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a  b  s  t  r  a  c  t

Application  of  bio-functionalized  coatings  on  bone  implantable  devices  is  a promising  approach  to direct
rapid  bone-implant  integration.  Plasma  polymer  (PP)  films  have  become  increasingly  popular  as  plat-
forms  for  surface  bio-functionalization  of  implantable  devices.  However,  the production  of  a  reactive,
yet  stable  PP film  represents  a technological  challenge;  as  achieving  a  balance  between  the film’s  sta-
bility  and  functional  group  density  is  not  trivial.  Here  we report  the  development  of  highly  reactive
and  stable  radical-functionalized  PP  films,  using  a combination  of  plasma  polymerization  and  plasma
immersion  ion  implantation.  We  provide  new insights  into  the  role  of energetic  ion bombardment  on
the  growth  mechanisms  of  plasma  polymers  by measuring  the  hydrogen  content  of PP structures  using
elastic  recoil  detection  analysis.  Nano-indentation  and  nano-scratch  tests,  as well  as  stability  studies  in
simulated  body  fluid  show  a  strong  correlation  between  the  degree  of energetic  ion  bombardment  and
physico-chemical  stability  of  the  coatings.  The  potential  of such  ion-treated  PP  films  to  fabricate  bio-
functionalized  implants  that  promote  the  functionality  of  primary  osteoprogenitor  cells is confirmed  by
studying  cellular  interactions  after  covalent  attachment  of  fibronectin  or bone morphogenetic  protein
(BMP)-2.  We found  that  covalent  attachment  of  fibronectin  improved  adhesion,  spreading  and  prolifera-

tion  of  primary  osteoblasts;  whereas  covalent  attachment  of  BMP-2  enhanced  the  osteocalcin  expression
in  bone-marrow  isolated  mesenchymal  stem  cells  (MSC).  These  results  present  great  promise  for  the  fab-
rication of a new  class  of robust,  biologically-functionalized  interfaces  for the  surface  engineering  of
biomaterials,  particularly  implants  that  need  to  be overgrown  with  bone-producing  cells  and  thereby
become  firmly  attached  to host  tissue.
. Introduction
Rising incidences of osteoporosis-related bone fracture, bone
ancer, and osteoarthritis-related joint replacement have resulted
n an increasing number of orthopedic surgeries world-wide that
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require implants, which need firm bonding to bone [1]. A large
number of these surgeries, however, fail due to poor bone inte-
gration or bacterial formation at the implant, leading to a high
number of revision surgeries [2,3]. Patient discomfort, health risks,
and economic burdens associated with revision surgeries provide
a compelling need for strategies that facilitate rapid osseointegra-

tion around the implant surface [4,5]. Application of functional
coatings on implantable devices is a viable approach to mitigate
these problems by masking the implanted surfaces, mimicking the
surrounding tissue, and allowing successful integration with the

https://doi.org/10.1016/j.apmt.2019.07.002
http://www.sciencedirect.com/science/journal/23529407
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Fig. 1. The fabrication of chemically functionalized PP films represents a critical
challenge, as preserving the chemical functionalities of the monomer is at the
expense of physical stability in aqueous environments. (a) High concentrations of
chemical functional groups (indicated as red circles) are retained in the PP film struc-
ture deposited at relatively low plasma energies, but the film is poorly cross-linked
and  shows low physical stability in the form of swelling or delamination after con-
tact with aqueous media. (b) PP films deposited at relatively high plasma energies
are  sufficiently cross-linked and show desirable stability in aqueous environments,
but  limited number of chemical functional groups are retained in the polymer struc-
ture due to the increased fragmentation of the precursor monomer at high plasma
B. Akhavan et al. / Applied M

ody [6,7]. Biologically functionalized surfaces, in particular, enable
rthopedic implants to actively direct rapid implant-bone integra-
ion, thus reducing the need for revision surgeries [6,8,9].

Biofuntionalization of surfaces can be carried out through
ither physical adsorption or covalent immobilization of bioac-
ive proteins. Physical adsorption is not a suitable immobilization
pproach; because the physisorbed proteins can be displaced
y other molecules in the local biological medium in processes
uch as the Vroman effect [10]. A further major disadvantage of
mmobilization via physical forces is the accompanying protein
enaturation that typically occurs and often reduces the biological
ctivity of the immobilized molecules. Although covalent biofunc-
ionalization through chemical linkers mitigates these problems,
he chemistry involved in linker-mediated protein immobilization
s often complex, substrate-dependent, and challenging to replicate
onsistently [11,12]. The large usage of solvents and chemicals in
uch wet-chemistry methods may  also lead to problems in obtain-
ng regulatory approval.

Plasma polymer (PP) thin films have become increasingly popu-
ar in recent decades for bio-functionalization of implants [13–15].
P films are generally applied as interlayers to introduce chem-
cally reactive groups onto biomaterial surfaces for subsequent
onjugation of biological motifs such as proteins and peptides
16]. This solvent-free, versatile, and substrate-independent tech-
ique is suitable for the modification of virtually any solid material
egardless of its shape, geometry, and chemistry. The physical and
hemical properties of a PP film can, however, significantly change
ue to the interactions between the polymer coating and the envi-
onment [17]. The resistance of a PP film to such changes is referred
o as ‘stability’ and presents crucial implications for almost any bio-
ogical application. Examples of PP film instability upon insertion to
n aqueous environment include oxidation of dangling bonds [18],
eaching of low molecular weight species [19], swelling, and delam-
nation from the substrate [20]. Degradable PP films are useful for
articular applications, such as the release of drugs and other sol-
bilized agents [21], but highly stable bio-interfaces are required
or long-term cell adhesion and biomolecule immobilization [22].

Significant effort has been devoted to covalently immobilize
ioactive molecules on PP interfaces through reactions with reac-
ive chemical moieties, such as amine, carboxyl, and epoxy groups
n the surface [16]. However, production of such chemically-
unctionalized PP films that present reactive functionalities as well
s exhibiting long-term physical and chemical stability in biological
nvironments has remained a central challenge for the field. Tun-
ng the ratio of plasma input power to the precursor gas flow rate
as typically been the focus of research to achieve stable PP inter-

aces [23–25]. Stability is enhanced by increasing plasma power,
s it leads to increased cross-linking; but increasing plasma power
ypically fragments the required chemical moieties (Fig. 1a and b).
ence, we take an alternative approach to create plasma polymer
lms capable of direct attachment of biological molecules.

Our approach relies on a new version of plasma polymerization
n which negative bias voltages are applied in a pulsed manner
o the substrate during the film growth (Fig. 1c) [26–30]. This
pproach provides enhanced energetic ion bombardment during
he film deposition, generating high concentrations of radicals
mbedded within the PP structure [31]. These long-living reac-
ive radicals migrate to the surface and form covalent bonds with
iomolecules in solution [32]. The bio-functionalization of inter-
aces through these PP interlayers does not, therefore, rely on the
resence of specific chemical groups on the surface.

Here we present the development of highly reactive, yet stable

P films for use as biomimetic platforms for surface engineer-
ng of bone implantable devices. The requirements for interfacial
obustness are particularly demanding for bone implant appli-
ations where significant abrasion or flexure occurs on surgical
energies. (c) Schematic illustration of the ion-assisted plasma polymerization sys-
tem. The top electrode is connected to an RF power generator, while the substrate
holder is negatively biased during the deposition.

insertion. The deposition of such ion-treated plasma polymers (IPP)
at higher plasma energies not only enhances the film stability but
also increases the concentration of functional sites, i.e. radicals, for
covalent immobilization of biomolecules. This technology, there-
fore, allows for production of films with a combination of properties
that could not be readily achieved using conventional plasma poly-
merization.

In this investigation, we  shed light on the role of energetic ion
bombardment in the growth mechanisms and physico-chemical
stability of plasma polymer films. A mixture of acetylene, argon,
and nitrogen gasses was  used as the precursor monomer. We
used acetylene as a model, simple carbon-containing monomer,
as it is a low-cost, commercially available, and non-toxic gas. We
demonstrate that with an optimum degree of ion bombardment,
highly robust interfaces are produced for covalent immobiliza-
tion of biologically potent molecules, such as fibronectin or bone
morphogenetic protein (BMP)-2, thereby enhancing the function-
ality of bone producing cells that can firmly bind the implant to
the host bone. Taken together, our results demonstrate that ion-
assisted plasma polymerization is a promising approach for the
development of a new generation of robust, radical-functionalized
interfaces for surface engineering of bone implantable devices.

2. Experimental

2.1. Materials
Acetylene, argon, and nitrogen gasses were obtained from BOC
Australia. Titanium foils were purchased from Firmetal, China and
were used after sonication in toluene, acetone and, ethanol for
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0 min  following by drying using nitrogen blow. Sodium dodecyl
ulfate (SDS), bovine serum albumin (BSA) and fibronectin from
uman plasma were obtained from Sigma-Aldrich. Bone morpho-
enetic protein (BMP)-2 was obtained from InductOS, Medtronic
ioPharma B.V., Heerlen, The Netherlands.

.2. Ion-assisted plasma polymerization

Ion-treated plasma polymer films were deposited on titanium
nd silicon substrates using a custom-made plasma polymeriza-
ion system described before in detail [27,33,34]. The negative
ias pulses had a constant frequency of 3 kHz with a pulse dura-
ion of 20 �s. A mixture of acetylene, argon, and nitrogen gasses
ere injected into the chamber at constant flow rates of 5, 10,

nd 15 standard cubic centimeters per minute (sccm), respectively;
hile the chamber working pressure was kept at 110 mTor. Base
ressures were always kept below 5 × 10−2 mTorr. The substrates
ere initially cleaned with argon plasma (Ar flow rate = 40 sccm,
F power = 75 W,  bias voltage = −500 V) for 10 min. Plasma poly-
er  coatings were deposited for pulsed bias voltages varied from

 to −1000 V at a constant RF power of 50 W.  The plasma poly-
erization times were adjusted accordingly to obtain a constant

hickness of approximately 40 nm for each deposition condition,
nless otherwise stated.

.3. X-ray photoelectron spectroscopy (XPS)

The surface chemistry of IPP coatings was examined using a
lexMode SPECS spectrometer equipped with a monochromatic
l K� (hv = 1486.7 eV) radiation source, a hemispherical analyzer

PHOIBOS 150), and an MCD9 electron detector. The X-ray source
as operating at 200 W (10 kV and 20 mA)  at pressures below

.0 × 10−8 mbar. The electron take-off angle was 90◦ with respect
o the sample surface. The survey spectra were recorded at a pass
nergy of 30 eV and a resolution of 0.5 eV over the energy range of
–1000 eV. The carbon (C 1s) and titanium (Ti 2p) high resolution
pectra (0.1 eV) were obtained at a pass energy of 20 eV. The spec-
ra were charge-corrected with reference to the binding energy of
liphatic carbon (284.6 eV). All XPS measurements were carried out
ithin approximately 24 h after deposition, allowing a fixed aging

ime for all samples. C 1s and Ti 2p higher resolution spectra were
urve fitted using a linear background, Gaussian (70%)–Lorentzian
30%) line shape, and equal full-width at half-maximum (FWHM)
alues. Survey spectra were used for elemental composition calcu-
ations. Curve fittings and elemental composition calculations were
onducted using CasaXPS software, Version 2.3.14.

.4. Time of flight secondary ion mass spectroscopy (ToF-SIMS)

ToF-SIMS data were collected using a PHI TRIFT V nanoTOF
nstrument (Physical Electronics, Chanhassen, MN)  fitted with
0 eV 79Au+ pulsed liquid metal primary ion source (LMIG).
he base pressure was always below 5 × 10−6 Pa, and the mea-
urements were performed in positive SIMS mode. Dual charge
ompensation was achieved by employing an electron flood gun
nd Ar+ ions at 10 eV. SIMS counts were recorded for at least six
pots with areas of 100 �m × 100 �m per sample. WincadenceN
oftware (version 1.8.1 provided by Physical Electronics) was  used
or spectra analyses.

.5. Elastic recoil detection analysis (ERDA)
The hydrogen depth profile in IPP coatings deposited on silicon
afers was measured by ERDA with 2 MeV  He ions. The samples
ere examined in a vacuum of 5 × 10−5 Pa, with the normal tilted

6◦ relative to the direction of the incident He ion beam. Recoiled
ls Today 16 (2019) 456–473

hydrogen was  measured with a solid-state detector placed at 28◦

scattering angle. In order to discriminate recoiled H from scattered
He, a 9 �m thick Mylar filter was placed in front of the detector.
All samples were bombarded with the same total number of He
ions, reflected in the total charge of 3 �C accumulated for each
measurement, providing a relative H content in the sample series.

2.6. Electron paramagnetic resonance (EPR) spectroscopy

The concentration of free radicals embedded into the structure
of IPP coatings was evaluated using an EPR spectroscopy (Bruker
EMXplus Xband). IPP-coated polystyrene films (7 cm × 7 cm), rolled
into Wilmad Borosilicate glass NMR  tubes were used for this anal-
ysis. Spectra were recorded with a central magnetic field of 3510
G, modulation amplitude of 3 G, microwave frequency of 9.8 GHz,
and power of 25 Mw.  The spectrometer was  calibrated using a weak
pitch sample. The field modulation frequency was 105 Hz. The sam-
pling time was 85 ms,  and 10 scans were averaged per sample.

2.7. Spectroscopic ellipsometry

The thickness and refractive index of the IPP coatings before
and after incubation in SBF were measured using a Woolam spec-
troscopic ellipsometer. The high-speed monochromator (HS-190)
and control module (VB-400) were operated by WVASE32 software.
The system was initially calibrated using a standard silicon wafer.
The spectra were collected for three angles of incidence (65◦, 70◦,
and 75◦) over the wavelength range of 200–1000 nm. A Cauchy
model was  utilized to fit the obtained data. The average values of
at least three measurements per sample were reported as the film
thickness and refractive index values.

2.8. Nano-indentation and nano-scratch measurements

The normal contact stiffness and scratch responses of IPP
coatings deposited on titanium substrates were measured
using an Agilent-G200 nano-indenter. Berkovich (Synton-MDP,
XP/Berkovich/020) and conical (Synton-MDP, XP/Con060/005/020)
tips were employed for nano-indentation and nano-scratch tests,
respectively. The normal elastic responses of coatings were evalu-
ated using partial unloading procedures in the nano-indentation
tests [35,36]. After each unloading stage with the applied load
decreasing by 20%, the loading level rose by a factor of two to the
next unloading stage, until the load reached 50 mN correspond-
ing to the last loading/unloading cycle. All the values of stiffness
were determined by averaging over 20 tests at different positions
on each sample. For nano-scratch tests, the conical tip proceeded
at a velocity of 0.25 �m/s  for a scratch distance of 200 �m within
which the normal load increased linearly to 50 mN.  Under the same
experimental condition, ten scratches were made on each individ-
ual sample.

2.9. Atomic force microscopy (AFM)

Morphology and root-mean-square (RMS) roughness of IPP
coatings deposited on silicon wafers were obtained by molecular
imaging PicoSPM operating in noncontact AFM mode. The non-
contact silicon tips (Nanosensors, PPP-NCST-SPL) had a frequency

of 76–263 kHz. The scanner had a maximum range of 100 �m,  and
the samples were scanned at a set point of 2–3 V and a frequency
of 0.5 Hz. The recorded data were processed using PicoScan 5 and
WSxM software (Version 5.0, Nanotec Electronica).
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.10. Stability evaluation in simulated body fluid (SBF)

The chemical and physical stability of the IPP-coated Ti surfaces
ere evaluated by incubation in Tyrode’s simulated body fluid (SBF)
ith a composition reported previously [34]. Samples were steril-

zed using ultraviolet (UV) light for 30 min  prior to incubation for
he durations of 7–60 days at 37 ◦C. The UV dose used for steril-
zation of samples is insignificant compared to the UV exposure
nherent in the plasma treatment; and therefore it produced no
urther detectable physical or chemical changes. All samples were
ncubated in SBF within 24 h after deposition. The Tyrode’s SBF was
emoved after incubation, and the samples were rinsed three times
ith Milli-Q water followed by drying with a stream of nitrogen gas.
PS spectra of the washed samples were obtained within 24 h.

.11. Covalent immobilization of fibronectin

IPP-coated Ti surfaces were incubated overnight in fibronectin
BS solution with a concentration of 15 �g/mL at 4 ◦C except where
tated otherwise. The samples were then thoroughly washed with
BS to remove excess unbound protein. To demonstrate the cova-
ent immobilization of fibronectin, the samples were washed in 5%
odium dodecyl sulfate (SDS) for 15 min  at 90 ◦C.

.12. Covalent immobilization of BMP-2

For BMP-2 functionalization, uncoated and IPP-coated Ti foil or
lass coverslips were incubated in 15 �g/ml BMP-2 dissolved in
illiQ water for 24 h at 4 ◦C in the dark. Non-functionalized sam-

les were treated with MilliQ water in the same manner. Samples
ere washed three times with MilliQ water, air-dried overnight,

nd UV sterilized for 30 min  prior to cell seeding. To demonstrate
he strength of BMP-2 binding, samples were washed with 0.1%
v/v) Tween-20 (4 h at 37 ◦C) or 0.5% (w/v) sodium dodecyl sulfate
SDS, 1 h at 37 ◦C).

.13. Enzyme-linked immunosorbent assay (ELISA)

ELISA was used to evaluate the attachment of fibronectin on
urfaces. Fibronectin-coated surfaces were exposed to 5% BSA solu-
ion for 1 h and washed with PBS. A fibronectin rabbit-anti human
rimary (Ab2413, Abcam) was applied at a 1:5000 dilution (1 h)
ollowed by a goat-anti-rabbit secondary antibody (ab6721) at a
:20,000 dilution for 1 h. Bound antibody was visualized with incu-
ation of samples in substrate solution 1-StepTM Ultra TMB  (cat.
4028B, Thermofisher Scientific) for 30 min  before 0.02 M sulphuric
cid was added to stop the reaction. The absorbance of samples at
50 nm was measured with a plate reader.

.14. Attenuated total reflectance (ATR) Fourier transform
nfrared (FT-IR) spectroscopy

The ATR FT-IR spectra of bare and IPP-coated Ti before and after
ncubation in the fibronectin solution were recorded using a Dig-
lab FTS7000 FTIR equipped with an ATR accessory (Harrick, USA)

ith a trapezium germanium crystal (width = 1 cm)  and an incident
ngle of 45◦. Samples with a 2 cm × 1.5 cm area were used to fully
over the width of the ATR crystal. Each spectrum is the average
f 500 scans recorded at a resolution of 4 cm−1. Spectra of samples

efore protein immobilization were subtracted from those after the

mmobilization to reveal changes associated with the attached pro-
ein layer. The subtraction and analysis of spectra were performed
sing Resolutions Pro software (Digilab, V. 4.0).
ls Today 16 (2019) 456–473 459

2.15. Isolation and culture of primary osteoblasts from adult
mouse long bones

Primary osteoblasts were harvested from (6–8)-week old
C57BL/6 mice according to the standard protocol [37]. Male
C57BL/6 were euthanized by cervical dislocation and sterilized with
70% ethanol for 5 min. Experiments were in accordance with the
Australian Code of Practice for the Care and Use of Animals for
Scientific Purposes. All personnel involved in the animal proce-
dures have completed an approved animal care and ethics course.
Hind limbs were exposed following a single incision through the
dorsal skin and removed at the hip joint. Muscles, ligaments,
and tendons were carefully disassociated from tibias and femurs
which were then incubated in 2 mg  collagenase II (Life Technolo-
gies) per ml  in serum free Dulbecco’s modified Eagle medium
(DMEM) for 20 min  at 37 ◦C (‘digesting solution’). Bone marrow
was flushed from the long bones with PBS, before cutting the
diaphysis into 1–2 mm pieces, several washes in PBS and further
incubation in 10 ml  digesting solution for 2 h at 37 ◦C. Finally,
bone chips were washed with growth medium (DMEM with 10%
FBS, 100 �g/ml Penicillin, 100 �g/ml Streptomycin, 50 �g/ml ascor-
bic acid + 10 mM beta-glycerophosphate) three times for 5 min
with 1200 rpm centrifugation. The washed bone chips were then
placed in a 6-well plate with 3 ml  growth medium. Within 5 days,
osteoblasts were observed growing out of the bone chips. In 10–14
days, osteoblasts were ready to passage for further experimenta-
tion.

2.16. Osteoblast attachment, spreading, and proliferation

Primary osteoblasts (OB, passage 3–5) were used to study
interactions with control titanium, titanium coated with IPP, and
IPP titanium coated with fibronectin in 8-well chamber slides
(ThermoFisher Scientific). For attachment studies, OBs (2 × 104

cells/well) were incubated with the surfaces for 1 h before wash-
ing with PBS and fixing with 70% ethanol for 10 min. Samples
were washed twice with PBS, permeabilized with 0.05% Triton for
10 min  and stained with ActinRedTM 555 for 10 min. Samples were
mounted with 4′,6-diamidino-2-phenylindole (DAPI) fluoroshield
mounting medium (Sigma Aldrich). Images from 4 fields, together
covering the entire sample, were collected and cell nuclei counted
using Image J. Cell area was  also quantified to determine spread-
ing. For proliferation, OBs (4 × 103 cells/well) were incubated for
3, 6, 10 and 14 days, with media changed every second day, and
metabolic activity measured using the MTS  cell proliferation assay
kit (Promega). The MTS  reagent (40 �l per well) was added to each
well and was  further incubated for 2 h. The formazan dye pro-
duced by viable cells was  quantified by measuring the absorbance
at 490 nm.

2.17. BMP-2 bioactivity using ATDC5 reporter cells

BMP-2 bioactivity was assessed with the ATDC5 cell line (ATCC,
Manassas, VA, USA), as these cells are known to rapidly produce
the bone apposition marker alkaline phosphatase (ALP) in pres-
ence of BMP-2 [38]. Cells were seeded onto the surfaces at an initial
density of 10,000 cells/cm2 in solution consisting of DMEM/F12
medium (Gibco, Grand Island, NY, USA) supplemented with 10% FBS
and 100 units/mL penicillin/streptomycin (Invitrogen, Carlsbad, CA,
USA). ALP activity was measured in cells cultured on Ti surfaces
for 72 h, by conversion of the p-nitrophenyl phosphate liquid sub-
strate system (Sigma), after permeabilization in 0.2% (v/v) triton

X-100/PBS for 15 min. The absorbance was measured at 405 nm
and corrected at 655 nm (Bio-Rad, Hercules, CA, USA). The ALP
value of each sample was  normalized to its DNA content, mea-
sured with the Quant-It PicoGreen kit (Invitrogen), according to
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he manufacturer’s instructions. For qualitative assessment of ALP
ctivity, ATDC5 cells were cultured on glass coverslips for 72 h.
ells were fixed in 4% (w/v) formaldehyde for 10 min, permeabi-

ized in 0.2% (v/v) triton X-100 in PBS for 15 min, and stained using
he Fuchsin+ Substrate-Chromogen kit (Agilent), according to the

anufacturer’s instructions.

.18. Human mesenchymal stem cell (MSC) biocompatibility and
steogenic differentiation

Bone marrow was obtained from the calcaneus bone of an ado-
escent female undergoing orthopedic surgery (University Medical
enter Utrecht, Utrecht, The Netherlands) after written informed
onsent and approval of the local medical ethical committee. The
ononuclear cell fraction was isolated by Ficoll-Paque centrifuga-

ion. Plastic-adherent cells within this fraction were expanded to
assage 5 in MSC  growth medium, consisting of �-MEM (Invitro-
en, Carlsbad, CA, USA) medium with 10% (v/v) FBS, 100 units/mL
enicillin/streptomycin (Invitrogen), and 0.2 mM l-ascorbic acid
-phosphate (Sigma, St. Louis, MO,  USA). The multipotency and
xpression of surface antigens of these MSCs were described before
39], and are in accordance with the minimal criteria of human

SCs according to the International Society for Cellular Therapy
40]. In all MSC  experiments, cells were seeded at an initial density
f 7500 cells/cm2 on Ti foils in MSC  growth medium.

MSC  metabolic activity was measured every day until day
 using the alamarBlue Cell Viability Reagent (Thermo Fischer,
altham, MA,  USA). Fluorescence was detected utilizing the Fluo-

oskan Ascent FL multiplate reader (Thermo Labsystems, Helsinki,
inland) after 1 h incubation with alamarBlue reagent. Cell viability
nd proliferation were assessed qualitatively using a live/dead cell
iability kit, as described by the manufacturer (Molecular Probes,
hermo Scientific). Live (green) and dead cells (red) were imaged
sing a fluorescence microscope (IX53, Olympus, Tokyo, Japan).

The osteocalcin expression was assessed as a marker of MSC
steogenic differentiation, since it is a bone-specific protein syn-
hesized by osteoblasts [41]. Cells were cultured for 14 days,
ith the medium being refreshed every fourth day. The cell
onolayers were fixed for 15 min  in 80% (v/v) methanol and per-
eabilized for 10 min  with 0.2% (v/v) Triton X-100/PBS. After

 blocking step of 30 min  with 5% (v/v) bovine serum albumin
BSA)/PBS, samples were incubated for 1 h at room temperature
ith 10 �g/mL mouse monoclonal antibody recognizing human

steocalcin (clone OCG4, Enzo Life Sciences, Farmingdale, NY).
his was followed by incubation with 10 �g/mL goat-anti-mouse
olyclonal antibody conjugated to Alexa Fluor 488 (Invitrogen).
ounterstains for DAPI (4′,6-diamidino-2-phenylindole, 1 �g/mL

or 10 min) and phalloidin-TRITC (2.5 �g/mL for 30 min) were
erformed to demonstrate the cell nuclei and cytoskeleton, respec-
ively. Cells were imaged using a fluorescence microscope (IX53,
lympus, Tokyo, Japan). Osteocalcin staining was quantified in

mageJ freeware version 1.48 (U.S. National Institutes of Health) on
inary images after applying a global threshold. The average count
as determined for six images (total surface area 3 mm2) obtained

rom an experiment run in triplicate. The day 14 osteocalcin count
as normalized to the day 14 DNA content (Quant-It PicoGreen

it) determined in a parallel experiment performed under the same
onditions.

.19. Statistical analyses

The data, expressed as mean ± SEM (standard error of the mean),

ere compared using GraphPad Prism version 7.02 (Graphpad

oftware, San Diego, California) for PC. One-way and two-way
NOVA with a Tukey’s multiple comparisons post-test were con-
ucted to compare between groups and within groups respectively.
ls Today 16 (2019) 456–473

Statistical significance is indicated in figures as *p < 0.05, **p < 0.01
and ***p < 0.001.

3. Results and discussion

3.1. Deposition of ion-treated plasma polymer (IPP) films

3.1.1. Surface chemistry
In most plasma polymerization systems, film-forming species

do not possess sufficient energy to form chemical bonds with the
substrate material unless there is a high flux of ionized species
arriving at the surface [42]. Here we  employ a unique configuration
of plasma polymerization to enhance the plasma-substrate interac-
tion during the film deposition. In this arrangement, we employ two
sources of plasma power: (i) a radio frequency source for exciting
the precursor gas into the plasma state, and (ii) a pulsed negative
bias voltage source connected to the substrate. Applying a negative
bias to the substrate enhances the bombardment of accelerated
positive ions during the plasma polymer film growth. This combi-
nation of plasma polymerization and ion implantation is expected
to be beneficial in two  respects: First, it results in a high concentra-
tion of radicals embedded within the IPP film structure; and second,
it yields strong interaction between the deposited species and the
substrate at early stages of film growth. We evaluated this hypoth-
esis by the deposition of IPP films at bias voltages ranging from 0
to −1000 V, while the plasma energy from the RF source was  kept
constant at 0.1 kJ cm−3.

Fig. 2a shows XPS survey elemental composition of IPP films
as a function of pulsed bias voltage (Vb). By increasing the bias
voltage from 0 to −1000 V, the atomic concentration of carbon
increases from 67 to 75%, while that of nitrogen decreases from
25 to 13%. Although no oxygen is present in the precursor gas mix-
ture (Ar + C2H2 + N2), between 8 to 12% oxygen was  observed on
the surfaces with an increasing trend as a function of bias voltage.
The incorporation of oxygen into the IPP film structure is either
due to post-deposition oxidation in atmosphere or plasma phase
contamination associated with residual oxygen in the deposition
chamber. Considering the relatively low base pressure of the depo-
sition chamber (<5.0 × 10−5 Torr), the former appears to be the
dominant source of detected oxygen. The post deposition oxidation
of plasma polymerized films is an inevitable process that has also
been reported for other precursor monomers [43,44]. The increase
of oxygen on the surface as bias voltage increases is explained
by greater ion bombardment of the growing film at higher bias
voltages, resulting in the generation of a higher concentration of
radicals susceptible for post-deposition oxidation [45,46].

To further elucidate the role of enhanced ion bombardment
on the surface chemistry of IPP films, we curve-fitted the C 1s
high resolution spectra as shown in Fig. 2b. Three peaks asso-
ciated with C–C/C–H at binding energy (BE) ∼= 284.6 eV, C–O/C–N
at BE ∼= 286.5 eV, and C=O/N–C=O at BE ∼= 287.5 eV.38,42 were fit-
ted in the C 1s high resolution spectra. By increasing the applied
bias, the C 1s peak becomes progressively more asymmetric and
the shoulder at higher binding energies becomes narrower. As
the bias voltage increases, there is an increase in the concen-
tration of carbon compounds in the neutral environment and
a decrease in oxygen- and/or nitrogen-containing moieties. The
increase of oxygen atomic concentration as a function of bias
voltage (Fig. 2a) indicates that the reduced concentration of com-
ponents at higher binding energies is primarily due to the decrease
of nitrogen-containing moieties. Such changes are also in agree-

ment with the reduction of nitrogen atomic concentration as a
function of bias voltage (Fig. 2a). Further evidence for the deple-
tion of nitrogen-containing species at higher bias voltages is
obtained by ToF-SIMS normalized positive counts shown in Fig. 2c.
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Fig. 2. Chemical characterization of IPP films. (a) XPS survey elemental composition of the films as a function of applied bias voltage. (b) C 1s high-resolution spectra of the
films  deposited at various applied bias voltages. The spectra are curve-fitted by three components: C1: C–C/C–H, C2: C–O/C–N, and C3: C=O/N–C=O. (c) Average normalized
positive SIMS counts of carbon/nitrogen-containing species from ToF-SIMS for the films deposited at Vb = 0, −500, and −1000 V. (d) Suggested mechanism of nitrogen
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epletion due to energetic ion bombardment resulting in the formation of carbon-c
road  and symmetrical peaks are indicative of unpaired electrons that are associate
ias  voltages.

ncreasing the Vbias from 0 to −1000 V results in a significant
ncrease of hydrocarbon counts, (CH3, C2H3, and C2H5) and a
ecrease in nitrogen-containing fragments (CN, CH2N, CH4N).

We describe this decrease of nitrogen atomic concentration
y an etching mechanism that selectively ablates the nitrogen-
ontaining species under enhanced ion bombardment conditions.
his preferential etching mechanism can be explained by high elec-
ron density of nitrogen and sp/sp2 hybridized carbon in chemical
roups such as –C=N, N–C=O, and –C N [47]. Atoms with higher
lectron densities demonstrate a greater reactivity with positive
ons arriving at the surface, and thus can be more easily ablated
rom the film structure. As indicated by ATR FT-IR data (see Fig.
1 in Supporting Information), single, double, and triple bonds
n carbon-nitrogen containing species are formed by the plasma
olymerization of acetylene and nitrogen. It is, therefore, plausi-
le to suggest that at lower bias voltages, mainly C–N bonds with a
elatively low dissociation energy (305 kJ mol−1) are broken. In con-
rast, at higher bias voltages, ions with greater energies are capable
f breaking C=N (615 kJ mol−1) and C N (891 kJ mol−1) bonds as

ell. This suggested mechanism of nitrogen depletion that results

n the formation of carbon-centered radicals is illustrated in Fig. 2d.
he higher mobility of atoms at elevated ion-bombardment condi-
ions may  also facilitate the diffusion of liberated nitrogen atoms.
ed radicals. (e) EPR spectra of PP films deposited at Vb = 0, −500, and −1000 V. The
 radicals. (f) ERDA hydrogen yield profiles obtained for PP films deposited at varied

Diffusion allows the liberated atoms to form volatile species in com-
bination with other similarly liberated species, move to the surface
and be evacuated from the plasma chamber.

A radical has an unpaired electron and an associated elec-
tron spin. Electron paramagnetic resonance (EPR) spectroscopy can
directly measure the density of electron spins, i.e. the concentra-
tion of radicals. EPR spectra of the films deposited with applied
bias voltages of 0, −500, and −1000 V are shown in Fig. 2e. The
EPR spectra are broad, approximately symmetrical, and show sin-
gle resonance peaks. The resonance peaks are centered at 3513 G
(g-value of 2.003) and are assigned to unpaired electrons associated
with radical-containing compounds within the IPP structure. Dou-
ble integration of EPR spectra and comparison with a standard pitch
sample reveals a radical concentration of ∼1.6 × 1017 spins cm−3

for the plasma polymer film prepared at Vb = 0. This value agrees
with a recent report on methane PP films deposited on substrates at
floating potentials [48]. During the plasma polymerization process,
the growing film is continuously bombarded by electrons, pho-
tons, and positively charged ions generated in the plasma phase

[49]. Such interaction between the plasma polymer film and the
plasma phase yields surface radicals that can be trapped within
the film structure. By the application of pulsed biases of −500 and
−1000 V, the concentration of radicals increases to ∼5.1 × 1017 and
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Table 1
XPS survey elemental composition and area percentage of components present in
Ti  2p high resolution spectra for interfaces between titanium surfaces and IPP films
(thicknesses ∼= 5  nm)  prepared at various bias voltages.

Bias
voltage (V)

Atomic concentration (%) % Area of Ti 2p

C N O Ti TiO2 TiOx Ti–Ti/Ti–C

plasma polymerization (Vb = −500 and −1000 V) exhibit a more

F
s
c
s
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1.8 × 1018 spins cm−3, respectively. These data indicate that the
on-assisted plasma polymerization, achieved through pulse bias-
ng a substrate, yields markedly larger concentrations of radicals
ompared to conventional plasma polymer films deposited either
n grounded or self-biased substrates. Higher substrate bias volt-
ges result in higher degrees of energetic ion bombardment that in
urn increase the likelihood of hydrocarbon fragmentation, chain
cission, and bond cleavage; yielding greater concentrations of rad-
cals within the growing film. These results are also in agreement

ith the mechanism we proposed for the formation of carbon-
entered radicals due to the depletion of nitrogen atoms under
nhanced ion bombardment conditions (Fig. 2d). It has previously
een demonstrated that such reactive radicals are mobile and
igrate from reservoirs beneath to the surface where they form

ovalent bonds with biomolecules [32].
The evaluation of hydrogen content of IPP structures not only

heds light on the mechanisms of plasma polymerization but also
rovides useful information on the role of hydrogen in the chemical
tability of the coatings. However, measuring the hydrogen content
s not straight-forward, because hydrogen has no core electrons
nd is not detectable by XPS [50]. We  measured the concentration
f hydrogen by elastic recoil detection analysis (ERDA) using He
ons. Such data are significantly valuable as very limited knowl-
dge on the variations of hydrogen content in plasma polymerized
lms is available in the literature due to experimental difficulties.
ig. 2f shows the relative ERDA hydrogen yield profiles obtained
or IPP films deposited on silicon wafers at varied bias voltages. The
eposition time was adjusted accordingly to obtain a constant film
hickness of 180 nm for these measurements. From the profiles, it
s evident that hydrogen is present predominantly up to a depth
quivalent to the thickness of the films, and almost no hydrogen is
etected in the silicon substrate. The average hydrogen yield within
he depths of 50–150 nm are 68.11, 60.88, and 39.16 Cts/3 �C for
P films deposited at bias voltages of 0, −500, and −1000 V, respec-
ively. Only the bulk of the films were considered for averaging
n order to discount the influence of IPP film interfaces with air
r the substrate on the measured values. These results manifest a
ignificant depletion of hydrogen atoms for the film deposited at
b = −1000 V compared to Vb = 0 and −500 V.

Such reduction of hydrogen content by increases in negative
ias voltage is in agreement with previously reported ERDA mea-

urements for carbon films deposited by RF plasma deposition of
ethane, where a greater removal of weakly bonded hydrogen
as observed for higher negative bias voltages [51]. We  suggest a

ig. 3. Chemical characterization of interfaces between IPP films and titanium surfaces. (
urfaces using bias voltages of 0, −500 and −1000 V. (b) XPS C 1s high-resolution spectra 

arbon-containing components: C1: C–C/C–H, C2: C–O/C–N, C3: C=O/N–C=O, C4: TiC, and C
pectra are curve-fitted by six titanium-containing components: Ti1: (TiO2)3/2, Ti2: (TiO2)
0 65.8 14.8 14.5 4.9 90 2.7 7.3
−500 66.4 15.4 13.9 4.3 78.5 7.9 13.6
−1000 63.4 12.6 19.4 4.6 80.6 5.9 13.5

hydrogen loss mechanism for the depletion of hydrogen atoms
at high substrate bias voltages. Under intense energetic ion bom-
bardment conditions, a great concentration of hydrogen radicals
is formed due to the enhanced cleavage of molecular bonds in the
tracks of impinging ions; a hypothesis that is also supported by the
ESR data (Fig. 2e). Thus, it is highly possible that a significant portion
of these hydrogen radicals recombine and eventually escape from
the structure in the form of H2, leaving behind a plasma polymer
structure with a lower concentration of hydrogen atoms.

3.1.2. Interface chemistry
Analyzing the chemistry of IPP coatings at the interface of

the titanium substrate provides valuable information about the
role of ion bombardment on chemical interactions between the
depositing polymer species and the substrate. To obtain informa-
tion from initial stages of film growth, we  deposited films with
thicknesses of approximately 5 nm that are less than the sampling
depth of XPS which is 8–10 nm.  This strategy allows recording of
XPS signals originating from both the IPP coating and the tita-
nium substrate. The XPS survey spectra of these ultra-thin films
showed titanium peaks with atomic concentrations of 4–5% (Fig. 3a,
Table 1), confirming that the XPS signals originated from the IPP
film-substrate interface. XPS C 1s and Ti 2p high-resolution spec-
tra from IPP coating-substrate interface are shown in Fig. 3b and
c, respectively. The C 1s high-resolution spectrum of the inter-
face created without the application of substrate bias (Vbias = 0 V)
consists of C–C/C–H, C–O/C–N, and C=O/N–C=O compounds. How-
ever, the C 1s spectra from interfaces created under ion-assisted
complex structure. Apart from the organic carbon-containing moi-
eties, two additional components, observed at binding energies of
∼282.5 and ∼289.8 eV, can be assigned to metallic carbide (TiC) and

a) XPS survey spectra of thin IPP films (thicknesses ∼= 5 nm)  deposited on titanium
of thin IPP films deposited on titanium surfaces. The spectra are curve-fitted by five

5: titanium oxycarbides. (c) XPS Ti 2p high-resolution spectra of thin IPP films. The
1/2, Ti3: (TiOx)3/2, Ti4: (TiOx)1/2, Ti5: (Ti–Ti/Ti–C)3/2, and Ti6: (Ti–Ti/Ti–C)1/2.
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xycarbide (TiOxCy) species, respectively [52,53]. The formation
f these carbon-containing compounds is in agreement with the
nformation obtained from Ti 2p high resolution spectra (Fig. 3c).
he Ti 2p is a doublet due to the spin–orbit splitting of Ti 2p3/2 and
i 2p1/2 with a separation energy of 5.7 eV [�E = E(Ti 2p1/2) − E(Ti
p3/2)]. Ti 2p3/2 peaks for titanium in a neutral environment (Ti–Ti,
i–C), titanium sub-oxides (TiOx with 0 < x < 2), and TiO2, were
tted at BEs of, 456.4–457.0, 453.8–454.6, and 458.8–459.2 eV,
espectively [52–54]. The area percentage of Ti–Ti/Ti–C compounds
alculated from these spectra (Table 1) increase from 7.3% for the
lm prepared at Vb = 0 to 13.6% and 13.5% for the films deposited
t Vb = −500 and −1000 V, respectively. Considering that the tita-
ium atomic concentration was similar for these three samples
4–5%), this increase in area percentage must be attributed to the
ormation of Ti–C bonds. Titanium is an early transition metal with
xcellent propensity to form stable carbide bonds with a formation
nthalpy of −184.10 kJ mol−1 [55]. XPS results imply that ener-
etic ions arriving on a biased substrate provide sufficient energy
o enter the substrate and form such chemical bonds between
he arriving species and the substrate. The formation of metallic
arbon-containing species at Vb ≥ −500 V and the absence of these
ompounds for Vb = 0 V highlights the critical role of ion bombard-
ent on regulating the growth mechanisms of plasma polymer

lms. The formation of chemical bonds between the first layers
f IPP films and the substrate has significant implications for the
mprovement of film adhesion to the substrate, as discussed in the
ollowing sections.

.1.3. Surface physico-mechanical properties
The thicknesses of IPP films obtained by spectroscopy ellipsom-

try were used to calculate deposition rates plotted as a function
f bias voltage in Fig. 4a. The deposition rate is remarkably higher
or Vb = 0 and −250 V than Vb ≥ −500 V. This behavior implies that
he ion-assisted plasma polymerization is controlled by a competi-
ive polymerization and ablation process regulated by the arrival of
nergetic ions at the surface. The higher deposition rates at lower
b values indicate that the polymerization process is predominant;
hereas the reduction of deposition rate at Vb ≥ −500 V suggests

hat the balance of polymerization and ablation processes tends
ore toward the ablation at higher Vb values.
The deposited energy density (�) during the film growth is

uantified as ion energies per deposited atoms and is obtained by
56,57]:

 = �iEi

R
(1)

here � i, Ei, and R are the ion flux incident on the substrate, the
verage energy of ions arriving at the substrate, and the deposition
ate, respectively. The energy density during the film formation
s enhanced by an increase in the average energy of ions (as at
igher bias voltages) as well as a decrease in the deposition rate. At
reater Vb values, higher ion flux (� i) and energy (Ei) together with
ower deposition rates (R) yield higher energy densities resulting
n enhanced ion-assisted ablation. This explanation is further sup-
orted by the AFM topography images shown in Fig. 4b. The IPP film
eposited at the bias voltage of −1000 V manifests distinct surface
orphologies compared to those prepared at Vb = 0 and–500 V. It is

bserved that upon application a −1000 V bias voltage, crater-like
eatures with peak-to-valley depths of 2–4 nm form on the surface.
t appears that these features originate from an intense energetic
article bombardment, resulting in the ablation of the deposited
lms.
The variations in the cross-linking degree of the IPP films can
e inferred from the changes in refractive index values plotted as

 function of applied bias in Fig. 4c. The trend of changes in the
efractive index follows that of variations in the deposition rate
ls Today 16 (2019) 456–473 463

(Fig. 4a). By initial increases of the applied bias from 0 to 250 V,
the refractive index remains almost constant at ∼1.63, whilst it
increases to 1.81 ± 0.01 by further increasing the bias voltage to
−1000 V. The refractive index of a polymer is indicative of its degree
of cross-linking and density [58]. The higher refractive indices mea-
sured for the IPP films deposited at Vb > 250 V is explained by higher
fluxes of energetic ions arriving at the surface and thus greater frag-
mentation of deposited species. The recombination of fragmented
species is facilitated through higher concentration of available rad-
ical sites, yielding highly cross-linked structures. This explanation
correlates well with EPR data (Fig. 2e) that showed significantly
higher concentrations of radicals formed at higher bias voltages and
the removal of hydrogen atoms as shown by ERDA data (Fig. 2f).

The stability of plasma polymer coatings in aqueous media is
attributed, in part, to their mechanical properties, e.g. elasticity
and stiffness as well as their average residual stress. We  performed
nano-indentation to evaluate the influence of ion treatment on
the Young’s modulus of the coatings with thicknesses of approx-
imately 100 ± 10 nm.  The modulus of elasticity (E) as a function of
indentation depth for uncoated and PP-coated titanium surfaces are
shown in Fig. 4d. The modulus of elasticity for the uncoated tita-
nium surface decreases from ∼153 GPa for an indentation depth
of 11.0 ± 1.9 nm to approximately 122 GPa for indentation depths
greater than 60 nm.  The higher E values measured at indentation
depths <60 nm are due to a stiff native oxide layer with a thick-
ness of a few nanometers naturally present on titanium surfaces
[59]. The variations of E for IPP-coated surfaces, however, exhibit
an opposite trend compared to that for the uncoated titanium. The
E values for the coated samples increase as the indentation deepens
to about 100 nm and remain approximately constant at 108 GPa by
further increases in the indentation depth. Most importantly, for
shallow indentation depths, where the influence of the substrate is
minimal, significantly lower Young’s moduli are measured for the
film deposited at Vb = 0 V in comparison with those deposited at
Vb = −500 and −1000 V. These results are consistent with the higher
refractive indices measured for the IPP coating prepared at greater
applied bias voltages (Fig. 4c), and suggest that the mechanical stiff-
ness of this coating is elevated due to increases in the cross-linking
density and consequent reductions in polymer chain flexibility.

The residual compressive stress of the films was  evaluated by
measuring the radii of curvature of silicon wafers before and after
the deposition of the films. The profiles of IPP-coated silicon sub-
strates prepared at various applied bias voltages are measured
using stylus profilometry and shown in Fig. 4e. The increase in the
deflection at the center of the profile after the deposition of PP coat-
ings is a measure of the compressive residual stress. The residual
stresses calculated from these profiles are 0.12, 0.20, and 0.52 GPa
for the coatings deposited at Vb = 0, −500, and −1000 V, respec-
tively. This increase of residual stress as a function of applied bias
voltage is explained by densification of the coatings as confirmed by
increases in the refractive index (Fig. 4c). [60] A highly cross-linked
structure, formed under energetic ion bombardment conditions,
results in the restricted mobility of polymeric chains that in turn
hinders the release of stresses induced during the deposition.

Ramp load nano-scratch tests data provide further knowledge
on mechanical properties of coatings deposited by ion-assisted
plasma polymerization. The nano-scratch tests were performed
over a length of 200 �m,  while the normal load was  increased lin-
early with the scratch distance. Fig. 4f shows representative scratch
test results together with their corresponding post-scratch optical
microscopy images. The normal load at which the film delaminates
from the substrate is referred to as the ‘critical load’ (CL). The CL

can be verified as a force corresponding to the delamination point
in post-scratch images and associated discontinuity and fluctuation
occurring in the lateral force-distance curve [61–65]. The greatest
critical load of 33.2 ± 9.08 mN is achieved for the coating deposited
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Fig. 4. Physico-mechanical characterization of IPP films. (a) Deposition rate of PP films as a function substrate bias voltage. (b) AFM images of IPP films deposited on polished
titanium substrates at various bias voltages. The Z height is 18 ± 1 nm.  (c) Refractive index (at � = 630 nm) of PP films as a function of bias voltage. (d) Modulus of elasticity as
a  function of the indentation depth measured by nano-indentation on uncoated titanium and PP films deposited on titanium with various bias voltages. (e) The profiles of PP-
coated  silicon substrates prepared at various applied bias voltages. (f) Representative scratch test results together with their corresponding post-scratch optical microscopy
images. The lateral load at which the film delaminates from the substrate is indicated as critical load (CL).
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t Vb = −500 V, whilst the coating deposited without applying a
ias voltage shows a significantly lower CL of 12.3 ± 5.51 mN.  As
bserved from the post-scratch optical profile, the delamination
f the film deposited at the maximum bias voltage (Vb = –1000 V)
ccurs within the first few micrometers of the scratch line with

 CL of less than 4 mN.  The CL of coatings deposited at Vb = 0 and
500 V is indicative of the film-substrate adhesion strength, since

he penetration depth at the delamination point was markedly
arger than the thickness of the films. The greater CL for the
lm deposited at Vb = −500 V compared to that for Vb = 0 verifies
hat ion-assisted plasma polymerization yields superior interfa-
ial adhesion strength in comparison with conventional plasma
olymerization where no external bias voltage is applied. These
esults, together with XPS data (Fig. 3b and c), confirm that the
trong adhesion to the substrate achieved for Vb = −500 is associ-
ted with the formation of metallic carbide and oxycarbide bonds at
he film-substrate interface. For the film deposited at Vb = −1000 V,
owever, the early stage delamination implies that the failure is
ohesive rather than adhesive. This hypothesis is consistent with
igh compressive residual stress and high modulus of elasticity
easured for this coating. These results indicate that breakdown of

ntermolecular bonding in such a ‘stiff’ structure surpasses the fail-
re of the coating-substrate interface. The cohesive failure of this
lm is also in agreement with the robust interface formed under
uch elevated energetic ion bombardment conditions; a hypothesis
hat is supported by the formation of carbide/oxycarbide com-
ounds during the initial stages of deposition.

.2. Stability of ion-treated PP films in simulated body fluid

.2.1. Chemical stability
Plasma polymerized films are susceptible to oxidation upon

xposure to atmosphere, and nitrogen-rich films are prone to loss
f nitrogen-containing groups in aqueous environments [66]. The
xidation of a plasma polymer film not only changes the surface
hemistry but also results in detrimental consequences for the film
ntegrity [67]. The degradation rate of polymeric films in aque-
us media depends on the diffusion rate of oxygen and water
olecules throughout the film thickness as well as the reactivity of
etastable compounds produced during the initial stages of oxygen

ptake [49]. Studies on stability should, therefore, be performed for
xtended durations of incubation in aqueous media to ensure suffi-
ient progression of both diffusion and reaction-limited processes.
his has been overlooked in the literature, and a large number of
tudies on plasma polymer films stability have applied incubation
imes of less than 24 h [19,68–70]. To evaluate the stability of IPP
lms in biological media, we incubated the samples in Tyrode’s
imulated body fluid (SBF)[71,72] at 37 ◦C for durations of up to 2
onths.
Fig. 5a shows the XPS elemental compositions of IPP-coated

itanium surfaces as a function of applied bias voltage before and
fter incubation in the SBF solution. The carbon atomic concen-
ration does not significantly vary for various incubation times. By
ncreasing the incubation time, the oxygen atomic concentration
ncreases; while that of nitrogen decreases. Such changes in surface
hemistry can primarily be attributed to a chain of auto-oxidation
eactions initiated at abundantly available carbon-centered radi-
als at the surface (see Fig. 2e). The suggested possible oxidation
athways initiated from a carbon-centered radical are depicted

n Fig. 5b. In this process, dissolved oxygen atoms initially oxi-
ize the reactive radicals into metastable species such as peroxy
adicals (C–O–O.) that are subsequently oxidized to more stable

ompounds containing carbonyl and carboxyl groups [18,25]. The
oss of nitrogen can be attributed to the out-diffusion of volatile N-
ontaining compounds, such as NH3, that could have been trapped
ithin the polymer structure. Additional oxidation reactions may
ls Today 16 (2019) 456–473 465

also initiate from nitrogen-containing groups. For example, it is
possible that hydrogen abstraction from N–H bonds contributes
in the oxidation process, as previously suggested by Gengenbach
et al. [73] Hydrolysis reactions are another important source of
the oxygen uptake and the loss of nitrogen. Such reactions may
involve O-R primary species present in the plasma polymer struc-
ture as well as secondary compounds, such as esters, produced by
the oxidation reactions. Hydrolysis reactions may result in the loss
of nitrogen through leaching of nitrogen-containing degradation
products, such as ammonia, as in the case for amino-containing
hydrocarbon plasma polymer films [66].

The changes in surface elemental composition as a function of
applied bias voltage indicate the crucial role of ion treatment on
the oxidation behavior of the films. From Fig. 5a, it is observed
that the films deposited at bias voltages of 0 and −250 V show a
higher uptake of oxygen and further reduction of nitrogen after
incubation compared to those deposited at greater applied bias
voltages. The comparison of XPS C 1s high resolution spectra of
the films after 2 months incubation further highlights the role of
ion-treatment on the chemical stability (Fig. 5c). Calculated atomic
concentrations of various carbon-containing groups are plotted in
Fig. 5d. These data show that minimal changes in the concentra-
tion of C=O, N–C=O groups are observed for the sample prepared
at Vb = −1000 V and −500 V, whereas substantial increases in the
concentration of these groups are observed upon incubation of the
film deposited at Vb = 0 V.

The greater chemical stability of IPP films deposited at higher
bias voltages may  appear to be in contrast to the commonly
accepted view that plasma polymer films containing higher con-
centrations of radicals suffer from a greater degree of oxidation
and hydrolysis [25,49,73]. Although the greater initial density of
trapped radicals is expected to yield higher oxidation rates, we
suggest that the superior integrity achieved for ion-treated plasma
polymer films is the predominant factor moderating the oxida-
tion kinetics. This hypothesis is supported by taking the refractive
index results (Fig. 4c) into account. These results indicated that
highly cross-linked IPP structures are formed under the influence
of energetic ion bombardment. A densely cross-linked structure
provides lower mobility for structural elements including the sec-
ondary radicals, e.g. C–O–O., generated as a result of oxidation
(Fig. 5b). The limited segmental mobility reduces the chances of
hydrogen abstraction by the secondary radicals formed during
the oxidation process [67]. Such limited mobility leads to quick
decay of these radicals because of their preferential recombina-
tion with each other described by the ‘cage effect’ [74]. Hence,
adequate concentration of free radicals could not be regener-
ated within a highly cross-linked structure after long incubation
times, eventually yielding the termination of the oxidation chain
reactions.

Another possible explanation for the superior chemical stability
of the IPP films compared to conventional plasma polymer films
(Vb = 0) is the restricted access of O2 and H2O molecules to active
radical sites. Oxidation and hydrolysis reactions may  take place
both on the surface and within the bulk of a polymeric material
[75]. The latter, however, requires the intrusion of water molecules
into the polymer network that is hampered by a highly cross-linked
structure with great resistivity to permeation. Another possible rea-
son for such great chemical stability is the termination of oxidation
reactions due to the depletion of C–H groups over time and even-
tual unavailability of the abstractable hydrogen atoms. It has been
previously reported that the termination of oxidation reactions in
hydrocarbon-based plasma polymer films is linked with the lack
of available C–H species [49,73]. This mechanism correlates well
with our ERDA measurements (Fig. 2f) that confirmed a signifi-

cantly lower hydrogen concentration for the PP film deposited at
Vb = −1000 V compared to lower Vb values.
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Fig. 5. Chemical stability of IPP films in simulated body fluid (SBF). (a) XPS elemental compositions of IPP films as a function of applied bias voltage before and after incubation
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.2.2. Physical stability
We showed that the plasma polymer films treated with higher

egrees of ion bombardment exhibit greater chemical stability in
 simulated biological environment. However, the physical sta-
ility of a coating must also meet the demand for biological
pplications. An ideal, stable coating should resist any physi-
al deformation in a form of thickness reduction, delamination,
nd swelling upon contact with biological media. To evaluate the
hysical stability of the films, we examined the changes in thick-
esses, refractive index, and topology of the films after incubation

n SBF.
The changes in thickness and refractive index values provide

seful information on the extent of material loss from the film or
welling of the structure. The reduction of thickness is a measure
f film solubility; whereas increases in the film thickness, accom-
anied by decreases in the refractive index, are indicative of the
lm swelling and penetration of water into the polymer network
19]. Fig. 6a shows thicknesses and refractive indices of IPP films
s a function of applied bias voltage for various incubation times
btained by spectroscopic ellipsometry. For this analysis, the films
ere deposited on atomically smooth silicon wafers rather than
itanium substrates to minimize the influence of roughness on the
btained data. The PP films deposited at bias voltages below −500 V
ere not stable in the SBF solution and were partially delaminated
 from a carbon-centered radical upon incubation of IPP films in SBF. (c) XPS C 1s
he spectra were curve-fitted by four components: C1: C–C/C–H, C2: C–O/C–N, C3:
PP films before and after incubation in SBF for two months.

from the silicon surface even after only one-week incubation. How-
ever, no delamination was observed for these films deposited on
titanium surfaces, as confirmed by the absence of titanium signals
in the XPS spectra. We  have recently shown that the greater inter-
facial adhesion of plasma polymer films deposited on titanium is
due to the formation of strong metallic carbide/oxycarbide bonds
at the interface during the initial stages of films growth [34]. Such
behavior highlights the role of the substrate chemistry in deter-
mining physical stability of a plasma polymer film and suggests
that early stages of plasma polymerization are strongly substrate-
dependent. The IPP coating deposited at Vb = −500 V was stable
for up to 1 month incubation in SBF but showed partial delam-
ination after two months incubation. The IPP coatings deposited
at Vb > −500 V showed minimal changes in the film thickness and
refractive index after 1 week incubation, while a slight increase in
thickness (by ∼15%) accompanied by decreases in the refractive
index (by ∼2%) were observed after one month incubation. Further
increasing the incubation duration to two  months did not result in
a noticeable change in the thickness and refractive index values.
These changes are indicative of small degrees of film swelling upon
incubation due to the removal of low-molecular weight, water-

soluble species from the film structure as well as with penetration
of water molecules into the polymer matrix and rearrangement of
polymer chains [19,76].
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Fig. 6. Physical stability of IPP films in simulated body fluid (SBF). (a) Film thickness and refractive index (at � = 630 nm)  of IPP films as a function of applied bias voltage
before and after incubation in Tyrode’s SBF for various durations. (b) SEM images of IPP films deposited on titanium surfaces at bias voltages of 0, −500, and −1000 V before
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nd  after incubation in SBF. Scale bar = 10 �m (c) Schematic illustration of bucklin
ventual delamination of the film from the titanium substrate. (d) Schematic illustr
s  a function of ion bombardment.

The degree of swelling in polymeric films depends on the
verage degree of cross-linking together with the topological dis-
ribution of cross-links [77]. As plasma polymer deposition of
anometre-thick films is expected to produce homogeneous struc-
ures [78], it is reasonable to only consider the cross-linking density
s a major influencing factor in the swelling of the films. The
xcellent resistance to both swelling and film thickness reduction
bserved for the IPP films deposited at elevated ion bombardment
onditions can be explained by their high degree of cross-linking
ensity as suggested by their relatively large refractive index values
Fig. 4c).

The topographical examination of IPP films upon incubation in
yrode’s SBF provides further insight into their physical robust-
ess. SEM images of IPP-coated titanium surfaces before and after

ncubation in SBF are shown in Fig. 6b. The IPP coatings before incu-
ation are smooth and follow the topography of the underlying
itanium surface. The formation of buckling features is observed
or the films prepared at Vb = 0 and −1000 V for incubation times
onger than 1 week and 1 month, respectively. In contrast, no evi-
ence of buckling, cracking, or delamination is witnessed for the
lm prepared at Vb = −500 V even after two months incubation in
BF.

It is energetically favorable for a residually compressed film
o buckle out of the substrate plane once the compressive force
xceeds a critical value [79]. Hence, polymeric films with large
egrees of compressive residual stress and/or low adhesion to the
ubstrate are highly susceptible to form buckles. The great physi-
al stability exhibited by the film deposited at Vb = −500 V is well
xplained with the XPS results that suggested the formation of
etallic carbide bonds at the film-substrate interface. We,  there-

ore, suggest that such a chemical linkage formed at early stages

f deposition ‘pins’ the film to the substrate, preventing the film
rom swelling and delamination; a hypothesis also supported by
he nano-scratch results (Fig. 4f). The formation of buckling fea-
ures observed for the coating deposited at Vb = −1000 V, however,
ation in IPP films followed by the development of ridge cracks that results in the
of changes in residual stress, interfacial strength, and physical stability of IPP films

correlates well with its large compressive residual stress measured
from the radius of curvature (Fig. 4e) and also with its cohesive
failure in the nano-scratch test (Fig. 4f). The highly cross-linked
structure of this film constrains the rearrangement of polymer
chains, making the film less accommodating to residual stresses
[76] that are relieved ultimately by buckling formation. Few cracks
at low micrometer-length scale are formed on the buckles of
this film after two months incubation. The formation of such
ridge-cracks can be linked to the tensile strength induced by the
formation of buckles and the relatively high stiffness of the film, i.e.
large modulus of elasticity, as suggested by nano-indentation data
(Fig. 4d). The buckling formation followed by the development of
ridge cracks leads to the eventual delamination of the film from the
titanium substrate as illustrated schematically in Fig. 6c. Accord-
ing to the physical stability results, it can be concluded that the
excellent robustness of the IPP film deposited under moderate ion
bombardment conditions (Vb = −500 V) is correlated with an opti-
mum  balance achieved between the film-substrate adhesion and
the degree of residual stress, as depicted in Fig. 6d. These results
underpin a critical advantage of ion-assisted plasma polymeriza-
tion compared to the conventional plasma polymerization. Even
if the conventional plasma polymer film (control sample, Vb = 0)
could show equivalent, reagent-free capability to immobilize pro-
tein molecules, its performance in practical applications will be
limited by failure upon abrasion, associated with surgical insertion,
and/or immersion in corrosive body fluids.

3.3. Biomolecular-functionalization and analyses of biological
responses

3.3.1. Protein covalent functionalization

We  used fibronectin (FN) and bone morphogenetic protein 2

(BMP-2) as model proteins to evaluate the ability of the optimized
IPP film to covalently attach a layer of biomolecules. Fibronectin is a
glycoprotein found in blood plasma and in the extracellular matrix
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Fig. 7. Protein covalent functionalization of Ti through IPP interlayer. (a) ELISA detection of surface-bound fibronectin as a function of protein concentration in the immobi-
lization solution. (b) ELISA detection of surface-bound protein for uncoated and IPP film-coated Ti surfaces incubated in fibronectin solution before and after SDS washing.
(c)  ATR FT-IR spectra of fibronectin bound to bare and IPP-coated Ti with and without SDS washing. The spectra of IPP-coated titanium before fibronectin attachment is
subtracted from the presented spectra. (d) Day 3 ALP activity per DNA content was quantified in ATDC5 cells to show BMP-2 bioactivity on non-coated and IPP-coated Ti
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urfaces  were functionalized with 15 �g/ml BMP-2.

hat mediates a variety of biological processes including regulation
f thrombus formation and cellular adhesion, migration, growth,
nd differentiation [80,81]. Fibronectin contains the canonical Arg-
ly-Asp (RGD) sequence motif, facilitating interactions with a vast
umber of cell surface integrins, and subsequently influencing cell
ehavior. In the context of osteoblasts, fibronectin is a critical medi-
tor of attachment, differentiation [82], and survival [83], through

 select group of integrins, including �5�1 [84].
A titration of fibronectin was initially coated on the samples

o find the optimum concentration of protein in solution providing
aximum surface activity. Fig. 7a shows ELISA detection of surface-

ound fibronectin as a function of protein concentration in the
mmobilization solution. The optimum fibronectin solution con-
entration is approximately 15 �g/ml; as the ELISA signal plateaus
or higher concentrations. This optimum concentration is signif-
cantly lower than that reported for other surfaces. Heller et al.
mmobilized fibronectin on an allylamine plasma polymer-coated
old surface using �, �-bis-N-hydroxysuccinimide polyethylene
lycol (Di-NHS linker) at 1000 �g/mL [85]. The same concentra-
ion was utilized for chemical immobilization on polydopamine
86]. Attachment through tresylation, a chemisorption process,
equired a 100 �g/mL fibronectin solution [87,88]. The immobi-

ization of fibronectin through radicals embedded within the IPP
oating results in a more effective loading of protein with the opti-
al  concentration approximately a tenth of that required for other

mmobilization approaches. We  used the optimum fibronectin
tained for the untreated Ti. Data represent the mean ± SD (n = 3 samples). *p < 0.05.
n non-coated and IPP-coated glass coverslips (SiO2) with or without SDS washing.

concentration of 15 �g/ml for the covalent attachment and
osteoblast cellular interaction experiments.

Covalent attachment to the optimized coating was evaluated by
incubating the IPP-coated titanium in the fibronectin buffer solu-
tion followed by sodium dodecyl sulfate (SDS) washing. SDS is a
strong detergent that removes proteins physisorbed on surfaces,
while leaving covalently bonded molecules intact [89,90]. XPS mea-
surements of the protein molecules immobilized on IPP films did
not provide conclusive results, as the protein molecules could not
be distinguished reliably from the underlying polymer film due to
their similar elemental compositions. We,  therefore, used ELISA and
ATR-FTIR analysis to detect the surface-attached protein molecules.

The ELISA results for uncoated and IPP-coated Ti surfaces incu-
bated in fibronectin solution before and after SDS washing are
plotted in Fig. 7b. After the vigorous SDS washing, approximately
80% of immobilized fibronectin was  still present on the IPP sur-
face, whereas the absorbance values for the bare Ti were reduced
almost to the background level, indicating that only a small frac-
tion of the protein (∼15%) remained on the surface. The ELISA
results are confirmed by ATR FT-IR spectra of fibronectin bound to
uncoated and IPP-coated Ti with and without SDS washing (Fig. 7c).
The spectra of uncoated titanium or IPP-coated titanium (without

fibronectin) were subtracted from the spectra of samples incu-
bated in fibronectin solution to reveal the peaks associated with
the protein molecules. The peaks observed at 1650 and 1540 cm−1

are assigned to Amide I and Amide II vibrational modes of amide
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Fig. 8. Primary osteoblast cellular interactions. Primary mouse osteoblast (a)
attachment to, (b) and spreading on Ti, IPP and IPP + fibronectin (FN) surfaces
(c)  Representative images of osteoblast spreading demonstrating changes to the
B. Akhavan et al. / Applied M

onds in the backbones of the protein molecules, respectively. For
he uncoated Ti incubated in fibronectin solution, the amide peaks
re observed only in the absence of SDS washing; whereas on the
PP-coated Ti, these peaks are present both before and after SDS

ashing.
To test the hypothesis that IPP coatings can be used to anchor

linically-applied molecules for enhanced osteogenesis, we investi-
ated the covalent binding of bone-morphogenetic protein (BMP)-2
o the IPP-coated surfaces. BMP-2 is one of the few alternatives
or autologous bone transplantation in the treatment of critical
ize bone defects [91], but the current delivery system using a
ollagen sponge is associated with off-target effects and subopti-
al  efficiency [92,93]. Hence, the covalent binding of BMP-2 onto

mplant surfaces, may  result in localized, prolonged activity, and
mproved outcomes [94]. Using the ATDC5 cell line as reporter
ells for BMP-2 [38], we found that BMP-2 remained bioactive
fter conjugation to IPP coated surfaces (Fig. 7d, e). The IPP sur-
ace was negatively charged at neutral pH with a zeta potential of
pproximately −15 mV  as measured by an electrokinetic analyzer.
he water and diiodomethane contact angles of the IPP coating,
easured within 30 min  after the deposition, were (47.3 ± 0.8)◦

nd (17.8 ± 0.2)◦, respectively; giving a total surface free energy of
5.9 ± 0.1 mJ  m−2. This mildly hydrophilic character of the surface
llows for BMP-2 molecules to retain their native conformation and
herefore their bioactivity [95].

Furthermore, bioactivity of IPP-BMP-2 surfaces remained
nchanged upon washing with Tween-20 detergent as opposed to
hysisorbed BMP-2 on uncoated Ti (Fig. 7d). The significant reduc-
ion of activity observed for Ti-BMP-2 surfaces is most likely due
he removal of BMP-2 molecules physically attached to the sur-
aces in the absence of the IPP coating. These results are further
ndorsed with data obtained after an even more severe washing
rotocol using SDS (Fig. 7e) that confirms the covalent immobiliza-
ion of BMP-2 molecules on the IPP-coated Ti. Together, these data
ttest the excellent covalent binding capacity of the IPP coating and
he weakly bound nature of the protein physisorbed on the bare Ti
ubstrates. It can be, therefore, concluded that IPP coatings allow
trong, elution-resistant binding of various biomolecules without
ampering their bioactivity.

.3.2. Primary osteoblast cellular interactions
The biofunctionality of a bone-implant interface strongly

epends on both bone-inductive and bone-conductive mechanisms
rovided by bone-residing cells [96]. Therefore, we  quantified pri-
ary osteoblast (OB) attachment, spreading, and proliferation on

s-deposited IPP films followed by immobilization of fibronectin.
ouse primary osteoblast adhesion to the IPP film was similar

o titanium controls, but significantly increased for fibronectin
oated-IPP (Fig. 8a). The IPP film alone caused a non-significant
7 ± 4% (p = ns) increase in the number of attached cells, while
oating IPP with fibronectin increased the number of attached
ells by 39 ± 5% (p < 0.01) and spreading of osteoblasts by 73 ± 3%
p < 0.001) compared to bare titanium (Fig. 8b). Representative
mages showing staining of actin fibers clearly demonstrate the sig-
ificantly enhanced spreading on IPP + FN (Fig. 8c). Proliferation of
Bs over longer time points also demonstrated a benefit for IPP + FN

Fig. 8d). At day 3, all conditions were equivalent, while at day 6 and
0 marginal improvements in proliferation on IPP + FN did not reach
ignificance. However, by day 14, IPP + FN was found to be 40 ± 6%
reater than titanium only (p < 0.001) and 20 ± 6% higher than IPP
lone (p < 0.05). Cells utilize integrins for the attachment to specific
ell binding sites displayed by ECM proteins such as fibronectin.

hese integrins link the cell cytoskeleton to the IPP surface through
he immobilized fibronectin molecules [97]. The improvements in
he interactions of osteoblast cells on the FB-coated surface is due
o this well-known function of fibronectin.
actin stained cytoskeletons of the cells (red). Cell nuclei are stained blue. (d)
Osteoblast proliferation on the same surfaces at 3, 6, 10 and 14 day time points.
Scale bar = 100 �m.

The fibronectin-mediated attachment and proliferation of
osteoblasts has been widely reported before for physically
adsorbed fibronectin on Ti surfaces [97–99]. However, as explained
in the Introduction section, physical adsorption is not a suitable
biofunctionalization approach, as physisorbed proteins suffer from
displacement and denaturation in the biological medium due to
processes such as the Vroman effect [10].

3.3.3. Viability and osteogenesis of human MSCs
The healing of large bone defects relies on the recruitment of

undifferentiated MSCs from the bone marrow and their differentia-
tion toward the osteogenic lineage [96,100]. This property of MSCs
is thought to underlie the osteoinductive effect of the clinically-
used growth factor BMP-2. [101] Therefore, MSCs were used as the
cell source to study the effects of BMP-2 immobilization on Ti and
IPP films. First, it was  found that the IPP films support normal MSC
adhesion and expansion. In fact, the number of surface-attached
MSCs on the IPP coating was always greater than that found on
bare Ti as shown by the higher metabolic activity up to five days
of culture (Fig. 9a). This suggests that the IPP film alone favors
the adhesion and/or proliferation of MSCs, even in the absence of
biomolecules promoting cell binding such as fibronectin. In line,
qualitative staining for live and dead cells demonstrated no cyto-
toxic activity of the IPP surfaces on MSCs and confirmed their
adhesion and spreading on IPP and bare Ti surfaces (Fig. 9b).

To elucidate whether IPP + BMP-2 functionalization would lead

to superior osteoblast differentiation over physisorbed BMP-2
coatings, we measured osteocalcin expression. Osteocalcin was
selected as a marker of MSC  osteogenic differentiation, because
it is a bone-specific protein synthesized by osteoblasts [41].
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Fig. 9. Viability and osteogenesis of MSCs cultured after surface functionalization. (A) Metabolic activity of human MSCs cultured on untreated or IPP-treated Ti foils as
measured by the Alamar Blue assay. Metabolic activity was normalized to the value obtained for untreated Ti at 24 h. (B) Live (green)/dead (red) staining performed on MSCs
cultured on untreated and IPP-treated Ti foils to demonstrate cell attachment and proliferation over time. (C) Day 14 immunocytochemical staining for osteocalcin (green)
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oreover, as a late osteogenic marker, enhanced osteocalcin
xpression will be more likely realized by sustained BMP-2 signal-
ng following the covalent binding. While both physically adsorbed
nd IPP-immobilized BMP-2 seemingly enhanced the day 14
steocalcin expression in MSCs (Fig. 9c), the IPP + BMP-2 surfaces
nduced the highest quantitative levels of osteocalcin expression
er cell number (Fig. 9d).

These data collectively show that IPP coatings are biocompati-
le for human MSCs, and that IPP + BMP-2 coatings elicit the highest

evel of osteoblast differentiation. These results also imply that the
ovalent binding of BMP-2 molecules to Ti prolonged their bioactiv-
ty as compared to those simply physisorbed on bare Ti. The lower
ioactivity of physisorbed BMP-2 is most likely due to competitive
rotein adsorption-desorption taking place with the presence of
ther biomolecules in the serum component of the medium, but
ore elaborated studies are required for conclusive proof. If this

s the case, then the advantage provided by IPP, that facilitated
ovalent tethering of biosignalling molecules such as BMP-2, is
ikely understated in our experiments. Despite the medium refresh-

ents performed every fourth day, the confined wells used for

n vitro assessments would maintain the local BMP-2 concentration
t artificially higher levels post protein desorption compared to that
n vivo where desorbed proteins are free to diffuse throughout the
ody. Additional follow-up research is also required to elucidate
t BMP-2 functionalization. Cells were counterstained with DAPI (blue, cell nuclei)
 by counting the osteocalcin-positive pixels and normalizing for the DNA content
05, ***p < 0.0005.

whether IPP surfaces can also be used to improve osteoinduc-
tion for biodegradable bone substitute materials. Of  these, calcium
phosphates-based products are interesting target materials; since
they are already widely available [102], but still require function-
alization with bone-stimulating factors to match the properties of
autologous bone [103,104].

We believe that our findings on the development of func-
tional and strongly robust IPP coatings have great implications
for the fabrication of bio-interfaces that need to survive abra-
sive effects of surgical insertion and long-term immersion in
corrosive body fluids. The application of these coatings holds
great promise particularly for the surface modification of bone
implants where requirements for interfacial robustness are very
demanding.

4. Conclusions

In the pursuit of a simple platform technology for the fabrication
of bio-functionalized coatings, we showed that energetic ion bom-
bardment of a growing plasma polymer film through pulse biasing

of the substrate is beneficial for two reasons. First, it results in high
concentrations of radicals that serve as reactive sites for the cova-
lent attachment of biomolecules. Second, it yields an increase in the
degree of cross-linking in the polymer structure and also a tough
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nterface with the substrate when applied to a carbide-forming
aterial. These findings have important implications for the surface

ngineering of implantable devices as coatings with the combina-
ion of such properties cannot be produced, in a single-step, using
onventional plasma polymerization processes. The ion-assisted
lasma polymerized (IPP) films were resistant to abrasive damage
nd showed exceptional physico-chemical stability as necessary for
rthopedic applications. When placed under physiological condi-
ions for two months, the optimized films exhibited great chemical
tability due to their highly cross-linked structure, restricting the
ntrusion of water molecules into the polymer network and mod-
rating the oxidation kinetics. In vitro studies were carried out to
xemplify one potential application to bone implantable devices.
PP films functionalized with fibronectin enhanced the attachment,
preading, and proliferation of primary mouse osteoblasts; sug-
esting the bioactive presentation of fibronectin. For MSCs, IPP films
lone promoted cell adhesion and proliferation even in the absence
f surface-attached proteins. Furthermore, IPP films covalently
unctionalized with BMP-2 led to enhanced osteoblast differenti-
tion in MSCs as compared to physisorbed BMP-2 on bare Ti. Our
ndings indicate that the technology presented here is a leap for-
ard in the fabrication of robust bio-functional interfaces that can

e readily applied to a wide range of implants, and in particular in
onnection with bone integration.
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