
gas mixture (Ar + C;H, + Ny) contained no oxygen, is explained
by the ‘autoxidation’ processes initiated by carbon-centered radi-
cals within the coatings [36]. The increasing oxygen atomic con-
centration as a function of Vj, is due to the higher concentration
of reactive radicals that are generated at higher bias ion bombard-
ment conditions [63]. The inverse relationship seen for nitrogen,
i.e. the decrease in its atomic concentration for increasing Vi, is
most likely attributed to a preferential etching mechanism where
more nitrogen-containing species are selectively ablated from the
polymer structure with higher ion bombardment [35]. The dif-
fusion of liberated nitrogen atoms is also increased under ele-
vated ion bombardment conditions, facilitating the formation N,
molecules that leave the coating and further contributing to the
decrease of the nitrogen concentration.

To further elucidate the changes of IAPP surface chemistry as a
function of Vy,, three peaks - i.e. C1 (C — C/C — H at binding en-
ergy (BE) = 284.6 eV), C2 (C — O/C — N at BE = 286.5 eV), C3
(C=0/N — C= 0 at BE = 2875 eV) - were fitted in the C1s high
resolution spectra (Fig. 2C, 2D) [33,64]. For the highest V,,, the Cl1s
spectrum showed a relative increase in C1 compounds and a de-
crease in C2 and C3 compounds (Fig. 2C). When closely examining
the curves, the full-width at half maximum (FWHM) of the Cls
peak was found to become progressively smaller when increasing
the Vy, and the shoulder at higher binding energies became nar-
rower (Fig. 2D). These changes further support the XPS survey el-
emental composition data and indicate that there is an increase
in the concentration of carbon compounds in the neutral environ-
ment and a decrease in oxygen- and/or nitrogen-containing moi-
eties. Considering that the oxygen atomic concentration is higher
for samples deposited at higher V, it can be concluded that the
reduced concentration of C2 and C3 compounds is primarily due
to the decrease of nitrogen-containing moieties, a conclusion that
agrees with lower nitrogen atomic concentration at greater applied
V,, (Fig. 2B).

The deposition rate was decreased as a function of Vj, (Fig. 2E),
implying that the balance of polymerization and ablation processes
shifts toward the ablation with enhanced ion bombardment, as
regulated by the arrival of energetic ions at the surface. The refrac-
tive indices of the IAPP coatings were obtained to elucidate vari-
ations in the cross-linking degree of the IAPP coatings (Fig. 2F).
There was a positive relationship between the applied V, and
the refractive index of the coatings, which indicates higher cross-
linking and density at higher V}, [65]. This finding is explained by
the higher fluxes of energetic ions arriving at the surface and thus
increasing the fragmentation of deposited species that recombine
to form highly cross-linked structures [G6].
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3.3. Physico-chemical stability of IAPP coatings

The chemical and physical stability of coatings applied for
biomedical implantable devices are of critical importance, partic-
ularly for bone implants where the coatings should resist failure
at the interface from the moment of surgical insertion. To evaluate
the robustness of the IAPP coating on Ti implants, we examined
the surface chemistry by XPS and morphological changes by SEM
following two months incubation in Tyrode’s Simulated Body Fluid
(SBF) at 37 °C.

Comparing the XPS elemental compositions after SBF incuba-
tion (Fig. 3A) with those of as-deposited samples (Fig. 2B) indi-
cated that the greatest changes in surface chemistry, i.e. the uptake
of oxygen and reduction of nitrogen concentration, occurred for the
IAPP coating deposited in the absence of a V. This was consis-
tent with the XPS high resolution Cl1s spectra (Fig. 3B) and the cal-
culated area percentage of various carbon-containing components
(Fig. 3C). These data show that the most pronounced changes in
the concentrations of C = O and N-C = O groups after incubation
in SBF solution occur for the sample deposited without Vj,.

The SEM micrographs showed variations in IAPP coating stabil-
ity depending on the applied V}, (Fig. 3D). The as-deposited IAPP
coatings showed a feature-less surface, identical to the topography
of the bare Ti implant. Confirming the XPS results that showed no
Ti signals, none of the coatings were delaminated upon incubation
in the SBF solution. However, the IAPP coatings deposited at a Vj,
of either 0 or —1000 V showed buckling features on the surface,
whereas no signs of cracking or buckling were present for the coat-
ing deposited at - 500 V.

These data highlight the critical role of ion-bombardment in
achieving both chemically and physically stable plasma polymer
coatings on Ti implants. On one hand, we explain the greater sta-
bility of IAPP coatings deposited in the presence of an appropriate
bias voltage by their higher physical integrity. The more densely
cross-linked structure, shown by the improved refractive index val-

ues (Fig. 2F), may restrict the intrusion of O, and H,0 molecules to
active radical sites, thus moderating the kinetics of oxidation and
hydrolysis reactions [67]. In addition, under elevated ion bombard-
ment conditions, a stronger interfacial adhesion is achieved be-
tween the IAPP coating and the Ti substrate due to the increased
formation of metallic carbide and oxycarbide bonds at interface
[42]. On the other hand, the increase of ion bombardment in-
creases the residual stress in the plasma polymer films, which in
turn negatively influences the long-term stability, e.g. by promot-
ing the formation of buckling features. Following this line of rea-
soning, the superb physical stability of the IAPP coating prepared
at a relatively mild ion-treatment condition (V,, = —500 V) can be
explained by a balance achieved between the residual stress of the
coating and the substrate-coating interfacial adhesion. Since the
IAPP coating deposited at —500 V was the optimum for achieving
the most stable coating, this condition was selected for the remain-
der of the experiments.

3.4. Homogeneity of IAPP coating deposited on TI implants

To evaluate whether the IAPP coating is deposited with a ho-
mogenous chemistry, we analyzed the chemistry of the 3D-printed
implants at their top, side and bottom surfaces (schematically
depicted in Fig. 4A). The XPS survey spectra (Fig. 4A) and the
calculated elemental compositions (Fig. 4B) (C: 76.2 + 0.7%, N:
171 + 0.4%, 0: 6.5 + 0.5%), showed that the surface chemistry of
the IAPP coating is identical all around the 3D Ti implants within
the experimental errors. Furthermore, the absence of Ti signals in
the survey spectra demonstrates that the thickness of the coat-
ing is at least 8 nm for different investigated locations. The Cls
high resolution spectra (Fig. 4C) and the area percentage of carbon-
containing components (Fig. 4D) were also identical within the
XPS measurement errors for the three analyzed locations. Alto-
gether, these results demonstrate that suspending porous metallic
implants in an RF plasma, while being connected to a V}, source,
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is an effective approach to achieve chemically homogenous depo- physisorbed on Ti, but are not able to detach covalently bound pro-

sition of IAPP coatings all around the current optimized porous de- teins [68,69]. Homogenous presence of fluorescently-labeled IgG

sign. covalently attached to the IAPP interlayer was confirmed by show-

ing its resistance to SDS washing in the Ti/IAPP group, whereas re-

3.5. Covalent protein immobilization moval of most physically adsorbed IgG from Ti surfaces was evi-
dent (Fig. 5A).

We used fluorescently-labeled IgG as a model molecule to visu- Further in-depth investigations of the covalent attachment and

alize the homogeneity of plasma polymerized coatings deposited bioactivity of biomolecules immobilized onto the IAPP surfaces
on Ti implants. Detergents like SDS and Tween-20 remove proteins were performed using BMP-2. BMP-2 was chosen as a model pro-
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tein because of its clinical relevance [28], and since its physical
adsorption to Ti surfaces can lead to its rapid desorption and/or
changes in protein activity [70,71], opting for covalent immobiliza-
tion methods.

A titration experiment was performed to determine the loading
efficiency of BMP-2 (1 - 75 pg/ml) onto Ti and Ti/IAPP implants.
Measurements using a protein quantitation kit showed that a sim-
ilar amount of BMP-2 was initially loaded onto Ti and Ti/IAPP im-
plants (Fig. 5B). After incubation of the coated implants in PBS, the
release profile showed a plateau in BMP-2 release between days 5
and 10 for Ti implants, whereas a plateau in BMP-2 release was
not reached even after 40 days for Ti/IAPP implants (Fig. 5C). The
prolonged functionality of the BMP-2 coating was confirmed us-
ing ATDC5 reporter cells, showing bioactivity of the IAPP+BMP-2-
functionalized implants even after 40 days incubation in PBS and
multiple washes (Fig. 5D). These data show that the specific in-
teraction of BMP-2 with the IAPP interlayer resulted into its long-
lasting immobilization, in contrast to the physisorbed BMP-2.

3.6. Human mesenchymal stem cell (MSC) cytocompatibility and
differentiation

The bone coverage of orthopedic implants requires the re-
cruitment of potential osteogenic cell populations, and their
differentiation into mature matrix-producing osteoblasts [72,73].
Therefore, human MSCs were used as a relevant cell source to eval-
uate whether the functionalized implants provide the required cy-
tocompatibility for cell adhesion, expansion and osteogenic differ-
entiation. As shown by live/dead staining, the IAPP films supported

the adhesion and spreading of MSCs equally to bare Ti implants,
and non-viable cells were only scarcely observed (Fig. 6A, 6B). The
higher MSC metabolic activity (Fig. 6C) and DNA content (Fig. 6D)
in the Ti/IAPP group, as compared to the bare Ti group, indicated
that the IAPP film enhanced the proliferation of the MSCs after
their initial attachment. These results show the cytocompatibility
of the Ti/IAPP interface towards human MSCs, which could be ex-
plained by the attachment of growth and adhesion factors present
in the serum or other cell culture medium components to the IAPP
surface.

Subsequent BMP-2 immobilization resulted in various morpho-
logical cell changes, indicating enhanced cell differentiation. These
changes were most obvious for the IAPP-functionalized implants.
After five days, the formation of a confluent cell layer was ob-
served only in the Ti/IAPP+BMP-2 group (Fig. 6E). Moreover, only
the Ti/IAPP+BMP-2 group was associated with a typical osteoblast-
like cell morphology (i.e. enhanced cell spreading and flat cell
body), whereas a spindle-like cell morphology was seen in the bare
Ti and Ti+BMP-2 groups reminiscent of undifferentiated MSCs. To
quantify changes in osteoblast differentiation, the ALP activity in
MSCs was measured as an early marker of osteogenic differentia-
tion. ALP is considered as one of the most important bone mark-
ers, since the induction in vitro predicts in vivo bone formation
[74]. Both physisorbed and covalently immobilized BMP-2 signif-
icantly increased the ALP expression in MSCs, with the ALP in-
duction being the highest in the Ti/IAPP group (Fig. 6F). To bet-
ter resemble the in vivo environment, where biomolecule removal
by chemical means is more likely to occur [22], the implants were
subjected to detergent washing using Tween. This detergent wash-
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ing resulted in a loss of the physisorbed BMP-2, whereas BMP-2
bioactivity remained largely intact due to the covalent attachment
on the Ti/IAPP implants (Fig. 6F).

The results shown in Figs. 5 and 6 provide evidence that the
IPP films render the implants with a more stable pro-osteogenic
coating due to its elution-resistant nature, as opposed to the
physically-adsorbed proteins on the bare Ti implants. Importantly,
BMP-2 retained its bioactivity after its covalent attachment, as
shown by the ALP induction in ATDC5 cells and MSCs follow-
ing detergent washing. Moreover, the level of ALP induction was
equal to that observed for physically-adsorbed BMP-2 prior to de-
tergent washing. The importance of different routes of BMP sig-
nal transduction is still under debate. In particular, the role of
ligand-receptor internalization and recycling of the formed com-
plex has not been clarified [75,76]. It has been suggested that
ligand-receptor interaction at the cell membrane, and subsequent
formation of active heterodimeric complexes was the predominant
mechanism of sustained MSC osteogenic stimulation by IAPP/BMP-
2 functionalized implants [77]. In addition, the mildly hydrophilic
character of the IAPP films (water contact angle of ~ 59° mea-
sured on a 2D Ti surface) [34] is beneficial for protein immobiliza-
tion, as it prevents protein denaturation and interferes less with
the protein conformation as compared to hydrophobic surfaces
[76,78].

3.7. In vivo study

Although a foreign body response (FBR) will occur in response
to all biomaterials at least to some extent, an unwanted FBR to-

wards a biomaterial is characterized by excessive inflammation,
giant cell fusion, and fibrous capsule formation at the material-
tissue interface [79]. An excessive FBR in vivo of the developed
implants is highly unwanted, as it negatively influences their rigid
fixation and long-term osseointegration [80]. In vitro, it was first
shown that the IAPP films supported the adhesion and viability of
macrophages (Fig. 7A), without promoting undesirable NF-xB acti-
vation (Fig. 7B). This is an important finding, since chronic NF-xB
activation around Ti implants contributes to osteoclast differentia-
tion via RANK/RANKL signaling, which increases bone destruction
and reduces bone formation [81].

The cytocompatibility of the IAPP films was confirmed in
vivo. Following eight-week subcutaneous implantation, vascular-
ized connective tissue ingrowth was seen in all groups without
signs of FBR or excessive acute/chronic inflammation such as for-
eign body giant cell formation of fibrous encapsulation directly
around the implant, irrespective of IAPP and/or BMP-2 coating
(Fig. 8A). This indicates that, despite the high concentrations of
radicals embedded within the structure, the IAPP films did not in-
duce a specific protein adsorption or host activation leading to an
unwanted inflammatory response [82]. This biocompatibility of the
IAPP interlayer is an important advantage over other immobiliza-
tion or drug delivery systems. For example, commonly-used poly-
meric delivery systems or their degradation products can nega-
tively modulate the osteogenic or immune response [83,84], or can
create an additional surface for bacterial adherence and immune
evasion [84]. Moreover, one could speculate that the minimal us-
age of chemicals and reagents in the IAPP process is particularly
attractive for gaining regulatory approvals.
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BMPs are unique proteins in terms of their osteoinductive be-
havior [85], which can also be evaluated on the functionalized
implants in the subcutaneous implantation model. As a prereq-
uisite for osseointegration, new bone formation in this model
relies on the recruitment and differentiation of osteoprogenitor
cells towards mature osteoblasts [17,86]. The current subcutaneous
study therefore served as proof-of-principle to study solely the
osteoinductive effects of the implants mediated by BMP-2, prior
to moving on to functional bone healing models (e.g. bone de-
fects, spinal fusion). As a main finding, only IAPP functionalized
implants loaded with BMP-2 were capable of inducing new bone
formation (Fig. 8A). Furthermore, there was a significant associ-
ation (p = 0.003) between the amount of BMP-2 applied in the
coating and the incidence of bone formation (Fig. 8B). The amount
of bone was also significantly highest in the group with the high-
est BMP-2 load (Fig. 8C). New bone formation mainly occurred in
protective areas of the implants, such as in micropores, concavi-
ties, or between Ti struts within closest proximity (Fig. 8D), show-
ing the importance of the implant geometry in the observed bone
induction. Even though the porosity and geometry of the current
metallic implants were optimized to resemble native bone [39],
the subcutaneous implantation model clearly demonstrated the su-
periority of the IAPP/BMP-2 coating in bone induction. Consider-
ing that the subcutaneous model carries the minimal presence of
osteogenic cells [17,72], nor the mechanical loads that contribute
to BMP-2 signaling pathways [87], it is hypothesized that the os-
teogenic performance of the coated implants would be even bet-
ter appreciated in bone defect models compatible with the current
porous biomaterials (i.e. segmental bone defect and spinal fusion
models) [88,89].

These results show that the bone-inductive effect of BMP-2 is
enhanced after covalent attachment to porous titanium implants.
The rapid wash out of BMP-2 [71] and its short half-life (1-4 h) in
vivo [27] are presumed to be the reason why the clinically-required
dose of BMP-2 (1-2 mg/carrier) [90] far exceeds the physiological
BMP-2 concentration (in the order of ng/g bone) [91]. The in vitro
and in vivo data support that IAPP-mediated covalent immobiliza-
tion can better retain BMP-2 at the implant surface as compared
to physisorbed BMP-2. Although there is no consensus about the
optimal in vivo release profile for BMP-2, a burst release of BMP-
2 generally leads to more bone formation in direct comparison to
sustained delivery systems [71,92,93], With this respect, the IAPP
covalent immobilization method maximizes the amount of BMP-2
at the implant surface without hampering its immediate exposure
to surrounding target cells, providing the initial stimulus needed
for the onset of bone formation. Off-target effects, including un-
controlled bone formation, neurological deficits, tissue swelling, of
BMP-2 are particularly worrisome in high-risk sites such as the
cervical spine [29], leading to a statement by the FDA to avoid
BMP (Infuse®) for this specific indication in 2008 [94]. In 2015,
the approval of BMP-2 product (InductOs®) was even withdrawn
in Europe [29]. For such high-risk indications, IAPP functionalized
porous titanium could offer an improved safety profile and mini-
mize the risk of undesirable effects at locations beyond the implant
site.

The current IAPP-functionalized porous titanium can be con-
sidered as a versatile platform technology for the fabrication of
various bio-functionalized orthopedic implants. Multifunctional ap-
proaches are of interest, since the delivery of a single protein may
be a too simplistic approach to recapitulate the physiological bone
healing process [95]. In particular, novel implants should be able to
modulate the local immune response to favor osteogenesis and im-
plant osseointegration. For example, a combinatorial coating with
pro-inflammatory cytokines can likely improve the efficacy of os-
teoinductive proteins [45,46,96]. Covalent attachment of antimicro-
bial compounds onto porous metallic implants could furthermore

prolong their bactericidal properties and better protect them from
infectious loosening, which should be considered as another crucial
bio-functionality. With this respect, the covalent immobilization of
antibacterial agents on Ti implant surface has been explored as
an effective strategy to prevent local colonization of bacteria and
thereby biofilm formation [97]. These surfaces are permanently
stable and release the conjugated antibacterial agents once their
bonding is broken mechanically or chemically [98]. Of note, IAPP-
based functionalization alone may not always be sufficient. For in-
fection prevention, tunable release strategies may be required in
addition to create a larger protective zone and provide active sup-
port against pre-operative, hematogenous, or contiguous infection
[4,99,100]. In the same line of reasoning, covalent immobilization
alone may be undesirable for biomolecules that require a chemi-
cal concentration gradient to be established, such as chemotactic
cytokines for cell trafficking to the implant [101,102].

4. Conclusions

We proposed the one-step coating of porous titanium im-
plants with an ion-assisted plasma polymer (IAPP) interlayer to
create bio-functionalized load-bearing implants. We demonstrated
that IAPP functionalization of additively-manufactured Ti implants
significantly enhances their bone-inductive performance, which
is explained by the higher density and stability of the reactive
IAPP layer as compared to traditional plasma polymer films. The
IAPP layer allows for firm anchorage of the biomolecules with-
out constraining their bioactivity via reaction with reactive radi-
cals embedded in it. For improved clinical translation, virtually any
biomolecule can be attached without the use of coupling agents.
The proven compatibility of AM and IAPP technologies provides a
platform for the design of bioactive bone-mimicking implants. The
long-term performance of such implants should next be investi-
gated in relevant bone implantation models.
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